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Preface

It is at the same time intriguing from an intellectual point of view and most
fruitful with respect to the development of new strategies and applications to
transfer concepts from a macroscopic, daily life world to the nanoscopic realm
of chemistry. One example is templated synthesis, a term which has been
coined by Daryle H. Busch in his seminal paper on the synthesis of tetraden-
tate ligands formed around a metal ion through self-condensation of amino-
benzaldehyde (J. Am. Chem. Soc. 1964, 86, 4834). Since then, the template idea
has spread over almost all areas of chemistry ranging from DNA replication to
the synthesis of interlocked molecules and to the fabrication of inorganic
materials on the basis of organic templates. If a term begins to become “fash-
ionable”, it often looses some of its conceptual power due to exaggerations and
misuse. One might argue that this is also true for “template”. Nevertheless, the
rapidly increasing number of publications on template effects and templation
appearing in any synthesis-relevant journal indicates how important the tem-
plate strategy in all its facets has become.

The present monograph intends to shed light on a selection of aspects of
“template chemistry” by combining chapters from areas as different as tem-
plated solid state synthesis, metal-mediated self-assembly processes, organo-
metallic synthesis, the formation of mechanically interlocked molecules, and,
last but not least, the production of inorganic materials based on organic tem-
plates such as gels. Each chapter has its own scientific focus, although some
overlap may exist. We do not consider this a disadvantage, because it provides
views from different angles on the same topics. It is obvious that this volume
in the Topics in Current Chemistry series cannot be comprehensive at all and
follow-up volumes on other aspects of templates in chemistry may be neces-
sary – and are planned – to at least provide a rough overview covering the
most important aspects of template chemistry. Based on the rapid develop-
ment of this area of research, other problems become more and more urgent.
One of them is a comprehensive and clear definition of what we should call 
a template. In view of the many different aspects described by this term, it
becomes increasingly difficult to express in a simple, but straightforward way
what the concept of templation means, what it does not mean, and how it is
related to catalysis. We do not intend to provide a final answer here, but rather
like to initiate a discussion in the scientific community about this issue. Such



a discussion may sharpen the language used and, thus, may significantly help
to clarify the concepts behind.

Finally, most templates developed in the past have been found by serendip-
ity and empiricism. It would be highly desirable, if this volume contributes a
bit to make templates an issue of design and careful planning and in such a
way can be implemented into novel synthetic strategies of the future.

Bonn, December 2004 Christoph A. Schalley
Fritz Vögtle
Karl Heinz Dötz
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Abstract The chapter provides a survey of the development and applications of the tether-
and template-directed regio- and, in the occurrence, stereoselective multifunctionalization
of fullerenes over the past ten years. After a presentation of the first tether-directed remote
functionalization of C60, a broad spectrum of applications is reviewed according to the in-
volved reaction types. The most frequently used chemistry consists of additions of tethered 
2-halomalonates (double Bingel reactions) and 1,3-dienes (double Diels-Alder reactions). The
former, in particular, were used for the only known tether-directed functionalization of a
higher fullerene (C70) and also for most of the rare examples of three- and fourfold one-pot
tether-directed derivatizations of C60. Other, commonly used reactions are [3+2] cycload-
ditions, notably of azides and, in a few cases, of vinylcarbenes, and azomethine ylides. Some
interesting examples of intramolecular [2+2] cycloadditions between fullerene moieties are
also included as they are in fact spacer-controlled dimerizations of the carbon spheres.
Throughout the account, particular emphasis is put on the diastereoselective generation 
of chiral fullerene functionalization patterns by use of enantiomerically pure tethers. As
compared to tether-directed multiple additions to fullerenes, regioselective functionalizations
with non-covalent templates have remained rather rare. Two important examples are 
reported, one involving a reversible reaction with 9,10-dimethylanthracene in solution, the
other one a topochemical anthracene transfer.

Keywords Fullerenes · Multiple functionalization · Tether · Spacer · Template · 
Regioselectivity · Stereoselectivity

List of Abbreviations
ap Antiperiplanar
BET Back electron transfer
CD Circular dichroism
CIP Cahn-Ingold-Prelog
CTV Cyclotriveratrylene
CV Cyclovoltammetry
DABCO 1,4-Diazabicyclo[2.2.2]octane
DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene
DCC N,N¢-Dicyclohexylcarbodiimide
DIBAL-H Diisobutylaluminium hydride
DMA 9,10-Dimethylanthracene
DMAP 4-(Dimethylamino)pyridine
DPV Differential pulse voltammetry
ESI-MS Electrospray ionization mass spectrometry
HOBT 1-Hydroxy-1H-benzotriazole
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HOMO Highest occupied molecular orbital
HSVM High-speed vibration milling
IUPAC International Union of Pure and Applied Chemistry
LUMO Lowest unoccupied molecular orbital
MALDI-TOF Matrix-assisted laser-desorption ionization time-of-flight
NMR Nuclear magnetic resonance
ONIOM Our own n-layered integrated molecular orbital and molecular 

mechanics method
PET Photoelectron transfer
PM3 Parametrization method 3
SCF-CI-DV MO Self-consistent-field configuration-interaction dipole-velocity 

molecular orbital
SET Single electron transfer
UV/vis Ultraviolet/visible

1
Introduction

As the chemistry of fullerenes was explored [1–4], it soon became clear that 
regio- and, in the event, stereoselective multiple functionalization of the sphe-
roidal carbon polyenes was a key issue to be addressed in order to make pure
multiadducts with well-defined addition patterns available on a reasonable
scale and without having to resort to tedious purification protocols.Also, a con-
siderable number of interesting addition patterns is not available by simple,
consecutive additions due to the intrinsic reactivity of fullerene derivatives [5].
The availability of specific multiadduct regio- and stereoisomers is, however,
a conditio sine qua non for the full exploitation of the unique three-dimen-
sional fullerene scaffolds and the associated p-chromophores, for example,
in advanced materials chemistry [6–11]. In the search for a rational approach
to the regioselective formation of multiadducts of C60 and possibly other
fullerenes, Diederich and co-workers successfully tried the tether-directed 
remote functionalization in 1994 [12]. This method had been introduced by
Breslow and co-workers to control chemical selectivity in a biomimetic way and
it allowed them to carry out reactions at specific positions in steroids and in
long alkyl chains [13]. The first step of this approach consists in the attachment
to the molecular backbone of an anchor carrying a reactive group at the end
of a tether. In the ideal case, conformational preferences of the spacer and steric
constraints allow the reactive group to reach and attack only a specific position
within the molecular conjugate. Thanks to the remarkable directing effects of
many reported tethers in relatively unselective reactions or to their effective
competition against the intrinsic reactivity of fullerene derivatives, the
spacer-controlled remote functionalization has become the method of choice
for selective multiple additions to fullerenes [14–17]. If a tether is solely used
as an auxiliary to attain the desired selectivity in a synthesis, its persistence in
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the final product may be unwanted and it should be removable, thus acting as
a template [18]. Template-type easy-to-remove tethers have admittedly remained
scarce in fullerene chemistry, and further efforts need to be devoted to their 
development.On the other hand,some non-spacer-based template-directed syn-
theses have been used with great success in the generation of certain multiad-
dition patterns of buckminsterfullerene. In combination with other resources
such as the exploitation of the intrinsic reactivity of fullerene adducts in fur-
ther sequential functionalizations or the complete removal of certain addends
at a given stage of a synthesis, the templated and spacer-controlled multiple
functionalizations have allowed access to a large number of well-defined, mul-
tiply functionalized fullerene derivatives over the past decade [14–17].

2
Bisadducts of C60: Addition Patterns and Chirality

Multiple addition to the fullerene sphere can result in the formation of numer-
ous isomeric products. Thus, double, triple, and fourfold addition of symmetri-
cal and identical addends to C60 can afford, in theory,8,46,and 262 regioisomers,
respectively.The IUPAC has recently presented recommendations for systematic
names of fullerenes and fullerene derivatives [19]. However, trivial descriptors,
first introduced by Hirsch and co-workers [20], have been widely used for the
discussion of the structure of C60-adducts, since they provide a simple descrip-
tion of regioisomeric bis- and, to some extent, of trisadducts, comparable to
ortho, meta, and para in benzene chemistry. The following consideration will
be limited to products of double addition of C2v-symmetric addends across 
6-6 bonds (common edge of two six-membered rings) of C60. According to the
system of Hirsch and co-workers, the C60 sphere is divided into three sections
with regard to the position of the second addend in reference to the first: the
former can lie in the same hemisphere (cis), at the borderline between hemi-
spheres (equatorial or e), or in the opposite hemisphere (trans).Within the same
hemisphere, there are three sets of four double bonds each (cis-1, cis-2, and cis-
3), and there are four different bond types in the opposite hemisphere (trans-1
(one bond), trans-2, trans-3, and trans-4 (three sets of four bonds each)) (Fig. 1).
If both C2v-symmetrical addends are identical, the resulting eight possible 
relative arrangements would give eight possible regioisomeric bisadducts. In
case of two different C2v-symmetrical addends, two different constitutional iso-
mers with equatorial addition pattern can arise. Looking from one of the func-
tionalized e type bonds to the other, one can see either the edge or the face of
a cycle fused to the distal e bond. Accordingly, the position of the viewer is 
described as eedge and eface, respectively, with regard to the distal e bond. The 
total number of possible regioisomers increases, therefore, to nine.

An interesting aspect of cis-3, trans-3, and trans-2 addition patterns of C60
is their inherent chirality, that is, even addition of two identical addends with-
out chirality elements of their own gives a chiral molecule [21, 22]. Many higher
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adducts of C60 have also an inherently chiral functionalization pattern, for 
example, C3-symmetrical e,e,e or D3-symmetrical trans-3,trans-3,trans-3 tris-
adducts. There are also fullerene adducts with noninherently chiral addition
patterns – their chirality is due to the presence of structurally different addends
[21, 22]. Thus, in case of two different addends, cis-1, cis-2, and trans-4 addition
patterns become noninherently chiral. The analogy of this situation to that of
a center of chirality with tetrahedral coordination should be noted.

The configuration of chiral fullerene addition patterns may in principle be
described by indicating the absolute configuration of each stereogenic center
on the fullerene surface in terms of the Cahn-Ingold-Prelog (CIP) descriptors
(R) or (S). However, application of this system may be very lengthy and not
straightforward due to the highly branched carbon skeleton of fullerene de-
rivatives. Furthermore, as the configuration of individual stereogenic centers
in fullerene derivatives cannot generally be inverted independently of the 
others, the consideration of the fullerene sphere as a single stereogenic unit is 
advantageous [21, 22], and the configurational descriptors (f,sC) and (f,sA)
(f=fullerene, s=systematic (numbering), C=clockwise, A=anticlockwise) were
introduced in this context [19, 22]. They relate to the direction of the number-
ing commencement, i.e., a path traced from C(1) to C(2) to C(3) in a fullerene
derivative numbered according to the IUPAC rules [19], taking into account the
lowest set of locants for all addends, in particular.

3
The First Tether-Directed Remote Functionalization of C60

In the search for a rational approach toward the regioselective synthesis of mul-
tiple adducts of C60 and possibly other fullerenes, Diederich and co-workers
initially targeted e bisadducts of buckminsterfullerene by the tether-directed
remote functionalization [12, 23]. A methanofullerene carboxylic acid group,
readily attached to the fullerene core by the Bingel reaction [24], was chosen as
an anchor (Scheme 1) and a 1,3-butadiene moiety, known to undergo irre-
versible Diels-Alder addition to 6-6 bonds of C60 [25, 26], served as reactive

Spacer-Controlled Multiple Functionalization of Fullerenes 5
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Scheme 1 The first applications of the tether-directed remote functionalization to fullerene
chemistry: regioselective formation of e bisadducts 4 and 5, and of e,e,trans-1 trisadduct
8. DCC=N,N¢-dicyclohexyl carbodiimide, HOBT=1-hydroxy-1H-benzotriazole, DMAP=
4-(dimethylamino)pyridine, DBU=1,8-diazabicyclo[5.4.0]undec-7-ene

group to be added to the desired fullerene bond after having been tethered to
the anchor. The design of the latter relied on semiempirical PM3 calculations
using the relative heats of formation of possible regioisomeric bisadducts as a
selection criterion. It was expected that a tether incorporating a (4-methyl-
phenyl)ethane unit (see Scheme 1) should show a high selectivity for the tar-
geted eface over the neighboring cis-3 and trans-4, or the alternative eedge bonds
(cf. Fig. 1) [12]. This prediction was supported by more elaborate modeling tak-
ing into account the relative populations of potentially reactive conformations
of the tether-reactive group conjugate [27].

The tether-reactive group conjugate was attached to the pre-fixed anchor by
esterification of wine-red methanofullerenecarboxylic acid 1 with alcohol 2
(Scheme 1) [12]. Subsequent intramolecular reaction of the tethered 1,3-buta-



diene group of 3 with the fullerene core had to be done under high dilution 
(ca. 10–4 mol/l) to prevent polymerization. 13C NMR spectroscopy of the brown
product provided clear proof for the exclusive formation of the desired Cs-sym-
metrical e bisadduct 4.A more soluble analog, 5, was prepared starting from C60
and the preformed anchor-tether-reactive group conjugate 6 by sequential 
Bingel and Diels-Alder additions [23, 28]. Later electrochemical investigations
on “mixed” bisadduct 5 suggested that a bis(ethoxycarbonyl)methano bridge
could be electrochemically removed from the fullerene (electrochemical retro-
Bingel reaction [17, 29, 30]) in a chemoselective way, i.e., in the presence of a 
different addend which is left unaffected [31]. This possibility opened up new
synthetic avenues in terms of reversible functionalization of carbon cages and
template strategies [17].

Application of the above strategy to an anchor carrying two tethered buta-
diene moieties (7) regioselectively provided the orange-brown, C2v-symmetrical
trisadduct 8 (Scheme 1) with two cyclohexene rings fused to the eface positions,
after heating of the primarily formed wine-red Bingel-type monoadduct in 
dilute toluene solution [23]. Its overall e,e,trans-1 addition pattern cannot be
obtained by stepwise addition of independent (untethered) reagents.

Bingel reaction of the readily available 8 with 5 equiv. of diethyl 2-bromo-
malonate and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in chlorobenzene 
afforded the bright red Cs-symmetrical tetrakisadduct 9 (Scheme 2, top). By
treating 8 with a tenfold excess of the reagents, the bright yellow, C2v-symmet-
rical hexakisadduct 10, displaying a pseudo-octahedral arrangement of ad-
dends (cf. Sect. 5.3), was obtained in 73% yield [12, 23]. Its structure, confirmed
by X-ray crystallography [32, 33], includes a cyclophane subunit with eight ben-
zenoid rings placed at the corners of a cube and interconnected by biphenyl
type bonds radiating from positions 1, 3, and 5 (Fig. 2a). With respect to the
Ih-C60 skeleton, the bond length alternation in the benzenoid rings of 10 is 
reduced from ca. 6 to 4 pm. The same trend was observed in the crystal struc-
tures of analogous hexakisadducts [25, 34].

Further treatment of tetrakisadduct 9 with diethyl 2-bromomalonate and
DBU afforded pentakisadducts 11 (C2v-symmetrical) and 12 (Cs-symmetrical)
(Scheme 2, bottom) [23, 32]. In order to achieve chromatographic separation
which was not possible with 11 and 12, analogs 13 and 14 with more polar di-
ester residues were prepared in a 72:28 ratio from tetrakisadduct 15 [23, 28, 32].
At first view, the observed selectivity may seem surprising, knowing that in
each case the last reacting bond has three neighbors in e positions which 
are supposed to confer similar activating effects. However, the geometric
arrangement of the neighboring e bonds is different for the two considered re-
active positions: whereas in the more abundantly formed 11 and 13 the last 
reacting bond is positioned doubly eface and singly eedge relative to the neigh-
boring addends, the reverse is true for 12 and 14. It can be inferred that dou-
ble bonds in eface position relative to an existing addend are more reactive than
eedge bonds (cf. also Sect. 5.3), a conclusion that had also been reached compu-
tationally [35].

Spacer-Controlled Multiple Functionalization of Fullerenes 7
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Scheme 2 Bingel type cyclopropanations starting from trisadduct 8 and leading to tetrakis-,
pentakis-, and hexakisadducts of C60 with the addend fusion sites belonging to a group of
six pseudo-octahedrally arranged fullerene bonds

Endohedral 3He complexes of multiadducts such as 5 (Scheme 1), 8, 10, and
13–15 (Scheme 2) were used to study p-electron ring current effects as a func-
tion of the degree and pattern of fullerene functionalization [36]. Considerable
upfield shifts relative to i3HeC60 were observed up to the bisadduct stage whereas
the resonances of tetrakis- to hexakisadducts were shifted only slightly further
upfield. This was rationalized in terms of the compensation of deshielding due
to the functionalization-induced decrease in diamagnetic p-electron ring cur-
rents that extend around the fullerene sphere by the shielding that results from
the weaker paramagnetic ring currents of the pentagons and the increased
number of localized benzenoid substructures in the higher adducts.



Cyclopropanation of the remaining e type double bond of 13 by 3-bromo-
1,5-bis(trimethylsilyl)penta-1,4-diyne in Me2SO in the presence of DBU afforded
a hexakisadduct which, after deprotection of the acetylene groups, was sub-
jected to Eglinton-Glaser conditions [23, 32]. Cyclooligomerization yielded
trimeric D3h-16 and tetrameric D4h-17 (Fig. 3) as solubilized derivatives of C195
and C260, respectively, two representatives of a new class of fullerene-acetylene
hybrid carbon allotropes with the general formula Cn(60+5). Matrix-assisted
laser-desorption ionization time-of-flight (MALDI-TOF) mass spectrometry

Spacer-Controlled Multiple Functionalization of Fullerenes 9

Fig. 2a–d a The “cubic cyclophane” substructure with eight benzenoid rings, resulting from 
functionalization of six pseudo-octahedrally arranged [60]fullerene double bonds. b The
residual conjugated p-chromophore of tetrakisadduct 24 (Schemes 4 and 22), composed of
two fourfold-interconnected tetrabenzopyracylene substructures. c The conjugated p-chro-
mophore of hexakisadduct (±)-49 (Scheme 8) viewed as a whole. d The conjugated p-chro-
mophore of hexakisadduct (±)-49 (Scheme 8) viewed as a single moiety

c da b

Fig. 3 Cyclooligomers 16 and 17, two solubilized derivatives of fullerene-acetylene hybrid
carbon allotropes C195 and C260, respectively



indicated a sequential loss of fullerene units, leading to ions corresponding to
mono-fullerene-adducts of the cyclocarbons [37] cyclo-C15 and cyclo-C20 , re-
spectively [23, 32].

Higher adducts of C60 were obtained in an interesting sequence starting 
with the addition of diazomethane to pentakisadduct 11 (Scheme 3) [38, 39].
Kinetically controlled thermal extrusion of dinitrogen from the primary adduct,
pyrazolofullerene 18, was proposed to pass through a Möbius-aromatic tran-
sition state in an eight-electron orbital-symmetry-controlled [2ps+2ps+2ss+2sa]
process [38–40]. It afforded hexakisadduct (±)-19 via an intermediate nor-
caradiene substructure that cycloreverts to the cycloheptatriene unit present in
homofullerene (±)-19. Further addition of diazomethane to the regenerated e
type double bond (see (±)-19, Scheme 3) afforded according di- and trihomo-
fullerene derivatives. In contrast, photolysis of 18 presumably proceeds through
a diradical mechanism, leading to a 1:1 mixture of homofullerene (±)-19 and
methanofullerene 20.
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Scheme 3 Regioselective addition of diazomethane to pentakisadduct 11 and different,
condition-dependent pathways for the transformation of pyrazolofullerene 18 to methano-
fullerene 20 and/or homofullerene (±)-19

To turn the tether-directed remote functionalization method described in
this section into a truly templated synthesis, it was necessary to remove the teth-
ers together with the fullerene-fused cyclohexene rings after they had been used
as activating and e-directing groups in the synthesis of tetrakis-, pentakis-, and
hexakisadducts starting from 8 (cf. Scheme 2). Due to the thermal stability of



fullerene-fused cyclohexene rings [25, 26], this could not be achieved by retro-
Diels-Alder reaction [41] and the Diederich group resorted to an elegant pro-
cedure developed by Rubin and co-workers [42, 43].A solution of 10 containing
C60 as sensitizer for the generation of singlet oxygen [44, 45] was irradiated while
a stream of dioxygen was bubbled through (Scheme 4). The 1O2 ene-reaction
at the two cyclohexene rings yielded the allylic hydroperoxides 21 as a mixture
of stereo- and constitutional isomers with endocyclic double bonds [46,47].The
mixture 21 was reduced with triphenylphosphane to the corresponding mixture
of isomeric allylic alcohols 22 which was transformed by acid-catalyzed dehy-
dration into a fullerene-derived bis(cyclohexadiene) (not isolated). Addition of
dimethyl acetylenedicarboxylate to the reaction mixture afforded, in a Diels-
Alder/retro-Diels-Alder sequence, C2v-symmetrical tetrakisadduct 23 in 42%
overall yield starting from 10. Transesterification of 23 with K2CO3 in THF/
EtOH gave the D2h-symmetrical octakis(ethyl ester) 24 which was characterized
by X-ray crystallography [47]. Tetrakisadduct 24 was also obtained by Kräutler
and co-workers by a completely different template-directed approach (see Sect.
5.8) [48]. It includes two reactive 6-6 bonds at opposite poles in a trans-1 ar-
rangement which can be exploited for further molecular scaffolding [41, 49, 50].
Application of the above procedure to pentakisadduct 14 (Scheme 2) and sub-
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Scheme 4 Preparation of tetrakisadduct 24 by removal of the fullerene-fused cyclohexene
rings and the tethers from hexakisadduct 10, thus turning the tether-directed remote func-
tionalization outlined in Schemes 1 and 2 into a truly templated method



sequent transesterification afforded the according e,e,trans-1 trisadduct (25, cf.
Scheme 17) [47].

As opposed to the bright red tetrakisadduct 9 (Scheme 2), tetrakisadducts 23
and 24 (Scheme 4) are green-yellow in CH2Cl2 solution [46, 47]. Despite the four
methano bridges along the equator of the carbon spheres, both molecules still
have an extended conjugated p-electron system consisting of two tetrabenzo-
pyracylene substructures interconnected by four biphenyl-type bonds (Fig. 2b).
More generally, it can be said that methano bridges along an equatorial belt, as
in 24, lead to the smallest possible perturbation of the fullerene p-chromophore
[46, 47, 51]. Thus, the electronic properties of 24 remain quite similar to those
of pristine C60 whereas those of its regioisomers deviate significantly.

Systematic studies of physical properties and chemical reactivity of many 
of the above and other multiadducts of C60 revealed [28, 46, 47] that with in-
creasing reduction of the conjugated fullerene p-chromophore (i) the optical
(UV/Vis) HOMO-LUMO (Highest Occupied Molecular Orbital, Lowest Unoc-
cupied Molecular Orbital) gap widens, (ii) the number of reversible 1-electron
reductions decreases, (iii) the computed LUMO energy increases and the elec-
tron affinity decreases, (iv) the reactivity of the fullerene toward nucleophiles or
as ene component in cycloadditions decreases, and (v) the efficiency in the pho-
tosensitized generation of 1O2 decreases [52]. As to the nature of the addends,
cyclopropa-fusion appears to induce the weakest perturbation of the fullerene
chromophore, a conclusion reached also through 3He NMR investigations of
fullerene derivatives with endohedrally incarcerated 3He [53].

The above-described first tether-directed remote functionalizations with
fullerenes made use of both the Bingel [24] and the Diels-Alder reaction. Most
of the subsequently reported applications of tether- or template-directed syn-
theses in fullerene chemistry were based on either of these reactions and will
be discussed below. Also, whereas the above functionalization scheme started
from reagents in which anchor and tethered reactive group(s) constitute dif-
ferent chemical functions that were reacted successively with the carbon
sphere, many of the succeeding implementations simply involved two or sev-
eral identical tethered reactive groups added to the fullerene in a one-pot pro-
cedure so that the group(s) attached first acted as anchor(s) for the remaining
one(s) during the macrocyclization reaction.

4
Tether-Directed Remote Functionalizations Based on the Bingel Reaction

4.1
Tether-Directed Double Bingel Additions

Addition of malonates or similar activated methylene compounds to the formal
double bonds of a fullerene sphere under formation of cyclopropane deriva-
tives is often referred to as “Bingel reaction” [24]. A general approach for the

12 C. Thilgen et al.
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Scheme 5 General scheme of the tether-directed double Bingel reaction of bismalonates
with C60

4.1.1
Xylylene Tethers and Related Spacers

A variety of C60-bisadducts was prepared starting from bismalonates including
ortho-, meta-, or para-xylylene tethers (Scheme 6). As expected, the regiose-
lectivity of the reaction depends strongly on the substitution pattern of the
benzene ring. Thus, one-pot addition of in situ generated bis-iodomalonates
derived from o- or m-xylene afforded exclusively cis-2 bisadducts 28 and 29,
respectively (Scheme 6, top), while the para-analog gave mainly trans-4 bis-
adduct 30 together with a minor amount of the racemic e isomer (±)-31 [55, 56].
Similar tethers, derived from substituted p-xylenes, also afforded trans-4 
bismethanofullerenes (cf. 30) in yields up to 56% [57]. Interestingly, the regio-
selectivity attained with these spacers strongly depends on the nature of the
leaving group in position 2 of the malonate: in contrast to the iodomalonate
generated in situ, the according preformed chloromalonate afforded only the
e bisadduct (cf. 31) in 65% yield while the bromo derivative gave a ca. 1:1 mix-
ture of e and trans-4 isomers in 53% overall yield [58]. The unexpected change
in regioselectivity was explained by either a carbanionic (for chloromalonate)
or a carbenoid-type (for iodomalonate) intermediate effecting the initial attack
on the fullerene.

The regioselectivity of addition depends also on the nature of the activated
methylene compound. Thus, addition of bis-b-ketoesters derived from m- (32)
and p-xylene (33) resulted in formation of cis-2 and e bisadducts, respectively
(Scheme 6, bottom), thus showing a regioselectivity similar to the geometrically

tether-directed double Bingel addition is depicted in Scheme 5. Typically, teth-
ered diols 26 are transformed into the corresponding bismalonates and subse-
quently converted to bis-2-halomalonates. Reaction of the latter with fullerenes
affords dicyclopropafullerenes of type 27. A very convenient one-pot modifi-
cation consists in treating a solution of the fullerene in toluene with malonate,
I2, and a non-nucleophilic base (e.g. DBU) [54]; it involves in situ generation of
a 2-iodomalonate which reacts immediately with the fullerene.
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Scheme 6 Double Bingel addition of bismalonates linked by o-, m-, or p-xylylene tethers
(top) and of tethered bis-b-ketoesters and bis-b-iminoesters derived from m- or p-xylene
(bottom)



analogous bismalonates [59]. On the other hand, addition of the according 
bis-b-iminoesters gave a mixture of cis-3 and trans-4 bisadducts (from 34) 
and trans-4 and trans-3 bisadducts (from 35) [60, 61]. A number of other 
bismalonates with tethers derived from simple arenes including o-phenylene-
diamine [62] and 9,10-disubstituted anthracene [63] showed various regiose-
lectivities in the double Bingel reaction with C60.

Addition to C60 of a bismalonate including a p-xylylene-type tether which is
simultaneously a part of a crown ether was a key step in the synthesis of the
first fullerene-containing catenane, (±)-36, obtained as trans-4 bisadduct with
complete regioselectivity (Fig. 4). Interestingly, whereas trans-4 bisadduct 30
(Scheme 6) produced by the addition of p-xylylene-tethered bismalonate has
Cs symmetry and is therefore achiral, bridging of the fullerene sphere in 
(±)-36 by the 2,5-disubstituted hydroquinone ring incorporated in a crown
ether introduces an element of planar chirality and reduces the overall sym-
metry of the molecule to C1 [64].

Fullerene-derived dendrimers have been synthesized in a large structural
variety using the tether-directed remote functionalization with m-xylylene
tethers over the past years as they appear to be particularly promising for
supramolecular chemistry and materials science applications [65–67]. Thus,
various amphiphilic fullero-dendrimers including oligoethyleneglycol, carbo-
hydrate, or cholesterol subunits were demonstrated to form stable Langmuir
monolayers which can also be transferred onto solid substrates yielding high-
quality Langmuir-Blodgett films [68–72]. Fullerene dendrimer 37 with six 
4¢-cyanobiphenyl groups (Fig. 4) was shown to form a stable mesogenic liquid
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Fig. 4 Examples of a catenane ((±)-36) and a fullerene-derived dendrimer (37) prepared 
using the tether-directed double Bingel reaction
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Scheme 7 Synthesis of a trisadduct of C60 by stepwise tether-directed Bingel addition 
(“clipping” reaction)

crystalline phase [49].Assembling phenanthroline ligands with attached fullero-
dendritic wedges around a copper(I) center gives supramolecular arrays in-
cluding up to 16 fullerene chromophores with the copper-phenanthroline 
complex “buried” inside the dendritic “black box” [73, 74]. The characteristic
electrochemical oxidation of Cu(I) to Cu(II) (E=+0.60 V for [Cu(phen)2]+/2+)
cannot be observed any more in such systems as the central electroactive site 
is totally blocked by the surrounding dendrimer structure.

Materials combining C60 with extended p-conjugated oligomers have re-
ceived growing attention as promising systems for solar energy conversion. The
polycondensation of carboxy-functionalized cis-2 bisadducts of C60 with tetra-
ethyleneglycol gave access to fullerene-containing polymers that were used as
p-acceptor components together with poly(p-phenylenevinylene) type donors
in photovoltaic cells [75]. Linear copolymers with alternating C60 and oligo
(p-phenylenevinylene) subunits represent another promising donor-acceptor
system for photovoltaic applications [76].

Stepwise tether-directed remote functionalization with pre-anchored, m-xy-
lylene-tethered bismalonates gave regioselective access to tris-, tetrakis-, and
hexakis (cf. Sect. 4.1.3 and Scheme 8) adducts of C60 in multiple macrocycliza-
tion reactions [55]. Thus, treatment of 38 (Scheme 7), in which two tethered
malonates are anchored to [60]fullerene, with DBU and I2 in toluene under high 
dilution conditions yielded (±)-39 as a single trisadduct. In accord with the typ-
ical directing effect of m-xylene tethers (see above), the newly formed methano
bridges of (±)-39 are both located in cis-2 position relative to the original cyclo-
propane ring of 38. NMR experiments showed that (±)-39 is C2-symmetrical
and has, therefore, a cis-2, cis-2, trans-3 overall addition pattern. In extension
of this strategy, a triply bridged tetracyclopropa-homolog of (±)-39, again with
cis-2 relationships between each pair of neighboring addends, was prepared
from a doubly anchored reactive bismalonate [55].



4.1.2
Porphyrin Tethers

Molecular dyads combining strongly electron-accepting C60 and various electron-
donating subunits attracted much attention as model systems mimicking natural
photosynthetic reaction centers and as optoelectronic molecular-level devices
[77, 78]. In particular, a wide variety of conjugates containing porphyrin deriv-
atives as electron donors have been constructed in recent years [79–81]. In many
cases, the porphyrin is attached to the fullerene by a single linker and, conse-
quently, distance and orientation between the two components of such dyads are
often not well defined.Use of the porphyrin unit as a spacer in the tether-directed
remote functionalization leads to cyclophane-type structures and allows precise
control of the geometrical parameters which have a crucial influence on the pho-
tophysical and electron-transfer properties of donor-acceptor dyads. In line with
this principle, modified Bingel reaction with a porphyrin-bismalonate conjugate
regioselectively provided the trans-1 bisadduct 40 in 17% yield (Fig. 5) [82, 83].
Zinc(II) complexation by the porphyrin-bismalonate affected neither yield nor
regioselectivity of the macrocyclization. Interestingly, the use of a very similar
bismalonate with the longer ethylene instead of methylene linkers between the
reactive ester groups and the diphenylporphyrin core afforded exclusively trans-
2 bisadduct (±)-41 with a shorter distance between the addends [84].

In contrast to (±)-41 (and also to 40) in which porphyrin and fullerene moi-
eties are locked in a face-to-face arrangement, an average edge-to-face orien-
tation is realized in an e analog regioselectively prepared in 12% yield from a
Bingel reagent in which the two malonate “arms” are attached to meso positions
5 and 10 of the porphyrin (see Fig. 5 for locants) as opposed to the substitution
of positions 5 and 15 in the precursor of (±)-41 [85]. While the face-to-face
alignment with short interchromophoric distance (ca. 3 Å) in (±)-41 leads to
appreciable p-p stacking, the edge-to-face alignment in the e congener hampers
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Fig. 5 Porphyrin-fullerene dyads prepared regioselectively by tether-directed double Bingel
reaction



such interactions. Different donor-acceptor orientations have a strong impact on
the back electron transfer (BET) dynamics: the life-time of the charge-separated
state of the face-to-face dyad (±)-41 is 4 orders of magnitude lower than that of
the e type edge-to-face isomer [86, 87]. Interestingly, cyclovoltammetric (CV)
studies showed that the electronic interactions between fullerene and porphyrin
in 40 or its complex with zinc are relatively small despite the close proximity 
between donor and acceptor units [82]. The formation of supramolecular 
associates by complexation of (±)-41 with nitrogen-containing ligands such as
DABCO (1,4-diazabicyclo[2.2.2]octane) or pyridine derivatives and the pho-
toinduced electron transfer in such associates were also investigated [88].

4.1.3
Crown Ether Tethers

Dibenzo crown ethers have been employed as templates to access various trans-
type bisadducts of C60 with a rather large distance between addends. Thus, ad-
dition of a bismalonate with an anti-disubstituted dibenzo[18]crown-6 spacer
(42, substitution at positions 2 and 13 of the dibenzo-fused heterocycle, see
Scheme 9) afforded trans-1 bismethanofullerene (±)-43 (Fig. 6) in 30% yield 
together with a minor amount (3%) of trans-2 isomer [89]. Both regioselectiv-
ity and yield could be further increased by addition of KPF6 to the reaction
mixture: under these conditions, trans-1 bisadduct (±)-43 was formed as a
unique isomer in 50% yield [90]. This dramatic improvement is undoubtedly
due to complexation of K+ ions by the crown ether which makes the tether con-
formationally more rigid and, thereby, enhances the selectivity of the second
cyclopropanation. The high yield is particularly remarkable taking into account
that formation of the trans-1 bisadduct is strongly disfavored on both statistic
and electronic grounds in the double addition of diethyl 2-bromomalonate to
C60 [20, 35]. Reaction of an isomeric tether derived from syn-disubstituted
dibenzo[18]crown-6 (44, substitution at positions 2 and 14 of the dibenzo-
fused heterocycle, see Scheme 9) regioselectively afforded trans-3 bisadduct
(±)-45 (Fig. 6). According to variable temperature NMR measurements, this
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Fig. 6 Crown ether-fullerene conjugates prepared by double Bingel reaction



bisadduct represents a rare example of an in-out bridged dicyclopropafullerene
(cf. also Sect. 4.1.5 and Fig. 8, compound (±)-69).

CV investigations on the C60-derived crown ether (±)-43 allowed the first 
detection of a cation-complexation-induced effect on the redox properties of the
fullerene. Thus, addition of KPF6 to a solution of (±)-43 leads to a 90 mV anodic
shift of the first reduction potential of the fullerene moiety [90]. This behavior
is due to an electrostatic effect of the K+ ion fixed in close proximity to the car-
bon sphere and represents a sensoric signal associated with the molecular
recognition event. In addition, (±)-43 was very stable against chemical reductive
retro-cyclopropanation [91] by magnesium under various conditions, although
such transformation was smoothly performed [17, 92] electrochemically [29].

The crown ether-fullerene conjugate (±)-46 (Scheme 8) with trans-1 addition
pattern was employed as an important intermediate in the synthesis of a hexa-
kisadduct of C60 involving another, fourfold tether-directed remote functional-
ization (cf. also Sect. 4.1.1 and Scheme 7) [50, 93].Acid-catalyzed cleavage of the
crown ether template and the tert-butyl ester groups afforded the correspond-
ing tetraacid which was transformed over several steps into tetrol 47 and, finally,
into tetramalonate 48 (Scheme 8). Fourfold intramolecular Bingel addition
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Scheme 8 Transformation of trans-1 bisadduct (±)-46 into hexakisadduct (±)-49 with all 
cyclopropane rings arranged in a double-helical fashion along an equatorial belt of C60
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afforded the shiny red hexakisadduct (±)-49 as sole product in 10% yield. As
was confirmed by X-ray crystallography, all six cyclopropane rings in (±)-49
are arranged in a double-helical fashion along an equatorial belt of C60. In 
(±)-49, p-electron conjugation between the two unfunctionalized poles of the
carbon sphere is maintained via two (E)-stilbene-like bridges (Fig. 2c,d).As a re-
sult, (±)-49 features very different chemical reactivity and physical properties
when compared to hexakisadducts with a pseudo-octahedral addition pat-
tern (cf. Sect. 3 and 5.3, Fig. 2a, Fig. 10, and Scheme 2 (compound 10)). Its re-
duction under CV conditions is facilitated by 570 mV and it readily under-
goes further, electronically favored Bingel additions at the two sterically well
accessible central polar 6-6 bonds under formation of heptakis- and octak-
isadducts [50, 93].

Bismalonates tethered by dibenzo[18]crown-6 ionophores have also been
successfully employed in Bingel additions to C70 [94–96]. To the best of our
knowledge, this is the only known example of tether-directed remote func-
tionalization of a higher fullerene. Generally, monoaddition to C70 occurs pref-
erentially at the C(1)-C(2) bond (cf. (±)-50, Scheme 9), and the second addition
takes place at one of the five bonds radiating from the polar pentagon of the op-
posite, unfunctionalized hemisphere [97–100]. In the case of achiral C2v-sym-
metrical addends, three constitutional isomers, two of which represent pairs of
enantiomers, are formed. According to a Newman-type projection looking
down the C5 axis of C70, they were named “twelve o’clock”, “two o’clock”, and
“five o’clock” isomers (Scheme 9, top) [97].

Macrocyclization of C70 with bismalonate 42 afforded two diastereoisomeric
pairs of enantiomers, (±)-50 and (±)-51, in a ca. 1:1 ratio, with complete re-
gioselectivity [94, 95]. Similarly to (±)-45 (Fig. 6), the chirality of these com-
pounds is associated with an inherently chiral addition pattern [21, 22, 98, 100,
101] in combination with a planar chiral unit resulting from the restricted con-
formational mobility of the bridging crown ether. Interestingly, the “five o’clock”
addition pattern of (±)-50 and (±)-51 is the most disfavored in the sequential
addition of diethyl malonate to C70.A notable template effect was observed when
the synthesis of (±)-50 and (±)-51 was carried out in the presence of KPF6:
whereas the regioselectivity remained unaffected, the diastereoselectivity in-
creased and the yield went up from 41% to 68%.

When bisadduct (±)-50 was allowed to react with a second equivalent of the
tethered bismalonate 42, an inseparable mixture of four products was obtained.
In contrast, when bismalonate 44 with a syn-disubstituted dibenzo[18]crown-
6 moiety was reacted under the same conditions with (±)-50 or (±)-51, tetrak-
isadducts (±)-52 and (±)-53, respectively, with C70 sandwiched between two
crown ethers were regio- and stereoselectively obtained in 31% and 26% yield,
respectively [95, 96].

The addition of KPF6 or NaBF4 to a solution of (±)-50 or (±)-51 increases the
first reduction potential of the fullerene by 70 mV, as measured by CV.An even
more pronounced effect is observed for (±)-52 and (±)-53 when the fullerene
is squeezed in between two K+ ions, and the potential of the redox couple 0/1–
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Scheme 9 Single and double tether-directed remote bisfunctionalization of C70 with bis-
malonate-crown ether conjugates



is raised by 170 mV in comparison to the value measured in the absence of
potassium salt [95, 96].

4.1.4
Chiral Tethers

A particular interest in cis-3, trans-3, and trans-2 bisadducts of C60 arises from
the fact, that these addition patterns are inherently chiral (see above) [21, 22,
98, 100, 101]. The residual fullerene p-chromophores of such adducts are 
characterized by very strong Cotton effects over the entire UV/Vis range of
the circular dichroism (CD) spectra [21, 97, 99, 102, 103], and many efforts were 
directed at preparing them by stereoselective synthesis. In the first asymmet-
ric synthesis of cis-3 bisadducts of C60, bismalonates containing tethers derived
from threitol were employed (Scheme 10). Starting from optically pure (R,R)-
54 or (S,S)-54, the enantiomeric cis-3 bisadducts (R,R,f,sC)-55 and (S,S,f,sA)-55,
respectively, were obtained in 15% yield. The major products of these additions
(21%) were cis-2 bisadducts (R,R)-56 and (S,S)-56, respectively, which are 
chiral exclusively due to stereogenic centers in their addends [55, 104]. Separate
transesterifications of (R,R,f,sC)-55 and (S,S,f,sA)-55 with ethanol yielded
tetraethyl esters with (f,sC)- and (f,sA)-configuration, respectively, as pure enan-
tiomers exhibiting strong CD bands between 250 and 750 nm with De values
approaching 150 M–1 cm–1. Their absolute configurations could be established
as [CD(–)488]-(f,sC) and [CD(+)488]-(f,sA) by comparison of their CD spectra
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Scheme 10 Synthesis of chiral Bingel-type bisadducts of C60 using enantiomerically pure
bismalonates derived from threitol



with those calculated using the p-electron SCF-CI-DV MO (self-consistent-field
configuration-interaction dipole-velocity molecular orbital) method [105].

In contrast, addition of the open-chain threitol derivative (S,S)-57 to C60
afforded only minor amounts of two diastereoisomeric cis-3 bisadducts (S,S,
f,sA)-58 and (S,S, f,sC)-58 in a 2.5:1 ratio which reflects a rather poor diastereo-
selectivity. The major product of this reaction was the corresponding cis-2
bisadduct (S,S)-59 (40%) [106].

Excellent regio- and diastereoselectivity was achieved, on the other hand,
using a bismalonate derived from the very simple chiral (R,R)-butane-2,3-diol
tether, which gave only cis-3 bisadduct 60 with (f,sA)-configuration of the
fullerene unit in 24% yield and >97% de, according to HPLC analysis (Fig. 7)
[107].Accordingly, addition of the (S,S)-configured bismalonate isomer afforded
the enantiomeric (S,S,f,sC)-60. The absolute configuration of the inherently chi-
ral cis-3 addition pattern generated from the (R,R)-configured bismalonate was
assigned on the basis of a conformational analysis combining semiempirical
calculations and 1H NMR spectroscopy. According to the calculations, the 
substituents of the glycolic fragment of (R,R,f,sA)-60 adopt a staggered con-
formation with gauche relationships between the methyl as well as between the
ester groups and an antiperiplanar (ap) arrangement of the H-atoms (see New-
man projection of Fig. 7). As to the unobserved (R,R,f,sC)-60 diastereoisomer,
the computations anticipated gauche relationships between the ester groups as
well as the H-atoms and an ap arrangement between the methyl residues. The
coupling constant 3J(H,H) of 7.9 Hz measured for the vicinal protons of the 
glycolic fragment clearly indicate that they adopt an ap arrangement corre-
sponding to the most stable conformer of (R,R,f,sA)-60. This result is in accord
with the near-identity of the CD spectra of (R,R,f,sA)-60 and (S,S,f,sA)-55
(Scheme 10) [107].

According to the conformational preferences discussed above, tethers derived
from trans-cyclohexane-1,2-diol with both oxy substituents fixed in a 1,2-di-
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Fig. 7 Chiral cis-3 bisadducts of C60 prepared diastereoselectively from bismalonates derived
from enantiomerically pure (R,R)-2,3-butanediol and (R,R)-trans-cyclohexane-1,2-diol 
(left and right) and Newman projection of the most favorable conformation of their glycolic
fragment (center)
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Scheme 11 Tröger’s base in the tether-directed remote functionalization of C60 to give 
chiral trans-1, trans-2, and trans-4 bisadducts

equatorial gauche arrangement should be particularly suitable for the dia-
stereoselective formation of a cis-3 bisadduct. Indeed,addition of the bismalonate
derived from (R,R)-cyclohexane-1,2-diol to C60 afforded exclusively cis-3 bis-
methanofullerene (R,R,f,sA)-61 in 32% yield and with complete diastereoselec-
tivity. If the geometry of the alkyl groups at the glycolic C-atoms of the tether
component deviates from a gauche relationship as in the case of tethers derived
from exo, cis- and trans-norbornane-2,3-diol or from trans-cyclopentane-1,2-
diol, hardly any macrocyclic product was formed [107].

Asymmetric synthesis of chiral C2-symmetrical trans-2 or trans-3 bisadducts
with the addends located in opposite hemispheres of C60 remained unknown
until recently. The main challenge consisted in finding a large but conforma-
tionally constrained chiral tether. Very recently, derivatives of Tröger’s base
were used in the regio- and diastereoselective synthesis of bisadducts of C60
with the inherently chiral trans-2 functionalization pattern [108]. Tröger’s base
is a chiral amine with two bridgehead nitrogen atoms as stereogenic centers.
Rigidity, C2-symmetry, and a folded geometry with nearly perpendicular planes
of aromatic rings makes it a suitable candidate for targeting inherently chiral
addition patterns. Indeed, double Bingel addition of enantiomerically pure



(S,S)-62 and (R,R)-62 afforded two enantiomeric adducts (S,S,f,sA)-63 and
(R,R,f,sC)-63, respectively, with perfect diastereoselectivity (Scheme 11). The
high asymmetric induction in the double addition of (S,S)-62 and (R,R)-62 to
C60 is particularly remarkable given the very large distance between the two 
reacting fullerene bonds spanned by the tether. In addition, other derivatives
of Tröger’s base were successfully used as racemates in the regioselective tether-
directed remote functionalization of C60 to give remarkably high yields of
trans-4 and trans-1 bisadducts (±)-64 (38%) and (±)-65 (58%), respectively,
with achiral fullerene functionalization patterns.

4.1.5
Further Tethers

In some cases, very simple aliphatic molecules were quite efficient in the regio-
selective tether-directed Bingel macrocyclization. Thus, a bismalonate featur-
ing a plain ethane-1,2-diyl tether afforded the according cis-3 bisadduct of C60
(12%, analog of 60, Fig. 7) along with a considerable amount (13%) of the cor-
responding monoadduct [107].An interesting aspect of cis-2 bisadduct (±)-66
(Fig. 8) which was regioselectively synthesized using a but-2-ene-1,4-diol-de-
rived tether is the planar chiral unit represented by the trans-substituted ethene
moiety [104, 109]. Double Bingel reaction of a bismalonate tethered by the 
1,10-phenanthroline-2,9-dimethylene moiety yielded bismethano fullerene 
derivative (±)-67 (13%) with the e addition pattern together with the corre-
sponding trans-4 isomer (9%), while the 9,9¢-spirobifluorene-2,2¢-dimethylene
tether afforded exclusively the e bisadduct (±)-68 (44%) [55]. Macrocyclization
with a rather large tether derived from 2,9-diphenyl-1,10-phenanthroline gave
two diastereoisomeric bisadducts, (±)-69 and (±)-70 in 20 and 5% yield, re-
spectively. The absorption spectra of both (±)-69 and (±)-70 are nearly iden-
tical and both consistent with the trans-3 addition pattern. The NMR spectra,
however, are very different and reveal C1 symmetry for (±)-69 while (±)-70 is
C2-symmetrical. Based on these considerations, (±)-69 and (±)-70 are identi-
fied as in-out (cf. also Sect. 4.1.3 and Fig. 6, compound (±)-45) and in-in dia-
stereoisomers, respectively [55].

Addition of bis-b-ketoester 71 to C60 afforded two cis-2 bisadducts, (±)-72 and
73, the latter resulting from concomitant isomerization of the double bond
(Scheme 12). In a similar addition of the saturated diethyl 3,9-dioxoundecane-
dioate, the cis-2 bisadduct was formed regioselectively in 7% yield [59].

Fullerene-calix[4]arene conjugate 74 (Fig. 8) was prepared by stepwise 
addition to C60 of the corresponding calixarene with two appended mixed
amide-esters of malonic acid [110]. Its similarity in shape with the FIFA World
Cup inspired the authors to dedicate this nanoscale trophy to the French foot-
ball team who won the 1998 world championship. The synthesis of electron
donor/acceptor dyads comprising [60]fullerene and p-extended tetrathiaful-
valenes by Bingel-type macrocyclization afforded two regioisomers the struc-
tures of which could not be definitively assigned [111].
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Scheme 12 Double addition of bis-b-ketoesters to give cis-2 bisadducts of C60

Fig. 8 Various bisadducts of C60 synthesized by Bingel-type macrocyclizations



4.2
Tether-Directed Multiple Functionalizations of C60 by Addition 
of Bis- to Tetrakismalonates

The reaction of racemic, C3-symmetrical cyclotriveratrylene (CTV)-trisma-
lonate conjugate (±)-75 (Scheme 13) with C60 represents the first reported
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Scheme 13 Synthesis of C3-symmetrical trisadducts of C60 by addition of a trismalonate 
derived from cyclotriveratrylene. For clarity, only one stereoisomer is shown for each addi-
tion pattern

tether-directed triple Bingel addition [112]. The two racemic products resulting
from this reaction were assigned as e,e,e and trans-3,trans-3,trans-3 regioiso-
mers (±)-76 and (±)-77, respectively. Both are characterized by an interesting
superposition of inherently chiral fullerene addition pattern (possible con-
figurations (f,sC) and (f,sA)) and a conformationally chiral CTV unit (possible 
configurations (P) and (M) [113]). A particularly fascinating aspect of both
trisadducts is their topological chirality which has been demonstrated in a 
detailed mathematical analysis [114]. Whereas each of the theoretically possi-
ble four “classical” e,e,e stereoisomers ((P,f,sA)-76, (M,f,sC)-76, (M,f,sA)-76, and
(P,f,sC)-76) corresponds to a unique topological stereoisomer, the stereoisomers
of the trans-3,trans-3,trans-3 trisadduct are interconvertible pairwise ((P,f,sA)-
77´(M,f,sA)-77, and (M,f,sC)-77´(P,f,sC)-77) by a continuous deformation of
the structure making the C60 sphere pass through the nine-membered ring of
the CTV unit. In other words, there are four classical but only two topological
stereoisomers for the trans-3,trans-3,trans-3 trisadduct.
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Scheme 14 Synthesis of bisadducts and a trisadduct of C60 starting from macrocyclic 
oligomalonates



To achieve a high degree of regioselectivity in additions of tethered reagents
to fullerenes, the tether should be conformationally rather rigid in general.
Hirsch and co-workers suggested an alternative concept using flexible cyclo-
oligomalonates [115], an approach that was successfully employed for the 
single-stage synthesis of bis- to tetrakisadducts (Scheme 14). The regioselec-
tivity of these reactions is governed by the distribution of strain within the
macrocycle and the specific addition pattern formed depends on the size of the
spacers. Cyclodi- and trimalonates containing identical alkane-a,w-diyl spac-
ers selectively form bis- and trisadducts of C60 with rotational symmetry. In
contrast, when macrocycles with unequal spacers are used, other addition 
patterns are preferred. Thus, reaction of C60 with macrocyclic bismalonate 78
containing oligomethylene chains of equal length afforded C2-symmetrical
trans-3 bisadduct (±)-79 and addition of cyclotrimalonate 80 gave 42% of
C3-symmetrical e,e,e-trisadduct (±)-81 together with a small amount (2%) of
the otherwise inaccessible trans-4,trans-4,trans-4 isomer (Scheme 14). On 
the other hand, bismalonate 82 with unequal oligomethylene chains yielded
Cs-symmetrical cis-2 bisadduct 83. In addition, various tetraadducts were 
obtained by reaction of C60 either with a cyclotetramalonate or with two cyclo-
dimalonates, and macrocyclization with two cyclotrimalonates afforded an
S6-symmetrical hexakisadduct with a pseudo-octahedral addition pattern [115].

Wilson and co-workers reproduced the triple addition of macrocyclic tris-
malonate 80 under the conditions described by Hirsch and co-workers using
i3HeC60 instead of pristine C60 as a starting material [116]. In this case, 3He NMR
was used as an additional analytical tool to monitor the regioselectivity of triple
addition and the singlet at –12.085 measured for the solely obtained trisadduct
is characteristic for a trisadduct with e,e,e functionalization pattern [117]. Re-
placement of the octane-1,8-diyl residues of 80 by oligoethyleneglycol-type 3,6-
dioxaoctane-1,8-diyl fragments afforded a single trisadduct the addition pattern
of which was tentatively assigned as trans-4,cis-3,cis-3. A high regioselectivity
was also observed for the addition of cyclodimalonate 84 to C60 which afforded
cis-3 bisadduct (±)-85 as single product isomer in up to 60% yield [116].

5
Tether-Directed Remote Functionalizations Based 
on the Diels-Alder Reaction

5.1
Bis-Functionalization of C60 with o-Quinodimethanes Connected 
by Oligomethylene-, Podand-, and Crown Ether-Type Tethers

Nishimura and co-workers investigated the regioselectivity of the Diels-Alder
addition to C60 of two o-quinodimethane entities generated from bis(bro-
momethyl) precursors 86–89 (Scheme 15, top) by reductive 1,4-elimination 
(cf. [118, 119]) and attached via ether linkages to oligomethylene tethers (CH2)n
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of different lengths (n=2–5) [16]. The identification of product isomers was
complicated by the dissymmetry of the individual addends in such a way 
that even if the cis-1 as well as all trans bisadducts (cf. Fig. 1) were excluded for
steric reasons, the macrocyclization could lead to eight constitutional isomers
[120, 121]. Assignments were based on a combination of NMR spectroscopy
(symmetry), MM2 calculations (steric energies), UV/vis spectroscopy (com-
parison of typical fingerprints to those of known bisadduct isomers with the
same residual fullerene p-chromophore), and chromatographic separability on
a chiral stationary phase (proof of chirality). Di- and trimethylene tethers 
afforded cis-2 (90 and 91) and cis-3 ((±)-92 and (±)-93) bisadducts (Scheme 15,
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Scheme 15 Regioselective addition of singly (top) and doubly (bottom) tethered o-quino-
dimethane moieties to C60



top), the latter two featuring an inherently chiral addition pattern [21, 22, 100,
101]. For n=5, e bisadduct (±)-94 was obtained as sole isolable isomer, whereas
a complex product mixture resulted for n=4 [120, 121]. Interestingly, the 
chirality of the e isomer (±)-94 cannot be associated with stereogenic centers
outside the fullerene sphere but with a noninherently chiral addition pattern
[21, 22, 100, 101] of the C60 moiety; it is related to the asymmetrical substitu-
tion of the eedge (cf. Fig. 1) addend.

Cleavage of the oligomethylene chains of 90-(±)-94 with BBr3 in benzene pro-
duced the corresponding bisphenols, making the whole sequence a templated
synthesis [120]. The chiral cis-3 ((±)-92 and (±)-93) and e ((±)-94) bisadducts
as well as the corresponding bisphenols were successfully resolved [120, 122] by
HPLC on silica gel coated with cellulose tris(3,5-dimethylphenyl carbamate)
[123]. In this context, the chromatographic resolution of a series of variously
functionalized chiral trans-3 and trans-2 bisadducts of C60 by Nishimura and 
co-workers should also be mentioned [124].

Exchange of the pentamethylene chain of tetrabromide 89 (Scheme 15, top)
for a 3-oxapentane-1,5-diyl analog led to a lower selectivity in the Diels-Alder
macrocyclization with C60 despite the fact that both tethers have the same
length in terms of number of atoms. Next to the e isomer (oxa-analog of
94, 26%), the podand-type spacer afforded also 10% of cis-2 bisadduct [125].
In order to enhance the regioselectivity of the addition and also to confer 
ionophoric properties to the fullerene adducts, the bis(bromomethyl)benzene
reactive groups were interconnected by an additional chain in the crown ether-
derived tetrabromides 95–97 and the resulting product distributions are shown
in Scheme 15 (bottom) [125, 126].Whereas both the 3-oxapentane-1,5-diyl and
the [18]crown-6 type (95) tethers afforded minor amounts of cis-2 isomers (e.g.
98 from 95), they gave e and trans-4 (99) adducts, respectively, as main prod-
ucts. The formation of the cis-2 (98) rather than the cis-3 crown ether adduct
was ascribed by Nishimura and co-workers to the higher LUMO coefficients at
the cis-2 position [35, 127, 128], with simultaneous consideration that the steric
energies for the two isomers are similar despite a more parallel bond orienta-
tion in the cis-3 arrangement. Besides, the higher yields of e bisadducts (2%
(±)-100 and 7% (±)-101) obtained with increasing crown ether ring size seems
to be due to the interplay between high inherent fullerene reactivity at e posi-
tions and decreasing steric constraints imposed by longer tethers.

The complexation behavior of some of the fullerene-appended crown ethers
was explored by electrospray ionization mass spectrometry (ESI-MS) and the
K+/Na+ selectivities determined with ion-selective electrodes [126]. Strongly
varying complexation abilities and higher K+/Na+ selectivities in comparison to
underivatized dibenzo[18]crown-6 may be attributed to the fixation of certain
conformations in the macropolycyclic ionophores. As opposed to fullerene-
crown ether conjugates (±)-43 and (±)-45 (Fig. 6) in which the ionophore is
fixed with tangential orientation in close proximity to the carbon sphere, cyclic
voltammetry (CV) did not indicate any change of potentials upon addition of
K+ ions to a solution of 99 [126].
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Fig. 9 cis-3 Bisadduct (S,S,f,sC)-102 having an inherently chiral functionalization pattern 
generated diastereoselectively by use of an enantiomerically pure tether, and two fullerene
derivatives (165 and 166) formed by addition of short chain-type reactive species with 
homofunctional ends

When using an (S,S)-configured tether synthesized stereospecifically from
enantiopure commercial (R,R)-butane-2,3-diol as chiral auxiliary (cf. Sect.
4.1.4, Fig. 7 [107] and the next section [129]), Nishimura and co-workers ob-
tained cis-3 bisadduct 102 (3%, Fig. 9) next to the corresponding cis-2 isomer
(10%) [122]. Whereas the chirality of the major isomer resides in the stere-
ogenic centers of the tether only, that of cis-3 bisadduct 102 is also due to the
inherently chiral fullerene functionalization pattern [21, 22, 100, 101] which was
formed with complete diastereoselectivity. Based on a combination of 1H NMR
spectroscopic analysis and computer modeling, the absolute configuration con-
sidered for 102 [122] corresponds to the IUPAC notation (S,S,f,sC) [19]. Due to
the chiral residual fullerene p-chromophore of (S,S,f,sC)-102, its circular dichro-
ism (CD) spectrum displays very intense Cotton effects, largely exceeding those 
of the cis-2 isomer, the p-chromophore of which is only slightly perturbed by
the stereogenic centers of the tether [122]. This is in full accord with similar 
observations made by the groups of Diederich, Hirsch, and others [21].

5.2
Regio- and Stereoselective Introduction of Boronic Acid Functions 
into C60 Using Saccharides as Imprinting Templates

The selective Diels-Alder addition of bis(o-quinodimethane) species to C60 was
also investigated by Shinkai and co-workers [130–132]. The tethers, in this case,
were derived from easily available saccharides bound to the o-quinodimethane
precursor units as arylboronates (Scheme 16). This allowed not only for a 
regio- but also a diastereoselective double addition to C60 and, furthermore,
for an easy removal of the tether (template) from the product. In addition, the
resulting fullerene-derived bis(boronic acid)s were expected to have a high
molecular recognition potential, notably for the saccharides used as templates



in their formation. The entire process can, therefore, be considered as a mole-
cular imprinting technique using C60 as a soluble nanosize matrix.

The most thoroughly investigated tethers in this study were L- and D-threitol
which afforded 72:28 and 28:72 mixtures, respectively, of cis-3 bis(boronic acid)s
(f,sC)-103 and (f,sA)-103 (Scheme 16) after removal of the templates and regen-
eration of the boronic acid functions [130, 132]. The absolute configurations of
the enantiomers of 103 were identified by comparison of their CD spectra to
those of other cis-3 bisadducts of C60 that had previously been assigned by the
groups of Harada and Diederich [105]. Competitive complexation studies indi-
cated that L-threitol-imprinted boronic acid (f,sC)-103 and D-threitol-imprinted
(f,sA)-103 preferentially rebind their original templates with up to 48% de [131].
Further tethers tested in this study were D-mannitol-3,4-carbonate and 3-O-
methyl-D-glucofuranose which afforded the e (ca. 81% diastereoselectivity) and
trans-4 bisadducts of C60 as major product isomers, whereas 1-O-methyl-a-D-
mannopyranoside was rather unselective as a spacer [132].After removal of the
sugar templates and protection of the resulting boronic acids as 5,5-dimethyl-
1,3,2-dioxaborinanes (cf. Scheme 16), the purified regioisomers were assigned
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Scheme 16 Regio- and diastereoselective double Diels-Alder addition to C60 using a threitol
derivative as imprinting template and the fullerene as a soluble nanosize matrix



mainly on the base of symmetry considerations (1H and 13C NMR) and their
typical UV/Vis fingerprints. Besides, oxidation of the dioxaborinanes with
H2O2 afforded the corresponding bis-phenols, the spectral data of which could
be directly compared to those of the bis-phenols prepared by Nishimura and
co-workers (cf. Sect. 5.1) [120].

The exploration of other regio- and diastereoselective double Diels-Alder 
reactions of C60 with o-quinodimethanes generated from bis[3,4-bis(bro-
momethyl)benzoates] derived from various methyl cholates and from (2R,3R)-
butane-2,3-diol (cf. Sect. 4.1.4, Fig. 7 [107] and previous section, Fig. 9 [122])
showed that the magnitude of the Cotton effects induced in the p-chromophore
of fullerene adducts with an achiral functionalization pattern reflect the size of
the tether and the number of stereogenic centers present therein [129].

5.3
trans-1 Bisadduct as Key Intermediate en Route to a Sixfold Functionalization 
of C60 at Fully Addressable Octahedral Sites

A versatile tether-directed remote functionalization scheme was developed by
Qian and Rubin to target trans-1 bisadducts of C60 by Diels-Alder macrocy-
clization [133, 134]. The selective synthesis of trans-1 regioisomers (cf. [50, 82,
83, 89, 90, 93, 135–137]) is particularly challenging, because they are the least
likely to form on statistical and electronic grounds [20, 35, 127, 128]. A spacer
based on tolane-4,4¢-diyldiacetic acid (104, Scheme 17) was designed by com-
puter modeling and the desired reactive 1,3-diene groups were generated in
situ by cycloreversion of the cyclobutene rings of 104. HPLC analysis of the
crude mixture resulting from addition to C60 under high dilution conditions 
indicated a 1:(1.5–2) ratio of trans-1 (105) and trans-2 bisadducts, respectively,
with no other regioisomers being detected.

The bridged trans-1 bisadduct 105 is a strategically protected building block
with great potential in view of a sixfold functionalization of buckminster-
fullerene at fully addressable positions of a pseudo-octahedral functionalization
pattern (see below). Its versatility relies on the following features. (i) The re-
maining three double bonds at accessible e positions are strongly yet differen-
tially activated toward subsequent nucleophilic attacks thanks to the additive ac-
tivating and directing effects of the addends in place [12, 23, 32, 48, 133, 138, 139]
(cf. also Sect. 3 and Scheme 2). They can be addressed, one at a time, in the or-
der “doubly eface”(in reference to the starting trans-1 bisadduct 105),“doubly eedge
plus singly eface”(in reference to the trisadduct resulting from the previous step),
and “doubly eface plus singly eedge” (in reference to the tetrakisadduct resulting
from the previous step). (ii) The tolane-derived tether between the fullerene-
fused cyclohexene rings can be selectively removed by acid treatment, thus mak-
ing a non-covalently blocked reactive e bond amenable to further functional-
ization. (iii) Elimination of the tether leaves two fullerene-fused cyclohexadiene
rings in trans-1 arrangement that can be removed in a Diels-Alder/retro-Diels-
Alder sequence [42, 43, 133, 134, 138, 139] (cf. also Sect. 3, Scheme 4, and [46, 47])
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Scheme 17 Synthesis of trans-1 bisadduct 105 and regioselective transformation to higher
adducts of C60 by further Bingel additions and, eventually, removal of the template
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Fig. 10 The seven A2B2C2(C60) regioisomers with a pseudo-octahedral addition pattern (top)
and two constitutional isomers ABCDEF(C60) in which each addend has the same nearest
neighbors but with inverted eedge and eface relationships (bottom)



under regeneration of the last two in a set of six pseudo-octahedrally arranged
6-6 bonds, thus allowing for a fully directed hexasubstitution if one takes into
account that the last two additions can be done sequentially with different
reagents. The flexibility of this templated functionalization method is illustrated
by the examples described below and depicted in Scheme 17 and Fig. 10, using
the potentialities (i)–(iii) to varying extents.

Three sequential Bingel type additions to 105, with identical or different
malonates, followed by removal of the tether as well as the fullerene-fused six-
membered rings from the resulting pentakisadduct, afforded trisadducts 106
and 107, respectively (Scheme 17) [133]. Interestingly, 106 is a constitutional
isomer of trisadduct 25 (Scheme 17) synthesized by Diederich and co-workers
starting from 14 (Scheme 2), according to the route outlined in Scheme 4 [47].

Six double bonds of C60-Ih, with four e and one trans-1 interrelationships
each, have their centers located at the vertices of a regular octahedron (cf.Fig.10,
bottom). If the geometry of these bonds as well as their orientation in space are
taken into account, the Oh symmetry of the regular octahedron is reduced to Th
and the corresponding arrangement is often termed “pseudo-octahedral”. As
a consequence, the addition of six pairwise identical, symmetrical addends (A,
A, B, B, C, C) to C60 can lead to seven diastereoisomers (Fig. 10, top) as compared
to only five possible diastereoisomeric complexes resulting from the octahedral
arrangement of three pairs of monodentate ligands around a transition metal
(in the latter case, there is only a single all-trans and a single all-cis isomer)
[138].A complete library of the seven isomers was prepared by Qian and Rubin
in an elegant parallel synthesis by application of a so-called “mer-3+3” regio-
control strategy [138]. Two B2C(C60) and two BC2(C60) type e,e,trans-1 tris-
adducts were obtained as key intermediates according to routines (i) and 
(ii) specified above (cf. Scheme 17) [133]. Partial regioselectivity – possibly 
determined by an interplay between electronic and steric effects – in the 
functionalization of the remaining three fullerene bonds within the consid-
ered pseudo-octahedrally arranged set allowed the synthesis of the seven
A2B2C2(C60) diastereoisomers to be completed (Fig. 10, top).

Complete command of addend permutation at all six positions of a 
group of pseudo-octahedrally arranged bonds allowed separate syntheses of
ABCDEF(C60) regioisomers (±)-108 and (±)-109 (Fig. 10, bottom) [139]. The ex-
quisite control of the regiochemistry around the Th-symmetrical “coordination
core” of C60 was demonstrated, for example in the synthesis of (±)-109, by
sequential Bingel additions of three different addends (B, C, D) to the trans-1
intermediate 105 (cf. above routine (i); Scheme 17), elimination of the tolane-
diacetic acid template, thus making a non-covalently blocked reactive position
within the considered pseudo-octahedral pattern accessible, addition of the
fourth malonate (E, routine (ii)), removal of the fullerene-fused cyclohexadi-
ene rings in a Diels-Alder/retro-Diels-Alder sequence and, finally, consecutive
addition of addends A and F to the regenerated fullerene double bonds (routine
(iii)) [139]. Specific permutation in the order of attachment of addends B-D, on
the other hand, allowed the preparation of the constitutional isomer (±)-108.
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5.4
Regioselective Formation of Tetrahomo[60]fullerenes

Acid-catalyzed removal of the tolanediacetic acid template from 110 (Scheme 18),
an analog of 105 (Scheme 17) with higher solubility, under simultaneous irradi-
ation afforded the two constitutionally isomeric tetrahomofullerenes 111 and
112 (Scheme 18) in which the number of p-electrons on the fullerene core 
remains the same as in C60, except that four 6-5 single bonds have been replaced
by homoconjugative bridges [134, 140]. This one-pot multi-step reaction pro-
ceeded through efficient photochemically promoted [4+4] and retro-[2+2+2]
intramolecular tandem rearrangements of the intermediately formed fullerene-
fused cyclohexadienes 113 and 114 (Scheme 18) [141] (cf. also Sect. 7 and
Scheme 27).The unexpected preference for the purple 111 (syn, 40% yield) over
the yellowish brown 112 (anti, 10%) isomer in this process must arise from 
local electronic differences in the mono-rearranged intermediate 114 despite
the relative remoteness of the inducing group.

A “mono-functionalized” dihomofullerene analog of 111 or 112 forms a
Co(III) complex resulting from oxidative insertion of a CpCo (Cp=cyclopen-
tadienide) fragment into a 6-5 formal single bond of the fullerene core [140,
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Scheme 18 Regioselective synthesis of tetrahomofullerenes 111 and 112 starting from
trans-1 bisadduct 110



141]. Its X-ray crystal structure shows that the cobalt atom is poised to insert
into the created orifice, and such complexes constitute promising starting 
materials for the preparation of endohedral metallofullerene derivatives.

5.5
Regio- and Diastereoselective Formation of a cis-1 Bisadduct of C60

by Tandem Nucleophilic Addition/Diels-Alder Reaction

In a different study, Rubin and Neier investigated the addition of a series of elec-
tron-rich N-buta-1,3-dienyl-O-silyl ketene N,O-acetals, e.g. 115 (Scheme 19), to
C60 – a reaction that consists of a tandem sequence of nucleophilic addition and
Diels-Alder reaction [142]. Although the reactive centers of the bifunctional
reagents are separated only by three bonds, the reaction cascade can be con-
sidered as a highly regioselective tether-directed “remote” functionalization of
two neighboring (cis-1) bonds within a six-membered ring of the fullerene
(Scheme 19). The interest in such compounds comes from efforts aiming at the
functionalization of contiguous reactive centers in C60, possibly leading to a
fully saturated, planar cyclohexane substructure prone to spontaneous ring-
opening in a retro-[2+2+2] fashion under creation of an orifice delimited by a
15-membered ring. Despite the fact that cis-1 positions in a monoadduct of C60
show particularly large LUMO coefficients [5, 128], cis-1 bisadducts are diffi-
cult to prepare by sequential addition of untethered reagents because of the
mutual steric hindrance of most addends [20, 35, 127, 128].

It was demonstrated in model reactions that the tandem sequence starts
with a nucleophilic Michael-type addition, presumably involving a SET (single
electron transfer) followed by a radical recombination [142]. The second step
consists of an intramolecularly accelerated [4+2] cycloaddition leading to dia-
stereoisomerically pure octahydroquinolines, e.g. (±)-116 (Scheme 19), fused
to two adjacent sides of a six-membered ring of C60 .
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Scheme 19 Tandem reaction between N-butadienyl N,O-ketene acetal 115 and C60: Michael-
type addition followed by intramolecular Diels-Alder reaction
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Scheme 20 Intramolecular [4+2] cycloaddition between the anthracene and the fullerene
moiety of 117

5.7
Activation of e Double Bonds in C60 by Reversible Addition 
of 9,10-Dimethylanthracene as a Template

At the end of this section on Diels-Alder-based tether-directed remote func-
tionalizations, two procedures should be presented that do not involve the use
of a tether but are nevertheless template-directed: the first is of great practical
use due to its simplicity, the second is less generally applicable but all the more
spectacular.

In 1994, Hirsch and coworkers isolated and structurally assigned seven out
of the eight possible bisadducts resulting from stepwise addition of two diethyl
bromomalonate molecules to C60 [20]. Whereas the cis-1 isomer was not de-
tected, the e and trans-3 bisadducts (cf. Fig. 1) were formed as main products
and the regioselectivity of double Bingel additions was satisfactorily correlated
to a combination of enhanced frontier orbital coefficients, more reactive com-
pressed 6-6 bonds,or the formation of thermodynamically more stable products
– aspects that are all related to the characteristic cage distortion in monoadducts
of C60 [35, 127, 128]. The high tendency for attacks at e bonds, expressed by 
enhanced frontier orbital coefficients [35, 127, 128], becomes even more pro-
nounced as the number of existing e type addends increases. If the considered
reaction is reversible, the thermodynamic aspect gains importance and multi-

5.6
Intramolecular [4+2] Cycloaddition of a [60]Fullerene-Appended Anthracene

When Irngartinger and co-workers investigated the photosensitized endo-
peroxide formation with C60-appended anthracenes, they discovered that the 
refluxing of cyano-ester 117 in toluene under exclusion of dioxygen led to an
intramolecular Diels-Alder addition of the arene to the fullerene moiety
(Scheme 20) [143]. The conceivable cis-1 and cis-2 bisadducts are both C1-sym-
metrical, and the NMR data of the product were in agreement with either struc-
ture. PM3 computational studies indicated the cis-1 adduct to be more stable
by 3.6 kcal mol–1 but no definite structural assignment was made.
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Scheme 21 Equilibria of the reversible Diels-Alder addition of an excess of 9,10-dimethyl-
anthracene (DMA) to C60. Although the multiadducts consist of mixtures of regioisomers,
the addends have a preference for the bonds belonging to a pseudo-octahedrally arranged
set with only e type nearest neighbors

5.8
Topochemically Controlled Anthracene Transfer Reaction

A highly remarkable, topochemically controlled, absolutely regioselective for-
mation of a trans-1 bisadduct of C60 resulting from Diels-Alder addition of
anthracene was discovered by Kräutler and co-workers [135]. The heating of
oxygen-free crystals of monoadduct 118 (Scheme 22, top) to 180 °C for 10 min
led to a solid 1:1 mixture of bisadduct 119 and C60 with almost complete 
conversion. This observation was rationalized by a model with oriented stacks
of monoadduct molecules in the crystal of 118, putting the critical trans-1 bond
in an ideal position for anthracene transfer by satisfying not only the geomet-
ric but also the orbital-symmetry criteria of the required retro-Diels-Alder/
Diels-Alder sequence.Also, the positions of atoms and molecular fragments are

adducts with an incomplete pseudo-octahedral functionalization pattern 
predominate in the equilibria. This is the case for the Diels-Alder addition of
9,10-dimethylanthracene (DMA), and adducts of the type C60(DMA)n (1£n£5)
(Scheme 21) can serve as templates for irreversible additions or addend sub-
stitutions at e positions. The effectiveness of the procedure is illustrated by the
direct transformation of buckminsterfullerene to the “pseudo-octahedral”
C60[C(CO2Et)2]6 as sole regioisomer in 23% yield (8 equiv. diethyl bromoma-
lonate, 10 equiv. DMA; DBU) [34] or even 48% yield (10 equiv. of each DMA,
diethyl malonate, and CBr4; DBU) [144] in comparison to 14% yield and reduced
regioselectivity in the absence of DMA activation [34]. As illustrated by a 
selection of literature references, the method has found widespread use in the
preparation of mixed hexakisadducts with a pseudo-octahedral functional-
ization pattern by starting from a monoadduct or a lower multiadduct of C60
[34, 115, 145–149] or from monomeric azafullerene derivatives RC59N [150].
The equilibria of the Diels-Alder addition of DMA to i3HeC60 and i3HeC70 have
been investigated in detail by Wang, Saunders, and Cross using 3He NMR spec-
troscopy [151].
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Scheme 22 Topochemical solid-state reaction of monoadduct 118 leading to a 1:1 mixture
of trans-1 bisadduct 119 and C60 (top) and use of 119 in a templated synthesis of tetrakis-
adduct 24 which is not available by direct addition of four bromomalonate molecules to C60

(bottom) (cf. Scheme 4)

conserved in a remarkable way on the transition from reagents to products
which constitutes an ideal premise for a topochemical transformation.As to the
thermodynamics of the high-yielding reaction, the main driving force seems
to be the entropy increase related to the orientational disorder [152–154] of
the generated C60 spheres in the crystal. While a number of other crystalline
monoadducts resulting from reaction of C60 with 1-methylanthracene,9-methyl-
anthracene, or 9,10-dimethylanthracene showed a similar behavior, others, such
as 2-methylanthracene, or the more highly substituted 2,3,6,7-tetramethylan-
thracene, and 2,6-di(tert-butyl)anthracene simply reverted to [60]fullerene and
the respective anthracene [136]. This points toward a crucial dependence of a
potential topochemical reaction on steric effects of the substituents. A similar
control of the reaction course by the presence and position of alkyl substituents
on the arene was observed for the direct synthesis of bisadducts by heating
solid C60 with various anthracene derivatives [137]. The diene reagents that 
actually provided bisadducts did so in a highly selective way under exclusive



formation of trans-1 regioisomers. This course of the solid-state cycloaddition
differs strongly from the reaction of C60 with an excess of anthracene in CS2
solution which leads only to minor amounts (1.6%) of the trans-1 isomer next
to four other bisadducts and a sizeable amount of trisadducts [155].

Taking advantage of the activating and directing effects (cf. Sect. 5.3 and 5.7)
of the addends in trans-1 bisadduct 119, Kräutler and co-workers, by treating a
suspension of the compound in CH2Cl2 with an excess of diethyl bromomalonate
and DBU, obtained the mixed D2h-symmetrical hexakisadduct 120 (Scheme 22,
bottom) in 95% yield [48]. Heating of the yellow solid to 195°C for 5 min in the
absence of dioxygen produced anthracene and the dark brown-green D2h-sym-
metrical tetrakisadduct 24 with all addends located on an equatorial belt, a com-
pound that had been obtained by Diederich and co-workers using the tether-
directed remote functionalization approach described in Sect. 3 (cf. Scheme 4)
[46, 47].

6
Tether-Directed Remote Functionalizations Based 
on [3+2] Cycloadditions

6.1
Regio- and Stereoselective Addition to C60 of Vinylcarbenes Generated 
from Tethered Bis(cyclopropenone acetal)s

Some early work on the regio- and diastereoselective tether-directed bis-func-
tionalization of C60 was reported by Nakamura and co-workers [156, 157]. Their
anellating reagents consisted of an oligomethylene tether of variable length
bearing cyclopropenone acetal units at the ends (Fig. 11, top). Under the applied
reaction conditions (150 °C, dry 1,2-dichlorobenzene), these groups are in equi-
librium with minute amounts of nucleophilic vinylcarbenes which undergo
[3+2] cycloaddition with 6-6 bonds of the fullerene, thus affording various
bisadducts depending on the length of the tether. Due to the unsymmetrical
nature of the addends, the number of theoretically possible bisadduct isomers
increases from eight (for symmetrical addends) to 36 [158]. The structural 
assignment of the isolated products was based on symmetry considerations as
reflected by NMR spectroscopy and a computational analysis of the confor-
mational strain of the tethers. The product distribution as a function of the
length of the (CH2)n tether was as follows: cis-1 and cis-2 (n=3), cis-1 (n=4) (cf.
Fig. 1), and cis-3 ((±)-121, n=6, Fig. 11, bottom). For n=4, no bisadduct was
found, probably as a result of the ring strain of a 9- or 10-membered ring
which would be generated in the double addition, and a complex bisadduct
mixture was formed with an octamethylene tether. As to the possible iso-
merism originating from the dissymmetry of the addends, a single constitu-
tional isomer was formed in each case with the tether-bearing C-atoms of
the fullerene-fused pentagons roughly pointing toward each other (cf. Fig. 11,
bottom).
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The use of a chiral, enantiomerically enriched (ee=89%) tether including an
acetal of an (R,R)-configured 1,2-diol unit resulted in the diastereoisomerically
pure cis-3 bisadduct 122 (Fig. 11, bottom) [156, 157] next to two C1-symmetri-
cal isomers. The formation of the latter points at some change in the directing
effect of the chiral tether as compared to the achiral hexamethylene counterpart
in (±)-121 (see above).As the chiroptical contribution of side chains with stereo-
genic centers to the Cotton effects of fullerene derivatives with an inherently
chiral p-chromophore is almost negligible [21, 97, 99, 102, 103], the absolute con-
figuration of the cis-3 addition pattern of 122 could be identified as (R,R, fA)
[159] (= (R,R,f,sC) [19]) by comparison of its optical rotation [aD]=–1875 with
the CD spectra of [CD(–)488]-(f,sC)-55 and [CD(+)488]-(f,sA)-55 (Sect. 4.1.4 
and Scheme 10) with assigned absolute configurations [105]. Besides, reduction
of the enantiomeric diones obtained from (±)-121 by acetal cleavage and 
subsequent esterification of the deprotected diols with (S)-2-methoxy-2-
phenylacetic acid allowed the separation of the diastereoisomeric esters, i.e.,
of bisadducts of C60 with enantiomeric addition patterns [159]. After separa-
tion, the diol functions could be regenerated by reduction of the esters with
DIBAL-H (diisobutylaluminum hydride).
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Fig. 11 Thermal equilibrium between tethered cyclopropenone acetals and the according
vinylcarbenes (top), and cis-3 bisadducts of C60 having a [3+2] cycloaddition with suchlike
reagents as a key step in their syntheses (bottom)



C60-Derived tetraammonium ion (±)-123 (Fig. 11, bottom), prepared in a
four-step transformation from (±)-121, proved to be an efficient vector for gene
transfection [160, 161]. It binds reversibly to duplex DNA, leads to its conden-
sation, delivery of the complex into mammalian cells through phagocytosis,
and to the transient expression of the released DNA in the target cell. The 
amphiphilic (±)-123 can undergo strong ion pairing interactions with the
phosphate backbone of DNA and the fullerene core provides hydrophobic
binding for the DNA condensation and probably also for the delivery to the 
interior of the target cell. The transfection efficiencies of (±)-123 and a related,
enantiopure fullerene-based vector [162] were shown to be comparable to
those of lipid-based commercial agents [160, 161].

6.2
Addition of Tethered Diazides to C60

Addition to C60 of a number of variously tethered diazides was investigated by
Luh and co-workers [163–166]. If the functional groups were connected by 
a simple ethylene or trimethylene chain, a single Cs-symmetrical diazadiho-
mofullerene regioisomer (analog of 124, Scheme 23, top) was formed in which
two imino groups are inserted into the 6–5 junctions of a fluorene subunit of
C60 [164]. The same regioisomer was obtained by Li and co-workers with the
one-carbon tether of diethyl 2,2-diazidomalonate [167].Addition of 2,2-diben-
zylpropane-1,3-diyldiazide to C60 allowed the isolation and characterization of
a cis-1 bis(triazolo)fullerene, presumably isomer 125 [168], as primary bis-
adduct (Scheme 23, top) [166]. Its thermolysis in refluxing chlorobenzene
(24 h) afforded a 54:40:6 mixture of cis-1 bisazirinofullerene 126, diazadi-
homofullerene 124, and C60 in quantitative yield. When 126 was heated in
chlorobenzene for 24 h, C60 was produced in 35% yield but no 124 was detected.
There was no decomposition of 124 under the same conditions and, further-
more, no interconversion occurred between 124 and 126 [166].

Use of enantiopure, C2-symmetrical diazides prepared from D- and L-threitol
afforded diazadihomofullerenes (R,R)-127 (Fig. 12) and (S,S)-127, respectively,
again with two imino groups inserted into the 6-5 junctions of a fluorene 
substructure of C60 [165]. No diastereoselectivity was observed in these double
additions because the fullerene functionalization pattern is Cs-symmetrical
and, therefore, achiral.

In a similar way, reaction of C60 with diazide (S,S)-128 (Scheme 23, bottom),
prepared from 2,3-O-isopropylidene-L-threitol, afforded C1-symmetrical
bisadduct (S,S)-129 which is stable for weeks in the dark [163]. Under the in-
fluence of ambient light, however, one of its imino groups rearranges regiose-
lectively to an epimino structure in (S,S)-130, as demonstrated among others
by analysis of 13C NMR C-N couplings of 15N-labeled material. Thermolysis 
of (S,S)-130 cleanly converts the molecule back to the isomeric (S,S)-129, thus
providing the first example of interconvertible azahomo-/azirinofullerene iso-
mers.
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Fig. 12 Diazadihomo[60]fullerenes resulting from addition of diazides to C60, followed by
extrusion of dinitrogen

Scheme 23 Products obtained from the addition of tethered diazides to C60 and possible
thermal or photochemical follow-up transformations



A number of “[60]fullerenocrowns” and “[60]fullerenocalixcrowns” with
several carbon atoms of the fullerene integrated in a crown ether macrocycle,
e.g. 131 and 132 (Fig. 12), were reported by the groups of Shinkai [169, 170], and
Li and Chen [171, 172]. They were synthesized by the [3+2] cycloaddition/
N2-extrusion route using diazides tethered by various oligoethyleneglycol-de-
rived chains, in some cases with an embedded or a spiro-linked calixarene. In-
terestingly and in contrast to the previous examples of this section, all isolated
and characterized products were diazadihomo[60]fullerenes with the imino
groups inserted in adjacent 6-5 bonds of the same pentagon and, thus,connected
to a common carbon atom of the fullerene core. This functionalization pattern
is the same as that observed for sequential additions of two independent
monoazides, followed by dinitrogen extrusion [5, 173, 174]. The complexation
of various salts containing alkali and alkaline earth metal ions as well as Zn2+,
Ag+, and [MeNH3]+ by 131 was studied by 1H NMR or UV/vis spectroscopy
[169]. Silver(I) ions which are known to interact particularly well with the 
nitrogen atoms of azacrown ethers induced the largest optical absorption shifts.
The evaluated binding constants are comparable to those of regular crown
ethers. Some structurally related “[60]fullerenocrowns” with embedded thio-
phene-containing bi- and triarene moieties were used to study the photoin-
duced electron transfer (PET) in doped conjugated polymers [175].

6.3
Cage Opening of C60 Starting with Tandem [3+2]- and [4+2] Cycloadditions 
of a Trifunctional Diene-Diazide Conjugate

In their efforts to open up an orifice in the fullerene shell large enough to in-
troduce atoms or small molecules (cf. Sect. 5.4), Rubin and co-workers targeted
a cis-1,cis-1,cis-1 trisadduct by reaction of C60 with conjugate 133 (Scheme 24)
in which two reactive azide functions are connected through o-phenylene spac-
ers to a central buta-1,3-diene unit [176]. Ingeniously, the latter constitutes both
a part of the tether and a reactive group for a [4+2] cycloaddition. Reaction
with the three 6-6 bonds of a six-membered ring of the fullerene should afford
a fully saturated planar cyclohexane moiety prone to undergo a retro-[2+2+2]
ring opening reaction. Three major products, 134, 135, and 136 (Scheme 24)
were isolated after column chromatography of the product mixture resulting
from the reaction of C60 with 133, and the following reaction pathway was pro-
posed: the azide groups add first under formation of a cis-1 bis(triazolo)-
fullerene and subsequent intramolecular Diels-Alder reaction with the third
double bond of that hexagon affords a polyanellated fullerene derivative. Either
intermediate can rearrange, under twofold N2 extrusion, from a bis(triazolo)-
to a diazadihomofullerene with the imino groups inserted in the two 6-5 bonds
radiating from positions 1 and 4 of the targeted six-membered ring of C60. The
combination of these steps affords a mixture of endo- and exo-cycloadducts 137
and 138 which could not be observed directly because the electron-rich 1,4-di-
aminobutadiene structure within the fullerene core is very easily attacked by
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singlet oxygen under formation of endoperoxides 139 and 140. Subsequent
retro-[2+2+2] ring opening within the 5,6-dioxabicyclo[2.2.2]oct-2-ene 
subunit afforded bislactams 134 and 135 which were finally dehydrogenated to
136 under aromatization of the cyclohexa-1,4-diene ring [176].

48 C. Thilgen et al.

Scheme 24 Synthesis of “open-cage fullerene” 136 by double azide addition, a combination
of Diels-Alder reaction and N2-extrusion/rearrangement (Æ137/138), endoperoxide forma-
tion (Æ139/140), [2+2+2] ring opening (Æ134/135), and dehydrogenation

Bis-lactam 136 has a sizeable orifice in its carbon shell and a more soluble
di(tert-butyl)-substituted derivative allowed reversible, direct insertion of 3He
and molecular hydrogen [177]. Hydrogen storage inside open-cage C60 has 
recently become a topic of growing interest due to potential technological 
applications [178, 179]. The shielding inside the cavity of 136 is illustrated by
the chemical shifts d=–10.10 (3He NMR, o-dichlorobenzene-d4, dissolved 3He
as standard) and d=–5.43 (1H NMR, d[H2

solution]=4.53) measured for endohedral
3He and H2, respectively. The barrier to insertion was calculated to be much
higher (41.4 kcal mol–1) for dihydrogen with its larger surface area than for 
helium (24.5 kcal mol–1); the value for helium was determined experimentally
to 24.6±0.8 kcal mol–1. Under thermodynamic aspects, the encapsulation was
estimated to be thermoneutral or slightly exothermic [177]. The creation of an



orifice in the carbon sphere by retro-[2+2+2] ring fragmentation and the 
insertion of metal ions into 136 and other “open cage” fullerene derivatives was
also investigated computationally using the ONIOM method [180].

6.4
Tether-Directed Remote Functionalizations by Azomethine Ylide Addition to C60

Although the [3+2] cycloaddition with azomethine ylides is one of the most
popular reactions in fullerene chemistry [181, 182], it has been used only in a
few cases for the tether-directed remote functionalization of C60 [183–185]. In
a systematic study, Prato and co-workers examined the regioselectivity of the
intramolecular attack of azomethine ylides tethered through oligomethylene
chains (CH2)n (n=3–5) to a C60-fused isoxazoline anchor (Scheme 25) [183, 184].
The starting isoxazolofullerenes were obtained by [3+2] cycloaddition of buck-
minsterfullerene and isonitrile oxides carrying a protected glycine at the end
of a pendant alkyl chain. The azomethine ylide dipole was generated from the
attached amino acid after deprotection and treatment with formaldehyde in 
refluxing toluene. Due to the dissymmetry of the isoxazoline ring, the number
of conceivable regioisomeric cis-type bisadducts is doubled and structural 
assignments were further complicated by the C1-symmetry of the products.
They were based on a combination of UV/vis spectroscopy, electrospray ion-
ization mass spectrometry (ESI-MS), elemental analysis, and NMR spectroscopy
in combination with semiempirical PM3 computations.
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Scheme 25 Regioselective second functionalization of C60 by intramolecular [3+2] cyclo-
addition of a tethered azomethine ylide function. The fullerene-fused isoxazoline anchor can
be removed by treatment with molybdenum hexacarbonyl

With the tri- and tetramethylene tethers, the macrocyclization reaction was
highly selective affording cis-1 bisadducts (±)-141 (65%) and (±)-142 (67%)
(pyrrolidine ring adjacent to isoxazoline-C), respectively, as sole isolated prod-
ucts (Scheme 25). The longer pentamethylene spacer, on the other hand, af-
forded a mixture of three regioisomeric bisadducts: the main product ((±)-143,



54% yield) was identified as the second cis-1 regioisomer (pyrrolidine ring 
adjacent to isoxazoline-O); in the second case ((±)-144, 31% yield), the structural
analysis pointed toward a cis-3 isomer (pyrrolidine ring near isoxazoline-C) and
the minor product ((±)-145, 2%) was tentatively assigned a cis-2 structure
(pyrrolidine ring near isoxazoline-C).

Interestingly, treatment of the bisadducts with Mo(CO)6 in refluxing chloro-
benzene led to the removal of the fullerene-fused isoxazoline heterocycle,
affording N-cyanoalkyl-substituted pyrrolo[60]fullerenes (Scheme 25), except
in the case of (±)-141 which essentially decomposed [183, 184].

[3+2] Cycloaddition between C60 and a bis(azomethine ylide) generated
from sarcosine (N-methylglycine) and anti-(dibenzo[18]crown-6)-dicar-
baldehyde (analog of 42, Scheme 9) afforded a bisadduct mixture containing at
least three isomers [185]. The number of possible product isomers is very high
taking into account the unsymmetrical nature of the generated pyrrolidine
rings (cf. Sect. 5.1). In addition, stereoisomerism can originate from the newly
generated stereogenic center in each fullerene-fused pyrrolidine ring as well as
from a possible restricted conformational mobility of the crown ether making
it a planar chiral unit [89, 90].

7
Cyclobutadi[60]fullerene Derivatives as Products 
of Intramolecular Cage “Dimerization” by [2+2] Cycloaddition

The long-standing proposals of solid-state photo- and pressure-induced poly-
merization of fullerenes by [2+2] cycloaddition [186] obtained recent support
by the first example of a controlled intramolecular photodimerization of
two methanofullerene moieties, reported by Knol and Hummelen [187]. The 
required close proximity of the carbon spheres in precursor 146 (Scheme 26)
was brought about by a m-phenylene spacer introduced together with the
methano bridge carbon atoms by the well-established Bamford-Stevens pro-
tocol, starting from the required bis(tosylhydrazone). Refluxing of the primary
adduct mixture including bis(homofullerene) 147 in o-dichlorobenzene led to
a clean conversion to bis(methanofullerene) 146.When the latter was irradiated
with a 150-W sodium flood lamp, it afforded a clean steady-state mixture of 146
(ca. 40%) and 148 (ca. 60%) with cyclobuta-fused fullerene moieties [187]. The
photodimerization process is significantly retarded by dioxygen which implies
a mechanism involving the triplet excited state of the methanofullerene cages
of 146. Cycloadduct 148 was isolated in pure form and shown to be a double
cis-3 regioisomer. Interestingly, the steric requirements for the photodimer-
ization enforce opposite configurations of the inherently chiral cis-3 addition
patterns of the interconnected fullerenes, thus leading to achiral 148. Refluxing
of 148 in o-dichlorobenzene results in complete cycloreversion to 146 within
15 min [187], a behavior similar to that reported for cyclobutadi[60]fullerene
(C120) which reverts to buckminsterfullerene upon heating [188, 189].

50 C. Thilgen et al.



Two related [2+2] dimerizations which may be best termed as “tether-
directed near functionalizations” were reported by Komatsu and co-workers
[190, 191]. In one of these studies [190], the authors discovered that the reac-
tion between C60 and phthalazine (149, Scheme 27) takes a very different course
in solution as compared to the solid state.When heated in 1-chloronaphthalene
at 255°C, it yielded dihomofullerene derivative 150 which is an analog of com-
pounds first reported by Rubin and co-workers (cf. also Sect. 5.4 and
Scheme 18) [134, 141] and also used by other groups, often in the context of
cage-opening reactions [179, 192–196]. Its formation was explained by a se-
quence including a [4+2] cycloaddition between heteroarene 149 and
[60]fullerene, dinitrogen extrusion from the primary adduct 151 under for-
mation of naphthofullerene intermediate 152, an intramolecular formal [4+4]
cycloaddition between its o-quinodimethane subunit and the fullerene core,
and a succeeding retro-[2+2+2] ring opening of cis-1 dicyclopropafullerene
153 [190]. In contrast, when C60 was allowed to react with 4 equiv. of phthalazine
(149) in the solid state under mechanochemical conditions using high-speed
vibration milling (HSVM), 150 was completely absent from the reaction mix-
ture and, instead, a difullerene analog of triptycene (154) was formed, proba-
bly by Diels-Alder addition of o-quinodimethane intermediate 152 to a second
C60 molecule. Although this compound with two fullerene cages rigidly fixed
in close proximity is stable in the solid state up to 200 °C, irradiation (275-W
incandescent lamp) of a CHCl3 solution or heating in o-dichlorobenzene grad-
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Scheme 26 Transformation of bis(homofullerene) 147 to bis(methanofullerene) 146 and
photodimerization equilibrium between the latter and 148 which results from [2+2] cyclo-
addition between the fullerene moieties



ually transforms it into 155 by intramolecular [2+2] cycloaddition. In sharp
contrast to the [2+2]-dimer of buckminsterfullerene, C120, and 148 (Scheme 26),
heating of 155 to 200 °C leads to no appreciable cycloreversion. On the other
hand and similarly to C120, the cyclobuta-fusion in 155 is readily cleaved upon
transfer of one electron as shown by cyclovoltammetry (CV) and differential
pulse voltammetry (DPV) [190].
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Scheme 27 Different courses of the reaction between C60 and phthalazine (149) in the solid
state (high-speed vibration milling, HSVM) as compared to solution phase chemistry 
(1-chloronaphthalene, 255°C)

In a similar manner, solid-state HSVM of C60 together with 0.5 equiv. of
3,6-di(pyridin-2-yl)-1,2,4,5-tetrazine followed by heating of the solid mixture
to 150 °C afforded 156 (Fig. 13) by a Diels-Alder/N2-extrusion/Diels-Alder 
sequence [191]. When a solution of 156 in o-dichlorobenzene was irradiated
with room light, an azo-bridged “photodimer” (analog of 155, Scheme 27) was
formed by intramolecular [2+2] cycloaddition. Its cyclobuta-fusion was found
to be thermally (100 °C) and electrochemically (six reduction steps) stable.
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Fig. 13 Product 156 resulting from high-speed vibration milling of C60 with 3,6-di(pyridin-
2-yl)-1,2,4,5-tetrazine, followed by heating of the solid mixture, and a supramolecular 
associate (157·158·157) prone to [2+2] photodimerization of the fullerene moieties upon 
irradiation

Scheme 28 Tandem reaction between the alkaloid scandine (160) and C60 under diastereo-
selective formation of a cis-1 bisadduct (159)

Bassani and co-workers finally reported the photodimerization of a fullerene
derivative in a hydrogen-bonded supramolecular associate (Fig. 13) [197]. Thus,
when a dilute o-dichlorobenzene solution of fullerene-barbituric acid conjugate
157 and N,N¢-dioctylmelamine (158) (1:1 mixture) was irradiated, MALDI-TOF
mass spectrometric analysis revealed a signal for the dimer of 157 which was not
observed in the absence of the melamine derivative. This reaction represents
a remote functionalization mediated by a non-covalent template.

8
Miscellaneous Tether-Directed Remote Functionalizations

The last section will group some particular examples of tether-directed remote
functionalizations that are not directly related structurally or synthetically to
other chapters of this review.

A complex, multiply bridged cis-1 type adduct of C60 (159) (Scheme 28) with
a noninherently chiral addition pattern was obtained in a tandem reaction 
between the alkaloid scandine (160) and C60 [198, 199]. The sequence includes



a photoinduced addition of the tertiary amine, presumably followed by [2+2]
cycloaddition of the appended vinyl group at an adjacent formal double bond
of the fullerene. No stereoisomer of 159 was reported and its formation can be
assumed to be highly diastereoselective.

One of the most spectacular fullerene derivatives obtained by tether-di-
rected remote functionalization is probably the peanut-shaped 161 (Scheme 29,
top) with two fullerene cages interconnected by four propane-1,3-diamine
chains, reported by Nakamura and co-workers [200]. The synthesis is akin to
the well known oxidative addition of four piperidine molecules to a [5]radia-
lene substructure of C60, followed by epoxidation of the exocyclic double bond
of the resulting local fulvene entity [201]. Accordingly, stirring of a solution of
buckminsterfullerene with 16 equiv. of N,N¢-dimethylpropane-1,3-diamine 
in air-saturated chlorobenzene at 21 °C under irradiation with visible light 
afforded the quadruply tethered bisfullerene 161 (12%) next to monomeric 
1,4-adduct 162 (19%) as sole products. The structure of a near-C2v-symmetri-
cal molecular container 161 with fullerene end caps and an opening between the
epoxy bridges was undoubtedly established by X-ray analysis of the orange crys-
tals. A most notable feature of 161 is the fact that its molar UV/vis absorptivity
is almost the same as that of the above-mentioned monomeric tetrapiperidinyl-
epoxy-fullerene [201] despite the presence of two chromophores per molecule.
This rare case of extreme hypochromicity is explained by the symmetrical, rigid
structure of 161 in which two isolated fullerene chromophores with high oscil-
lator strength and parallel transition moments are located at a short distance
from each other [200].

54 C. Thilgen et al.

Scheme 29 Functionalization of C60 by addition of tethered amine (top) or fluorenide
(bottom) nucleophiles, followed by oxidation



An early example of tether-directed remote functionalization was reported
by Komatsu and co-workers when studying the reaction of [60]fullerene with
fluorenide ions [202]: treatment of the carbon allotrope in THF under argon for
24 h with dilithium 9,9¢-(propane-1,3-diyl)di(fluorenide) (163) afforded dispiro
adduct 164 with the fluorene moieties connected to positions 1 and 4 of a 
six-membered ring of the fullerene (1,4-adduct) (Scheme 29, bottom). Similarly
to the above addition of amines, the nucleophilic attack of the fluorenide ions
on the carbon cage is followed by an oxidation.

Fullerene dianions, on the other hand, can be doubly alkylated by alkyl
halides. Following this principle, Cousseau and co-workers reacted C60

2–, gener-
ated by reduction of the neutral fullerene with a sodium alkanethiolate in 
acetonitrile under argon, with various halides RX, some of which carried an 
additional ester or keto function [203, 204]. The product was generally a mixture
of 1,2- and 1,4-adduct (major product, except for R=Me). Not unsurprisingly,
attack of C60

2– by the electrophiles 1,3-diiodopropane, 1,4-diiodobutane, and 
1,3-dibromopropan-2-one selectively afforded the 1,2-adduct consisting of a
fullerene-fused cyclopentane, cyclohexane, and cyclopentanone (165, Fig. 9),
respectively.

Fullerene-fused 1,2,3,4-tetrasilacyclohexane and 1,2,3,4-tetragermacyclo-
hexane (166, Fig. 9) rings were each obtained as one of two products isolated
from the photochemical reaction of octa(p-tolyl)cyclotetrasilane and octa-
phenylcyclotetragermane, respectively, with C60 [205, 206]. Stepwise addition of
1,4-diradicals, resulting from ring opening of the reagents, across a 6-6 bond of
C60 was proposed as a possible reaction mechanism.

9
Concluding Remarks

After ten years of tether-directed remote functionalization in fullerene chem-
istry, a considerable number of multiadducts has become available regio- and,
in some cases, stereoselectively, mainly by Bingel or Diels-Alder chemistry.
All bisadduct regioisomers can in principle be prepared by use of appropriate
tethers, even if the selectivity remains to be improved in a number of cases. In
combination with other, sequential functionalizations and the removal of
tethers or of certain addends at a given point in a synthetic sequence, an im-
pressive number of complex functionalization patterns and, as a consequence
thereof, residual fullerene p-chromophores has become accessible through
spacer-controlled remote functionalization. When the used tethers include
functional entities such as ionophores or porphyrins that modify existing char-
acteristics of the fullerene or confer interesting new properties to the prepared
conjugates, removal of the spacer at the end of the synthesis is not necessarily
wanted. In other cases, the persistence of the tether in the final product may be
tolerated but it would certainly be worthwhile to expand the spectrum of truly
template-directed functionalizations of fullerenes, for example by using non-
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covalent templates.Also, a larger diversity of ready-made tethers for all bis- and
some interesting multifunctionalization patterns would be highly desirable.
One-pot multifunctionalizations are still relatively rare and some progress in
this area has been made only recently. Another field that has remained almost
untouched is the tether- or template-directed functionalization of higher
fullerenes. In this context, the stereoselective generation of chiral fullerene
functionalization patterns is of particular importance and even in the chem-
istry of C60, the control of stereoselectivity needs to be further improved. Fi-
nally, the selective functionalization of fullerenes by methods that transcend
the simple addition chemistry awaits further exploration. Promising efforts
along these lines have been made in the synthesis of various homo- and aza-
homofullerenes, particularly in the context of cage-opening strategies.
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1
Haptotropic Rearrangement

1.1
Definition

Sigmatropic rearrangements such as the hydrogen migration in prototropic
shifts are also well-known for metals. Rearrangements that change the mode of
the coordinative bond of p-electron systems to metal fragments encouraged
Hoffmann [1] to combine the term “sigmatropic rearrangement” with the
hapto-notation previously introduced by Cotton [2] to coin the term “hap-
totropic rearrangement”. According to his definition, haptotropic rearrange-
ments cover those cases, where an MLn-unit changes its connectivity (hapto
number) to a ligand [3].

A definition suggested by Nagashima [4] covers s,s-migrations like in the
mercury complexes 1 and 2 described by Nesmeyanov [5] (Scheme 1), p,p-re-
arrangements such as in naphthalene complexes 5 and 6 discovered by Deubzer
and Öfele [6], as well as s,p-metal-metal-exchange reactions as reported by
Lotz for the thiophene complexes 3 and 4 [7]. Nagashima extended the term
“haptotropic rearrangement” to the slipping of a transition metal fragment
from one coordination site to the other with the total electron count remain-
ing unchanged in a polyaromatic or (cyclic) polyene ligand.
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Scheme 1 Types of rearrangements

Due to the general importance of haptotropic rearrangements, which are 
involved in many transition metal-catalyzed processes, considerable research
concentrated on the aim to improve the understanding of the relevant mecha-
nisms and to apply these metal shifts to selective synthesis. The research in this
area included a wide range of p-systems available; nevertheless most examples



focused on the p,p-rearrangement reactions of metal fragments on aromatic
ligands. On one hand, this was due to the easy synthetic access to this type of
complexes; on the other hand, a modification of the arene substitution pattern
allows one to control the kinetics and thermodynamics of the rearrangement
reaction. The scope of model systems applied for this aim is discussed below.

1.2
Scope of Metal Fragments

A wide variety of metals is available for the complexation of p-ligands thus 
allowing the investigation of the rearrangement behavior of the complexes 
obtained. Due to their exceptional ability to control the hapticity of p-ligand
systems, transition metals have been used in most cases, but also main group
elements like magnesium [8], boron [9], silicon [10], germanium or tin [11, 12]
have been studied in metal migration reactions.

Haptotropic rearrangements along p-ligands are known for complexes con-
taining osmium [13], ruthenium [14], iron [15], copper [16] or nickel [17] com-
plexes.Additionally, complexes in which iridium [18] or manganese [19] as well
as palladium [20] or platinum fragments [21] were shifted by p,p-rearrange-
ments, e.g., on phenalene, were reported. Nevertheless, the majority of hap-
totropic migration reactions refers to a variety of arene ligands coordinated to
chromium or molybdenum fragments.Among them, most interest focused on
arene chromium carbonyl complexes as model systems [22]. These compounds
are easily available in high yields, generally by direct complexation of the arene
either by heating the arene in presence of Cr(CO)6 in suitable solvents or via 
appropriate transfer reagents like Cr(CO)3(NH3)3 [23]; a complementary at-
tractive and straightforward approach affording densely substituted hydroxy-
arenes is based on the [3+2+1]-benzannulation [24] which is discussed in 
detail later in this review.

1.3
Scope of pp-Systems

In general, organic structures containing two or more p-bondings may be 
involved in haptotropic rearrangement reactions. Open-chain systems, like 
h2-coordinated allenes [15] or h4-coordinated trienes [25] have been studied
most extensively as well as cyclic polyene structures; pertinent examples in-
clude the h4,h4-rearrangement of the Fe(CO)3-fragment in cyclooctatetraene
[26] or the h6,h6-rearrangement of Cr(CO)3 in heptalene systems [27].

A problem frequently encountered in the observation of these dynamic
processes is the degeneration of the rearrangement involving identical starting
materials and the rearranged products (see Scheme 2); a kinetic analysis of this
type of reaction, however, can be based on dynamic NMR spectroscopy. In this
context, Vollhardt reported on the investigation of the degenerated h2,h2-iso-
merization of a Ni(PR3)2-fragment along the anthracene skeleton; NMR spin
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saturation transfer techniques were successfully applied to observe the re-
arrangement [28].
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Scheme 2 Degenerated haptotropic rearrangement

Encouraged by the rearrangement in h6-Cr(CO)3-2,3-dimethylnaphthalene
reported by Öfele and Deubzer a variety of arenes derived from fluorene,
phenalene, anthracene, phenanthrene, biphenylene and other skeletons have
been investigated [29]. Recent development concentrates on the application of
enantiopure planar-chiral (arene)Cr(CO)3 complexes in haptotropic rearrange-
ment reactions (see later).

Besides this work on arene complexes, several research groups have studied
the shift of metal fragments in non-aromatic systems. As shown by Lotz a 
s,p-rearrangement occurs in a bimetallic thiophene complex (see Scheme 1);
the h1-Mn(CO)5, h5-Cr(CO)3-isomer 3 rearranges irreversibly at 30 °C in ace-
tone to the corresponding h1-Cr(CO)5,h5-Mn(CO)3-isomer 4 [7].

Reversible metal migration reactions which are of major interest in the 
development of organometallic molecular switches were reported by Nagashima
[30]. They described a symmetric h5,h3-diiron complex of acenaphthylene 7 that
underwent a nearly quantitative metal migration upon photoirradiation (or
even in sunlight) to give the unsymmetric isomer 8; upon storage in the dark,
this isomer rearranges to form again the symmetric starting material (Scheme 3).

Scheme 3 Rearrangement of a diiron-acenaphthylene complex

Scheme 4 Shift of a guiazulene-diruthenium complex with different ligands

Recently, the same group reported on a reversible thermo-optical rearrange-
ment of a guiazulene diruthenium complex interconverting the two isomers 9
and 10 upon sequential thermal treatment or photoirradiation (Scheme 4) [14].
This example reveals an influence of the metal coligand sphere on the rearrange-



ment: while no metal migration is observed upon substitution of CO for com-
mon phosphines and phosphites, complete rearrangement occurs with the 
specific cage-type phosphite complex P{(OCH2)3CCH3}. These two studies 
indicate that both the metal and its coligand sphere play a crucial role in the
tuning of the metal migration. This aspect is addressed in more detail later in
this review.

Additional recent results in this context refer to pH-driven translocations of
Ni2+ or Cu2+-ions in organic molecules containing two distinct compartments
characterized by a different binding behavior towards the metal upon pH-
change. Fabrizzi designed ditopic ligands that bear two distinct tetradentate
binding sites; one pattern is provided by two 2,2¢-bipyridine (bpy) fragments
while the other offers a combination of two secondary amine and amide func-
tionalities (Scheme 5) [16].As the bipyridyl unit shows a fairly good permanent
binding tendency towards Cu2+, the amine/amide binding site needs to be de-
protonated under slightly basic conditions to become a sufficiently strong
donor as required for coordination to divalent transition metal ions.
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Scheme 5 pH-induced copper translocation

An equimolar solution of the oligoaza ligand and Cu2+-ions shows a blue
color at pH 7.2 which changes to pink-violet upon basification reaching its
maximum abundance at pH≥11. The blue species is assigned to the Cu2+-ion
which is located in the bpy-environment and h5-coordinated by four nitrogen
atoms and one solvent oxygen atom (11); the violet color originates from the
metal ion h4-coordinated by the deprotonated amine/amide binding site (12).
The direct and reverse translocation processes can be repeated at will, limited
only by increasing dilution caused by subsequent addition of acid and base. The
rate constants of the metal shift have been determined by stopped flow spec-
trophotometric experiments which – in accordance with an intramolecular 
rearrangement – reveal strictly first-order kinetics. Related rearrangement
processes have been observed for similar quinoline-Ni2+ complexes [31].Addi-
tionally, redox-driven translocations using the Fe2+/Fe3+ couple are known [32].

The principle of coligand sphere controlled metal translocation has been 
elegantly demonstrated by Balzani and Sauvage in rotaxane and catenane based
molecular machines [33, 34].

The latter examples are not covered by the definition given earlier, as no 
rearrangement between s- or p-bonding in a polyaromatic or (cyclic) polyene



ligand takes place. Since, however, a metal rearrangement between two distinct
binding sites occurs analogous to the systems described before, these metal
translocations may be discussed in the context of haptotropic rearrangements
as well; an extension of the previous definition is suggested to cover all those
cases in which the metal fragment migrates between two different distinct
binding sites in an organic molecule attached to the metal fragment by either
covalent or coordinative bonding.

2
Chromium-Templated Benzannulation

First reported in 1975 by Dötz [35], the chromium-mediated benzannulation 
of an a,b-unsaturated chromium Fischer carbene complex and an alkyne has 
become the most versatile reaction involving Fischer carbene complexes. Due
to its octahedron configuration the chromium template assembles the carbene
ligand as a C3-synthon, a carbonyl ligand (C1-synthon) and the alkyne (C2-syn-
thon) in a facial geometry suited for a stepwise [3+2+1]-cycloaddition to afford
a hydroxyarene coordinated to the Cr(CO)3 template (Scheme 6).
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Scheme 6 Schematic chromium templated [3+2+1]-benzannulation

This benzannulation reaction tolerates a variety of functional groups within
both the carbene ligand and the alkyne and thus allows to construct densely
substituted phenols in good yields and with high regioselectivity. It provides 
a unique strategy which combines the formation of a functionalized arene
skeleton with its in situ-complexation by a Cr(CO)3-fragment. Since the metal
fragment is known to activate the arene towards deprotonation, benzylic 
substitution and, in particular, towards anti-addition of nucleophiles, the
chromium-templated benzannulation has gained considerable attention in
stereoselective synthesis [24, 36]. Moreover, the mild non-acidic conditions are
attractive for and compatible with application in natural product synthesis, like
the formation of the allocolchicin derivative 14 from the carbene precursor 13
depicted in Scheme 7 [37, 38].

On the other hand, the fact that the benzannulation of aryl(alkoxy)carbene
chromium complexes, when carried out under kinetic control (i.e., generally
below 50 °C), leads to an exclusive coordination of the newly formed phenolic
ring, allows for a regioselective metal labeling even in the synthesis of poly-



cyclic arene skeletons. Thus, it is the methodology of choice for the selective
complexation of fused arenes as required for studies towards haptotropic metal
migration reactions (for detailed discussion, see below).

The scope of Fischer chromium carbenes and alkynes employed in the ben-
zannulation is obvious from a broad pattern of compatible functional groups.
Generally, solutions of the starting materials in a donor solvent are kept at
40–80 °C for 2–3 h; in some cases, dry-state [39], photo-irradiation [40], ultra-
sound [41] and, most recently, microwave-conditions [42] have been reported
to give similar or, in isolated cases, even superior yields of benzannulation
products. However, in general, decomplexation occurs under these condi-
tions affording uncoordinated hydroquinones or – after oxidative work-up –
quinones.

The alkynes used in the benzannulation may bear various substituents, such
as aryl, amide, ketone or acetal groups. There is an obvious dependence on both
their steric and electronic properties; ortho-substituted arylalkynes and strong
electron-withdrawing substituents, if not compensated by donor functionali-
ties in either the carbene ligand or the alkyne [43], result in moderate to poor
yields [44].

The a,b-unsaturated chromium carbenes tolerate a broad substitution pat-
tern, such as vinylic structures, ortho-, meta- and para-substituted aromatic
as well as heteroaromatic groups. As outlined for the alkyne component,
electronic properties of the aromatic or vinylic substituents have a predomi-
nant influence on the yields [45], but, in addition, steric aspects also have to
be considered [46].

In some cases and under specific conditions the benzannulation pathway 
to give hydroxyarenes may have to compete with the formation of 4- and 
5-membered ring systems such as cyclobutenones, cyclopentadienes, indenes
or furans [36, 47]. The chemodiversity reflects the tendency for sequential
alkyne and CO insertion into the chromium carbene bond and the stereo-
chemistry of the intermediates resulting therefrom. The chemoselectivity 
depends on the nature of the metal and the substitution pattern of the car-
bene ligand as well as on the reaction conditions. Besides the concentration 
and the temperature used, the solvent has been recognized to play a major role 
[47, 48].

Less electron-poor chromium carbenes like aminocarbene complexes strong-
ly favor the formation of five-membered rings irrespective of whether the

Chromium-Templated Benzannulation and Haptotropic Metal Migration 69

Scheme 7 Atropisomer-selective benzannulation to an allocolchicinoid derivative



amino donor is attached directly or in conjugation to the carbene carbon.
While chromium alkenylaminocarbenes mainly yield aminophenols [49, 50],
arylaminocarbene complexes form exclusively indenes [51]; their conjugated 
analogues 15 give phenols 16 and indenes 17 with the latter predominating
(Scheme 8) [52]. If, however, the donor ability is reduced by N-BOC-protection
(18), phenol formation prevails [53, 54].Additionally, aminostabilized but elec-
tron-poor carbenes result in exclusive phenol formation [45].
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Scheme 8 Chemoselective benzannulation via amidation of the amino donor

Scheme 9 Chemoselectivity with alkynes and heteroalkynes

Examples to replace the alkyne for triple bond systems bearing a heteroatom
are scare and confined to isolated reports on phosphaalkynes. The kinetically
stabilized tert-butylphosphaethyne and a 2-furylcarbene complex were reacted
in a benzannulation to give a furanophosphahydroquinone [55]. The use of iso-
nitriles in the benzannulation reaction is documented in reactions with 1-met-
alla-1,3,5-hexatrienes 20 to give ortho-alkoxyanilines 22 indicating that only the
terminal carbon atom is incorporated into the arene ring [56]. The same
chromium carbene, however, undergoes alkyne insertion to give cycloocta-
trienones 21 in good yields (Scheme 9) [57].



2.1
Selective Synthesis of (Arene)Cr(CO)3-Complexes

2.1.1
Regioselectivity

The regioselectivity of the [3+2+1]-benzannulation is mainly determined by
the alkyne substitution pattern; reaction conditions as given by temperature
and concentration play a minor role [48, 58]. Due to steric interactions in the
h1, h3-vinylcarbene intermediate resulting from alkyne insertion (Scheme 10),
the sterically more demanding substituent is preferentially located next to the
phenolic group in the final product [24, 36, 59].
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Terminal alkynes applied in the reaction afford one single regioisomer,
whereas internal unsymmetrical alkynes result in the formation of regioiso-
meric mixtures. The steric control reaches its limits if diarylalkynes bearing
two electronically different para-substituents were incorporated [58]. The steric
preference is overruled with alkynylstannanes [60] and alkynylboronates [61]
which reveal a contrasteric regiopreference. This outcome was rationalized in
terms of a carbonyl oxygen to tin or boron Lewis acid/base interaction in the
metallahexatriene intermediate (Scheme 11). This argument, however, is not in
line with the incorporation of 1-methylthio-2-phenylethyne which also is found
to occur in a contrasteric manner [62].

Scheme 10 Regioselectivity of alkyne insertion

Scheme 11 Inverse regioselectivity

Another contrasteric example results from the intramolecular benzannula-
tion of enyne-carbene complexes 23 which affords a meta-methoxyphenol
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Scheme 12 Meta-cyclophanes by intermediate-rearrangement

Scheme 13 Racemic benzannulation

2.1.2
Diastereoselectivity

As a result of the intrinsic unsymmetric arene substitution pattern, the
Cr(CO)3-coordinated benzannulation products bear a plane of chirality and –
in the absence of any chiral information – are formed as a racemic mixture of
enantiomers (Scheme 13).

skeleton as part of para-cyclophanes 28 (Scheme 12) [63]. Their formation,
which requires a formal cleavage of the C�C bond, was suggested to involve a
Lewis-acid catalyzed rearrangement of a paddalane-intermediate bearing a
benzvalenone core (25–27) which may be formed by a [2+2]-cycloaddition of
the vinylketene intermediate 24.

Enantiopure as well as diastereopure (arene)Cr(CO)3-complexes are of
general interest in stereoselective synthesis. On the other hand, they have also
been applied to haptotropic rearrangement reactions in which they may help
to shed light on the reaction mechanisms [29]. Until recently, the separation of
chiral Cr(CO)3-complexes by chiral HPLC was a tedious process [64], and the
availability of single diastereomers was very limited. Thus, considerable efforts
were directed towards a diastereoselective version of the chromium-mediated



benzannulation. Since all bond forming steps between the synthons of the 
benzannulation reaction occur within the coordination sphere of the metal,
diastereoselectivity may generally be expected by placing a chiral information
into the chromium template, the alkyne or the carbene ligand. Chiral in-
formation incorporated into a-alkoxyalkynes was found to allow for good to
excellent diastereoselectivities depending on the steric bulk of the chiral aux-
iliary used [65].An alternative strategy using a chiral carbene C-side chain has
been pursued with a racemic mixture of the methoxycyclohexenylcarbene
complex 31 reacted with pent-1-yne and resulted in a 88% de preference of the
anti-annulation product 32 with respect to the Cr(CO)3-fragment and the
methoxy substituent (Scheme 14) [66].
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Scheme 14 Substrate-controlled diastereoselectivity

In contrast, the benzannulation of glucal-derived chromium carbenes leads
to products bearing the Cr(CO)3-fragment on the sterically more congested
face in good to excellent diastereoselective excesses [67]. This stereochemical
outcome seems to result from a preferred approach of the alkyne occurring
from the less congested side opposite to the bulky protecting silyl groups
shielding one face of the glucal carbene complex.

The most general strategy aims at the incorporation of the chiral informa-
tion into the heteroatom carbene side chain. It allows a straightforward proto-
col for chiral alcohol auxiliaries readily available from the chiral pool. They may
be incorporated into the carbene complex via alcoholysis of acyloxycarbene
precursors and, after the benzannulation, they may be recovered by cleavage of
the aryl ethers making this sequence promising for synthetic applications.

Diastereoselectivities up to 82% de have been achieved in the annulation 
of menthyloxycarbene complexes with tert-butylacetylene [68]; a careful bal-
ance of carbene and alkyne substitution patterns is required, since other com-
binations of terpene alcohol auxiliaries and terminal alkynes afforded far less
attractive diastereoselectivities not exceeding 20% de [69]. A favorable combi-
nation of a chiral chromium carbene and a chiral alkyne has been elaborated to
a desired “matched” situation: the benzannulation of a chromium O-glycoside
vinyl carbene by an O-perprotected ethynyl glucoside afforded the Cr(CO)3-
coordinated arenes in virtually complete diastereoselectivity [70].

Attempts to use the planar chirality produced in the benzannulation for chi-
rality transfer have been reported for the synthesis of biaryls (Scheme 15). The
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Scheme 15 Atropisomeric biphenyls via [3+2+1]-benzannulation

Scheme 16 Diastereomeric [2.2] metacyclophane synthesis

atropisomerism in appropriately substituted biphenyl systems imposed upon
benzannulation of 34 and 35 was frozen by O-protection of the newly formed
hydroxy group. In the unprotected phenylphenol the chromium-coordinated
ring is able to rotate interconverting the primarily formed kinetic syn-isomer
36 to the thermodynamic isomer 37 containing the bulky aryl substituents on
the adjacent ring in anti-position to the Cr(CO)3-fragment.Variation of in-situ
protection vs subsequent protection allows one to adjust the steric bulk of the
ortho-hydroxy group and to suppress further rotation which results in either
the syn- (38) or the anti-(39) biphenyl system [71].

Apart from attempts to induce chirality by chiral substrates or chiral auxil-
iaries, the product itself can force the benzannulation to provide a single isomer.
This principle has been elucidated in the formation of [2.2]metacyclophanes



from 40 by intramolecular benzannulation, which due to its steric restraint
leads to the anti-isomer 42 isolated in up to 36% yield as the only isomer 
observed (Scheme 16) [72, 73]. Based on a comparison with homologous naph-
thalenophane complexes this result indicates a selective decomplexation of the
syn-isomer 41 to 43 which reflects the close proximity of the Cr(CO)3 fragment
and the inner hydrogen atoms of the other benzene deck.

2.2
Angular vs Linear Benzannulation

If Fischer carbene complexes of ortho-unsubstituted polycyclic arenes are 
employed in the benzannulation reaction, a competition between angular (44)
and linear (45) annulation products has to be envisaged (Scheme 17).
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Scheme 17 Linear and angular benzannulation

Nevertheless, angular phenanthrene benzannulation products are generally
observed in reactions of 2-naphthyl carbene complexes with alkynes. Even in
those cases where linear annulation has been tried to be forced by appropriate
ortho-substitution, angular annulation is strongly preferred [74] and only a 
single exemption has been reported [75].

It has been established only recently that linear benzannulation may be
equally feasible. The benzannulation of a dibenzofuran carbene complex 46 af-
forded two regioisomeric benzonaphthofuran benzannulation products among
which the linear benzonaphthofuran 48 was slightly preferred over the angular
isomer 47 (Scheme 18) [76]. An extension of this study to the homologous
dibenzothienylcarbene chromium complex resulted in a reverse product dis-
tribution [77].

Whereas benzannulation of the naphthalene skeleton can – in principle –
generate either phenanthrene or anthracene derivatives which considerably dif-
fer in their relative energies (by ca. 25 kJ mol–1 for the parent compounds) in
favor of the angular product, the energy gap between angular and linear an-
nulation products derived from dibenzofuran and -thiophene must be dis-
tinctly smaller since both isomers of benzo[b]naphtho[d]furan and -thio-
phenes are obtained. Arguments to rationalize the preference of angular
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Scheme 18 Competition between linear and angular benzannulation

annulation in the thiophene series compared to the furan case may be based on
the relative electron densities in 1- vs 3-position of the starting carbene com-
plexes as well as in the ketene intermediates. Calculations [78] showed an in-
creasing preference towards the angular annulation product in the sequence
naphthalene�thiophene>furane, according to the electrostatic charges in the
ketene intermediates. This is confirmed by the experimental results, which gave
no evidence for a linear annulation product in case of naphthalene- or naph-
thalene-homologue structures. A second argumentation may be based on the
interring angle q (Scheme 19) which decreases upon replacement of oxygen for
sulfur and favors a conformation putting the sterically less demanding linear
ketene moiety in close proximity to C-1 above or below the arene plane (49) 
instead of the more bulky methoxy substituent in 50. The difference in atomic

Scheme 19 Possible influence of the inter-ring angle on product development



size of sulfur vs oxygen is reflected in the helical distortion of both angular 
annulation products which is twice as much in the benzo[b]naphtho[1,2-d]-
thiophene tricarbonylchromium complex [79].

Linear benzannulation is not restricted to dibenzofuran and -thiophene 
systems. It has been recently observed as well with mono- and bidirectional
benzannulation reactions of chromium carbene modified [4]- and [6]-he-
licenes containing pyrrol rings [80].

2.3
Mechanistic Aspects

Benzannulation is the synthetically most useful but not the only option for
chromium carbenes to react with alkynes. Besides hydroxyarenes, cyclobute-
nones, indenes and furans have also been observed as major or even predom-
inating by-products as well, reflecting – in part – the stereochemistry and the
tendency of CO-labilization in the intermediate formed upon alkyne insertion
(Scheme 20). The chemoselectivity is mainly governed by the nature of the
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Scheme 20 Mechanism and product development of the [3+2+1]-benzannulation



metal and the donor ability of the carbene substituents; moreover, the solvent,
concentration and temperature may influence the product distribution to a 
minor extent [47, 48]. Potent heteroatom donor stabilization of the carbene
such as in aminocarbene complexes favors the formation of five-membered
rings; an incorporation of CO is hampered in this case due to the increased
back-donation from the metal to the carbonyl ligands. As expected, N-accep-
tor substitution weakens the metal-CO bonds and benzannulation may be the
predominating pathway again [45]; steric bulk in the amino substitution pattern
was found to play a role as well [81].A generally accepted mechanistic scheme
for chromium carbene-alkyne reactions, supported by experimental and the-
oretical studies [59, 82], is depicted in Scheme 20.

A primary decarbonylation from the pentacarbonyl chromium carbene com-
plex has been recognized as the rate-determining step of the benzannulation 
reaction [83, 84]. Subsequent coordination of the alkyne followed by insertion
into the chromium-carbene bond generates a h1,h3-vinylcarbene intermediate.
It may be formed either as E-h1,h3-vinylcarbene complex (E-III) or its Z-isomer
(Z-III) and is considered as a common intermediate for the variety of products
observed. Cyclopentenedione (V) and furan (VI) side products may be traced
back to Z-III while the hydroxyarenes and cyclobutenones are formed via
vinylketene VII originating from E-III. A recent study points to an isomeriza-
tion of vinylcarbene intermediates E-III and Z-III occurring in an alkyne 
de- and insertion equilibrium [48].

CO-insertion into the E-h1,h3-vinylcarbene produces h4-vinylketene inter-
mediate VII which undergoes subsequent ring closure and tautomerization to
result in phenol formation (IX). The cyclobutenone side product observed in
rare cases even may arise from intermediate VII by forming a metallacyclo-
pentenone XII that, with subsequent extrusion of chromium, leads to XIII.

If the CO-insertion step in E-III is hampered as a result of increased stabil-
ity of the Cr-CO bond, the formation of a chromacyclohexadiene intermediate
X may give rise to indene formation (XI).

Over the years all relevant types of key intermediates have been isolated and
structurally characterized as model compounds. Alkyne-alkoxycarbene tetra-
carbonyl complexes revealed a rather labile alkyne to chromium bond [85].
Tetracarbonyl chromium (amino)vinylcarbenes 52 generated upon photodecar-
bonylation from 51 and stabilized as aminocarbene complexes underwent in-
sertion of electron-poor alkynes to give 1-chroma-1,3,5-hexatrienes 53 stabilized
by coordination of the terminal C=C bond (Scheme 21) [43]. Even though coor-
dination of the a,b-double bond has been shown to be generally favored over co-
ordination of the g,d-double-bond [86], the uncoordinated vinylcarbene moiety
reflects the electronic situation which requires a compensation of an electron-de-
ficient carbene substituent on one hand by an enamine donor group on the other
hand. Cyclization occurs upon warming to afford either a benzene (54) or a 
cyclopentadiene ring (55) depending on the substitution of the alkyne used.

Vinylketenes as the final acyclic intermediates have been first isolated from
reactions of chromium carbenes and silylalkynes 56 (Scheme 22). A vicinal 

78 K. H. Dötz et al.



Chromium-Templated Benzannulation and Haptotropic Metal Migration 79

Scheme 22 Suppressed electrocyclization in case of a vicinal disilyl substituted vinylketene

Scheme 23 Suppressed electrocyclization by a remote substitution pattern

Scheme 21 Stepwise [3+2+1]-benzannulation

disilyl substitution in 57 disfavors a vinylketene conformation required for
electrocyclization; in contrast, trimethylsilylethyne allows for a vinylketene 
intermediate bearing the phenyl ring in close proximity to the ketene group
which results in clean benzannulation to 58 [87].

The 6p-electrocyclization may be influenced even by a more remote sub-
stitution pattern as demonstrated for vinylketene complex 59 (Scheme 23).
Ring closure has been observed only after photochemical or oxidative removal
of the Cr(CO)3-fragment leading to the uncoordinated vinylketene 60 that 
underwent ring closure with concomitant silyl migration under more rigorous
thermal conditions to give 61 [88].
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Scheme 24 Heteroanalogous benzannulation

3
Haptotropic Migration of Cr(CO)3-Fragments in Fused Arenes

Half-sandwich Cr(CO)3 complexes of fused arenes are suitable compounds for
haptotropic rearrangements along extended p-ligand systems and have been
studied in this context by several groups. In general, the haptotropic metal
shifts are induced upon warming the arene complex to temperatures ranging
from 40 °C to 100 °C; this protocol allows one to transform the thermody-
namically less stable to the more stable regioisomer. If the coordination of one
aromatic ring is strongly favored over the other, the haptotropic isomerization
is virtually irreversible; in cases in which both isomers possess comparable
thermodynamic stabilities, a dynamic equilibrium is observed. Four different
mechanisms may account for the rearrangement as illustrated for a model com-
plex in Scheme 25.

A dissociative mechanism involves the release of the metal fragment from
the p-ligand followed by recomplexation (a). This path will be assisted by 
solvents or additives featuring donor abilities which allow a stabilization of the
coordinatively unsaturated metal fragment intermediate. Bimolecular processes
could be based either on the mutual exchange of the Cr(CO)3 fragments between

Recently, the range of products accessible by chromium-templated benzan-
nulation has been extended by electrocyclization of 1-chroma-1,3,5-hexatrienes
available, e.g., from insertion of dienynes into the chromium-carbene bond of
saturated carbene complexes [89, 90].

Since heteroalkynes undergo benzannulation only in rare examples [55],
heteroatom-containing chromahexatrienes 63 were applied to the formation of
heterocyclic systems (Scheme 24). Pyrone formation from 2-alkynyl-ben-
zaldehyde 62 failed; the CO-insertion step was suppressed leading to the for-
mation of isobenzofuran derivative 64 [91]. Exclusive pyrone formation to 65
was observed if 3-alkynyl-2-heteroaromatic carboxaldehyde was used [92].
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Scheme 25 Mechanisms of haptotropic rearrangements

two complex molecules (b) or on the transfer of the organometallic moiety to
a non-coordinated p-ligand (c). Finally, the isomerization may result from an
intramolecular metal shift during which the metal fragment remains coordi-
nated to the p-electron-system (d). This implies that the metal moiety remains
attached to the same face of the arene ligand throughout the whole process, and,
thus, this mechanism fulfills the requirements of a haptotropic metal migration
which has to proceed strictly intramolecularly. The extent to which intermole-
cular mechanisms contribute to the isomerization may increase with increasing
polarity and donor properties of the solvent and with increasing temperature.
Theoretical studies suggest that the metal migration proceeds close to the pe-
riphery of the aromatic ligand rather than by the direct way across the central
C-C-bond [3, 98].



3.1
Complexes of Naphthalenes and Other Bicyclic Systems

A majority of studies deals with haptotropic rearrangements involving p-lig-
ands derived from naphthalene which represents the most simple fused aro-
matic system available. The first example was reported by Deubzer and Öfele
for Cr(CO)3 complexes of methyl-substituted naphthalenes [6, 93]. Subsequent
research by Treichel and Kündig provided rate constants and thermodynamic
activation parameters for p-complexes in which the degeneration of the hap-
totropic rearrangement was removed by selective mono- or polydeuteration
[94, 95]. The metal migration was found to be a first order process using
perdeuterated benzene or cyclohexane as solvents demonstrating the intra-
molecular character of the metal shift. Further support for a true haptotropic
rearrangement was provided for diastereomerically pure methylacenaphthene
complexes 66–69 which underwent metal migration free of racemization in 
decane at 130 °C (Scheme 26) [96]. In specific cases the haptotropic metal 
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Scheme 26 Intramolecular haptotropic isomerization of methylacenaphthene complexes

migration may have to compete with other rearrangement reactions; for in-
stance, the thermal isomerization of phenalene complexes 70–73 involves both 
haptotropic metal migration and sigmatropic hydrogen shift reactions. As 
determined in D8-toluene, the metal migration is faster than the [1,5]-H shift
of the endo-hydrogen atom; decomplexation proceeds by two orders of mag-
nitude slower than the metal shift (Scheme 27) [97].
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Scheme 27 Haptotropic metal shift versus sigmatropic hydrogen shift in phenalene complexes

Scheme 28 Intramolecular haptotropic rearrangement of an enantiomerically pure complex

The rate of the metal shift depends on the substitution pattern of the arene
and on the solvent used. A systematic kinetic study of monosubstituted naph-
thalene Cr(CO)3 complexes revealed that the metal shift is slightly slower in 
1-substituted complexes compared with their 2-substituted analogues; the
metal shift is accelerated if perdeuterocyclohexane is replaced as a solvent by
hexafluorobenzene (for details above) [98].

Besides a single report using gas-chromatographic techniques, which also
supports an intramolecular metal shift [99], the most convincing evidence for
the mechanism of the complex isomerization originates from stereoselective
transformations of enantiopure metal complexes. In this respect, the hapto-
tropic metal shift in the (–)-menthyloxy-substituted naphthalene complex
74 – synthesized by diastereoselective chromium-templated [3+2+1]-benzan-
nulation – at 90 °C in di-n-butyl ether is indicative for an intramolecular metal
migration, regardless of the elevated temperatures applied and the coordina-
tive properties of the etheral solvent used (Scheme 28) [68, 100].



In contrast, nearly complete racemization (>90%) was observed when 
monosubstituted naphthalene complexes were heated in a 1:1 mixture of hexa-
fluorobenzene and di-n-butyl ether [101]. The investigations have been carried 
out with enantiopure complexes obtained by HPLC on a chiral stationary phase
(Daicel, Chiralcel OD). The prolonged reaction time of 48 h seems to be re-
sponsible for the considerable degree of racemization observed for the re-
arrangement products.When the same reaction was performed in toluene, the
loss in optical purity decreased to ca. 20%; in non-coordinating solvents such
as hexafluorobenzene or decane, however, no racemization of the sample at all
could be detected after heating for 48 h.

Haptotropic shifts of Cr(CO)3 fragments in bicyclic ligands other than naph-
thalenes have been studied for eight-membered rings [102, 103] as well as in
heptalene complexes 76–79 where the inter-ring migration of the organometal-
lic fragment has to compete with a 1,2-intra-ring shift (Scheme 29) [27, 104].
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Scheme 29 Inter-ring haptotropic migration versus intra-ring 1,2-shift in heptalene com-
plexes

3.2
Complexes of Oligocyclic Fused Arenes

Haptotropic metal migrations are not restricted to bicyclic p-systems; they may
also proceed along more extended p-ligands. In the biphenylene system the
aromatic rings suited for coordination of the Cr(CO)3 moiety are formally 



separated by two s-bonds. In order to avoid the inherent degeneracy of a 
metal shift in this system, the biphenylene Cr(CO)3 complex was deuterated or
methylated via metalation of the p-ligand with n-butyllithium followed by
deuteration (80) or methylation [105]. The free activation enthalpy (DG‡=
134.8 kJ mol–1, T=403 K) for the metal migration is higher than that found
along naphthalene ligands, but considerably lower as observed for biphenyl
complexes which is due to geometrical arguments (Scheme 30). Evidence for
haptotropic metal migrations across single s-bonds was established for phenyl-
substituted anthracenes [106]. The authors concluded that the process is based
on an intermolecular reaction, but later an intramolecular mechanism of this
shift has been discussed as well [107].
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Scheme 30 Dynamic equilibrium between isomeric chromium biphenylene complexes

The haptotropic rearrangement reported for the starphenylene complex 82
is also based on the shift of the chromium fragment across a cyclobutanoid
spacer; despite a bulky silyl substitution it occurs more facile to the terminal
arene ring than the metal shift in the biphenylene complex (DG‡=114.1 kJ mol–1,
T=360 K) (Scheme 31) [108].

Scheme 31 Haptotropic isomerization of a starphenylene complex

The fluoranthene ligand features a benzoid and a naphthoid unit connected
by two s-bonds. Its Cr(CO)3 complex 84 undergoes a degenerate metal shift
within the naphthoid part of the molecule as well as a non-degenerate migra-
tion along the s-bonds; the kinetics of the latter process have been determined
in hexafluorobenzene solution and reveal a free enthalpy of activation in 



between those observed for the biphenylene and starphenylene complexes
(DG‡=125.4 kJ mol–1, T=363 K) (Scheme 32) [109].
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Scheme 32 Shift of a Cr(CO)3 moiety across the fluoranthene ligand

Whereas thermodynamic conditions strictly prefer complexation of the 
terminal and more aromatic ring in fused arenes, a single exception has been
reported for labeling an internal benzene ring with a Cr(CO)3 fragment [110].
The reaction of 9,10-dimethylanthracene 86 with chromium hexacarbonyl un-
der reflux in a solvent mixture of di-n-butyl ether and tetrahydrofuran afforded
a 37% yield of the (h6-4a,9,9a,8a,10,10a)-9,10-dimethylanthracene complex 87
surprisingly stable towards metal migration under these conditions (Scheme 33).

Scheme 33 Coordination of an internal hexacyclic ring of an anthracene ligand

This coordination behavior is quite unique and so far limited to the linear
fused tricyclic arene skeleton. Attempts to label the central benzene ring by a
Cr(CO)3 fragment in angular tri- or tetracyclic systems failed. In a straightfor-
ward and highly flexible approach the benzannulation/haptotropic migration
sequence was applied to phenanthrene complexes. The reaction of 1- and 
2-naphthylcarbene complexes with alkynes generates chromium-coordinated
phenanthrenes bearing a tunable arene substitution pattern under mild kinetic
conditions. This approach aims at an increased versatility for the metal shift
process which is intended to overcome the restriction of the haptotropic metal
migration to a mono-directional one-step process – even in cases where no 
dynamic equilibrium between the two regioisomers is involved.

First results have been obtained by a set of phenanthrene complexes bearing
different substitution patterns of the two primary “targets” of a haptotropic 
migration, the internal and the non-coordinated terminal ring [111, 112].While
the modification of the terminal ring allowed to tune the kinetics of the 
haptotropic metal shift, a variation of the substitution pattern of the internal
ring led to complexes substantially differing in their capability of undergoing



thermally induced haptotropic metal shifts. Upon warming to 90 °C the phenan-
threne complexes 88–93 rearrange to their regioisomers 96–101 in which the
Cr(CO)3 fragment is bound to the non-hydroquinoid terminal ring [111]
(Scheme 34, Table 1). In contrast, no evidence for a haptotropic isomerization
could be detected neither for the Boc-aminosubstituted derivative 95 nor for
the deprotected species 94 [112] which may reflect either an enhanced activa-
tion barrier for the metal shift or a reversal of the thermodynamic stability of
the complex regioisomers.
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Scheme 34 Haptotropic rearrangements of phenanthrene complexes

The results obtained with the phenanthrene complexes prompted us to 
extend further the aromatic system as a p-pathway for the metal migration.
A major interest focused on whether heteroarenes are compatible with the 
haptotropic migration or rather block the metal shift [76, 113]. The tetracyclic
benzonaphthofuran and benzonaphthothiophene complexes 104 and 105 have
been prepared by benzannulation of carbene complex precursors (Scheme 18).
The haptotropic isomerization of the oxygen-based heterocycle proceeds un-
der elevated temperatures of 90 °C and provides the complex isomer in which
the chromium coordinates the non-hydroquinoid terminal ring (Scheme 35)
[76]. This result indicates that the metal migration is not limited to benzene
rings and even tolerates heteroatoms in five-membered ring systems. The mol-
ecular structures of both regioisomers 104 and 106 have been established by

Table 1 Substitution pattern of the phenanthrene chromium complexes 88–103

R1 R2 R3 R4

88, 96 Me SiMe2
tBu H H

89, 97 Me SiMe2
tBu OMe H

90, 98 Me SiMe2
tBu Br H

91, 99 SiMe2
tBu Me H H

92, 100 SiMe2
tBu Me H Me

93, 101 SiMe2
tBu Me H Br

94, 102 Et Me H NHMe
95, 103 Et Me H NMeBoc
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Scheme 35 Extended aromatic p-systems for hapotropic metal shifts

NMR spectroscopy and single crystal X-ray analysis (Fig. 1). In the homologous
thiacyclic system 105 the metal shift is slowed down and only small amounts
of rearrangement product are isolated [113]. An explanation why the metal
shift proceeds more readily in the oxacyclic system has to take into account the
extent of the helical twist present in the tetracyclic skeleton. The torsion 
angles observed in the thiophene derivative 105 amount to twice as much as
those found for the fused furan analogue 104 (Fig. 2). Recently, a shift of a
Cr(CO)3 moiety across a tricyclic methylsubstituted dibenzothiophene ligand
has been reported [114].

The angular-linear annulation pattern present in the pentacyclic dibenzo-
[b,g]carbazole complex allows one to test long-range haptotropic metal shifts
and to study a 1,5-interring migration across a central carbazole (Scheme 36)
[115]. After warming complex 108 to 90 °C in di-n-butyl ether small amounts
of rearrangement product 109 are isolated; the structures of both regioisomeric
complexes were elucidated from their NMR spectra.

Fig. 1 Molecular structures of regioisomeric benzonaphthofuran complexes 104 and 106
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Fig. 2 Molecular structures of 104 and 105, highlighting the helical twist of the tetracyclic
arene ligand

Scheme 36 Long-range metal migration along a pentacyclic arene ligand

4
Controllable Haptotropic Rearrangement

4.1
Tuning by the Arene Substitution Pattern

A systematic study addressing the impact of substituent influences on hap-
totropic metal shifts in arene chromium complexes can be based on a ligand
tuning of this reaction. In this respect, four different substituents were incor-
porated in the naphthalene ligand in either the 1- or 2-position and the reac-
tivity towards haptotropic rearrangement was examined (Scheme 37, Tables 2
and 3) [98]. While the metal shift of the 2-trimethylsilyl substituted naphtha-
lene complex 113 was accelerated compared to the 1-substituted analogue 112,
for the methyl (110 and 111), trimethylstannyl (114 and 115) and the chloro
(116 and 117) substituted complexes the haptotropic rearrangement was
slowed down for the 1-substituted derivatives.
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Table 2 Substitution pattern of the naphthalene chromium complexes 110–151

R1 R2 R3 R4 R5 R6 R7 R8

110, 131 Me H H H H H H H
111, 132 H Me H H H H H H
112, 133 Si(Me)3 H H H H H H H
113, 134 H Si(Me)3 H H H H H H
114, 135 Sn(Bu)3 H H H H H H H
115, 136 H Sn(Bu)3 H H H H H H
116, 137 Cl H H H H H H H
117, 138 H Cl H H H H H H
118, 139 SiMe2

tBu Et Et Me H H H H
119, 140 SiMe2

tBu Et Et Me OMe H H H
120, 141 SiMe2

tBu Et Et Me OMe OMe H H
121, 142 SiMe2

tBu Et Et Me OMe H H OMe
122, 143 SiMe2

tBu Et Et Me H OMe OMe H
123, 144 SiMe2

tBu Et Et Me Me H H Me
124, 145 SiMe2

tBu Et Et (–)-Menthyl H H H H
125, 146 SiMe2

tBu tBu H (–)-Menthyl H H H H
126, 147 SiMe2

tBu tBu H (–)-Menthyl OMe H H H
127, 148 Me Et Et Me H H H H
128, 149 Ac Et Et Me H H H H
129, 150 SiMe2

tBu SiMe3 H Me H H H H
130, 151 SiMe2

tBu H SnBu3 Me H H H H

Studies of haptotropic metal shifts in polyfunctionalized naphthalene 
complexes are limited. The [3+2+1]-benzannulation (see above) is a versatile
approach to such complexes, featuring the additional benefit of selectively 
providing the kinetic complex product suitable for subsequent thermal hap-
totropic isomerization. The substitution pattern of both naphthalene rings can
be modified by prefunctionalization of the aromatic carbene substituent and
the choice of the alkyne and the protective group for the phenolic benzannu-
lation product (Table 2). The substituent effects have been investigated in terms
of the relative thermodynamic stability of the two coordinative isomers and –
whenever possible – the kinetics of the thermally induced haptotropic metal
shift (Scheme 37, Table 3) [116].

Scheme 37 Haptotropic metal shifts in a series of naphthalene complexes
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Table 3 Kinetic parameters and equilibrium constants of haptotropic rearrangements of the
chromium naphthalene complexes 110–130 in hexafluorobenzene solution

T [K] k1 [s–1] k2 [s–1] K DG‡

[kJ mol–1]

110 358 9.0¥10–6 9.0¥10–6 1.77 132.3
111 358 3.02¥10–5 1.45¥10–5 2.09 128.4
112 358 2.40¥10–5 5.0¥10–6 4.80 129.2
113 358 1.93¥10–5 1.1¥10–6 17.26 129.9
114 358 7.0¥10–6 1.4¥10–6 5.00 133.1
115 358 2.24¥10–5 1.7¥10–6 13.26 129.4
116 358 1.5¥10–6 4.36¥10–5 0.034 138.0
117 358 4.0¥10–6 3.46¥10–5 0.12 134.9
118 343 5.31¥10–4 – – 105.9
119 343 7.01¥10–4 2.09¥10–4 3.35 105.1
120 343 1.26¥10–3 5.41¥10–4 2.33 103.5
121 343 – – 0.02 –
122 343 – – 0.08 –
123 343 6.31¥10–4 – – 105.4
124a 333 8.98¥10–4 – – 101.3
124b 333 1.55¥10–3 – – 99.8
125 333 8.46¥10–4 – – 101.5
126 333 3.04¥10–3 1.60¥10–4 19.0 97.9
127 348 1.38¥10–4 – – 111.4
128 333 1.18¥10–3 – – 100.5
129 343 1.59¥10–4 – – 109.4
130 343 7.35¥10–4 – – 105.0

The reaction of carbene complexes with internal aliphatic alkynes typically
produces naphthohydroquinone complexes bearing two alkyl groups. If the
non-hydroquinoid ring of the naphthalene remains unsubstituted, the complex
isomers possess significantly different thermodynamic stability, and the metal
shift proceeds quantitatively to the non-functionalized ring generating the
thermodynamically more stable regioisomer. The complexes 118–123 display
an identical substitution pattern of the hydroquinoid ring, originating from
benzannulation of arylmethoxy carbene complexes with 3-hexyne followed 
by silylation with tert-butyldimethylsilylchloride, but they differ in the func-
tionalization of the adjacent ring. The effect of methoxy substituents has been
investigated in detail, revealing that both the number and the position of
the methoxy groups is essential to the state of equilibrium. The difference in
thermodynamic stability is reduced if a methoxy group is introduced in the 
5-position (119) and, in consequence, a dynamic equilibrium (K=3.35) between
the two regioisomers is observed. If a second methoxy substituent is added in
the 6-position (120), the preference of the organometallic fragment for the non-
hydroquinoid ring is further reduced, shifting the equilibrium to K=2.33. The
two constitutional isomers of 120 (121 and 122) are much less susceptible to a



haptotropic metal shift, the complex regioisomers prepared by benzannulation
are the thermodynamically favored complexes in these cases. As observed 
for the parent complex 118 of the series, the haptotropic isomerization is quan-
titative for the 5,8-dimethylated ligand (123). This indicates that the metal 
migration is in principle compatible with 1,4,5,8-tetrasubstituted naphthalene
ligands. In conclusion, the reason why complex 121 is not capable of a thermal
haptotropic metal shift is related to electronic properties of the substituents
rather than steric interactions, and has to be discussed in terms of the energy
of the transition state, influenced by the substitution pattern at the arene car-
bon atoms next to the ring junction.

In the second part of this study, the emphasis was laid on the diversification
of the hydroquinoid half of the naphthalene, while leaving the adjacent ring 
non-functionalized (except for 126). For this purpose different carbene oxygen
substituents, various alkynes and a set of protecting groups were employed, pro-
viding complexes 124–130. The haptotropic rearrangements of these complexes
proceed irreversibly due to the large difference in the complex isomers’ thermo-
dynamic stabilities. The kinetic parameters for the metal migration were corre-
lated to the steric and electronic properties of the substituents present in the arene
ligands. If the steric demand of the carbene oxygen substituent is increased by 
exchanging the methyl group for a (–)-menthyloxy substituent, the haptotropic
isomerization is accelerated. As a result of the inherent planar chirality of the
arene complexes synthesized via chromium-templated benzannulation, the 
incorporation of a the chiral terpenoid alcohol generates two diastereomeric
complexes 124a and 124b with selectivities up to 80% d.e. [68]. In one of the
stereoisomers the metal shift is twice as fast to the unsubstituted ring as in the
other one.A tert-butyldimethylsilyl substituent is a popular protection group for
the phenolic function directly resulting from CO-incorporation during the benz-
annulation, since it very effectively prevents oxidative decomposition of the com-
plexes. If it is exchanged for a smaller methyl substituent, the rate constant of the
metal shift is considerably decreased. On the contrary, the haptotropic isomer-
ization is strongly accelerated when the electron-withdrawing acetyl protecting
group is employed. It should be noted that the densely functionalized naphtho-
hydroquinone complexes obtained by benzannulation display a remarkably low
free activation enthalpy which amounts to about 20 kJ mol–1 less than that 
observed with monosubstituted naphthalene chromium complexes. This may be
rationalized by additive steric effects of the persubstituted hydroquinoid ring.

As illustrated in the previous discussion a variety of the arene ligand 
substituents can be utilized for a reactivity tuning of haptotropic metal shifts.
However, for each isomerization experiment a properly functionalized starting
material has to be prepared. A possibly more elegant approach makes use of
functional group interconversions to alter the reactivity of the arene complex.
This strategy has been successfully applied to an aminosubstituted naphthalene
complex in which the electron donating properties of the ligand may be varied
by the nitrogen substituents: The methylaminonaphthalene complex 153 pro-
vides a more electron-rich arene ligand than present in its Boc-protected ana-
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logue 152 (Scheme 38) [112].A completely different behavior of the complexes
is observed upon heating: While any evidence for a haptotropic rearrangement
is absent in the case of the Boc-protected aminonaphthalene 152 up to tem-
peratures of 100 °C, cleavage of the Boc group enhances the electron donating
properties of the amino substituent and facilitates the metal shift which now
occurs readily at temperatures as low as 40 °C and results in nearly complete
isomerization to complex 155.
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Scheme 38 Electronic substituent tuning based on a protection group variation

Scheme 39 Protonation of an aminonaphthalene complex as an electronic substituent 
tuning

4.2
Tuning by the Metal Coligand Sphere

4.2.1
Kinetic Tuning by Phosphorus Coligands

A modification of the arene ligand substitution pattern allows one to tune the
kinetic and thermodynamic properties of haptotropic metal shifts.A different
approach complementing these studies is based on a tailored diversification of

Analogously, the electron donating properties of the amino group can be 
influenced by protonation [52]. By treating the haptotropic rearrangement
product 156 with tetrafluoroboric acid the precipitation of an orange colored
salt indicated quaternization of the nitrogen by protonation. Subsequent heat-
ing to 70 °C monitored by IR spectroscopy suggested a retro migration of the
chromium fragment to the hydroquinoid ring (Scheme 39). Unfortunately, the
lability and the weak solubility of the reaction product hampered its isolation
and complete characterization.



the coligand sphere. Phosphorus coligands seemed to be adequate for this pur-
pose due to the variety of phosphines and phosphites available for a template
tuning. We aimed at a study which allows to evaluate the steric and electronic
influences of the phosphorus coligands in a quantitative manner by investi-
gating the haptotropic metal migration of a set of Cr(CO)2(PR3) moieties along
a naphthalene ligand.
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Scheme 40 Synthesis of Cr(CO)2(PR3) complexes by photo-induced ligand exchange

The Cr(CO)2(PR3) complexes 158–165 were synthesized by low-temperature
photosubstitution of a carbonyl ligand from the benzannulation product 118 in
the presence of cyclooctene (Scheme 40) [117]. The h2-alkene chromium com-
plex was subsequently reacted with the respective phosphorus ligand in the dark
at room temperature to afford the regioisomers 158–161 as the major products;
the complexes 162–165 already resulting from haptotropic rearrangement were
isolated in minor amounts. Their formation involves a metal shift accompany-
ing the cyclooctene/PR3 exchange which is performed at conditions remarkably
mild for a haptotropic isomerization.The mixture of regioisomers was separated
by preparative HPLC for each pair of complexes. Both pairs of regioisomers
bearing the triphenylphosphine (158 and 162) or the triphenylphosphite ligand
(159 and 163) were characterized by single crystal X-ray analyses (Fig. 3). The
thermodynamically less favored isomers 158–161 were studied in haptotropic
rearrangement experiments which were performed in hexafluorobenzene 
solution at 60 °C (Scheme 41, Table 4).
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Scheme 41 Haptotropic shifts of Cr(CO)2(PR3) moieties

Fig. 3 Molecular structures of regioisomeric PPh3 (158, 162) and P(OPh)3 (159, 163) com-
plexes
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Table 4 Kinetic parameters for the isomerization of Cr(CO)2(PR3) complexes 158–161, cone
angels and values for the electronic parameter c

L T [K] k1 [s–1] DG‡ [kJ mol–1] q [°] c [cm–1]

118 CO 333 (6.5±0.7)¥10–5 108.5±0.3 – –
118 CO 348 (4.3±0.4)¥10–4 108.1±0.3 – –
158 PPh3 333 (1.6±0.2)¥10–4 106.0±0.3 145 13.25
159 P(OPh)3 333 (1.9±0.2)¥10–4 105.6±0.3 128 30.20
160 PMe3 348 (7.2±0.7)¥10–6 119.9±0.3 118 8.55
161 P(OMe)3 333 (6.1±0.6)¥10–6 115.1±0.3 107 24.10
161 P(OMe)3 348 (3.4±0.3)¥10–5 115.5±0.3 107 24.10

The haptotropic rearrangement of the triphenylphosphine (158) and the
triphenylphosphite complex 159 displayed a reactivity two to three times en-
hanced compared to that observed for the parent Cr(CO)3 complex 118. In con-
trast, a trimethylphosphite coligand (161) reduces the rate constant of the metal
shift by an order of a magnitude. The trimethylphosphine ligand further in-
creases the thermostability towards haptotropic isomerization; for this reason,
the rearrangement of complex 160 was examined at elevated temperature; at
75 °C the reactivity of the trimethylphosphine complex 160 is about 60 times
lower than that of the parent tricarbonyl complex 118. Figure 4 illustrates the
reactivity tuning by logarithmic concentration plots.

We discussed the reactivity tuning by the phosphorus coligands in terms 
of their steric and electronic properties. By utilizing a standard empirical ap-
proach we performed a quantitative analysis of ligand effects (QALE) [118, 119].
For the fit of the experimentally obtained DG‡ values we employed Tolman’s
cone angles q as a measure of the ligands’ steric demand [120] and c – which is
the hypsochromic shift of the IR nCO band of Ni(CO)3(PR3) compared to that of
the PtBu3 complex – as the electronic parameter [121]. A multiple regression 
according to Eq. (1) revealed that both the steric and the electronic properties

Fig. 4 Kinetic tuning of haptotropic rearrangements by phosphorus coligands



of the phosphorus ligands display a significant impact onto the kinetics of the
metal shift. Bulky and electron-deficient ligands enhance the reactivity towards
isomerization while the metal shift is slowed down by small and electron-rich
phosphines. These results as well as the goodness of fit are illustrated by Fig. 5;
the experimentally measured DG‡ values are plotted against the data obtained
by the fit according to Eq. (1):

DG‡ = aq + bc + c (1)

In order to avoid the necessity of using HPLC techniques to obtain pure coor-
dinative isomers, the photolytic ligand exchange procedure was applied to the
thermodynamically favored tricarbonyl complex 139. Upon treatment of the in-
termediate cyclooctene complex with triphenylphosphine, complex isomer 162
was expected as the only product. However, both regioisomeric complexes 158
and 162 were isolated after chromatographic work-up, paralleling the results
received from the analogous reaction of the thermodynamically less stable
Cr(CO)3 complex 118. This surprising outcome has to be rationalized as a metal
shift against the direction favored by thermodynamics and seemed to be a
promising starting point for gaining further control concerning haptotropic
complex rearrangements.

4.2.2
Thermo-Optical Switchable Devices

By observing a reverse metal shift accompanying the formation of the tri-
phenylphosphine complex 158 we felt encouraged to test whether a photochem-
ical procedure is suitable for reconverting the product of the thermally induced
haptotropic rearrangement to the regioisomer provided by benzannulation
[122]. In this context we first studied the UV irradiation of complex 139 under
CO atmosphere in order to stabilize potential dicarbonyl intermediates. How-
ever, decomposition was observed under these conditions with no evidence for
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Fig. 5 Plot of the experimentally determined DG‡ values against aq+bc+c



a haptotropic metal shift indicating that a metal migration at the stage of a 
coordinatively unsaturated dicarbonyl species seems to be unlikely.

Mimicking the synthesis of the triphenylphosphine complexes 158 and 162
we then added cyclooctene before irradiating the sample in order to trap the 
dicarbonyl intermediate as a h2-alkene complex (Scheme 42). Interestingly, we
observed an identical set of A1 and the B1 nCO stretching frequencies, irrespec-
tive whether complex 118 or its regioisomer 139 was subjected to photolysis
suggesting the formation of the same reaction intermediate in both cases. The
irradiation was stopped upon complete removal of one equivalent of carbon
monoxide, and the solution was subsequently flushed with a slight stream 
of CO to refurnish a tricarbonyl chromium complex. IR and NMR analyses 
revealed that this protocol exclusively generates the thermodynamically less 
favored complex isomer 118 along with a small amount of demetalated hydro-
quinone as a by-product. A crystallographic study of the tricarbonyl complex
independently established the formation of complex 118 by a haptotropic 
rearrangement against the direction favored by thermodynamics.
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Scheme 42 Photo-induced reverse metal shift to the thermodynamically less favored isomer

The planar chirality of Cr(CO)3 complexes 118 and 139 arising from the 
unsymmetrical substitution pattern in the hydroquinoid ring generally allows
the construction of an organometallic molecular switch transferring chiral 
information. This aim requires that the metal shift occurs under retention of
configuration in both directions. The thermally initiated haptotropic metal mi-
gration is known to proceed via an intramolecular process [68, 94–100], which
is supported by the kinetic data collected for the isomerization of complex 118
to 139 (DG‡=108.5 kJ mol–1, T=333 K) (Fig. 6). In order to investigate the mech-
anism of the photo-induced metal shift the enantiomers of complex 139 have
been separated using HPLC on a chiral stationary phase (Daicel, Chiralcel OD).
The absolute configuration of the complex enantiomers could be established by
X-ray analysis, assigning the (R)-configuration to the (–)-enantiomer of 139.
The (+)-enantiomer (S)-139 was subjected to the photochemical haptotropic
isomerization, and the rearrangement product was analyzed by chiral HPLC
and compared to the racemic mixture of complex 118. The formation of a 
single enantiomer indicated the intramolecularity of the photo-induced hap-
totropic rearrangement; a stepwise release of the organometallic moiety fol-
lowed by recomplexation by the arene ligand could be ruled out on the basis of
this experiment.
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Fig. 6 Kinetic analysis of the rearrangement of complex 118 to 139

Fig. 7 Both positions of the molecular switch as molecular structures (118, 139)

Scheme 43 Stereospecific organometallic switch based on a reversible metal migration

Organometallic molecular switches are rare. Some reports refer to dinuclear
cyclopentadienyl complexes of ruthenium, molybdenum and tungsten [14, 123,
124]; a single study deals with a switchable mononuclear molybdenum com-
plex [125]. None of them has been tested for the stereospecificity of the switch-
ing cycle, which is partly due to the presence of achiral species, which would
erase any stereoinformation incorporated. In consequence, the pair of enan-
tiopure complexes (R)-118 and (S)-139 complemented by two stereospecific in-
terconverting procedures represents the first example of a racemization-free
organometallic switch (Scheme 43, Fig. 7).
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5
Conclusion

The chromium-templated [3+2+1]-benzannulation of Fischer carbene com-
plexes allows for the regio- and stereoselective one-pot synthesis of densely
functionalized hydroquinones obtained as (arene)Cr(CO)3 complexes. The
range of functional groups tolerated in the alkyne and in the carbene complex
moiety along with the chemoselectivity arising from a different substitution
pattern allows to tune the reaction towards a huge number of possible prod-
ucts, making the reaction an important tool in chemical synthesis in the last
decades. Additionally, the mild reaction conditions led to numerous applica-
tions in bioorganic chemistry or in the synthesis of natural products.

Intensive research concentrated on the haptotropic rearrangement reactions
with the focus set on the controllability of this kind of dynamic process, mak-
ing it suitable for applications in molecular machines. The metal migration may
be rendered switchable between two specifiable isomers by external influence,
e.g. heating, immision of light or pH-change. The haptotropic rearrangement
in Cr(CO)3 complexed naphthalenes was tuned by variation of the substitution
pattern of the organic ligand and of the coligand sphere of the chromium tem-
plate. The migration is governed by both the steric and the electronic proper-
ties of the ligands, as demonstrated by substitution of carbon monoxide for
phosphines or phosphites. In addition, research on enantiopure tricarbonyl
chromium complexes proved the intramolecular reaction pathway culminating
in the development of a racemization-free organometallic switch.
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1
Introduction

The manufacturing or grafting of macroscopic structures very often proceeds
by use of appropriate supports or of stencils. Those help to fix independently
preformed parts of the structure in a relative orientation to each other and 
by finally connecting them provide the basis to obtain a desired shape and
function. Chemists are manufacturers on a microscopic level, transforming and
building up molecules. Hereby, molecular stencils, so-called templates, can be
used to arrange reactants, direct bond forming processes, and to obtain a 
desired molecular structure. Templating not only can be used to specifically
prepare covalently linked molecules but the formation of big, non-covalently
connected supramolecular aggregates can also be influenced [1]. This chapter
gives some insight into helicate chemistry and shows that in many cases the 
formation of helicates and related compounds is controlled by the action of
highly specific templates [2, 3].

1.1
Templating in Supramolecular Chemistry and the Concept 
of “Dynamic Combinatorial Chemistry”

Templating very often is found not only in chemical but also in biological
processes. The formation of the tobacco mosaic virus (TMV) is a prominent 
example where template-directed self-assembly occurs in nature [4]. The TMV
is composed of one molecule of RNA containing 6400 bases and of 2130 pro-
tein subunits. The TMV spontaneously forms from its components if RNA is
added to the protein. Hereby the protein units assemble around the RNA
strand, which acts as a template and controls the overall shape of the resulting
virus. Molecular recognition and non-covalent interactions between the pro-
tein units result in a stable rod like molecule with the RNA in the interior and
the protein subunits forming a spindle around it [4].

In the early days of supramolecular chemistry templating already entered
the game. In the 1960s Pedersen observed that the ring closure of the open
chain molecule 1 to form 18-crown-6 2 is favoured if potassium cations are 
present as templates.As depicted in Scheme 1, the precursor wraps around the
templating potassium cation and brings the reactive termini in close spatial
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Scheme 1 Formation of 18-crown-6 2 templated by a potassium cation



contact. Thus an intramolecular Williamson-type ether formation is favoured
over an intermolecular oligomerization process [5].

Non-covalent interactions between complementary molecular building
blocks can also be directed by a template so that a specific supramolecular
structure is obtained either by covalent or non-covalent bond forming pro-
cesses [6]. As an example, the formation of catenanes proceeds by slipping of
a linear molecule through a macrocycle and the linear unit then has to be 
cyclized. The crucial step during this process is the slipping of the linear moi-
ety through the ring which has to be induced by some “supramolecular” inter-
actions. Different approaches have been used for the formation of catenanes
[7]; e.g. charge transfer interactions between aromatic moieties were used in
Stoddarts approach [8], while Vögtle and Leigh control the slipping by hydro-
gen bonding interactions [9].

In Scheme 2 the approach by Sauvage is shown. Metal coordination fixes the
linear molecule inside of the ring and enables the formation of the “catenate”
by macrocyclization. The metal acts as a template which fixes the two molec-
ular components in a special spatial arrangement which is ideally predisposed
for the final ring closure. In a last step, the templating metal ion can be removed
to obtain the “free” catenane [10].
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Scheme 2 Metal template-directed formation of catenanes as described by Sauvage et al. [10]

In contrast to the templating in covalently bonded systems, non-covalently
linked supramolecular aggregates show a high degree of dynamic behaviour
(which is important for proof reading and error correction during the self-as-
sembly process) [1, 11]. Mixtures of different supermolecules which are formed
from molecular building blocks can show fast interconversion and high flux-
ionality. Addition of an appropriate template might interfere with the equilib-
rium mixture and one of the components then might be favoured.

As one of many, an example from Fujitas group will be discussed here.
Mixing of the tridentate ligand 3 with (en)Pd(NO3)2 (en=diaminoethane) in wa-
ter leads to the formation of oligomeric coordination compounds {[(3)2Pd3]6+}n
(n=1,2,...) [12].

The same reaction is performed in the presence of 4-methoxyphenylacetate
as a template, and the trinuclear complex [(3)2Pd3]6+ is obtained in high yield
(Scheme 3). It is even possible to transform slowly a preformed mixture of
oligomers {[(3)2Pd3]6+}n into the desired trinuclear Pd-complex by addition of
the template [12].A two-step reaction takes place, which follows the concept of
“Dynamic Combinatorial Chemistry”. In contrast to “traditional”combinatorial



chemistry, each single step of the reaction sequence has to be reversible. This 
initially generates molecular diversity by formation of a mixture of oligomers
(“dynamic combinatorial library”).Addition of a template leads in a subsequent
step to a selection process which due to the reversibility of the processes accu-
mulates the thermodynamically favoured supramolecular species.
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Scheme 3 Formation of [(3)2Pd3]6+ in a template-directed self-assembly process or in two
steps following the principle of “Dynamic Combinatorial Chemistry”

The principle of “Dynamic Combinatorial Chemistry” is used in covalent
synthesis as well. Here receptors with labile covalent bonds (imines, ester, disul-
fides) have to be present [13, 14].

As will be discussed in here, templating and dynamic combinatorial pro-
cesses are tightly connected and play an important role in the self-assembly of
some helicate-type supramolecular coordination compounds. However, first we
have to answer the question as to what “helicates” are.

1.2
Helicates: Definitions and Historical Background

In 1987 Lehn introduced the term “double-stranded helicate” for coordination
compounds, in which two linear oligo-donor ligands wrap around two or more
metal centres to form a double stranded helix. The formation of the helicates
(e.g. 5) proceeds by self-assembly from the organic ligands in the presence of
appropriate metal centres. Ether-linked bis- and tris(bipyridine) ligands 4 were
used in combination with copper(I) or silver(I) ions (Fig. 1) [15].



However, related helical structures were already observed in the 1970s with
formylbilliverdine (12, see below) [16] or decamethylbiladiene as ligands in
combination with zinc(II) ions [17]. In addition, the bis(iminopyridine) [18]
and bis(bipyridine) [19] ligands 6 and 7 also form dinuclear double-stranded
metal complexes [(6)2Ag2]2+ and [(7)2Cu2]2+.

A triple-stranded helicate was first introduced by Williams and Piguet [20].
In the dinuclear cobalt(II) complex 8, three ligands 9 with two bidentate ligand
moieties wrap around two metals which possess an octahedral coordination
geometry (Fig. 2). Shortly after Lehn described a trinuclear triple-stranded he-
licate with tris(bipyridine) ligands (58, see below) [21].

Several years earlier, a triple-stranded dinuclear coordination compound
had already been described by Raymond for the iron(III) complex [(10)3Fe2] of
Rhodoturulic acid 10-H2 [22] and the X-ray structure of the iron(III) complex
[(11)3Fe2] of 11-H2 revealed a similar helical motif [23].

In 1995 we described the first triple-stranded dinuclear meso-helicate [24]
(compounds of this type were also termed “side-by-side complex” or “meso-
cate”) [25]. The ligands are not wrapping around the metal centres, but an 
achiral complex is formed in which both metal complex units possess opposite
configuration. The relative configuration of the metal complex units (helicate
vs meso-helicate) can be controlled by introduction of appropriate spacers in
the ligand. Due to the preferred zigzag conformation of alkyl chains, a spacer
with an odd number of methylene units will lead to the meso-helicate while 
a spacer with an even number of methylene units prefers the formation of a 
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Fig. 1 Early ligands (4,6,7), which form double-stranded helicates (like 5)



110 M. Albrecht

Fig. 2 Early ligands (9,10,11) for triple-stranded helicates (like 8)

helicate [26]. This still works if the spacer is not only composed of alkyl chains
but of a combination of rigid moieties and short “stereo-controlling” alkyl 
units [27].

Besides the linear helicates, a series of circular helicates were described, in
which metal centres are arranged in a circular fashion with the ligands wrap-
ping around them [28].

In many cases, guest species are bound in the cavities which are formed in
the interior of linear or circular helicates; e.g., in the solid state, the iron com-
plex [(11)3Fe2] bears a water molecule bound in its interior [23]. The guest
species are often responsible for the specific formation of the helical complexes
and are sometimes necessary templating units. In cases where no direct tem-
plating takes place, other “secondary” stabilizing effects are often present (e.g.,
rigidity or predisposition of ligands). In fact, in the 1987 paper on helicates by
Lehn, he already stated that the helicate formation is supported by favourable
p-p interactions between the bipyridine units of ligands 4 [15].

2
Templating in the Formation of Linear Helicates

2.1
Double-Stranded Helicates

Examples for templating in the formation of double-stranded helicates are rare.
However, the formylbiliverdine 12, which was described in the 1970s, forms a
mononuclear zinc(II) complex [H2O(12)Zn]2+, which under acidic conditions
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Scheme 4 Transformation of a water-templated mononuclear zinc(II) complex into a dou-
ble-stranded helicate by acidification

is transformed into a double-stranded helicate [(12)2Zn2]4+ (Scheme 4). In this
example water acts as template, which stabilizes the mononuclear complex
rather than the helicate. Labilization of the water as ligand results in a struc-
tural rearrangement and in the formation of the double-stranded dinuclear 
helicate [16].

In the dinuclear double-stranded europium(III) complex [(H2O)4(13)2Eu2]
[F3CSO3]6 (Fig. 3) four water molecules are bound in the interior of a helicate-
type coordination compound, filling up the cavity and probably stabilizing the
complex [29].

Fig. 3 A meso-type dinuclear double-stranded Eu(III) complex with an encapsulated water
tetramer



The principle of “Dynamic Combinatorial Chemistry” could also be applied
to obtain double-stranded helicates by templating (Scheme 5). It was even pos-
sible to obtain a catenane from a dynamic combinatorial library which incor-
porates a double-stranded helicate as a cyclic component.
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Scheme 5 Template directed formation of a double-stranded helicate following the princi-
ple of “Dynamic Combinatorial Chemistry”



The bis(bipyridine) ligand 14 reacts in the presence of zinc(II) ions to form
bis(bipyridine) zinc complexes. However, no specific complex but a mixture 
of oligomers (dynamic combinatorial library) is obtained if no template is 
present. Addition of electron rich aromatic systems to the mixture leads to a 
selection and the dinuclear complex [(14)2Zn2]4+ is formed. If veratrole 15
is used as the template, the formation of the dinuclear zinc(II) complex 
[15Ã{(14)2Zn2}]4+ is supported by attractive p-p-interactions between the
electron rich 15 and the electron poor aromatic units of the spacer of ligand
14 [30, 31].Addition of the macrocycle 16 by templating leads to the catenane
[16{(14)2Zn2}]4+. In a dynamic process, the dinuclear helicate is formed and
cleaved and upon addition of 16, slipping of the ligand 14 through the ring 16
has to occur. The thermodynamically most stable complex [16{(14)2Zn2}]4+,
the catenane, is obtained; again due to favourable aromatic p-p interac-
tions [32].

Mixing of the aryl-bridged bisbenzimidazole ligands 17 and 18 with silver(I)
triflate in a 1:1 ratio results in the formation of double-stranded complexes
[(F3CSO3)2{(17)2Ag2}] and [m-(F3CSO3)Ã{(18)2Ag2}]+ (Fig. 4). The ligands are
orientated in a linear fashion, so that a helicate-type complex is formed which,
however, does not show helical twisting [33].

Each of the silver(I) centres of [(F3CSO3)2{(17)2Ag2}] bridges between two
benzimidazole units and additionally binds a triflate anion. In contrast to 
this the Ag-Ag distance in [m-(F3CSO3)Ã{(18)2Ag2}]+ is larger and there is
enough space for only one triflate anion to fit into the cavity and to bridge the
two metals.A second triflate acts as a non-bonding anionic counter cation. In
both compounds the binding of the anions to the metals seems to be essen-
tial for a stabilization of the dinuclear complexes [(F3CSO3)2{(17)2Ag2}] and 
[m-(F3CSO3)Ã{(18)2Ag2}]+ [33].

A related situation, as observed for [m-(F3CSO3)Ã{(18)2Ag2}]+, can be found
for the biscatechol ligands 19-H4 [34] and 20-H4 [35, 36] and the catechol/ben-
zene-1,2-thiol ligand 21-H4 [37]. Upon complexation of 19 with iron(III) ions
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Fig. 4 The double-stranded complexes [(F3CSO3)2{(17)2Ag2}] and [m-(F3CSO3)Ã{(18)2Ag2}]+
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Fig. 5 Alkoxide/hydroxide-bridged complexes 22 from dicatechol-type ligands 19–21-H4

and the X-ray structure of the alanine-bridged complex [(20)2(OH)2Ti2]2–

or 20/21 with titanium(IV), double-stranded complexes 22 are formed (Fig. 5),
which in the thermodynamically favoured isomer possess a meso-relation be-
tween the complex units.Additional bridging coligands (hydroxide, methoxide)
act as template and stabilize the double-stranded structure 22.

With the amino acid-derived ligands 20-H4 it was tested how tolerant the sys-
tem is towards alkoxide coligands with different sterical demands. In the pres-
ence of ethanol or allyl alcohol the formation of compounds 22 still proceeds,
while isopropanol or tert-butanol destabilize the double-stranded complex 22
and lead to mixtures of complexes which contain triple-stranded dinuclear co-
ordination compounds as one component. Similar results are obtained if the
coordination studies of ligands 20 are performed in non-protic solvents like
acetonitrile or dmf [38].

In the formation of 22 the alcoholates act as essential templates. In the 
presence of an appropriate coligand, the compound 22 is always obtained in-
dependent of the ligand to metal ratio [36].

For ligand 19-H4 and iron(III) ions the OR– groups have to be present to 
stabilize a compound like 22. However, complexation with a 3:2 ligand to metal
stoichiometry leads to the exclusive formation of the triple-stranded heli-
cate [34].

The ligand 23-H2 with two 1,3-dicarbonyl binding sites leads with copper(II)
acetate in the presence of a large excess of alkali metal acetate (M=K+, Rb+, Cs+)
to the double-stranded helicate-type complex with the templating cation
bound internally [MÃ{(23)2Cu2}]+ [39] (Scheme 6).
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Scheme 6 Template-directed formation of [MÃ{(23)2Cu2}]+

Fig. 6 Chiral induction with chiral counterions as templates

2.2
Triple-Stranded Helicates

Triple-stranded helicates are formed from three linear ligand strands and two
or more metal ions. To enable an effective templating, appropriate binding sites
for the template have to be present inside of the helicate.

However, interaction of templates with the helicate also can occur from the
“outside”.

As an example, the transfer of chiral information from stereochemically well
defined chiral counterions (Fig. 6) onto the bipyridine-based complex 24 or the
catecholamide-based helicate 25 have to be mentioned. The chiral counterions
interact with the helicate from the “outside” and induce one preferred twist of
the helix [40–42].



2.2.1
Triple-Stranded Helicates as Host-Species

Guests can be bound in the interior of triple-stranded dinuclear helicates.
Thereby, binding of small templates in the interior of triple-stranded helicates
can control the relative configuration at the two metal centres, leading either to
a helicate or a meso-helicate. It was already described, that ligand 11-H2 forms
a triple-stranded helicate [(11)3Fe2] which encapsulates one water molecule in
the solid state. The spacer of the related ligand 26-H2 is somewhat longer than
the one of 11-H2 and in its “relaxed” form is predisposed for the formation of a
meso-helicate. Indeed triple-stranded meso-helicates [(26)3Al2] and [(26)3Ga2]
are formed if no water is present [43] (Scheme 7).
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Scheme 7 Formation of the meso-helicate [(26)3M2] vs the template-controlled formation
of the helicate [(H2O)Ã{(26)3M2}] (M=Al, Ga)

If the coordination study with ligand 26-H2 is performed in the presence of
water as template, the more condensed helicate [(H2O)Ã{(26)3M2}] is obtained.
By twisting of one complex unit, the relatively big cavity adjusts its size to the
small template water [43].

A very similar template-control of the relative stereochemistry in dinuclear
helicates is observed in the case of the ligands 27-H2 and 28-H2 (Fig.7). The rigid
linear ligand 27-H2 with a 1,3-phenylene spacer forms the helicate [(27)3Fe2].
The related ligand 28-H2 with a pyridine spacer, on the other hand, is able to 
encapsulate a potassium cation. This potassium stabilizes the meso-helicate
structure for [KÃ{(28)3Fe2}]+ due to a better size complementarity between
host and template (“lock-and-key principle”). If the complex is formed in the
absence of potassium cations, the triply N-protonated species [(28-H)3Fe2]3+ is
obtained [44]. (A derivative related to 28 which bears thiophene instead of the
tert-butyl groups leads to similar results in coordination studies) [45].
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Fig. 7 Formation of a helicate [(27)3Fe2] and template-controlled formation of the meso-he-
licate [KÃ{(28)3Fe2}]+

Fig. 8 Ligands 29–31-H2 and the X-ray structure of [(H2O)Ã{(31)3Ga2}]

Many triple-stranded helicates provide internal binding sites for guest species.
However, the guests are not always essential for the assembly of the coordination
compound, but can be introduced after complex formation. [KÃ{(28)3Fe2}]+ rep-
resents an example for such a system [44]. Others were described for the related
b-dicarbonyl derived ligands 29-H2, 30-H2 and 31-H2 [39, 46, 47] (Fig. 8).
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Scheme 8 Formation of the helicate [(32)3Ti2]4– and its tetramethylammonium-templated
destabilization to form a molecular tetrahedron [(NMe4)Ã{(32)6Ti4}]7–

Ligand 29-H2 forms a triple-stranded dinuclear complex [(29)3Fe2] which is
able to encapsulate lanthanum(III) ions in its interior to obtain [{(THF)(H2O)La}
Ã{(29)3Fe2}]3+. The related complex [{(H2O)Sr}Ã{(28)3Fe2}]2+ could also be
characterized [46].

Coordination studies of ligand 30-H2 with nickel(II) ions leads in the presence
of cesium acetate to the triple-stranded helicate with the templating cation bound
in the interior of the self-assembled dinickel-cryptand [CsÃ{(30)3Ni2}]– [39].



The chiral tartaric acid-derived ligand 31-H2 forms enantiomerically pure
helicates with gallium(III) and iron(III) ions. For the gallium complex [(H2O)
Ã{(31)3Ga2}] it was found that one water is encapsulated in the internal cavity
in the solid state. In solution this compound is able to act as a cryptand which
shows a high selectivity for the binding of lithium cations [47].

An example, were addition of a guest species does not stabilize the triple-
stranded helicate, but templates the formation of a molecular tetrahedron,
is represented in Scheme 8. Coordination chemistry of ligand 32-H4 with 
titanium(IV) ions results in the formation of the triple-stranded helicate
[(32)3Ti2]4–, which upon addition of tetramethylammonium cations is desta-
bilized and the supramolecular tetrahedron [(NMe4)Ã{(32)6Ti4}]7– is formed.
The ammonium cation acts as template and is encapsulated in the interior of
the tetrahedron [48].

2.2.2
Helicates from Alkyl- and Imino-Bridged Dicatechol-Ligands

Alkyl- (A) and imino-bridged (B) triple-stranded helicates with dicatechol 
ligands provide an internal cavity to bind guest species. The imino groups 
possess the ability to favour additionally the binding of the template (B2) [49].
This is not the case, if catecholamides are used, because here the internal 
oxygen donor-sites are blocked by hydrogen bonding (C) [50] (Fig. 9).

Alkyl-bridged dicatechol ligands 33-H4 form either the triple-stranded he-
licate (even spacer length 33b, 33d, 31f) or meso-helicate (odd spacer length
33a, 33c, 33e) M4[(33)3Ti2] with titanium(IV) cations. This self-assembly
process highly depends on the templating by the counter cations M which are
present [26].

With the small ligand 33a-H4 the templating could be impressively demon-
strated. If a coordination study of 33a-H4 (Scheme 9) with titanium(IV) ions is
performed in the presence of potassium carbonate, a red solid with the formula
“K4[(33a)3Ti2]” is obtained. However, NMR spectroscopy as well as mass spec-
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Scheme 9 Formation of dinuclear triple-stranded helicates from alkyl-bridged dicatechol
ligands 33-H4
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Fig. 9 Binding of acceptors in the interior of catecholate-derived helicates with alkyl- (A)
or imine-spacers (B). In case of catecholamides (C) the internal binding-site is blocked

Fig. 10 Structure of Li4[(33a)3Ti2] as found in the solid state and in solution

trometry show that here a mixture of oligomeric complexes {K4[(33a)3Ti2]}n
(n=1,2,...) is present [51].

If the same experiment is performed with lithium carbonate or sodium car-
bonate as base, only the dinuclear titanium meso-helicates Li/Na4[(33a)3Ti2] are
observed. Strong templating by alkali metal cations takes place. Small lithium or
sodium cations are able to stabilize the relatively small dinuclear titanium com-
plex while the big potassium destabilizes this species. Consequently, if sodium
or lithium perchlorate is added to a solution of the oligomer {K4[(33a)3Ti2]}n, the
mixture is transformed into the dinuclear complex with the small templates
bound to the self-assembled titanium complexes [52].

However, this templating by the small cations is not as simple as it on the
first sight seems to be. The X-ray structure of Li4[(33a)3Ti2] (Fig. 10) reveals that
no lithium cation is bound in the interior of the helicate. However, three lithium
cations are binding from the “outside” and are coordinatively saturated by one
dmf per cation [51].

In contrast to the results in the solid state, Li NMR spectroscopic investiga-
tions in solution reveal that only two lithium cations are bound to the meso-
helicate unit [52].

In case of the corresponding larger helicate-type complexes M4[(33b–f)3Ti2],
the binding of alkali metal cations could be shown in solution as well as in the
solid state. Representative solid state structures are shown in Fig. 11.
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Fig. 11 Solid state structures of [{(dmf)Li}3{(33a)3Ti2}]–, [{(H2O)2Li}Ã{(33b)3Ti2}]3–, [{(H2O)
(dmf)Na}Ã{(33c)3Ti2}]3–, and [{(H2O)(dmf)2K}2Ã{(33f)3Ti2}]2– (dmf is only indicated)

In case of [(33b)3Ti2]4– and [(33c)3Ti2]4– water molecules can be found in the
crystal which are encapsulated in the dinuclear titanium complexes in addition
to the alkali metal cations [24, 53]. The internal cavity of [(33f)3Ti2]4– is so big,
that two potassium cations are bound in the interior [54].

The templating effect of the alkali metal cations can be used in ligand self-
recognition during the self-assembly of the dinuclear complexes. The outcome
of a coordination study of a 1:1 mixture of ligand 33a-H4 and 33b-H4 with ti-
tanium(IV) ions highly depends on the template which is present [55].

With lithium carbonate as base, as expected the two homoleptic, [(33a)3Ti2]4–

and [(33b)3Ti2]4–, but only one heteroleptic complexes [(33a)2(33b)Ti2]4– are ob-
tained. The other possible heteroleptic complex [(33a)(33b)2Ti2]4– cannot be 
observed.With sodium carbonate, on the other hand, only homoleptic coordi-
nation compounds [(33a)3Ti2]4– and [(33b)3Ti2]4– are formed. In the presence of
sodium a strong ligand self-recognition occurs [55].

As already stated, potassium cations are not able to stabilize the compound
[(33a)3Ti2]4–. Therefore, with K+ the homoleptic dinuclear coordination com-
pound [(33b)3Ti2]4– is obtained together with oligomeric titanium complexes
of ligand 33a [55] (Scheme 10).



In contrast to 33a-H4, the rigid ligand 34-H4 possesses a direct bond between
the catechol units and forms triple-stranded dinuclear titanium complexes
[(34)3Ti2]4– even in the presence of the large potassium cations. Probably, due
to the rigidity and the predisposition of the ligand 34-H4, it does not have the
option to form oligomeric compounds. The dinuclear complexes are favoured
without templating by the cations. However, it could be shown, that lithium,
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Scheme 10 Template-directed self-recognition experiments with a 1:1 mixture of 33a-H4 and
33b-H4



sodium as well as potassium coordinate to the dinuclear complexes from the
“outside” [56].

The elongated rigid ligands 35a-H4 and 35b-H4 (Fig. 12) lead to dinuclear
triple-stranded helicates [(35a/b)3Ti2]4– with titanium(IV) ions. In case of the
smaller ligand 35a-H4 this works in the presence of lithium, sodium and potas-
sium, while, surprisingly, the larger [(35b)3Ti2]4– is formed only in the presence
of lithium or of sodium, but not of potassium cations [56].

Due to the size of the ligands 35a/b-H4, there is enough space in the interior
of the helicates [(35a/b)3Ti2]4– for more than one counter cation. The solid state
structure of K4[(35a)3Ti2] (Fig. 13) reveals, that two of the potassium cations are
bound in the interior of [(35a)3Ti2]4–. Dimerization with bridging solvent mol-
ecules is found in the crystal [57].

Formation of imines is a simple entry to obtain dicatechol ligands which
possess different lengths and flexibilities at the spacers. Figure 14 shows a 
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Fig. 12 The rigid ligands 34-H4 and 35a,b-H4

Fig. 13 The dimer [{(H2O)(dmf)3K2}{(35a)3Ti2}]2
4– in the solid state



representative selection of ligands which were thus prepared. Hereby ligands
36–38-H4 represent rigid compounds with different length of the spacer. In 39-
H4 and 40-H4 some flexibility is introduced by short alkyl units in addition to
aromatic moieties. 41-H4 and 42-H4 are related ligands with heteroatoms in-
troducing flexibility and in 43–45-H4 alkyl spacers are present, either butyl,
trans-1,2- or trans-1,4-cyclohexyl units.

All of the ligands 36–45-H4 form triple-stranded helicate-type complexes
with titanium(IV) ions [27, 49, 58] (Scheme 11). In all cases a binding of alkali
metal cations is observed in the interior of the compounds and with the alkyl
bridged ligands 43–45-H4 a templating effect by the cations is shown.
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Fig. 14 Imino-bridged dicatechol ligands 36–45-H4
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Scheme 11 Formation of dinuclear helicate-type complexes from imino-bridged dicatechol
ligands 36–45-H4

Fig. 15 Parts of the solid state structures of Na4[(36)3Ti2], K4[(37)3Ti2], Na4[(38)3Ti2], and
Na4[(36)3V2]. Only the dinuclear triple-stranded helicates and the encapsulated cations are
shown. Solvent molecules are only indicated

Solid state structures of the titanium(IV) complexes of the rigid ligands
36–38-H4 and of a corresponding vanadium(IV) complex [(36)3V2]4+ are shown
in Fig. 15.

All the structural analyses show the presence of triple-stranded dinuclear 
helicates with encapsulated counter cations. In all four shown examples two
cations are bound per cavity of a helicate. Only in the case of the short azine
bridged ligand 36 do the imine nitrogen atoms partially bind to the cations [58].
Usually (e.g., K4[(37)3Ti2] or Na4[(38)3Ti2]) the imines are orientated to the out-
side of the cavity and binding of the cation occurs as is indicated in Fig. 9 B1 [27].

In the larger compounds K4[(37)3Ti2] or Na4[(38)3Ti2] as well as in Na4-
[(39)3Ti2] or Na4[(40)3Ti2], one cation is bound to the three internal oxygen



atoms of the (triscatecholato)titanium complex units and is further coordina-
tively saturated by (at least) three solvent molecules. (In case of Na4[(39)3Ti2]
a disordered sodium cation binds to one of the imine nitrogen atoms [27, 49].)

Na4[(39)3Ti2] (Fig. 16) represents a meso-helicate. Here the relative stereo-
chemistry is controlled by the small methylene unit, which is incorporated in
the long and rigid spacer of ligand 39.

In case of Na4[(40)3Ti2] a helicate is present with the ethylene groups acting
as the stereo-controlling units. The relative configuration of the metal complex
units is controlled over a distance of two nm with the control unit located about
one nm apart from the stereocentres [27].

In case of the alkyl-bridged diimino-catechol ligands 41–45-H4, the impor-
tance of the counter cations as templates can be shown [49].

The described templating effect of alkali metal cations in the formation 
of dinuclear complexes can be used to obtain tetranuclear supramolecular
tetrahedra from triscatechol ligands which possess an axis of C3-symme-
try [59].

The results discussed here show, how important templating can be in the 
formation of helicates. However, in the case of the catechol derivatives the tem-
plates are always counter cations which have to be present. Therefore it would
be of interest to form neutral coordination compounds with the help of exter-
nally added cations (or neutral molecules) as templates. Unfortunately, with
catechols the coordination compounds are always charged.

2.2.3
Helicates from 8-Hydroxyquinoline-Ligands

The 8-hydroxyquinoline ligand unit is geometrically very similar to catechol
but forms neutral coordination compounds. Thus, templating by externally
added species can be investigated.
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Fig. 16 Parts of the solid state structures of Na4[(39)3Ti2] and Na4[(40)3Ti2]



A series of di(8-hydroxyquinoline) ligands 46–50-H2 (Fig. 17) was prepared
[60], which possess different spacer length and in case of 50-H2 different ori-
entation of the ligand moiety. In 50-H2 the nitrogen and not the oxygen donors
are located at the internal positions of the ligands. The oxygen atoms of 50-H2
cannot interfere with templating by small species like alkali metal cations [61].

Reaction of the ligands 46–50-H2 with M3+ cations (M=Al3+, Ga3+,Fe3+, Cr3+)
in the absence of appropriate templates produces coordination compounds of
the composition “[(46–50)3M2]”. This can be shown by elemental analysis. How-
ever, most of the compounds are insoluble and therefore cannot be investigated
in solution. Due to the presence of long alkyl chains,“[(47b)3Ga2]” is soluble in,
e.g., chloroform [62, 63]. NMR spectroscopy reveals that not a defined complex
but a mixture of oligomers is formed. MALDI TOF MS or FT-ICR-MS show that,
besides the dinuclear compound [(47b)3Ga2], oligomers thereof are present. A
specific self-assembly process does not take place but unspecific mixtures of
oligomers (“libraries”) are formed. In analogy to the corresponding alkyl-
bridged catecholate systems it should be possible to obtain defined helicate-
type complexes by addition of appropriate templates [61, 62].

Ligand 50-H2 does not possess internal oxygen donor atoms and therefore
no templating by cations is possible. Consequently, no defined dinuclear coor-
dination compounds are obtained if alkali metal salts are added as template
during the formation of gallium(III) complexes with 50-H2. Ligands 46–49-H2,
on the other hand, possess internal donors and here templating is possible.
However, this templating highly depends on the “size-selectivity” between the
template and the cavity of the helicate (“lock-and-key principle”) (Scheme 12).
The short ligand 46-H2 only forms dinuclear complexes [MÃ{(46)3Ga2}]+ if the
small lithium or sodium cations are present as templates. With bigger cations,
like potassium or ammonium, no defined gallium(III) complexes are obtained.
The somewhat longer ligand 47-H2 forms dinuclear coordination compounds
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Fig. 17 Bis(8-hydroxyquinoline) ligands 46–50-H2



[MÃ{(47)3Ga2}]+ in the presence of sodium, potassium, rubidium or ammo-
nium cations. Small lithium as well as the big cesium cannot act as templates
in this case. Ligand 48-H2, with three carbon atoms in the spacer, forms dinu-
clear gallium(III) complexes [MÃ{(48)3Ga2}]+ in the presence of potassium, ru-
bidium and cesium, while sodium is already too small as a template. Formation
of [MÃ{(49)3Ga2}]+ with the longest alkyl spacer proceeds only in the presence
of the large cesium template [64].
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Scheme 12 “Size-selective” preparation of dinuclear complexes [MÃ{(46–49)3Ga2}]+ fol-
lowing the principle of “Dynamic Combinatorial Chemistry”

There are two possible reaction paths for the specific formation of dinuclear
[MÃ{(46–49)3Ga2}]+. (1) Direct preparation is possible, if the templates are
added during the complex formation. Here a template-directed self-assembly
process occurs. (2) In a two step procedure, first the mixture of oligomers is
formed which then by addition of an appropriate template in a dynamic
process is transformed into the dinuclear complexes [MÃ{(46–49)3Ga2}]+. Here
we follow the principle of “Dynamic Combinatorial Chemistry” [64].

Not only the 8-hydroxyquinoline ligands 46–49-H2 can be used for the
preparation of dinuclear helicate-type complex of gallium(III), aluminium(III),
chromium(III), iron(III) as well as of zinc(II). In the case of zinc, charged 
complexes M2[(47)3Zn2] are formed which possess the templates as counter
cations. The results of the coordination studies with aluminium(III),
chromium(III) and iron(III) are similar to those, which were discussed for 
gallium(III) [64].

X-ray structures show that in the solid state the dinuclear helicate-type com-
plexes bind templating cations in the internal cavity. Different coordination



modes can be observed with different cations and different central metals 
(Ga, Al, Fe).

Figure 18 shows representative results of some structural analyses. In
[(dmf)2KÃ{(47a)3Ga2}]+ a potassium cation is encapsulated in the interior of
the dinuclear triple-stranded helicate and two dmf molecules are additionally
binding from the outside to the templating cation. A very similar structure is
observed for the corresponding [(dmf)2NaÃ{(47a)3Ga2}]+ [62]. Ligand 48-H2
shields the interior of the cavity by the vinyl groups of the spacer. Therefore, in
[CsÃ(48)3Ga2}]+ the templating cesium cation possesses an unusual low sixfold
coordination. As shown with [(NH4)Ã{(48)3Al2}]+, the templating alkali metal
cation can be substituted by ammonium. No coordinative bonds can be formed
between the templating NH4

+ and the meso-helicate [(48)3Al2]. The stabilizing
interactions here are due to hydrogen bonding and electrostatic attraction. In
iron complexes, as represented by [ClK(H2O)Ã{(48)3Fe2}], the skeleton of the
dinuclear meso-helicate can be distorted and a water molecule is encapsulated
in the cavity in addition to the potassium. Additionally chlorine coordinates
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Fig. 18 Parts of the X-ray structures of [(dmf)2KÃ{(47a)3Ga2}]+, [CsÃ{(48)3Ga2}]+, [(NH4)Ã
{(48)3Al2}]+, and [ClK(H2O)Ã{(48)3Fe2}]



from the outside of the cavity to the internal potassium ion.A related structure
is found for [ClRb(H2O)Ã{(48)3Fe2}] [64].

As was discussed, the formation of dinuclear triple-stranded helicate-type
coordination compounds from alkyl-bridged 8-hydroxyquinoline ligands
46–49-H2 depends heavily on appropriate templating. The templates are always
encapsulated in the cryptand-type cavity of the complexes. Now the question
remains, how strong this templating can be. Is it eventually possible, to remove
the spacers of the ligands and still obtain helical complexes?

The simple 7-urea-8-hydroxyquinoline 50-H (as well as related compounds
bearing amide or urea moieties in the 7-position), forms a trinuclear zinc(II)
complex [(50)6Zn3] (Scheme 13). Initially, tris(quinolinato) zinc complexes
[(50)3Zn]– are formed. In their facial structure two of them are able to bind to
a third zinc atom by bridging coordination of the quinolinato oxygen atoms.
Here the formation of a hexahelical [(50)6Zn3] is templated by a zinc(II) ion.
This templating is supported by stabilizing hydrogen-bridges between ligands
of the terminal complex units [(50)3Zn]– [65, 66].
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Scheme 13 Template directed formation of [(50)6Zn3]

The formation of a related trinuclear coordination compound 51 (Fig. 19)
was also described. Nickel(II) acts as a template, which binds two octahedral
ruthenium(II) complex units through N-oxide functions of the coordinating
ligands [67].

The described results show, that a strong templating effect can lead to the 
assembly of helicate-type coordination compounds without a covalent con-
nection between the complex moieties. Bidirectional coordinating abilities of
ligands, together with electrostatic interactions and maybe hydrogen bonding,



can be sufficient for the formation of well defined oligonuclear coordination
compounds.

3
Templating in the Formation of Circular Helicates

In circular helicates linear ligands (Fig. 20) are bound to a circular arrangement
of metal ions and thus are forming a metallo-supramolecular ring or torus.

A trinuclear circular helicate [(52)3Ag3]3+ is formed from ligand 52 with 
silver(I) cations, [68] while 53 forms a tetranuclear iron(II) circular helicate
[(53)4Ag4]8+ [69]. The chiral bipyridine derivative 54 in the presence of silver(I)
ions leads to an enantiomerically pure hexanuclear circular helicate [(54)6Ag6]6+.
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Fig. 19 Compound 51

Fig. 20 Ligands for circular helicates



[70] Very often the self-assembly of circular helicates does not proceed smooth-
ly, but mixtures of circular complexes with different ring size are formed. Thus,
ligand 55 forms a mixture of copper(I) complexes {[(55)2Cu2]2+}n (n=1,2,...)
from which the dinuclear species [(55)2Cu2]2+ can be isolated by crystallization
[71]. Similarly, 56 forms mixtures of cyclic oligomers of copper(I) complexes.
However, depending on the crystallization conditions, it is possible to obtain 
either [(56)2Cu2]2+ or [(56)3Cu3]3+ [72].

An octanuclear coordination compound [(ClO4)Ã{(57)8Co8}]7+, which is 
related to the circular helicates is formed from 57 by reaction with cobalt(II)
perchlorate. In the solid state one of the perchlorate counterions is bound in
the interior of the circular metal complex and probably is stabilizing the 
aggregate [73].

With the tris(bipyridine) ligand 58 it was shown that a templating influence
of counterions on the formation of circular helicates can be important. Reac-
tion of 58 with nickel(II) salts leads to the triple-stranded trinuclear helicate
[(58)3Ni3]6+ as the product [21] (Scheme 14).

Reaction of 58 with iron(II) salts reveals that the triple-stranded helicate
[(58)3Fe3]6+ is an initial product which is produced under kinetic control of the
reaction.As thermodynamic product circular helicates are formed, depending
on the anions which are present as templates [28, 69, 74].
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Scheme 14 Formation of the triple-stranded helicate [(58)3Ni3]6+
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Scheme 15 Template-directed formation of pentanuclear vs hexanuclear circular helicates
[(58)5Fe5]10+ or [(58)6Fe6]12+



134 M. Albrecht

Fig. 21 A trefoil knot

In the presence of the relatively small chloride anion, the pentanuclear cir-
cular helicate [ClÃ{(58)5Fe5}]9+ is obtained. Medium sized anions like bromide
support the formation of the pentanuclear as well as hexanuclear helicate, while
big anions (sulfate, tetrafluoroborate, hexafluorosilicate) lead to the exclusive
formation of the hexanuclear complex [(58)6Fe6]12+ (Scheme 15). Templating 
allows the adjustment of the ring size of circular helicates [69].

4
Helicates as Templates

It is not only templating that plays an important role in the formation of heli-
cates; helicates can also act as templates themselves. This will be demonstrated
for the preparation of molecular knots via helicates as intermediates and of
polymeric networks.

4.1
Molecular Knots

J.-P. Sauvage introduced helicates as templates for the formation of molecular
trefoil knots, in which a macrocycle is wound through itself as it is schemati-
cally shown in Fig. 21.

The strategy is to form a double-stranded dinuclear helicate first, and then
to crosswise connect the termini of the helicated ligands to obtain a molecu-
lar knot with two metals fixing its geometry. Removal of the metal ions yields
the final trefoil knot-type molecule [75].

Several procedures were used for the final ring closure reactions, e.g.,
Williamson ether synthesis or Glaser-type coupling reaction. As one of the
most successful approaches ring closure by olefin metathesis will be described
here. The bisphenanthroline ligand 59 self-assembles in the presence of cop-
per(I) ions to form the double-stranded dinuclear helicate [(59)2Cu2]2+. Addi-
tion of an olefin-metathesis catalyst affords a coupling of the terminal olefinic
units to obtain a cis-trans mixture of the corresponding macrocyclic olefin. The
double bonds are reduced and the helicate 60 is obtained, in which the termini
are bridged and the organic ligand possesses the structure of a trefoil knot. The
metal ions can be removed to obtain the free knot 61 [76, 77].

In this example, the helicate [(59)2Cu2]2+ acts as a template and orientates 
the reactive termini of the ligands 59 for a ring closure reaction. This finally 
results in the formation of the knotted organic molecule 61 (Scheme 16).
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Scheme 16 Preparation of a molecular knot 61

4.2
Helicates as Parts of Polymers

Due to their rigidity and their intrinsic chirality, helicates are interesting build-
ing blocks to be incorporated into polymers (organic as well as inorganic). The
structure (and thus the properties) of a polymer will be influenced by the met-
allosupramolecular component [78].

In compound 62 two bipyridine units are part of a polymeric chain. Upon
addition of copper(I) ions the bipyridines bind to the copper and double-
stranded helicate-type domains are formed within the polymer [79].

Ligand 63 was used to form the triple-stranded helicate [(63)3Fe2]4+, which
then was copolymerized with methyl methacrylate, thus incorporating the triple-
stranded helical coordination compound in the polymer network [80] (Fig. 22).
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Fig. 22 Building blocks which were used for the incorporation of helicates into polymers

The formation of a cross linked inorganic double helical polyiodine is tem-
plated by the double-stranded dinuclear helicate [(64)2Zn2]4+ [81].

Just recently the imine formation of dialdehyde 65 with the diamine 66 was
performed in the presence of copper(II), nickel(II), zinc(II), or cobalt(II) salts.
In this reaction a polymeric network which is made up from double-stranded
helicates is formed. The polymer precipitates under formation of colloidal 
microspheres with a high degree of monodispersity. The size of the colloidal
microspheres depends on the metal ion which is used in the reaction [82].

5
Conclusions

The self-assembly of supramolecular structures is a process which is not at all
understood today and which only in some special examples can be predicted.
Therefore, the understanding of fundamental processes which play a role in
self-assembly is very important.

As shown in this chapter, templating can play an important role in the for-
mation of such simple supramolecular coordination compounds as helicates.
Due to their simplicity they can act as our “molecular drosophila” and we can



use them to study basic principles of supramolecular chemistry. Important 
aspects are not only templating but also stereochemistry or regiochemistry. In
the long term this will eventually help us to develop a rational approach for the
build up of huge functional materials.

Acknowledgements Our part of this work was supported by the Deutsche Forschungsge-
meinschaft. I am very grateful to all of my coworkers and collaborators who contributed to
this work and who are mentioned in the references.

References 

1. Lehn J-M (1995) Supramolecular chemistry. VCH, Weinheim
2. Piguet C, Bernardinelli G, Hopfgartner G (1997) Chem Rev 97:2005
3. Albrecht M (2001) Chem Rev 101:3457
4. Klug A (1983) Angew Chem Int Ed Engl 22:565
5. Pedersen CJ (1967) J Am Chem Soc 89:7017
6. Chapman RG, Sherman JC (1997) Tetrahedron 53:15911
7. Amabilino DB, Stoddart JF (1995) Chem Rev 95:2725
8. Nepogodiev SA, Stoddart FJ (1998) Chem Rev 98:1959
9. Vögtle F, Jäger R (1997) Angew Chem Int Ed Engl 36:931

10. Sauvage J-P (1990) Acc Chem Res 23:319
11. Lehn J-M (2000) Chem Eur J 6:2097
12. Hiraoka S, Fujita M (1999) J Am Chem Soc 121:10239
13. Huc I, Lehn JM (1997) Proc Natl Acad Sci USA 94:2106
14. Otto S, Furlan RLE, Sanders JKM (2002) Science 297:590
15. Lehn J-M, Rigault A, Siegel J, Harrowfield J, Chevrier B, Moras D (1987) Proc Natl Acad

Sci USA 84:2565
16. Struckmeier G, Thewalt U, Fuhrhop J-H (1976) J Am Chem Soc 98:278
17. Sheldrick WS, Engel J (1980) J Chem Soc Chem Commun 5
18. Van Stein GC,Van der Poel H,Van Koten G, Spek AL, Duisenberg AJM, Pregosin PS (1980)

J Chem Soc Chem Commun 1016
19. Lehn J-M, Sauvage J-P, Simon J, Ziessel R (1983) Nouv J Chim 7:413
20. Williams AF, Piguet C, Bernardinelli G (1991) Angew Chem Int Ed Engl 30:1490
21. Krämer R, Lehn J-M, DeCian A, Fischer J (1993) Angew Chem 105:764
22. Carrano CJ, Raymond KN (1978) J Am Chem Soc 100:5371
23. Scarrow RC, White DL, Raymond KN (1985) J Am Chem Soc 107:6540
24. Albrecht M, Kotila S (1995) Angew Chem Int Ed Engl 34:2134
25. Albrecht M (2000) Chem Eur J 6:3485
26. Albrecht M (1998) Chem Soc Rev 27:281
27. Albrecht M, Janser I, Houjou H, Fröhlich R (2004) Chem Eur J 10:2839
28. Hasenknopf B, Lehn J-M, Kneisel BO, Baum G, Fenske D (1996) Angew Chem Int Ed Engl

35:1208
29. Martin N, Bünzli J-CG, McKee V, Piguet C, Hopfgartner G (1998) Inorg Chem 37:577
30. Bilyk A, Harding MM (1995) J Chem Soc Chem Commun 1697
31. Houghton MA, Bilyk A, Harding MM, Turner P, Hambley TW (1997) J Chem Soc Dalton

Trans 2725
32. Try AC, Harding MM, Hamilton DG, Sanders JKM (1998) Chem Commun 723
33. Su C-Y, Cai Y-P, Chen C-L, Smith MD, Kaim W, zur Loye H-C (2003) J Am Chem Soc

125:8595

Supramolecular Templating in the Formation of Helicates 137



34. Enemark EJ, Stack TDP (1996) Inorg Chem 35:2719
35. Albrecht M, Napp M, Schneider M, Weis P, Fröhlich R (2001) Chem Commun 409
36. Albrecht M, Napp M, Schneider M, Weis P, Fröhlich R (2001) Chem Eur J 7:3966
37. Hahn FE (personal communication)
38. Albrecht M, Nolting R (unpublished results)
39. Saalfrank RW, Maid H, Mooren N, Hampel F (2002) Angew Chem 114:323
40. Yeh RM, Ziegler M, Johnson DW, Terpin AJ, Raymond KN (2001) Inorg Chem 40:2216
41. Jodry JJ, Lacour J (2000) Chem Eur J 6:4297
42. Lacour J, Jodry JJ, Monchaud D (2001) Chem Commun 2302
43. Xu J, Parac TN, Raymond KN (1999) Angew Chem Int Ed Engl 38:2878
44. Saalfrank RW, Dresel A, Seitz V, Trummer S, Hampel F, Teichert M, Stalke D, Stadler C,

Daub J, Schunemann V, Trautwein AX (1997) Chem Eur J 3:2058
45. Saalfrank RW, Seitz V, Heinemann FW, Göbel C, Herbst-Irmer R (2001) J Chem Soc 

Dalton Trans 599
46. Saalfrank RW, Seitz V, Caulder D, Raymond KN, Teichert M, Stalke D (1998) Eur J Inorg

Chem 1313
47. Albrecht M, Schmid S, deGroot M, Weis P, Fröhlich R (2003) Chem Commun 2526
48. Scherer M, Caulder D, Johnson DW, Raymond KN (1999) Angew Chem Int Ed 38:1588
49. Albrecht M, Janser I, Kamptmann S, Weis P, Wibbeling B, Fröhlich R (2004) J Chem Soc

Dalton Trans 37
50. Kersting B, Meyer M, Powers RE, Raymond KN (1996) J Am Chem Soc 118:7221
51. Albrecht M, Kotila S (1996) Chem Commun 2309
52. Albrecht M (1997) Chem Eur J 3:1466
53. Albrecht M, Kotila S (1996) Angew Chem Int Ed Engl 35:1208
54. Albrecht M, Röttele H, Burger P (1996) Chem Eur J 2:1264
55. Albrecht M, Schneider M, Röttele H (1999) Angew Chem Int Ed Engl 38:557
56. Albrecht M, Schneider M (2002) Eur J Inorg Chem 1301
57. Albrecht M, Schneider M, Fröhlich R (1998) New J Chem 753
58. Albrecht M, Kamptmann S, Fröhlich R (2003) Polyhedron 22:643
59. Albrecht M, Janser I, Meyer S, Weis P, Fröhlich R (2003) Chem Commun 2854
60. Albrecht M, Blau O (1997) Synthesis 213
61. Albrecht M, Blau O (1997) Chem Commun 345
62. Albrecht M, Blau O, Fröhlich R (1999) Chem Eur J 5:48
63. Albrecht M, Blau O, Zauner J (1999) Eur J Org Chem 3165
64. Albrecht M, Blau O, Fröhlich R (2002) Proc Natl Acad Sci USA 99:4876
65. Albrecht M, Witt K, Weis P, Wegelius E, Rissanen K, Fröhlich R (2002) Inorg Chim Acta

341:25
66. Albrecht M, Witt K, Röttele H, Fröhlich R (2001) Chem Commun 1330
67. Das AK, Rueda A, Falvello LR, Peng S-M, Bhattacharya S (1999) Inorg Chem 38:4365
68. Al-Mandhary MRA, Steel PJ (2002) Inorg Chem Commun 5:954
69. Hasenknopf B, Lehn J-M, Boumediene N, Dupont-Gervais A, Van Dorsselaer A, Kneisel

BO, Fenske D (1997) J Am Chem Soc 119:10956
70. Mamula O, Von Zelewsky A, Bernardinelli G (1998) Angew Chem Int Ed Engl 37:290
71. Baxter PNW, Lehn J-M, Rissanen K (1997) Chem Commun 1323
72. Baum G, Constable EC, Fenske D, Housecroft CE, Kulke T (1999) Chem Commun 195
73. Jones PL, Byrom KJ, Jeffery JC, McCleverty JA, Ward MD (1997) Chem Commun 1361
74. Hasenknopf B, Lehn J-M, Boumediene N, Leize E,Van Dorsselaer A (1998) Angew Chem

Int Ed Engl 37:3265
75. Dietrich-Buchecker CO, Sauvage J-P, Kintzinger J-P, Maltèse P, Pascard C, Guilhem J

(1992) New J Chem 16:931

138 M. Albrecht



76. Dietrich-Buchecker CO, Rapenne G, Sauvage J-P (1997) Chem Commun 2053
77. Rapenne G, Dietrich-Buchecker CO, Sauvage J-P (1999) J Am Chem Soc 121:994
78. Schubert US, Eschbaumer C (2002) Angew Chem Int Ed Engl 41:2892
79. Eisenbach CD, Schubert US, Baker GR, Newkome GR (1995) J Chem Soc Chem Commun

69
80. Lavalette A, Hamblin J, Marsh A, Haddleton DM, Hannon MJ (2002) Chem Commun

3040
81. Horn CJ, Blake AJ, Champness NR, Lippolis V, Schröder M (2003) Chem Commun 1488
82. Houjou H, Shimizu Y, Koshizaki N, Kanesato M (2003) Adv Mater 15:1458

Supramolecular Templating in the Formation of Helicates 139



Hydrogen-Bond-Mediated Template Synthesis 
of Rotaxanes, Catenanes, and Knotanes

Christoph A. Schalley ( ) · Torsten Weilandt · Jens Brüggemann · 
Fritz Vögtle 

Kekulé-Institut für Organische Chemie und Biochemie der Universität,
Gerhard-Domagk-Strasse 1, 53121 Bonn, Germany 
c.schalley@uni-bonn.de

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
1.1 The Art of Template Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
1.2 Molecules with Mechanical Bonds  . . . . . . . . . . . . . . . . . . . . . . . . . 144

2 Cationic Templates: Secondary Alkyl Ammonium Ion/Crown Ether Complexes 146
2.1 Pseudorotaxanes through Ammonium Ion/Crown Ether Complexes . . . . . . . 146
2.2 Multivalency and Oligo-/Polypseudorotaxanes  . . . . . . . . . . . . . . . . . . 153
2.3 Rotaxane and Catenane Syntheses 

Involving Ammonium/Crown Ether Complexes  . . . . . . . . . . . . . . . . . . 157
2.4 Controlling Mechanical Motion Through Protonation/Deprotonation  . . . . . . 161

3 Neutral Templates: The Amide Template Effect  . . . . . . . . . . . . . . . . . . 163
3.1 Tetralactam Macrocycles as Hosts for Carbonyl Compounds  . . . . . . . . . . . 163
3.2 Synthesis and Structural Variability of Amide Catenanes and Rotaxanes  . . . . 167
3.3 Topological Chirality  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
3.4 Molecular Machines Based on Amide Rotaxanes  . . . . . . . . . . . . . . . . . 174
3.5 Trefoil Dodecaamide Knotanes  . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

4 New Topologies through Catenation along the Seam
of Hydrogen-Bonded Calixarene Capsules  . . . . . . . . . . . . . . . . . . . . 181

5 Anionic Templates: The Role of Charged Hydrogen Bonds  . . . . . . . . . . . . 182
5.1 Anion-Templated Synthesis of Rotaxanes and Their Structural Variability  . . . 182
5.2 Deslippage as a Precision Tool for the Measurement of Steric Size  . . . . . . . . 186
5.3 Anion-Induced Mechanical Motion  . . . . . . . . . . . . . . . . . . . . . . . . 189

6 Epilogue  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

Abstract The synthesis of rotaxanes, catenanes, and trefoil knotanes can only be efficiently
accomplished, when a suitable template effect is used that provides a means either to thread
a string-like molecule through a macrocycle or to wrap an open macrocycle around a string.
This overview is devoted to the template effects for the synthesis of mechanically bound
species which are mediated by hydrogen bonding. Three major classes can be distinguished
by the charges involved: (i) cation-mediated template effects utilizing the formation of crown
ether complexes with secondary ammonium ions, (ii) recognition of neutral amides by
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oligolactam macrocycles, and (iii) threading through hydrogen bonding to anions. The 
basic idea which we put forward in this chapter is that none of the template effects found so
far and discussed here is “traceless” in the sense that they would not leave functional groups
behind in the final rotaxane, catenane, or knotane structure. Consequently, the variability 
of the structures available through these template syntheses is limited in this respect. Also,
the properties of the mechanically bound species are intimately interconnected with the
template effect used for their synthesis. However, what appears here as a drawback may also
be an advantage, when the functional groups used for templating can be utilized to control
the properties of the final product which hopefully can in future be exploited for the devel-
opment of new materials.We aim at providing sufficient examples in order to strengthen this
point in throughout the article. Among the properties and functions discussed are the 
realization of molecular machines, topological chirality, and the stability of rotaxanes as 
determined from deslipping experiments.

Keywords Catenanes · Hydrogen bonding · Knots · Mechanical bond · Molecular 
machines · Molecular recognition · Rotaxanes · Template synthesis · Topology

1
Introduction

1.1
The Art of Template Design

It is almost impossible to give a concise definition of the term “template” which
accounts for all chemistry to which it has been related [1–6]. Templates span the
whole range from biochemistry with its complex apparatus for DNA replication
[7] to biomineralization and the formation of structured inorganic materials
[8] to the covalently templated synthesis of macrocycles [9] to the preparation
of supramolecular catalysts [10] or host-guest complexes [11] and to metal-
organic reactions for the synthesis of small ring systems [12]. Nevertheless,
all these have in common that a template must serve different purposes. (i) It 
organizes reaction partners in such a way that a desired product is formed that
would not form as easily in the absence of the template. Thus, a template con-
trols reactivity through organizing the reaction partners in a favorable arrange-
ment producing form. (ii) In order to achieve this, the template needs to bind
to the reaction partners. Molecular recognition is thus a necessary prerequisite
for template syntheses and the binding sites of the components must be com-
plementary to each other. (iii) The control of reactivity and the recognition of
the reaction partners imply that information is stored in the template and
transferred to the product of the reaction. The third important aspect is thus
information transfer. In fulfilling these three tasks, templates help to tame mol-
ecular complexity and provide access to otherwise inaccessible products.

There are different ways to categorize templates (Fig. 1). One could, for 
example, try to distinguish template effects according to the (non-)covalent 
interactions involved. This classification has the disadvantage to be ambiguous
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Fig. 1 Schematic classification of templates according to their topology. The template is
shown in gray, the reaction partners in black. Dotted lines represent non-covalent bonds, gray
sticks are new covalent bonds formed between the reaction partners in the templation step

for templates which operate via several different types of forces. The template
effect could, for example, involve hydrogen bonds and p-donor p-acceptor in-
teractions making it difficult to decide to which category it should be assigned.
Maybe, a better way is to classify the template according to its topography. The
early template syntheses of crown ethers utilized a central metal ion around
which a macrocycle formed with a certain size selectivity from wrapped-
around open-chain precursors [13]. Such templates could be called convex,
because of the convex surface of the cation mediating the template effect. In
contrast, a receptor which binds two reaction partners inside a cavity and
brings them to reaction is concave. This is true for many templates leading to
mechanically interlocked species. One of the most prominent natural tem-
plates, i.e. single-stranded DNA, could be called a linear template according to
this classification and a surface on which molecules self-assemble into an 
ordered array [14] may be coined a planar template. A beautiful example of a
planar template is a recently reported electropolymerization using a liquid
crystalline phase as the template [15].

Another important point is to distinguish between a reactant, a template,
and a catalyst [16]. A strict definition would imply that the template must be 
removable after successfully mediating a certain reaction. Instead, a reactant
becomes part of the product in one or another form. However, we will see that
definitions become blurred, when discussing the synthesis of rotaxanes, cate-
nanes, and knots. Many of the methods for the preparation of interlocked mol-
ecules are based on macrocycles which bind part of the other component in a
pseudorotaxane fashion. This part is then reacted so that the desired species,
e.g., a catenane or a rotaxane, is formed. The macrocyclic template thus finally
becomes part of the product and might consequently be considered as a reac-
tant rather than a template. Nevertheless, these methods are widely accepted as
template syntheses in the chemical literature, although the use of removable



transition metal ions for the synthesis of mechanically interlocked molecules
[17–20] is the only true template synthesis in the strict sense of above.

It is similarly difficult to separate templates from catalysts: On one hand,
there are templates which do not promote catalytic reactions, because the tem-
plate is bound too strongly to generate turnover. They have to be removed from
the product by separation techniques and need to be used in stoichiometric
amounts. On the other hand, there are catalysts which do not organize the 
reactants in space but rather change their intrinsic reactivity, e.g., general acid
or base catalysis. Thus, they cannot be regarded as templates. These are the
clear-cut cases. However, mixed forms exist, where a template is bound re-
versibly to the product or where a catalyst organizes the reactants with respect
to their geometry.

All definitions of “template” necessarily suffer from this continuous transi-
tion from reactants to templates and to catalysts and we should keep in mind
that a distinction between these categories is not always straightforward. We
therefore put forward a more abstract definition of a template which is based on
its ability to organize the reactants appropriately through covalent or non-co-
valent bonding interactions. In our definition, a template is not a defined parti-
cle, i.e., an atom or molecule, but rather the sum of all connections between the
species reacting with each other which are involved in geometrically controlling
the reactivity in the desired way. It is the array of interactions and their spatial
arrangement that count.

This brings us to one of the central ideas of this account. Once we accept that
templates may not be “traceless”, but leave behind a memory of their action in
that functional groups remain in the final product once needed for templation,
it immediately becomes clear that the range of possible structures is limited. The
functional groups left in the product may well change or even dominate its prop-
erties and any attempt to change that must severely affect the template synthe-
sis. However, what appears to be a disadvantage can be transformed into a virtue,
if one thinks backwards just like in retrosynthesis.Although many templates are
still found by coincidence, one might thus think of a rational template design
starting with the desired final structure. Properties and functions of a molecule
are based on its structure and the presence of suitable functional groups in a well-
defined spatial arrangement [21]. The structure is generated through templation.
Therefore, one may think of designing template effects which result in products
bearing just those functional groups needed for the desired properties and func-
tions to emerge. This chapter intends to illustrate the “art of template design”and
the intimate relation of template and function with a focus on mechanically 
interlocked molecules that are produced mediated through hydrogen bonding.

1.2
Molecules with Mechanical Bonds

The research of mechanically interlocked molecules [22–29] has been inspired
much by the scientists’ sense for aesthetic molecules [30]. The generation of
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ever new topologies, of which a small selection is shown in Fig. 2, has lead to
more and more complex species. Applying the mathematical discipline of
topology to these species has paved the road to the chemical realization of
topological chirality as a new form of chirality beyond its classical Euclidean
counterpart. However, the focus has shifted away from the beauty of topolog-
ically interesting molecules towards their functional properties. This will form
the second focus of this account, which is closely related to the first one dis-
cussed above. The generation of switches, shuttles, and other molecular devices
is currently under intense examination by a number of different groups [31–40].

Templation as it is discussed in this article is strongly dependent on mole-
cular recognition. Useful geometries for the syntheses of rotaxanes, catenanes,
and knotanes require a step, in which a thread-like molecule is threaded into
a macrocyclic one or vice versa. Thus, the range of possible precursor struc-
tures is rather narrow. The molecular recognition employed for templating con-
sequently not only requires binding, but binding in the correct structural
arrangement. In order to account for the importance of molecular recognition,
we include in this review the non-covalently bound pseudorotaxane precursors
which upon stopper attachment can be converted into rotaxanes or which by
ring closure yield catenanes. These pseudorotaxanes are not held together by
mechanical bonds, but provide profound insight into the interactions on which
the template effects are based.

In this article, we include those syntheses of mechanically bound molecules
that involve hydrogen bonding [41–43] as the major supramolecular interac-

Hydrogen-Bond-Mediated Template Synthesis 145

Fig. 2 Different mechanically interlocked molecules. Figures in brackets count the number
of separate, mechanically bound subunits. Note that the pretzelane, the trefoil knot, and the
molecular figure eight are comprised of only one subunit, while the others bear mechanical
bonds between several independent and not covalently linked building blocks



tion between the reactants in the templation step. Other template syntheses
such as the Cu(I)-mediated generation of catenates and rotaxates or those
based on p-donor p-acceptor interactions will form the scope of other reviews
in this series. However, there are cases at the borderline between these cate-
gories. For example, C-H···O [44] or C-H···p hydrogen bonds play a certain role
in catenanes and rotaxanes synthesized through p-donor p-acceptor interac-
tions [45–48]. Nevertheless, we can mention them here only briefly and con-
centrate in the following on template syntheses of mechanically bound species
based on (a) the interaction of crown ethers with secondary ammonium ions,
(b) the hydrogen bonding between tetralactam macrocycles and secondary
amides, and (c) the binding of anions inside macrocycles. The article is thus
roughly organized with respect to the charge of the species under study.

2
Cationic Templates: Secondary Alkyl Ammonium Ion/Crown Ether 
Complexes

2.1
Pseudorotaxanes through Ammonium Ion/Crown Ether Complexes

The binding of NH4
+ and primary ammonium ions to crown ethers has been

long known and well studied [49, 50], while studies of the binding of secondary
ammonium ions to smaller crown ethers are relatively scarce. This might be
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Fig. 3 Possible arrangements in ammonium/crown ether complexes: tripodal binding of
primary ammonium ions to [18]crown-6 (left), less favorable bipodal face-to-face binding
of secondary ammonium ions to [18]crown-6 (right), and the threaded geometry of a 
secondary ammonium ion binding to a larger macrocycle, e.g. dibenzo-[24]crown-8. C-H···O
hydrogen bonds likely help to stabilize the threaded geometry



due to the fact that NH4
+ and primary ammonium ions can bind to the crowns

in a favorable tripodal fashion (Fig. 3). This is not possible for secondary am-
monium ions, which necessarily bind in a face-to-face manner. In 1995, Stod-
dart et al. reported the formation of complexes between secondary ammonium
ions and dibenzo-[24]crown-8 (1) (Fig. 4) [51, 52]. The larger crown allows the
formation of a threaded arrangement of the ammonium ion inside its cavity in
which the binding interactions are maximized through the formation of addi-
tional C-H···O hydrogen bonds [53]. Such a geometry is found in the crystal as
well as in solution and the term “pseudorotaxane” has been coined to specify
the threaded nature of the guest cation inside the crown.

A number of studies followed which reported variants of the early pseudoro-
taxanes with crown ethers of different sizes up to tribenzo-[27]crown-9 and 
ammonium ions with various side chains [54–57]. These include threading of
secondary ammonium ions through macrobicyclic hosts [58] and the self-as-
sembly of C60 dimers through pseudorotaxane formation [59]. Quite a large 
selection of binding constants is available (Table 1) which as expected for hy-
drogen-bound species depend to a large extent on the solvent, in which complex
formation occurs. For the example in Fig. 3, no binding is observed in highly
competitive dimethylsulfoxide (DMSO), while the binding constant is ca.
K=2¥104 M–1 in chloroform. In solvents with low dielectric constants, ion pair-
ing needs to be considered,and a model taking it into account explicitly has been
developed by Jones and Gibson [60].

However, not only the solvent significantly affects the strength of interaction
in the pseudorotaxanes. From a series of binding constant measurements of a
large number of different secondary ammonium ions to dibenzo-[24]crown-8,
Busch et al. were able to deduce substitution patterns of the ammonium ions
which favor the formation of pseudorotaxanes [61]. While the chain length of
aliphatic side chains do not alter the binding strength of the pseudorotaxanes
much, branching within the chain, in particular in the a- or to a lesser extent
in the b-position to the nitrogen atom lowers the binding energy significantly.
Another change is observed, when aromatic rings are positioned at different
distances relative to the nitrogen atom. The binding constants increase from
benzyl to phenylethyl to phenylpropyl side chains, probably due to increasingly
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Fig. 4 Complex formation from dibenzyl ammonium ion and dibenzo-[24]crown-8 1
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Table 1 Binding constants of secondary ammonium ions to different crown ethers including
solvent and temperature as the major parameters which change the binding strengths

a No binding observed.
b Not determined due to insolubility of the salt.
c Not determined due to intermediate exchange rates of the guest hampering the evaluation

of NMR experiments.
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Table 1 (continued)
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Table 1 (continued)
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Table 1 (continued)
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Table 1 (continued)



facile interactions of the phenyl rings of the ammonium ions with the aromatic
moieties of the crown ether host.

In marked contrast to dibenzo-[24]crown-8, its derivative tetrabenzo-
[24]crown-8 does not form pseudorotaxanes in solution [62]. In the crystal
structure, however, the hexafluorophosphate salt forms pseudorotaxanes in an
arrangement which is highly ordered through C-H···F hydrogen bonds. These
results as well as the formation of a non-threaded complex from a bis-ammo-
nium salt and bis(m-phenylene)-[32]crown-10 in solution and in the crystal
point to the pivotal role of small structural changes. They indicate a careful
evaluation of the geometry of the complexes to be necessary before postulat-
ing pseudorotaxane formation [63].

2.2
Multivalency and Oligo-/Polypseudorotaxanes

The ammonium/crown binding motif can also be employed to generate larger
species with a higher number of subunits. If, for example, bis-p-phenylene-[34]-
crown-10 is mixed with dibenzyl ammonium ions, two guests can be threaded
through the somewhat larger cavity of the crown ether [64].When mixed with
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Fig. 5 Doubly docked pseudorotaxanes as formed from the precursors on the left

Fig. 6 A triply threaded superbundle
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a bidentate ammonium ion, 2:2 complexes are formed and doubly docked
pseudorotaxanes can be synthesized (Fig. 5) [65]. This approach can be ex-
tended to even larger species with larger crowns and longer tri- and tetraden-
tate ammonium guests [66, 67] and evidence for their formation comes from
X-ray crystal structure analysis, NMR experiments, and mass spectrometry.
Multivalent assemblies have been reported [68] recently, in which a triply
“crowned”triphenylene interacts through three ammonium crown interactions
with a trifurcated trication (Fig. 6). Evidence for the formation of 1:1 complexes
comes from X-ray crystallography, NMR experiments, and mass spectrometry.
The photochemical and electrochemical features of the complex differ from
those of the components. For example, fluorescence quenching is observed
upon complex formation. Furthermore, threading/dethreading can be con-
trolled by addition of acids and bases, respectively.

Supramolecular, i.e., non-covalently bound oligo- and polymers of pseudo-
rotaxanes utilizing the ammonium/crown binding motif have been reported
[69–71]. One of the problems associated with this is illustrated in Fig.7.A ditopic
monomer can in principle form cyclic and open-chain oligomeric complexes
of different sizes [72, 73]. However, as long as geometry and flexibility permit,
entropy favors the formation of the smallest possible cyclic structure. Indeed,
most of the studies dealing with this aspect report a cyclic dimer to be the ma-
jor species in solution, as long as the concentration of the building blocks is not
too high [74–76]. Quite interestingly, stilbene-containing “daisy chain” pseudo-
rotaxanes as well as stilbene-containing doubly docked pseudorotaxanes re-
lated to those mentioned above (Fig. 5) can be subjected to photodimerization

Fig. 7 Daisy chain pseudorotaxanes



experiments in the solid state and in solution (Fig. 8) which provide stereo-
chemically pure products, although several different complexes can be formed
[77, 78].

Another approach to polymeric pseudorotaxanes is the covalent synthesis
of a polymer decorated with side-chain crown ethers, which can bind sec-
ondary ammonium ions along the polymer chain [79–81]. This concept has
been realized utilizing polymethacrylates. The host-guest properties were stud-
ied using Scatchard and Hill plots. Not unexpectedly, the binding of the am-
monium ion is anti-cooperative with a Hill coefficient of nH=0.45. Conse-
quently, the binding of additional ammonium ions occurs with lower and lower
binding constants when more and more guests are already present in the poly-
mer. Finally, it should be briefly mentioned that dendritic structures have been
self-assembled employing the ammonium/crown recognition motif [82–84].
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Fig. 8 The formation of daisy chain pseudorotaxanes bearing stilbene units in their axle
components permits control over the stereochemistry of the photochemical dimerization in
the solid state as well as in solution



2.3
Rotaxane and Catenane Syntheses Involving Ammonium/Crown Ether 
Complexes

After identifying the ammonium/crown binding motif as a useful precursor
for the synthesis of interlocked molecules, several approaches were developed
for the attachment of stopper groups to yield stable rotaxanes which would not
deslip, even when the ammonium group is deprotonated. One prerequisite is
that the reactions used for stopper attachment to the axle of the pseudoro-
taxane is compatible with the binding of secondary ammonium ions in crown
ethers. Consequently, in particular basic conditions must be avoided which de-
protonate the ammonium ion and thus interfere with the hydrogen bonds
formed between the two components of the pseudorotaxane.Another obvious
prerequisite is an appropriate stopper size. This aspect was studied by Stod-
dart et al. who used ammonium ions with end groups of different sizes and
studied the kinetics of the slipping reaction which leads to (pseudo)rotaxane
formation [85, 86].

Several approaches to stopper attachment are summarized in Fig. 9, which
are all based on the threading-followed-by-stoppering strategy. Amide bond
formation was utilized (Fig. 9a,b) [87], one of which was carried out at the chlo-
roform/water interface. The rotaxane yield could be increased significantly in
this two-phase system, likely due to favorable arrangements of the components
at the interface [88]. With isocyanates (Fig. 9c), ureas are readily formed con-
necting the second stopper to the axle while threaded through the crown ether
[89]. Different crown ethers have been used instead of dibenzo-[24]crown-8, for
example benzo-m-phenylene-[25]crown-8 [90] and a binaphthyl-incorporating
chiral derivative of [24]crown-8 [91, 92].A very useful approach is the reaction
of pseudorotaxane bearing benzyl bromides at the axle ends with triphenyl
phosphine. In a simple SN1 reaction, bulky stoppers are thus attached (Fig. 9d)
[93–95]. The triphenyl phosphonium stoppers can then be further exchanged
with other stopper aldehydes in Wittig reactions opening a wide field of dif-
ferent accessible axle structures with a large variety of properties [96]. This 
reaction has also been used to generate the molecular necklaces [97] and the
daisy chain rotaxanes shown in Fig. 10 [98]. Also, [1,3]-dipolar cycloadditions
employing azide groups at the axle center piece and acetylene dicarboxylic 
esters as the dipolarophiles can be used for stopper attachment (Fig. 9e). With
this strategy, not only [2]- but also [3]rotaxanes have been synthesized [99].As
a last example for the threading-followed-by-stoppering strategy, the coordi-
nation of a pyridine terminated pseudorotaxane to a metalloporphyrin should
be mentioned here (Fig. 11) [100, 101].

Most covalent syntheses of organic compounds are kinetically controlled in-
cluding the stopper attachments discussed above. In contrast, truly reversible
reactions would provide access to rotaxanes under thermodynamic control,
which is usually realized, when weak non-covalent interactions mediate what
we could call supramolecular synthesis. Such a rotaxane synthesis would ben-
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Fig. 9 Rotaxane syntheses employing the ammonium/crown recognition motif. These syn-
theses follow the threading-followed-by-stoppering strategy
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Fig. 10 Synthesis of hermaphrodite daisy chain rotaxanes (top) and of molecular necklaces
(bottom) utilizing Wittig reactions for the exchange of the triphenyl phosphonium stoppers

efit from all the advantages of self-assembly, in particular from multiple error
checking and error correction steps. There are several reversible reactions
which can be and have been used for rotaxane syntheses under thermody-
namic control. (i) Imine formation from aldehydes and amines was employed
in two different ways. On one hand, stoppers with amino groups were attached
to aldehyde-terminated axle center pieces [102]. On the other hand, the crown
ether was modified so that an amino-terminated open-chain precursor was 
reacted with a dialdehyde. In this synthesis, the axle is already equipped with
two stoppers and the wheel is clipped around the axle [103, 104]. In both cases,
reduction of the C=N double bonds provides stable rotaxanes. (ii) Ring closure
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Fig. 11 A metalloporphyrin used as the stopper

Fig. 12 “Magic ring” rotaxane synthesis via a catalyzed olefin metathesis reaction
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via olefin metathesis (Fig. 12) is another alternative which starts from an open-
chain crown derivative bearing two vinyl groups at its ends [105]. Complex for-
mation with a secondary ammonium ion followed by ring closure provides the
desired rotaxane which can be hydrogenated to yield a stable rotaxane. In what
was coined a “magic ring” experiment, Grubbs et al. were able to demonstrate
the reaction to be reversible. Starting with a closed macrocycle containing a
double bond, the incorporation of the axle occurred with almost quantitative
yields when a metathesis catalyst was added.A similar approach to [3]catenanes
was recently reported [106]. (iii) The formation of disulfide bridges can be used
to connect two pseudorotaxanes whose axle bears one stopper and is termi-
nated at the opposite end by a thio group. In the presence of thiols, this reaction
is reversible and the product distribution can be controlled by temperature,
solvents, and concentrations. The synthesis of [2]- as well as [3]rotaxanes is 
possible [107, 108].

2.4
Controlling Mechanical Motion Through Protonation/Deprotonation

Coming back to the idea that the template leaves behind functional groups in
the product as a trace of its existence, all rotaxanes and catenanes discussed so
far have in common that they bear a secondary ammonium group and a crown
ether within their structure. Since they cannot be split into their subunits due
to catenation or due to the presence of sufficiently bulky stoppers, they can be
expected to retain the intertwined molecular topology upon deprotonation.
Consequently, deprotonation should change the properties of the rotaxanes and
catenanes significantly making molecular switches possible.

However, several reports describe difficulties in deprotonating the ammo-
nium group, when inserted into the crown ether, irrespective of the base
(potassium carbonate, triethylamine, DBU) [109]. The unusually low acidity is
also reflected in the much slower H/D exchange observed for the rotaxanes in
comparison to the free secondary ammonium salts.When a second functional
group is present in the axle which can bind and stabilize the wheel in the 
deprotonated state of the rotaxane, deprotonation becomes possible [110]. Such
a rotaxane is shown in Fig. 13. In its protonated form the hydrogen bonds 
connecting the secondary ammonium station in the axle with the crown ether
are stronger and outweigh the interactions with the paraquat station at the 
opposite end of the axle.When a base is added, the wheel is bound more tightly
at the paraquat station, where p-donor p-acceptor interactions between the
electron-poor paraquat moiety and the electron-rich aromatic rings of the
wheel are efficiently competing with the amine station. The rotaxane in Fig. 13
can be regarded as a molecular switch that responds to an external stimulus with
a shuttling motion of the wheel along the axle. The switching is fully reversible
and the displacement of the wheel is quantitative.

Instead of a motion along the axle of a rotaxane, the almost quantitative,
fully reversible de- and rethreading of pseudorotaxanes depending on the pro-



tonation state can be utilized for molecular switches. This has been carried out
with the components shown in Fig. 14 [111], which bear photoactive groups
such as naphthylenes and anthracenes.While both the crown ethers and the an-
thracene-bearing axles are fluorescent, the fluorescence of the two components
is almost completely quenched when the pseudorotaxane is formed. Notable ex-
ceptions are the complexes of dinaphtho-[30]crown-10, in which strong inter-
actions between the two naphthyl groups of the macrocycle and the anthracene
moiety of the axle are feasible. This leads to the disappearance of the fluores-
cence bands of the two components and the growth of a new, broad fluorescence
band for the complex. Besides the rather simple dethreading/rethreading of
these pseudorotaxanes, much more complex systems have been synthesized and
examined, which employ multiple different recognition motifs. Depending on
the protonation state of the axle, the number of wheels threaded onto the axle
can then be controlled [112].
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Fig. 13 An acid/base controllable molecular shuttle. In its protonated form, the wheel is 
located at the secondary ammonium station, while it moves to the paraquat end of the axle
when deprotonated
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Fig. 14 Photoactive components utilized for pseudorotaxane formation. The generation of
complexes changes the fluorescence properties of the complexes. While the fluorescence 
is usually quenched, a new fluorescence band appears in the emission spectra of complexes
with dinaphtho-[30]crown-10 due to strong interactions of the aromatic units of axle 
and wheel

3
Neutral Templates: The Amide Template Effect

3.1
Tetralactam Macrocycles as Hosts for Carbonyl Compounds

Neutral, hydrogen-bonded templates for the synthesis of interlocked molecules
are based on the ability of amides to form hydrogen bonds to each other
[113–117]. Figure 15 depicts a tetralactam macrocycle that bears four conver-
gent hydrogen-bond donors capable of binding carbonyl compounds inside 
the macrocycle cavity. Originally designed as a receptor for p-benzoquinone
(K(CDCl3)=1.200 M–1) [118], other guest such as cyclic dipeptides [119] have
been used as guests and their binding constants were determined. Glycine 
anhydride showed a remarkably strong binding with a binding constant of
K(CDCl3)=106 M–1. Even binding of these dipeptides in water was possible.

Furthermore, the substituents at the diamide moieties of the wheel have a
significant influence on the binding energies [120]. From the binding constants
listed in Fig. 16, it becomes clear that electron-donating substituents decrease
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Fig. 15 Hunter’s tetralactam macrocycle binding p-benzoquinone inside its cavity through
four convergent amide NH hydrogen-bond donors together with a selection of binding 
constants of several derivatives to a series of guests. In addition to hydrogen bonding, edge-
to-face interactions with the four aromatic rings may contribute to the binding strength

the binding constant, while electron-withdrawing groups increase binding sig-
nificantly.

However, not only dipeptides and diamides bind to this macrocycle and it
has indeed been utilized as sensor-active layer on quartz microbalance sensors
for food control [121, 122], where simple carbonyl compounds such as acryl-
nitril, hexanone, or hexenal are lead compounds. Simple secondary amides can
also act as guests with binding constants around K=200–300 M–1 in non-com-
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Fig. 16 Binding constants in CDCl3 of hexanoic diamide to differently substituted tetralac-
tam macrocycles

petitive solvents such as dichloromethane [123]. In contrast, other monocar-
bonyl compounds such as esters, tertiary amides, or acid chlorides do not bind
strongly to the macrocycle. This indicates that the hydrogen-bonding pattern
for the binding of secondary amides involves more than a twofold hydrogen
bridge [124] to the carbonyl oxygen which is also feasible with the other de-
rivatives. Indeed, X-ray crystal structures of rotaxanes and catenanes [125] as
well as theoretical calculations at the density functional level [126] confirm (i)
that the macrocycle is flexible enough to invert one of the amide groups so that
one amide carbonyl group is pointing into the cavity and (ii) that a secondary
amide forms a third hydrogen bond with the inverted carbonyl oxygen (Fig. 17,
top). In addition to the twofold hydrogen bond, an additional hydrogen bond
is thus formed between the NH group of the guest and the wheel. This signif-
icantly strengthens the binding of secondary amides in comparison to all 
derivatives which are not capable of forming this additional hydrogen bond.
According to theory, the energy difference between a merely twofold hydrogen-
bonded arrangement (Fig. 17 right) and that with a triply hydrogen-bound con-
nection (Fig. 17 center) between amide guest and macrocycle amounts to ca.
25 kJ/mol.

The hydrogen-bonding pattern is somewhat different and more complex for
catenanes (Fig. 17 bottom). Here, the two macrocycles bear a total of eight amide
groups. The most stable conformation found in the calculations is capable of
forming a total of six hydrogen bonds, because each wheel serves as the host for
one of the amide groups of the other. Each of the patterns is analogous to that
mediating the binding between axle and wheel in rotaxane. A second arrange-
ment which bears a total of five hydrogen bonds is less stable by ca. 23 kJ/mol
in agreement with the crystal structures of analogous catenanes, in which the
more stable conformer was observed [127]. Interestingly, the hydrogen-bonding
pattern observed in the rotaxanes is already formed completely before the 
final ring closure of the second wheel (Fig. 17, bottom right) so that these cal-
culations provide in-depth insight into the details of the template effect medi-
ating catenane synthesis.
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Fig. 17 Top row: structure of a fragment of a typical rotaxane axle as geometry-optimized
at the B3LYP/DZP density functional level of theory (left). Binding of the axle fragment in
the cavity through an arrangement which permits the formation of three hydrogen bonds
(center).Analogous host-guest complex with only a two-fold hydrogen bond connecting the
two components (right). The four structures at the bottom represent AM1-optimized con-
formers of a catenane (left side) and the corresponding precursor formed before the last
ring-closure step. Energies give relative energies and can only be compared pairwise for 
directly related conformers. The amide groups involved in hydrogen bonding are shown in
ball-and-stick representation. Dotted lines represent hydrogen bonds



3.2
Synthesis and Structural Variability of Amide Catenanes and Rotaxanes

Again,molecular recognition of a guest within a macrocycle provides a threaded
arrangement which can be utilized for the construction of rotaxanes and cate-
nanes. A large structural variety was synthesized during the last decade start-
ing with the catenane which is formed as a side product with 34% yield during
the synthesis of the unsubstituted macrocycle shown in Fig. 15 (top) [128].
NOESY NMR experiments confirmed the catenated structure of this compound
and NMR experiments also provided insight into the hydrogen-bonding pat-
tern which connects the two macrocycles in the catenane. These experiments
also showed that one carbonyl group in each macrocycle is pointing into the
cavity. Clear evidence for the catenated structure can be obtained from tandem
mass spectrometric experiments [129, 130] in the positive [131] or negative
[132] ionization mode. A comparison of tetralactam macrocycles, octalactam
macrocycles, and catenanes consisting of two of the smaller macrocycles ex-
hibits two completely different fragmentation pattern, when mass-isolated ions
are subjected to collisional activation.All species likely undergo ring cleavage.
Mono-macrocycles then loose water in the major, lowest-energy fragmentation
channel. In marked contrast, the catenanes first expel one of the rings leaving
the second, opened wheel as the major fragment which then consecutively frag-
ments almost exactly like the corresponding tetralactam macrocycles.

Almost simultaneously with Hunter’s report on the formation of a [2]cate-
nane during the macrocyclization reaction, analogous catenanes with four
methoxy substituents at the isophthalic acid subunits were prepared in one step
[133]. These syntheses were followed by the step-wise preparation of catenanes
mono-methoxy-functionalized in one or both rings [134]. These catenanes re-
vealed a highly interesting type of isomerism. Due to restricted circumrotation
which is hampered by the cyclohexyl side chains, in- and out-isomers can be
distinguished (Fig. 18) in which the methoxy substituents either point into the
cavity of the other wheel or are located at the outer periphery. For the catenanes
carrying one substituent on each wheel, three isomers, i.e., the in/in-, in/out-,
and out/out-arrangements have been prepared. Depending on the sequence 
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Fig. 18 Schematic representation of different isomeric catenanes which exist due to ham-
pered circumrotation, when one or both of the wheels are mono-substituted



of substituted and unsubstituted isophthalic acid dichloride in the step-wise 
synthesis, specificity of formation of certain isomers is observed. Provided that
the first macrocycle is present in the synthesis in its unsubstituted form,
introduction of the substituted followed by the unsubstituted isophthalic acid
dichloride in the formation of the second macrocycle gives rise to the in-iso-
mer exclusively. Reversing the order provides access to the out-isomer. Finally,
furane [135] and bipyrrole dicarboxylic acid dichloride [136] and flexible chain
analogues [137] have been used replacing the isophthalic acid moiety in the
catenane pointing to a broad applicability of this catenane synthesis which pro-
vides a large number of different structures.

At this point, a second type of amide catenane should be introduced (Fig. 19)
[138]. It bears smaller wheels, but exhibits a similar hydrogen-bonding pattern
involving again the combination of a twofold hydrogen bond binding one of the
amide carbonyl groups of the other ring and an N-H···O hydrogen bond in-
volving an inverted amide group [139]. Quite a large range of structures can
again be accessed by substitution of the isophthalic acid dichloride moiety or
by using different diamines (Fig. 19) [140]. Catenanes related to these have been
prepared through olefin metathesis in a “magic ring” experiment [141]. In an
elegant study, Takata et al. introduced a diene into one of the wheels, which was
reacted with a dienophile in a Diels-Alder reaction [142].After ozonolysis of the
resulting double bond, the ring size was expanded by four atoms. By such an 
approach, the synthesis of catenanes becomes feasible which might otherwise be
inaccessible. The Diels-Alder reaction has also been used to attach a C60 mole-
cule to the wheel of a rotaxane in order to study the photoinduced intrarotax-
ane electron transfer between zinc porphyrin stoppers and the fullerene [143].

Both types of macrocycles have been employed not only for the synthesis of
catenanes, but also for the preparation of rotaxanes. In 1995, we presented the
first amide-based rotaxanes [144] that consisted of a tetralactam wheel and an
axle with two tritylaniline stoppers attached to an isophthalic acid center piece.
Again, a large variety of structures is accessible. The isophthalic acid axle cen-
ter piece can be exchanged against the corresponding terephthalic acid, furan,
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Fig. 19 Amide catenanes of the Leigh type and their derivatives



thiophene, and sulfonamide derivatives [145], and it is possible to use olefinic
and aliphatic building blocks instead [146]. Also, the stoppers have been ex-
changed against porphyrins [147] and calixarenes [148]. While all rotaxanes
mentioned so far have been synthesized from acid chloride center pieces and
amine stopper groups, it is also possible to use isocyanates together with trityl
aniline or trityl phenol stoppers providing access to urea and urethane groups
in the axle [149, 150].

In order to get some idea of the stability of rotaxanes with different stoppers
and macrocycles, the size complementarity of stopper and wheel cavity was 
examined through deslipping experiments [151]. This study showed that stop-
pers larger than trityl aniline are required, if the size of the macrocycle is only
slightly increased.Also, the kinetics differed significantly depending on the sol-
vent indicating that hydrogen bonding is an important factor for the stability
of the rotaxane. Consequently, the choice of solvent may alter the properties 
of an amide rotaxane to quite an extent.Another interesting feature is the pro-
tection of the axle center piece through the wheel. When stilbenes are incor-
porated in the axle of a rotaxane, the catalytic hydrogenation is much slower
than that of the free axle under the same experimental conditions [152].

The use of the smaller Leigh-type macrocycle for the generation was initially
hampered by the fact that only the corresponding [2]catenane could be iso-
lated, while the macrocycle, if formed was not separable from the other side
products. Furthermore, solubility of amide-rich compounds is very limited due
to the high enthalpy liberated upon the formation of intermolecular hydrogen
bonds. Consequently, a synthetic detour using a stoppered axle as guest inside
the cavity of the nascent macrocycle and forming a rotaxane whose axle is sub-
sequently cleaved would help to circumvent these problems by tying up all hy-
drogen bonding sites intramolecularly. This approach was used by Leigh et al.
demonstrating that on one hand rotaxane synthesis is possible with the smaller
macrocycles and that on the other hand the macrocycle itself becomes acces-
sible by this strategy [153]. In a follow-up study, axles bearing a glycylglycyl
moiety in their center were shown to form through an analogous clipping syn-
thesis [154]. Similarly, tertiary amide groups do not obstruct the synthesis of
these so-called peptide rotaxanes [155]. The effects of size and shape have been
examined [156, 157]. One of the most remarkable results is the finding that even
ester groups which form weaker hydrogen bonds than amides can compete
with a ca. 10000-fold stronger anion binding, when multiple interactions be-
tween axle and macrocycle precursor are formed in an ideal arrangement. Be-
sides the threading strategy employed by Vögtle and the clipping approach used
by Leigh, a magic rod rotaxane synthesis was described (Fig. 20) [158]. In this
experiment, a complete axle fully equipped with stoppers and incorporating a
double bond in its center piece is mixed with an already closed wheel. Due to
the stopper size, slipping is not possible and no rotaxane is formed. Upon 
addition of a metathesis catalyst, however, the axle is temporarily cleaved in 
reversible olefin metathesis reactions and threading of the macrocycle on to the
axle becomes possible. The threading is followed by reconstruction of the axle
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in another metathesis step. Finally, even post-assembly chain extension to yield
polyrotaxanes with different topologies is possible when rotaxane monomers
with blocked isocyanates are subjected to a polymerization reaction [159].

Rotaxanes of the amide type have been self-assembled from macrocycles
which bear the isophthaloyl diamide binding motif for axle recognition and
metal complexes which provide the means for ring closure around the axle.
Hunter et al. have used an isophthaloyl diamide connected to one metallopor-
phyrin and a pyridine moiety [160]. This molecule can dimerize through 
coordination of the pyridine to the metal center in the porphyrin and in the
presence of an appropriate axle yields a rotaxane [161]. In an alternative strat-
egy, Jeong et al. employ an open-chain analogue of the tetralactam macrocycle
terminated at both ends with pyridine rings. After axle binding, the wheel can
be closed through coordination of the pyridines to an osmium complex
[162–165].

The structural variety of catenanes and rotaxanes of the amide type can be
further extended by the synthesis of [n]catenanes (up to n=4) [166, 167] or
[n]rotaxanes (up to n=5) [168, 169] that bear several catenated macrocycles or
more than one macrocycle threaded onto the same axle, respectively. Also,
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Fig. 20 The “magic rod” experiment for preparation of rotaxanes from intact axles and
wheels through a reversible olefin metathesis reaction
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introduction of a covalent bridge between the two components leads to new
topologies, i.e., pretzelanes [170, 171] and [1]rotaxanes [172]. This was accom-
plished through replacement of one or more of the amide groups incorporated
in the axle and wheel by sulfonamide groups [173], which can be deprotonated
more readily and thus permit selective alkylation.Alternatively, substitution of
the catenane macrocycles with OH groups at the isophthalic acid derivatives
permits the reaction with an alkyl diiodide to yield the pretzelane. Both strate-
gies have been employed not only to introduce an intramolecular bridge con-
necting the two components of the same molecule. Larger assemblies have been
synthesized by connecting several rotaxanes or catenanes with each other
[174–176]. Their topologies are schematically shown in Fig. 21. In conclusion,
complex topologies have become accessible beyond a simple introduction of
functional groups at the periphery of [2]catenanes and [2]rotaxanes.

3.3
Topological Chirality

Topology is a mathematical discipline dealing with certain well-defined geo-
metrical transformations.While Euclidean geometry answers questions such as
“How large is an object?”, or “What is its three-dimensional shape?” the actual
size or the details of the shape of an object do not matter in topology.All trans-
formations which can be performed continuously and which can be reversed
continuously are topologically allowed. These considerations can be applied to
molecules. First a molecular graph needs to be defined – which can most easily
be done by following the molecular backbone of each of the interlocked 
components.

Fig. 21 Schematic representation of larger rotaxane and catenane assemblies which have
been realized through a cross-linking alkylation of the corresponding monomers
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This short introduction into topology may serve to help understand the
phenomenon of topological chirality [177–179].Without any stereogenic cen-
ter involved, catenanes and rotaxanes can be made chiral [180, 181]. Just imag-
ine that directionality is introduced in each of the subunits of the catenane and
rotaxane in Fig. 22, for example by using a certain atom sequence which is not
symmetrical. Then, each subunit is achiral, but the combination of two rings
or a ring with an appropriate axle makes the catenane or rotaxane different
from its mirror image thus generating two enantiomers. The knot is even in-
herently chiral without any modification concerning directionality [182]. It
should be noted that rotaxanes cannot be called topologically chiral. “Cyclo-
enantiomeric” is a better term, because topologically speaking, the rotaxane
stoppers can be decreased in size until the mechanical bond is released. Con-
sequently, the removal of the axle from the wheel is a topologically allowed
transformation. Also, the argument that one could stretch the axle to infinite
length thus preventing deslipping does not hold, since one needs to find only
one topologically allowed transformation which leads to an achiral represen-
tation to destroy topological chirality. Nevertheless, topological chirality and
cycloenantiomerism are closely related to each other.

Topological chirality thus is a very special form of chirality and one might
well ask what consequences it has for the separability of the enantiomers and
their chiroptical properties. In the beginning, chiral rotaxanes were made which
were stoppered by chiral groups such as sugar derivatives [183–185]. However,
the more interesting challenge was the preparation of topologically chiral cate-
nanes [127, 186] and cycloenantiomeric rotaxanes [187–190]. There was not too
much hope that a separation of the enantiomers of large and flexible molecules
like rotaxanes or catenanes would be feasible, if they didn’t contain chiral cen-
ters and thus differed only by marginal structural differences. However, HPLC

Fig. 22 Topological chirality does not require the presence of any stereogenic center. Just the
topology of the compounds together with a certain directional atom sequence in the cases
of rotaxanes and catenanes provides the basis for chirality



on a chiral stationary phase indeed allowed the separation of the enantiomers
surprisingly well. One example is shown in Fig. 23 [191]. The rotaxanes shown
bear a sulfonamide group in the wheel and another one in the axle. Both sul-
fonamides provide the directionality required for topological chirality. If one
for example defines a path from the SO2 group to the NH (the other way is of
course possible, but it is important not to mix these definitions), one can draw
arrows such as those shown in Fig. 22. The two enantiomers of this rotaxane
could be separated after derivatization with a bridge connecting the two sul-
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Fig. 23 Top: two enantiomers of a [2]rotaxane. Bottom: the inset shows the CD spectra of the
two separated enantiomers of the corresponding [1]rotaxane after bridging the two sul-
fonamides



fonamides.CD spectroscopy of the two enantiomers yielded two CD spectra that
are images of each other and thus provide evidence for non-racemic material
with opposing optical rotational dispersions.

3.4
Molecular Machines Based on Amide Rotaxanes

As already discussed above, molecular motion in rotaxanes or catenanes re-
quires the appropriate functional groups, even more so, when the motion is to
be controlled by external stimuli such as pH, light, or electrons. The amide
template effect is based on the presence and precise orientation of hydrogen-
bond donors and exceptors and thus provides a means for motional control.

As a first step in this direction, the dynamic behavior of benzylic [2]catenanes
was intensively studied.Experiments suggest the frequency of circumrotation to
depend on a delicate balance of steric effects, the inter-macrocyclic array of hy-
drogen bonds, p-p stacking interactions, and other weak forces [192]. Tremen-
dous effects have been found when comparing rotaxanes with 2,5-thiopheneoyl
and 2,6-pyridinoyl building blocks in the wheel structure. The rate of rotation
of the thiophene derivative is higher than that of the pyridine analogue by a fac-
tor of 3.2 million. Also, the solvent plays a pivotal role. When DMSO is used, a
solvent that strongly competes with hydrogen bonds, the speed of rotation is sig-
nificantly increased due to a weakening of the internal hydrogen bonds. The
solvent effects can also be seen, when a catenane is examined that bears only
one diamide moiety and a diester unit in each ring [193]. In non-competitive
solvents the second wheel is hydrogen bonded to the diamide side, while the 
hydrogen bonds are weakened in competitive solvents causing a shift to the
other side of the wheel. A concise theoretical treatment of the circumrotation
in benzylic [2]catenanes [194–196] revealed the details of the mechanism of
movement which involves several large amplitude motions of one ring along
the other one. The different steps require rearrangements of the macrocycle in
order to optimize steric and electrostatic interactions.

Not only amide catenanes have been investigated with respect to their mol-
ecular mobility. Also, pseudorotaxanes with photoswitchable threading/de-
threading behavior [197] and molecular shuttles based on peptide [2]rotaxanes
[198–200] and [3]rotaxanes [201, 202] have been developed. The ring rotation
around the rotaxane axle can be induced by an external alternating electric
field [203] or by electrochemical means [204].

Most work was, however, devoted to the generation of light-driven shuttles
[205–208], one example of which is presented in Fig. 24 [209]. In its resting state,
the rotaxane wheel is bound to the left diamide side by hydrogen bonding. A
light-induced electron transfer from a donor present in solution to the stopper
on the right generates an anion radical with better hydrogen-bond acceptor
qualities and consequently, the wheel moves to this side surprisingly quickly.
Back-conversion to the resting state by re-oxidation of the anion radical causes
the wheel to shift back to the left.
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Two more particular examples should be mentioned here. The first one is a
peptide [2]rotaxane which bears two different stations on the axle. The wheel
prefers the left station (Fig. 25) as long as the double bond remains in its E state.
When switched by light to its Z form, the wheel moves to the other side of the
axle. The right station is chiral and the wheel feels a strong influence of the 
chirality. The second example is based on a [3]catenane consisting of two small
and one large wheel with three different stations. This system is particularly in-
teresting, because it realizes unidirectional motion, which is a necessary pre-
requisite for the realization of molecular motors [210, 211]. Figure 26 provides
a schematic representation of the mechanism. In each step, one of the small
wheels blocks the movement of the other in one direction so that a net move-
ment in only one direction results from a number of subsequent reaction steps
that alter the binding properties along the stations of the large wheel and thus
induce motion of the small ones.
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Fig. 24 Light-driven shuttling of a rotaxane due to changes in the quality of the internal hy-
drogen bonds. The donor molecule can for example be DABCO



3.5
Trefoil Dodecaamide Knotanes

It is a formidable challenge to design a template effect for the synthesis of a tre-
foil knot [212–216] or even more sophisticated topologies such as the Bor-
romean link [217–219]. Exactly three crossing points need to be fixed during the
synthesis by non-covalent bonds in order to generate a knot rather than a large
non-intertwined macrocycle which would result from a precursor with only one
crossing. Two crossings would give rise to a catenane after ring closure of the
macrocycles. Similarly, more than three crossings would lead to different inter-
locked species. In view of these difficulties, it was a great surprise that a knot was
formed as a byproduct in the synthesis of the pyridine containing macrocycle
shown in Fig. 27. In this reaction three distinct reaction products were isolated:
the expected tetralactam macrocycle, its larger octalactam relative, and the knot
in up to 20% yield [220–222].
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Fig. 25 Chiroptical switching in a peptide [2]rotaxane. E/Z isomerization by light of the 
double bond on the left side of the axle induces shuttling of the wheel to the other side, where
it senses the chirality of the dipeptide station
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Fig. 26 Unidirectional motion along the large three-station wheel of a [3]catenane. In each
step one of the two small wheels blocks the way back for the other moving one so that a net
movement in one direction is realized



The characterization of the knotted structure was a non-trivial problem. The
1H and 13C NMR spectra even of the unsubstituted representative are too com-
plex to permit a conclusive interpretation. Finally, after the single crystal X-ray
structure showed that the molecule was indeed a knot, it became clear that this
complexity comes from a dynamic process [223], which slowly interconverts
three loops desymmetrized through the formation of intraknot hydrogen
bonds. Two of the loops are different from the third one due to internal hydro-
gen bonding. In order to solve the problem of characterization, two experiments
are most telling. The first one is X-ray crystallography, for which suitable crys-
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Fig. 27 A trefoil knot forms as a byproduct together with the expected macrocycle and its
larger octalactam analogue



tals could be obtained and the structure of the knot in the solid state is shown
in Fig. 28. The second method relies on the fact that the knot is inherently 
chiral due to its topology, while the corresponding catenane and simple macro-
cycles are not when generated from the same building blocks. Since the knot
is formed as a racemate, the separation of the enantiomers is a prerequisite for
obtaining CD spectra which then provide evidence for the knotted structure
[224].Although these separations are not trivial to carry out, enantiomerically
pure samples could be obtained by HPLC on a chiral stationary phase. The UV-
and CD-detected chromatograms of a representative HPLC run are depicted 
in Fig. 29 and show that a baseline separation of both knot enantiomers is pos-
sible. The two enantiomers give rise to signals in the CD spectra with opposite
signs. Even the determination of the absolute configuration was possible by
comparison of the experimental CD spectra with those obtained from a theo-
retical calculation. The separations are achieved more readily, when the kno-
tane is functionalized with centrochiral groups, e.g., camphor derivatives, at the
pyridine moieties [225].

Experiments and calculations [126] point to a template mechanism for knot
formation involving the structure shown in Fig. 30 as the final intermediate. The
hydrogen-bonding patterns resemble those found in the template synthesis of
rotaxanes and catenanes. This intermediate structure is in line with the exper-
imental finding that a tert-butyl substituted isophthalic acid unit does not yield
detectable amounts of the knot, while the pyridine dicarboxylic acid building
block can easily be substituted without drastic effects on the knot yield. The
isophthalic acid units are buried inside a structure which does not permit large
steric changes, while the pyridines are located at the periphery of that complex.

Several substituted derivatives of the knot have been synthesized. With the
appropriate protective group strategy, the knot could be derivatized at the three
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Fig. 28 Single crystal X-ray structure of the trefoil dodecaamide knot as a stereoimage for
3D-viewing



180 C. A. Schalley et al.

Fig. 30 Lowest-energy conformation of the immediate precursor for knot formation deter-
mined by an extensive Monte Carlo conformational search followed by reoptimization of the
best conformer at the semiempirical AM1 level of theory. The intertwined structure is stabi-
lized by hydrogen-bonding patterns as shown in the two circles. Note that hydrogen bonding
also brings the amino and acid chloride termini closely together which form the last amide
bond in order to complete the knot. The three intertwined loops are shown in different shades
of gray. Amide groups involved in hydrogen bonding are shown as ball-and-stick models.
Carbon-centered hydrogen atom are omitted for clarity

Fig. 29 UV chromatogram (top trace) and CD chromatogram (bottom trace) of the trefoil
dodecaamide knot. Since the knot is the only possible chiral product, the CD trace, which
shows two bands of equal integrations with opposite signs of the CD signal, provides evi-
dence for knot formation and the successful separation of both enantiomers by chiral HPLC



pyridines with a large variety of substituents. Even the synthesis of knots 
with three different substituents is possible, including dendrons of the Fréchet
type [226]. Of great interest with respect to their topological chirality are the 
recently reported knotaxane, i.e., a rotaxane with two knots as the stoppers 
[227, 228] and larger assemblies of interconnected knotanes, which have been
coined “knotanophanes”, an expression that refers to cyclophanes built from
knotanes [229].

4
New Topologies through Catenation along the Seam 
of Hydrogen-Bonded Calixarene Capsules

A complex hydrogen-bonding pattern, which is based on the formation of a 
hydrogen-bonded dimeric calixarene capsule, has recently been utilized to pro-
vide a doubly catenated capsule [230]. This approach represents an unconven-
tional and elegant approach to new topologies. The hydrogen-bonding pattern
involved is shown in Fig.31. Two tetraurea-substituted calix[4]arenes can dimer-
ize through a seam of 16 hydrogen bonds to form a capsule which is capable of
guest encapsulation inside its cavity [231–233]. The urea groups interdigitate
like the fingers of praying hands. The substituents R1 and R2 can be varied over
a wide range. Typically, R1 is an alkyl chain providing solubility in non-com-
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Fig. 31 Top: structural formula of the tetraurea calixarene monomer (left) and the hydro-
gen-bonding pattern of its dimer (right). Note that the cavity inside is capable of guest 
encapsulation. Bottom: olefin metathesis reaction catenates and/or bridges the two halves of
the capsule leading to three different product



petitive organic solvents which are required for the self-assembly of the capsule
through hydrogen-bonds.

In the present case, R2 is a substituent with a terminal vinyl group. In a
metathesis reaction with the dimer, three different products can be expected and
have indeed been isolated: A doubly catenated capsule (5–12% yield), a doubly
bridged mono-catenane (26–32% yield) and a tetrabridged dimer (10–15%
yield) [234]. Such dimers held together not only by hydrogen bonds, but also
through mechanical bonds provide a new type of container somewhere be-
tween Cram’s covalently bound carcerands and the self-assembled capsules
which merely dimerize through non-covalent forces. Even under conditions,
which destroy the seam of hydrogen bonds, the two halves remain connected,
but retain much of their flexibility to move relative to each other. This is 
reflected in the host-guest properties of the capsule. Compared to the dimer 
before metathesis reaction, the kinetics of the guest exchange remain virtually
unchanged. Nevertheless, the mobility of an encapsulated tetraethylammonium
ion appears to be more restricted.

5
Anionic Templates: The Role of Charged Hydrogen Bonds

5.1
Anion-Templated Synthesis of Rotaxanes and Their Structural Variability

The last section of this account is devoted to anion templates [235] for the 
synthesis of interlocked molecules [236]. Often, anion recognition [237–242] is
more difficult to achieve with a controlled relative geometry of host and guest
so that it may be more challenging to design a threaded host-guest complex
based on anions. This may be the reason, why the anion templates for the for-
mation of catenanes or rotaxanes are limited in number and have been used
less often than those based on cation recognition.

The first anion template for rotaxane synthesis was discovered in an exper-
iment which initially was intended to be a control experiment for analyzing the
amide template effect. If hydrogen bonding of the tetralactam macrocycle in
Fig. 32 to an axle amide group is indeed important for rotaxane formation, one
would expect that the non-amidic axle center piece in Fig. 32 would not give rise
to any rotaxane due to the absence of amide groups. However, the result was
completely unexpected and surprising. The non-amidic center piece, although
not appropriately functionalized, was consumed in rotaxane formation pro-
ceeding with 80% to 95% yield [243]. As the mechanism, initial formation of a
“wheeled” nucleophile through hydrogen bonding of the phenolate stopper to
the macrocycle amide groups was suggested. In the subsequent step, the stop-
per reacts with the electrophilic semiaxle through the wheel and the wheel is
trapped on the axle which finally contains only ether oxygens as functional
groups. Consequently, the interactions between axle and wheel in the rotaxane
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are likely of minor importance and strength. The “wheeled” nucleophile can be
utilized for the synthesis of rotaxanes with differently functionalized axles. Es-
ter, carbonate, and acetal rotaxanes have been prepared [244]. The nucleophile
was employed for the introduction of N-tosylamide, thioester, and phosphate
bonds into the axle with yields between 41% and 88% [245]. The second stop-
per has also been attached via a Michael addition reaction [246] so that the
structural variety of rotaxanes is again quite large. A tetralactam macrocycle
equipped with a biquinoline moiety could be used for rotaxane synthesis, when
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Fig. 32 A template effect for rotaxane synthesis based on anion recognition by tetralactam
macrocycles



the stoppers were chosen large enough to prevent deslippage.Addition of Cu(I)
ions provided a basis for dimerization of the wheel or the rotaxanes [247]. These
complexes promise to have some potential for the generation of larger, more
complex structures through self-assembly in the future.

The first problems with the new anion-templated rotaxane synthesis were
encountered when the preparation of rotaxanes with smaller 3,5-di-tert-butyl
phenol stoppers was attempted [248]. These rotaxanes were intended for the 
investigation of their deslipping behavior (see below) which should provide in-
sight into the size complementarity of the stopper and the wheel cavity. For this
purpose, smaller stoppers are needed and a yield of 2% to 5% which was ob-
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Fig. 33 Minimal energy conformations of stopper wheel complexes with tritylphenolate
(left) and 3,5-di-tert-butylphenolate (right). Top row: view into the wheel cavity which shows
the open attack path for the semi-axle electrophile on the left and the closed path on the
right. Distances between each pair of two opposite methyl groups of the wheel are given 
(average for a family of favorable conformations in parenthesis). Bottom row: the different
conformations of the stopper wheel complexes present the reactive phenolate oxygen towards
the side indicated by the arrows. In the case of the 3,5-di-tert-butyl phenolate, the electro-
phile approaches from the wrong side preventing rotaxane formation



tained for some of the rotaxanes was thus quite disappointing. An analysis of
the different stopper/wheel complexes by molecular modeling provided insight
into the reasons why the yield decreases so much depending on the details of
the stopper structure (Fig. 33). With the trityl phenolate stopper, the complex
is open for the attack of the electrophile from the side of the wheel opposite to
the stopper. The reactive free electron pair of the phenolate (which is not in-
volved in hydrogen bonding) is presented to that side so that a reaction with the
incoming electrophile will yield the rotaxane by trapping the wheel on the axle.
In contrast, the smaller 3,5-di-tert-butyl phenolate stopper inserts itself deeper
into the cavity of the wheel which leads to a conformation closed for attack from
the opposite side. Instead, the electrophile can more favorably attack from the
same side so that initially a weakly hydrogen-bonded wheel/axle complex is
formed. Since the axle and wheel are not bound to each other by a mechanical
bond, the complex easily dissociates into free axle and free wheel and the ro-
taxane yields are drastically reduced. A solution to this problem is shown in
Fig. 34. By spatially separating the phenolate site needed for recognition from the
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Fig. 34 A novel template effect for the syntheses of rotaxanes with functionalized center-
pieces. The stoppers are attached at a position remote from the wheel cavity so that steric
problems can be avoided. Instead of the phenolate axle center piece, the hydroquinone de-
rivative on the right can also be used



stopper attachment sites, steric problems are avoided and rotaxanes with a OH
group in their axle center piece can be generated with yields up to 45% [249].

A different anion template effect was recently developed by Beer et al. who
use the crown ether/bislactam hybrid macrocycle in Fig. 35 for binding an
N-methyl pyridinium dicarboxylic amide derivative as a thread [250–252]. A
chloride ion is tetrahedrally surrounded by amide NH groups, two coming
from the wheel and the other two incorporated in the thread. The perpendicu-
lar geometry is locked in by additional C-H···O hydrogen bonds between the
N-methyl group and the crown ether part of the macrocycle. These pseudo-
rotaxanes again provide a suitable spatial arrangement for the synthesis of
rotaxanes. Starting with an open-chain analogue of the macrocycle and an axle
already equipped with large stoppers, olefin metathesis was used to close the
macrocycle after binding to the axle mediated through the anion template [253].

5.2
Deslippage as a Precision Tool for the Measurement of Steric Size

The ether rotaxanes with tetralactam macrocycles as the wheels, which are eas-
ily accessible through anion templation, only undergo very weak interactions
between axle and wheel. No strong hydrogen bonds are formed as was the case
for the amide rotaxanes. Stacking interactions likely do not play a significant
role, because (i) the distances to the aromatic rings between axle and wheel are
ca. 5 Å [126] and (ii) the organic solvents used are not a particularly support-
ive environment for them. Consequently, ether rotaxanes are well suited for a
study of their deslipping behavior and the effects of small structural changes
on it. As a first step, rotaxanes with alkyl chains of different lengths in the axle
center piece were studied with respect to their deslipping kinetics [254]. These
experiments intended to test the validity of the simple model that a rotaxane
is just a thin filament threaded through the cavity of a macrocycle equipped
with two bulky stopper groups that prevent deslipping. If the stopper groups
are the thickest part, this model would predict that no large differences in the
deslipping kinetics should be observed irrespective of the length of the axle.
This is indeed the case. The next step was to test, whether the deslipping reac-
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Fig. 35 An anion template utilizing recognition of the anion through hydrogen bonding to
amide groups. Note that the N-methyl group provides a means to control the threaded geom-
etry with C-H···O hydrogen bonds to the crown ether half of the macrocycle



tion would provide a basis to determine steric size in a precise way. Provided
the absence of strong non-covalent forces between wheel and axle, the use of
differently substituted stoppers with the same wheel should have an effect on
the deslipping kinetics. The smallest steric difference which can be incorpo-
rated in such a structure is the exchange of hydrogen atoms at the stopper pe-
riphery against deuterium. Since the deuterated stoppers are expected to be
somewhat smaller mainly due to a lower vibrational amplitude in the C-D bond
stretching vibrations as compared to the C-H bond, one would predict that the
deuterated rotaxanes deslip faster than their unlabeled analogues. The experi-
ment is unambiguous: The observed kinetic isotope effect for the rotaxanes
shown in Fig. 36 is inverse and amounts to ca. 0.9, i.e., the deuterated rotaxane
deslips faster by ca. 10% as compared to the unlabeled one [255]. These exper-
iments demonstrate the sensitivity of the deslipping process against extremely
small changes in steric size. Another study dealing with the problem of steric
size employs the deslipping reaction to measure the bulkiness of dendritic
stoppers [256]. The fact that a G1 Frechét-type dendron deslips more quickly
than a di-tert-butylphenol stoppered rotaxane suggests that the flexibility of the
dendron permits a branch-by-branch deslippage which is not as easily accom-
plished with the less flexible di-tert-butylphenol stopper group.

The situation changes significantly, when rotaxanes are examined which
bear functional groups that exert either a significant change in the structure of
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Fig. 36 Determination of the kinetic isotope effect for the deuterated rotaxane and its 
unlabeled analogue. The KIE is defined as kH/kD and is inverse in this case because the
deuterated stoppers deslip faster than the non-deuterated ones by ca. 10%
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Fig. 37 Exchanging the isophthaloyl unit by the corresponding pyridine derivative causes
a significant increase in the stability of the rotaxane by a factor of more than 10,000

one of the components or which are capable of forming non-covalent bonds be-
tween axle and wheel. One example is shown in Fig. 37. Replacing not more than
a C-H by an isoelectronic nitrogen in one of the isophthaloyl units of the wheel
causes an increase in the half life by four magnitudes [257]. This effect is almost
completely due to a change in activation enthalpy and can be traced back to the
formation of intramolecular hydrogen bonds to the pyridine nitrogen which
contract the wheel significantly.Another example is shown in Fig. 38. Two ester
rotaxanes with structures identical with the exception of the orientation of the
ester groups show dramatic differences in their deslipping behavior [258]. These
differences can be traced back to (i) hydrogen bonding between axle and wheel
as indicated by the large solvent effect encountered for one of the rotaxanes and
(ii) to the rotational barriers at the stopper/ester junction.

These results may become important with respect to the following idea: Nat-
ural molecular machines such as the ATP synthase enzyme complex [259, 260]
and many others represent extremely efficient devices. One reason, why nature
uses very complex structures for implementing function may be that a complex
system can be fine tuned and thus optimized by an accordingly larger number
of subtle adjustments in structure.A detailed understanding of effects such as
those reported here may then become an important tool for the design of
artificial analogues. In particular, the fine tuning of the properties of such 



machines will probably rely on and make use of these and other subtle struc-
tural variations in order to improve their performance and optimize their 
efficiency without causing large structural changes.

5.3
Anion-Induced Mechanical Motion

Molecular devices and machines whose function relies on the presence of an-
ions are scarce. One example [261] employs a peptide [2]rotaxane which bears
a phenol in the axle as the second station. Upon deprotonation to the phenolate,
the wheel shifts to the anion due to the much stronger hydrogen bonds formed
with the phenolate oxygen.A similar strategy is realized in the rotaxanes shown
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Fig. 38 Two ester rotaxanes which are identical with the sole exception of the orientation of
the ester bond.A cooperative interplay of hydrogen bonds between the amide groups in the
wheel and the carbonyl groups of the axle and the rotational barriers of the bonds con-
necting the stoppers to the ester groups leads to large changes in the deslippage for only one
of the rotaxanes depending on the solvent. In unpolar solvents, one rotaxane is stable, while
the other one deslips with a half-life of a few hours
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Fig. 39 A series of structurally different acid/base-controlled molecular shuttles. Top: struc-
tural formulae. Center: Single crystal x-ray structure of the methoxy-substituted rotaxane.
Bottom: schematic drawing of the switching behavior and the dynamics. Deprotonation re-
duces the large amplitude shuttling motion observed for the protonated rotaxane in variable
temperature NMR experiments to a low-distance ring flip during which one side of the wheel
remains bound to the phenolate



in Fig. 39. These rotaxanes were – as described above – synthesized through 
anion templating [249, 262]. The OH group is left as a reminder of the template
in these structures and serves as the control unit [263]. In the neutral state,
hydrogen bonding occurs between two carbonyl groups of one of the spacers
carrying the stoppers. The crystal structure is in line with NMR chemical shifts
providing evidence for the wheel shifted towards one of the stoppers.Variable
temperature NMR and exchange spectroscopy reveal that the wheel is shuttling
back and forth between the two degenerate stations at the two ends of the axle.
Consequently, the neutral rotaxane performs a long-distance shuttling motion
accompanied by rotation of the wheel around the axle. Upon deprotonation,
strong hydrogen bonds to the central phenolate cause the wheel to shift to the
axle center. However, the wheel forms not only the two hydrogen bonds to the
phenolate, but an additional pair to one of the carbonyl groups of the axle cen-
ter piece so that the wheel is fixed in an unsymmetric position at the center.
Dynamic NMR and exchange spectroscopy again show the wheel to move. It ro-
tates around the axle and undergoes a small-amplitude ring flip. Consequently,
protonation and deprotonation do not only control the position of the wheel
along the axle, but also have a major influence on the dynamic properties and
determine the amplitude of the shuttling motion. This example with regard to
the initial discussion of templates also illustrates that the same functional
groups can be used for templation and for controlling the properties of the 
interlocked species.

6
Epilogue

This account hopefully made clear that on one hand the rational design of
template effects for the synthesis of interlocked molecules is still a challenge. On
the other hand, it intended to shed light on the potential of using the template
effects not only for producing the interlocked molecules, but also for introduc-
ing the functional groups required for the implementation of desired properties
and functions. Although the vast number of articles on host-guest chemistry
and template syntheses for such compounds suggests that this chemistry is well
understood, most of the template effects used today have been found by coin-
cidence rather than design. Many surprising findings have led to the state-of-
the-art of the field and it is by no means trivial to find, develop, and optimize
new template effects. A profound understanding of the non-covalent interac-
tions mediating the template synthesis will help much in the design efforts and
is thus of utmost importance for the whole field of catenane, rotaxane, and knot
chemistry. This is particularly true, since rotaxanes and catenanes have entered
a stage in their development, in which they have undergone the transition from
beautiful structures with ever-new topologies to those which exert functions.
Many so-called molecular devices have been synthesized and studied with 
respect to a controlled motion of the two components relative to each other,
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some of which are described above. In order to control these devices, functional
groups are required which can be addressed by external stimuli such as light,
electrons, or chemical reactions. Time has come to revert the process of template
development by starting with the desired function followed by the identification
of the required functional groups, with which it can be realized in a molecular
system, and finally by designing the appropriate template effect for the synthe-
sis of the device. These arguments also point to the necessity to continue with
intense research efforts in the template area, because many different templates
will become necessary in order to satisfy the requirements of a growing vari-
ety of properties and functions to be fulfilled.
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List of Abbreviations
C=C Carbon-carbon double
ht Head-to-tail
hh Head-to-head
4,4¢-bpe trans-1,2-Bis(4-pyridyl)ethylene
4,4¢-tpcb rctt-Tetrakis(4-pyridyl)cyclobutane
bpp-34-crown-10 Bisparaphenylene-34-crown-10
amm-stilb Bis(dialkylammonium)-substituted stilbene
5-OMe-res 5-Methoxyresorcinol
1,8-nap 1,8-Napthalenedicarboxylic acid
4-Cl-sbz 4-Chlorostilbazole
4-Cl-dpcb rctt-1,2-Bis(4-pyridyl)-3,4-bis(4-chlorophenyl)cyclobutane
2,2¢-bpe trans-1,2-Bis(2-pyridyl)ethylene
2,2¢-tpcb rctt-Tetrakis(4-pyridyl)cyclobutane
4-Cl-res 4-Chlororesorcinol
2,4-bpe trans-1-(2-Pyridyl)-2-(4-pyridyl)ethylene
2,4-tpcb-hh rctt-1,3-Bis(2-pyridyl)-2,4-bis(4-pyridyl)cyclobutane-hh
3,4-bpe trans-1-(3-Pyridyl)-2-(4-pyridyl)ethylene
3,4-tpcb-hh rctt-1,3-Bis(3-pyridyl)-2,4-bis(4-pyridyl)cyclobutane-hh
4,4¢-bipyeth 1,2-Bis(4-pyridyl)ethane
4-Et-res 4-Ethylresorcinol
4,6-di-Cl-res 4,6-Dichlororesorcinol
1,4-bpeb 1,4-Bis(2-(4-pyridyl)ethenyl)benzene
4-benz-res 4-Benzylresorcinol

1
Introduction

The organized environment of the solid state is an intriguing medium within
which to control the formation of covalent bonds [1]. Being virtually frozen in
an environment with atom-to-atom separations on the order of angstroms,
reactants in the solid state can, in principle, adopt geometries that may be 
difficult, or impossible, to achieve in the liquid phase, meaning that access to
molecules less available or unavailable in solution can be achieved. That a toxic
organic solvent is not required for a reaction to occur in the solid state also
means reactions in the solid state are inherently environmentally-friendly, or
green [2].When combined with the fact that a reaction in the solid state results
in a change in composition and, therefore, can affect a bulk physical property
(e.g., color) of a solid [3], it becomes apparent that controlling the formation
of covalent bonds in the solid state can bear relevance to both chemical syn-
thesis and materials science.

Unfortunately, however, whereas the fluid environment of the liquid phase
is routinely used to conduct target-oriented syntheses (e.g., natural products)
[4], it has remained difficult, owing to subtle structure demands of close pack-
ing (i.e., the driving force that provides the cohesive energy for crystallization)
[5], to control reactivity in the solid state [6]. Such lack of control has meant
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that reactions involving members of a homologous series of compounds – an
idea central to solution-phase synthesis – has been achieved with limited suc-
cess [7] and a general ability to construct molecules of prescribed size, shape,
and functionality – a signature of the liquid phase – has not been realized
(Fig. 1). The process of controlling reactivity in the solid state has, moreover,
largely evolved as being based on trial and error, relying, in most cases, on weak
interactions between molecules to organize reactants in a suitable arrangement
for reaction.

2
Overview

It is with these ideas in mind that we will provide here a review of work from
our laboratory, and the laboratories of others, performed primarily during the
past five years that focuses upon utilizing molecules, in the form of linear re-
action templates [8], to control reactivity in the solid state. Specifically, upon
identifying the ability of a linear template to position two molecules, by way of
hydrogen bonds, in an arrangement suitable for a [2+2] photodimerization [7]
that is largely independent of structure effects of close packing (Fig. 2), we have
demonstrated that linear templates provide a means to direct reactivity in the
solid state with synthetic freedoms akin to the liquid phase such that it is now
possible to conduct target-oriented solid-state syntheses, or molecular solid-
state syntheses by design.
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Fig. 1 Scheme illustrating the role of reaction homology and target-oriented synthesis in 
liquid phase and solid-state chemistry

Fig. 2 Scheme showing the general synthesis behavior of a linear template



Our review will begin by outlining geometry criteria for a [2+2] photo-
dimerization to occur in the solid state.We will then describe previous methods
to control the [2+2] photoreaction and then present fundamentals of the tem-
plate-controlled solid-state approach.We will also provide a brief account of the
application of a similar method to control the formation of polymers, and then
offer concluding remarks.

3
The Solid-State [2+2] Photodimerization

For a [2+2] photodimerization to occur in the solid state, two carbon-carbon
double (C=C) bonds should conform to specific geometry criteria outlined by
Schmidt [7]. Specifically, following crystal structure studies involving cinnamic
acid, Schmidt has revealed that two C=C bonds should be aligned parallel and
separated by <4.2 Å (Fig. 3). These criteria place the four p-orbitals of two C=C
bonds in close enough proximity and proper orientation to undergo the pho-
toreaction. Schmidt has also shown that the photoreaction is regioselective, the
stereochemical relationship of reactants being preserved in the photoproducts.
Thus, UV-irradiation of crystalline a-trans-cinnamic acid, a polymorph 
of cinnamic acid wherein the olefins are arranged head-to-tail (ht), produces 
a-truxillic acid while irradiation of b-trans-cinnamic acid, wherein the olefins
are arranged head-to-head (hh), produces b-truxinic acid. These geometry 
criteria, which are based on a wealth of crystallographic data, make up the
‘topochemical postulates’ [6].

3.1
Approaches to Control the [2+2] Photodimerization in the Solid State

Past approaches to control the [2+2] photodimerization in the solid state have
fallen into two general categories; specifically, methods that employ either (i)
intramolecular substitution or (ii) cavities.

3.1.1
Intramolecular Substitution

In the first approach, substituents have been covalently attached to molecules
to ‘steer’ reactants, upon crystallization, in a necessary arrangement for reac-
tion.

Schmidt, for example, has revealed that Cl atoms when attached to an aro-
matic ring tend to steer a molecule, by way of Cl···Cl interactions, such that the
molecule assembles head-to-head, in a b-structure, wherein neighboring
olefins are photoactive [9]. Following this work, electrostatic, as well as donor-
acceptor, interactions have been used for steering the synthesis of molecules
and, in some cases, polymers [10–15] (Fig. 4).
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Fig. 3 Solid-state photoreaction of b-cinnamic acid to produce b-truxinic acid

Fig. 4 Phenyl-perfluorophenyl interactions that orient two stilbenes in the solid state for a
[2+2] photodimerization

In a notable success, a ‘J’-shaped dicarboxylic acid has been shown by Feld-
man to self-assemble to form a dimer held together by four O-H···O hydrogen
bonds wherein two C=C bonds conformed to the topochemical postulates
(Fig. 5) [16]. The naphthalene unit served to preorganize the olefins at a sepa-
ration distance suitable for the photoreaction. UV irradiation of the solid pro-
duced the expected photoproduct in quantitative yield.

3.1.2
Cavities

In the second approach, an auxiliary component has been employed to produce
a cavity in the solid state that serves to host two molecules that undergo a [2+2]
photoreaction.

Host cavities based on cyclodextrins [17] and saponite [18], for example,
have been used to organize stilbenes by way of van der Waals and electrosta-
tic forces, respectively. In the former, the host accommodated the guests within
a tubular framework while, in the latter, the clay-like silicate accommodated the
guests by swelling. In each case, the guest dimerized upon UV irradiation.

Extensive work involving auxiliary molecules that interact with reactants by
way of hydrogen bonds and assemble to form solid-state cavities has also been
described [19]. Specifically, tetraaryl diols have been shown by Toda to accom-
modate ketones within cavities wherein each host interacted with two guests 
by way of two O-H···O hydrogen bonds (Fig. 6). The guests packed within the

Fig. 5 ‘J’-shaped cinnamic acid that aligns two olefins within a hydrogen-bonded complex



cavities such that two C=C bonds of two guests conformed to the topochemical
postulates and photodimerized.

4
Solid-State Reactivity and Molecular Synthesis by Design

Although substituents and cavities have been successfully employed to direct
the [2+2] photodimerization in the solid state, both methods have fallen short
as general, or ‘universal’ [6], means to direct the solid-state reaction. In the for-
mer, the approach has typically involved steering forces that are relatively weak.
This has made the method difficult to control since such forces are sensitive to,
and therefore have difficulty competing with, subtle structure demands of close
packing [5]. Numerous substituents have also been typically required to steer
olefins for reaction which, in addition to yielding products with properties 
different than the parent reactant framework, can limit derivatization of the
products. In the latter, the approach has required reactants that ‘fit’ within the
cavities. This has limited the range of guests (i.e., sizes and shapes), and there-
fore products, accessible using the approach. Indeed, such lack of generality has
meant that it is has remained difficult to synthesize molecules in the solid state
[7] with degrees of synthetic freedom common to the liquid phase (e.g., relia-
bility, functional groups). In effect, the products of [2+2] photodimerizations
conducted in the solid state have been limited to each topochemical strategy,
a fact that has thwarted efforts toward an ability to conduct target-oriented 
synthesis, or molecular solid-state synthesis by design [4].

5
Linear Templates

To develop a general means to control the [2+2] photodimerization in the solid
state, and thereby provide a means to conduct molecular solid-state synthesis by
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Fig. 6 Tetraaryl diol that forms cavities and interacts with olefins by way of hydrogen bonds



design, recent efforts by us, and others, have focused on employing bifunctional
molecules, in the form of linear templates [8], to direct the photoreaction (Fig. 2).
It was anticipated that such molecules would offer a means to preorganize,
according to principles of molecular recognition [20] and self-assembly [21], two
molecules linearly within a discrete, solid-state complex for reaction. By enforc-
ing the photoreaction to occur within a discrete complex using strong and di-
rectional noncovalent forces (e.g.,hydrogen bonds), the approach could eliminate
many vexatious problems of close packing that have made previous methods un-
reliable. Moreover, that the template would assemble along the periphery of the
complex would mean that access to a variety of molecules may be achieved since
the template could, in principle, adapt to changes to size (e.g., lengthening) and
shape (e.g., bending) of the reactants. By making such changes systematically, an
ability to conduct target-oriented solid-state synthesis could then be realized.

6
Linear Templates in the Solid State

The first study that illustrated that a linear template could be employed to direct
a [2+2] photodimerization in the solid state was by Ito and Scheffer [22, 23].
Specifically, diamines (e.g., ethylenediamine) were revealed to undergo acid-
base reactions with substituted cinnamic acids (e.g., o-methoxycinnamic acid),
wherein each ammonium group formed an N+-H···O– hydrogen bond with a
cinnamate (Fig. 7). Combinations of base and acid were photoactive, which was
accounted for by the formation of three-component complexes wherein each
base, in a gauche conformation, positioned two cinnamates for a [2+2] photo-
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Fig. 7 Perspective of crystal structure of ethylenediammonium cinnamate. The dications
and anions of a reactive complex are highlighted in black



reaction. It was also revealed that the ammonium ions could adopt an anti con-
formation that forced the cinnamates into an unreactive orientation while, in
some cases, the cations participated in N+-H···O– forces with other components
of the lattice to produce infinite assemblies that were photostable. Nevertheless,
features of a linear template chemistry were demonstrated by the Ito and 
Scheffer approach.

Inspired by work of Ito and Scheffer, we turned to develop a linear template
that could reliably organize two olefins for a [2+2] photoreaction. To achieve
this goal, we anticipated that a rigid molecule with no more than two hydrogen
bond donor groups separated at a distance consistent with the topochemical
postulates [7] could serve as such a template. Specifically, from a structure
study involving a bis(resorcinol)anthracene co-crystallized with anthraquinone
[24], we anticipated that co-crystallization of resorcinol with trans-1,2-bis(4-
pyridyl)ethylene (4,4¢-bpe) would produce a discrete, four-component com-
plex, 2(resorcinol)·2(4,4¢-bpe), held together by four O-H···N hydrogen bonds
wherein two molecules of 4,4¢-bpe would be positioned for a [2+2] photo-
dimerization (Fig. 8). Similar to Ito and Scheffer, the design would employ 
a bifunctional molecule to direct the photoreaction. In contrast to Ito and
Scheffer, the rigidity of the aromatic ring and presence of only two hydrogen
bond donor groups would largely ensure that 4,4¢-bpe would be organized in-
dependent of structure effects of close packing in a solid.
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Fig. 8 Schematic of 2(resorcinol)·2(4,4¢-bpe)



In line with our strategy, co-crystallization of resorcinol with 4,4¢-bpe pro-
duced the discrete, four-component complex 2(resorcinol)·2(4,4¢-bpe) (Fig. 9)
[25]. In this arrangement, the four pyridyl units of the two olefins were stacked
and twisted approximately orthogonal to the diol such that the two C=C bonds
were oriented parallel and separated by 3.65 Å, an ideal position for a [2+2]
photodimerization. UV-irradiation of the solid produced the anticipated pho-
toproduct, rctt-tetrakis(4-pyridyl)cyclobutane (4,4¢-tpcb), in 100% yield. The
structure of the photoproduct was also determined by way of single-crystal 
X-ray analysis where 4,4¢-tpcb was shown to assemble with resorcinol in a three-
component complex, 2(resorcinol)·(4,4¢-tpcb), held together by four O-H···N
hydrogen bonds. The template-controlled reaction was also conducted on a
gram scale where resorcinol and 4,4¢-tpcb were separated by way of a liquid
phase extraction.

Following our report, a flexible template based on a crown ether was shown
to organize two C=C bonds within a discrete complex in the solid state for a
[2+2] photoreaction [26]. Specifically, Garcia-Garibay and Stoddart demon-
strated that reaction of a bisparaphenylene-34-crown-10 (bpp-34-crown-10)
with a bis(dialkylammonium)-substituted stilbene (amm-stilb) produced the
four-component complex 2(bpp-34-crown-10)·2(ammon-stilb) held together
by eight N+-H···O hydrogen bonds (Fig. 10). In this design, the cavity of the
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Fig. 10 A crown ether that directs a [2+2] photodimerization in the solid state: space-
filling view of the four-component complex 2(bpp-34-crown-10)·2(ammon-stilb) (crown
ether light gray; olefins dark gray)

Fig. 9 Perspective of the four-component complex 2(resorcinol)·2(4,4¢-bpe) (hydrogen
bonds dotted)



crown ether was filled with the two reactants, the olefinic bonds being aligned
parallel and separated by approximately 4.20 Å. UV irradiation of the solid re-
sulted in a stereospecific dimerization of ammon-stilb to give a single diastereo-
isomer in approximate 80% yield, as confirmed by way of X-ray crystallography.

6.1
Fundamentals

To expand the scope of molecules accessible using linear templates, we anti-
cipated that it would be necessary to determine the tolerance [27] of the self-
assembly process to structural changes to the templates and reactants. Such
modifications could, for example, introduce functionalities (e.g., lone pairs)
that may interfere with the interaction between the template and reactants. In
the ideal case, the template would interact preferentially with complementary
sites of the reactants despite structural changes to the components of the com-
plex. Moreover, with basic knowledge of structural changes tolerated by the 
assembly process, the designed synthesis of molecules that may be less available
or completely inaccessible using conventional solution-based synthesis could
be realized.

6.1.1
Modifying the Template

We have revealed that the assembly process is tolerant to substituents placed
along the periphery of the template. In particular, derivatives of resorcinol with
substituents largely unable to disrupt the hydrogen bonds between the tem-
plates and reactants (e.g., -R, -OR) have been shown to serve as templates. Thus,
co-crystallization of 5-methoxyresorcinol (5-OMe-res) with 4,4¢-bpe produced
the four-component complex 2(5-OMe-res)·2(4,4¢-bpe) with two C=C bonds
aligned parallel and separated by 3.66 Å. UV-irradiation of the solid with broad-
band UV-radiation produced 4,4¢-tpcb in quantitative yield [25].

In addition to resorcinol, we have shown that 1,8-naphthalenedicarboxylic
acid (1,8-nap) serves as a template. Similar to 2(resorcinol)·2(4,4¢-bpe), co-crys-
tallization of 1,8-nap with 4,4¢-bpe produced the four-component complex
2(1,8-nap)·2(4,4¢-bpe) held together by four O-H···N hydrogen bonds (Fig. 11)
[28]. The two carboxylic acid groups, each of which was twisted out of the plane
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Fig. 11 Perspective of the four-component complex 2(1,8-nap)·2(4,4¢-bpe)



of the naphthalene unit, positioned the reactants for reaction, the two C=C
bonds being aligned parallel and separated by 3.73 Å. UV-irradiation of the
solid using broadband UV radiation produced 4,4¢-tpcb in quantitative yield.

6.1.2
Modifying the Reactants

We anticipated that the reactants could be modified by changing the number
and/or position of the hydrogen bond acceptors sites, as well as by adding,
or removing, functional groups. In this context, we have shown that the self-
assembly process is tolerant to changes to both the number and position of the
acceptor sites. A study involving the addition of alkyl groups to a hydrogen
bond acceptor substrate has also been conducted.

6.1.2.1
Number of Hydrogen Bond Acceptor Sites

The minimalist olefins that may be organized by a linear template within a
complex for reaction possess a single hydrogen bond acceptor site. Thus, a sin-
gle template may organize two stilbazoles in a head-to-head arrangement for
a regiocontrolled photodimerization to produce a head-to-head cyclobutane
product.

Similar to 2(resorcinol)·2(4,4¢-bpe), co-crystallization of resorcinol with 
4-chlorostilbazole (4-Cl-sbz) produced the three-component complex (resor-
cinol)·2(4-Cl-sbz) held together by three O-H···N hydrogen bonds. Cl···Cl 
interactions also formed between the complexes such that nearest-neighbor 
assemblies constituted six-component complexes held together by Cl···Cl and
O-H···N forces (Fig. 12) [29]. The complexes assembled to form offset linear
stacks.As a consequence of these forces, the C=C bonds of the ‘super-complex’
were organized in close proximity, the two C=C bonds being separated by
3.98 Å. Unlike 2(resorcinol)·2(4,4¢-bpe), however, the olefins of the complex
adopted an antiparallel orientation, which was expected to render the C=C
bonds photostable.

Although the olefins of (resorcinol)·2(4-Cl-sbz) were misaligned, the stil-
bazoles were photoactive. UV irradiation of (resorcinol)·2(4-Cl-sbz) using 
350 nm radiation produced rctt-1,2-bis(4-pyridyl)-3,4-bis(4-chlorophenyl) cy-
clobutane (4-Cl-dpcb) in 100% yield. The generation of 4-Cl-dpcb was attrib-
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Fig. 12 Perspective of the six-component ‘super-complex’ 2(resorcinol)·4(4-Cl-sbz)



uted to the reactant undergoing a pedal-like change in conformation in the
solid that enabled the C=C bonds to adopt a parallel orientation suitable to
form the cyclobutane.

6.1.2.2
Position of the Hydrogen Bond Acceptor Sites

In addition to the number of hydrogen bond acceptor sites, we have demon-
strated that the assembly process is tolerant to changes to the positions of the
acceptor sites. Such changes were anticipated to force the templates to assemble
so as to occupy different positions along the peripheries of the reactants.

Co-crystallization of 1,8-nap with trans-1,2-bis(2-pyridyl)ethylene (2,2¢-bpe),
for example, produced the discrete, four-component complex 2(1,8-nap)·2(2,2¢-
bpe) held together by four O-H·N hydrogen bonds (Fig. 13a) [28]. The C=C
bonds of the complex were organized parallel and separated by 3.91 Å. In con-
trast to 2(1,8-nap)·2(4,4¢-bpe), each template assembled in close proximity to
each olefinic bond. UV-irradiation of the solid with broadband UV-radiation
produced rctt-tetrakis(2-pyridyl)cyclobutane (2,2¢-tpcb) in quantitative yield.

The ability of a linear template to orient two identical pyridyl units in a face-
to-face stacked arrangement suggested that a linear template could assemble
two reactants with two different pyridyl units for a head-to-head photodimer-
ization. Since different combinations of hydrogen bond acceptor sites could be
employed for the photoreaction (i.e., trans-1-(n-pyridyl)-2-(m-pyridyl)ethyl-
ene (where: n, m=2, 3, or 4; n≠m), a general means to establish regiocontrol of
the photoreaction could be achieved.
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Fig. 13a, b Perspective of complexes based on different hydrogen bond acceptor sites:
a 2(1,8-nap)·2(2,2¢-bpe); b 2(4-Cl-res)·2(2,4-bpe)

a

b



Thus, co-crystallization of 4-chlororesorcinol (4-Cl-res) with trans-1-(2-
pyridyl)-2-(4-pyridyl)ethylene (2,4-bpe) produced the four-component complex
2(4-Cl-res)·2(2,4-bpe) (Fig. 13b) [30]. The bipyridine was organized within the
complex in a head-to-head fashion, each diol interacting with either a 2-pyridyl
or 4-pyridyl unit. The C=C bonds were aligned parallel and separated by 3.89 Å.
UV-irradiation of the solid using broadband UV radiation produced the head-
head photoproduct 2,4-tpcb-hh in quantitative yield. Similar to 2(4-Cl-res)·
2(2,4-bpe), co-crystallization of 1,8-nap with trans-1-(3-pyridyl)-2-(4-pyridyl)-
ethylene (3,4-bpe) produced the four-component complex 2(1,8-nap)·2(3,4-
bpe) wherein the two olefins were organized head-to-head [31]. The two C=C
bonds were aligned parallel and separated by 3.58 Å. UV-irradiation of 2(1,8-
nap)·2(3,4-bpe) produced the head-to-head cycloproduct, 3,4-tpcb-hh, in quan-
titative yield.

6.1.2.3
Functional Groups

Our first study to determine tolerance of the assembly process to functional
groups has involved methylene linkages. Specifically, co-crystallization of
resorcinol with 1,2-bis(4-pyridyl)ethane (4,4¢-bipyeth) produced, in contrast
to 2(resorcinol)·2(4,4¢-bpe), an infinite 1D polymer, (resorcinol)·(4,4¢-bipyeth)
[32]. In this arrangement, the hydroxyl groups of the resorcinol unit adopted
a divergent conformation. Similar to neat crystalline 4,4¢-bipyeth [33], the
ethane moiety and pyridyl units of the bipyridine were twisted approximately
orthogonal (Fig. 14). Notably, the closest N(bipyridine)···C-H(resorcinol) 
separations of the 1D array involved the 4- and 6- positions of the diol. Thus,
the flexibility of the methylene linkages, as realized by the twisting of the
ethane moiety, enabled the diol and bipyridine to form the 1D array, largely
prohibiting the components to assemble to form the targeted discrete struc-
ture.

6.1.3
Template-Switching

Although the goal to organize two reactants within a discrete hydrogen-bonded
complex was formulated as a means to isolate two reactive olefins from struc-
ture effects of close packing, it was evident that such a complex was not com-
pletely independent of such packing effects. Indeed, in the case of (resorcinol)·
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Fig. 14 Perspective of the infinite 1D polymer (resorcinol)·(4,4¢-bipyeth)



2(4-Cl-sbz) [29], the C=C bonds of the complex, although photoactive, assem-
bled misaligned while the components of 2(resorcinol)·2(4,4¢-bipyeth) [32] 
assembled to give an infinite, rather than a discrete structure.

To confront further effects of close packing, and thereby establish further
control of the [2+2] photodimerization [7], we anticipated that changing the
template to derivative, by adding a substituent along the periphery of the tem-
plate, could be used to promote the formation of a discrete complex that ex-
hibits desired photoreactivity. The addition of a substituent to the template
would effectively modify the shape of the template which, de facto, would be 
expected to lead to a different crystal packing environment [34] that may sup-
port the formation of a desired photoactive structure. Although an ability to
predict successfully solid-state packing has remained elusive, we anticipated
that such ‘template-switching’ [35] would, in effect, exploit unpredictable struc-
tural consequences of crystal packing, enabling the approach to provide a
means to increase the likelihood of achieving the topochemical postulates of
Schmidt for a [2+2] photoreaction.

6.1.3.1
Olefin Alignment

In line with our template-switching strategy, co-crystallization of 4-ethyl-
resorcinol (4-Et-res) with 4-Cl-sbz produced the three-component complex 
(4-Et-res)·2(4-Cl-sbz) held together by three O-H···N hydrogen bonds (Fig. 15)
[29]. Unlike (resorcinol)·2(4-Cl-sbz), the C=C bonds of the complex, which
were separated by 3.92 Å, were aligned parallel. That the C=C bonds of 4-Cl-sbz
assembled parallel was consistent with the ability of stacked C=C bonds to
adopt either a parallel or nonparallel orientation in a solid [29]. UV irradiation
of the solid produced the targeted product, 4-Cl-dpcb, in near quantitative
yield.

6.1.3.2
Assembly Process

That 4,4¢-bipyeth and resorcinol formed a 1D array also prompted us to apply
template-switching to generate a discrete complex involving the bipyridine.
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Fig. 15 Achieving olefin alignment: Perspective of the three-component complex (4-Et-res)·
2(4-Cl-sbz)
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Fig. 16 Scheme of a discrete assembly achieved using a resorcinol derivative

Fig. 17a, b Achieving a discrete complex: Perspectives of: a 2(4-Cl-res)·2(4,4¢-bipyeth);
b 2(4,6-di-Cl-res)·2(4,4¢-bipyeth)

b

a

Stacking of methylene groups in the solid state was established [36] while the
known flexibility of 4,4¢-bipyeth [37] suggested that the bipyridine could be
forced to adopt a planar conformation suitable for a discrete structure. More-
over, it was reasoned that substituents placed in the 4- and/or 6- positions of a
resorcinol may enable the diol to direct stacking of 4,4¢-bipeth within a discrete
complex (Fig. 16). In addition to making a 1D assembly energetically unfavor-
able by sterically protecting each ‘side’ of the diol [38], the positioning of the
substituents adjacent to the hydroxyl groups would promote the diol to adopt
a convergent conformation. In effect, the substituents would largely preorga-
nize [39] a resorcinol to form a targeted discrete structure.

As anticipated, co-crystallization of either 4-Cl-res or 4,6-dichlororesorcinol
(4,6-di-Cl-res) with 4,4¢-bipyeth produced the four-component complexes 2(4-
Cl-res)·2(4,4¢-bipyeth) and 2(4,6-di-Cl-res)·2(4,4¢-bipyeth), respectively, held
together by four O-H···N hydrogen bonds. The bipyridines stacked alongside
each resorcinol unit such that the methylene linkages were aligned and sepa-
rated by 4.13 Å [32]. In contrast to (resorcinol)·(4,4¢-bipyeth), the bipyridines
adopted an approximate planar conformation wherein the ethane moiety and
pyridyl units were twisted toward co-planarity (Fig. 17). Thus, in addition to
promoting the formation of the discrete complex, the presence of the sub-
stituents along the periphery of each diol affected the conformation of the
bipyridine.



6.2
Target-Oriented Synthesis

The tolerance of the assembly process to structural changes to the templates and
reactants demonstrated that linear templates could be used to direct reliably the
[2+2] photodimerization in the solid state. Moreover, that the templates as-
sembled along the peripheries of the hydrogen-bonded complexes suggested
that the templates could be used to synthesize molecules of varying size (e.g.,
lengthening) and shape (e.g., bending) since the templates could, in principle,
adapt to changes to size and shape of the reactants. An increase in size to the 
reactants could also be accompanied by attachment of additional reactive sites
(i.e., C=C bonds) to the reactants. Indeed, such abilities to dictate the size and
shape of a molecule would be reminiscent of synthetic flexibilities of the liquid
phase where such synthetic ‘freedoms’ are routinely employed to synthesize
molecular targets [4]. In the case of the solid state, the linear templates would
effectively serve as molecular-level tools that enable molecular syntheses by 
design.

6.2.1
Cyclophane

To employ a linear template as a tool to construct a molecule, we focused upon
a [2.2]paracyclophane as a target (Fig. 18). The cyclic molecule is a member of
a general class of layered aromatic compounds that has gained widespread 
interest owing to the ability of such molecules to provide challenging targets
in organic chemistry and find applications in areas ranging from chemical syn-
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Fig. 18 Scheme illustrating the template-controlled solid-state synthesis of a [2.2]paracy-
clophane
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Fig. 19 Perspective of the four-component complex 2(5-OMe-res)·2(1,4-bpeb)

thesis (e.g., catalysis) to materials science (e.g., optical materials) [40]. Specif-
ically, we anticipated that co-crystallization of a resorcinol, or a 1,8-nap, with
the diolefin 1,4-bis(2-(4-pyridyl)ethenyl)benzene (1,4-bpeb) would produce
the four-component complex 2(resorcinol)·2(1,4-bpeb) with two olefins posi-
tioned for a ‘double’ [2+2] photodimerization. UV-irradiation of the solid would
give a tricyclic product with an inner cyclic core reminiscent of a [2.2]para-
cyclophane. The periphery of the product would, in effect, possess an imprint 
of the two templates along the exterior of the molecule [8]. The method would
also provide a novel entry to cyclic molecules where low yields often requir-
ing high dilution conditions (i.e. large batches of solvent) are common in solu-
tion [41].

As anticipated, co-crystallization of 1,4-bpeb with 5-OMe-res produced the
discrete, four-component complex 2(5-OMe-res)·2(1,4-bpeb) held together by
four O-H···N hydrogen bonds (Fig. 19) [25]. In this arrangement, the olefins of
1,4-bpeb, one of which was disordered across two positions (occupancies:
70:30), were aligned such that the olefinic bond of the major site conformed to
the geometry criteria of the topochemical postulates with the ordered olefin,
the two C=C bonds being separated by 3.70 Å. UV-irradiation of 2(5-OMe-
res)·2(1,4-bpeb) produced the targeted [2.2]paracyclophane, along with a
monocyclized dimer and indefinable products, in 60% yield. The formation of
the monocyclized product was attributed to face-to-face stacking of the com-
plexes which introduced close contacts (i.e., <4.2 Å) of C=C bonds in the solid.
Thus, by adapting to the size of a lengthened reactant, the template served as
a tool, providing regio- and stereocontrolled access to a lengthened cyclophane
target.

6.2.1.1
Template-Switching to Influence Yield

With a target-oriented synthesis of a paracyclophane realized, we anticipated
that template-switching could be used to generate a packing environment
that, in contrast to 2(5-OMe-res)·2(1,4-bpeb), could accommodate the cyclo-
phane in quantitative yield. The ability to generate the cyclophane in quanti-
tative yield could also be employed to provide ready access to gram quantities
of the product.



In line with our strategy, co-crystallization of 4-benzylresorcinol (4-benz-res)
with 1,4-bpeb produced the discrete, four-component complex 2(4-benz-res)·
2(1,4-bpeb) held together by four O-H···N hydrogen bonds (Fig. 20a) [35]. The
olefinic groups of the complex assembled parallel and separated by 3.60 Å.
In contrast to 2(5-OMe-res)·2(1,4-bpeb), the C=C bonds of the complex were 
ordered and nearest-neighbor complexes assembled offset such that there were
no close C=C contacts involving neighboring complexes in the solid. Moreover,
UV-irradiation of 2(4-benz-res)·2(1,4-bpeb) resulted in the quantitative con-
version of 1,4-bpeb to the targeted [2.2]paracyclophane, as confirmed by way of
single-crystal X-ray analysis (Fig.20b). Indeed, the quantitative generation of the
cyclophane in 2(4-benz-res)·2(1,4-bpeb) provided ready access to gram quan-
tities of the target which enabled us to determine the structure of the product.

7
Solid-State Polymerization of Acetylenes

For a thermal polymerization of a diacetylene to give a polydiacetylene to 
occur, the diacetylenes, similar to a [2+2] photodimerization, must be orga-
nized in a prescribed geometry to react [42]. Specifically, the carbon atoms of
a diacetylene must adopt a linear arrangement with an intermolecular repeat
spacing of approximately 5.0 Å and tilt angle of 45° (Fig. 21). Most diacetylenes,
similar to olefins, however, do not crystallize in an arrangement suitable 
for solid-state reaction. Moreover, the application of molecules that as-
semble and, in effect, serve as linear templates has offered a solution to this 
problem.
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Fig. 20a, b Achieving 100% yield and gram quantity construction of a cyclophane: a per-
spective of the four-component complex 2(4-benz-res)·2(1,4-bpeb); b the targeted [2.2]para-
cyclophane

b

a
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Fig. 21 Topochemical requirement for the polymerization of diacetylenes in the solid state

Fig. 22 Perspective of a co-crystal involving an oxalamide of glycine and a bis-pyridyl 
substituted diacetylene

7.1
Templates to Direct Di- and Triacetylene Polymerization

A strategy based on host molecules that assemble and function as templates
that direct the thermal polymerization of diacetylenes has been described 
by Fowler and Lauher [43]. The method has involved molecules that self-as-
semble into 1D hydrogen-bonded polymers. The polymers have been shown to
impose a characteristic intermolecular repeat distance and tilt angle upon di-
acetylenes such that the reactants conform to the geometric requirements for
solid-state polymerization. Thus, co-crystallization of the oxalamide of glycine
with a bis-pyridyl substituted diacetylene was revealed to impose a repeat dis-
tance and tilt angle of 4.97 Å and 43°, respectively, upon the diacetylene (Fig. 22)
[43]. The resulting solids slowly polymerized at room temperature to give the
targeted diacetylene polymer. Notably, thermal annealing at a slightly elevated
temperature increased the rate of conversion. In addition to a diacetylene, the



method has been applied a triacetylene in an unprecedented polymerization
that gives a triacetylene polymer [44].

8
Summary and Outlook

Linear templates have served as tools that control reactivity in the solid state.
By preorganizing olefins within discrete hydrogen-bonded complexes for [2+2]
photodimerization [22, 23, 25, 26], linear templates have been shown to provide
a means to isolate reactants from subtle structural effects of close packing such
that it is now possible to conduct molecular solid-state synthesis by design [25].
The approach has also been applied to direct polymerizations in the solid state,
yielding both di- and triacetylenes [49, 50].

Whereas an early goal of applying linear templates to the solid state has been
to control reactivity, it has become clear that the method has also provided an
equally intriguing means to employ principles of molecular recognition [20]
and self-assembly [21] to direct the syntheses of molecules and polymers.
Indeed, the degree of organization provided by the solid state has enabled mul-
tiple equilibria involving noncovalent complexes normally encountered in the
liquid phase to be avoided such that it is now possible to reliably capture and
transform self-assembled complexes [3] into complex covalent structures. Con-
sequently, it now possible to address what kinds of covalent structures can be
predesigned and constructed using the approach. Notably, the hydrogen bond
acceptor sites attached to the products also present functionality intimately
connected to the functions of the templates which makes the products attrac-
tive building blocks [21] in coordination- and hydrogen-bond-driven self-
assembly [30, 45], while the imprints of the templates, upon removal, may yield
‘true’ targets. Studies are underway to assess these, and related, possibilities of
the linear template, solid-state approach.
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Abstract The design of artificial models for “biomineralization” processes that utilize sol-
gel polycondensation has led to a merging of inorganic materials science and supramolec-
ular organic chemistry. This chapter introduces self-assembled superstructures of cyclo-
hexane-based, sugar-integrated, and crown-appended cholesterol gelators, which are used
as versatile building blocks in organogels and as templates for sol-gel transcription. This 
review focuses on the use of these self-assembled organic superstructures in the creation of
novel inorganic materials with controlled morphologies.

Keywords Cholesterol · Crown ether · Gelator · Nanotube · Organogel · Self-assembly · 
Sol-gel transcription · Sugar

List of Abbreviations
Tgel Sol-gel transition temperature
CD Circular dichroism
SEM Scanning electron microscope
TEM Transition electron microscope
TEOS Tetraethoxy silane
MAS Magic angle spinning

1
Introduction

Everyone knows what a gel is, but from a scientific point of view the term gel
encompasses chemistry with very diverse systems. Well known gel systems 
include, for instance, dilute solutions of polymers, proteins, and surfactants in
water and organic solvents. These gel systems are important in medicine, biol-
ogy, chemistry, and physics, and find many applications in the photographic,
cosmetic, food and petroleum industries [1, 2]. However, as D. Jordan Lloyd
wrote in 1926: ‘The colloidal condition, the “gel”, is one which is easier to rec-
ognize than to define…’.Although an exact definition of a gel is still a problem,
from a topological point of view gels can be defined as dilute mixtures of least
two components, in which both components form a separate continuous phase
throughout the system [3]. This definition includes not only gels composed of
a solid-like and a liquid phase, but also those composed a solid and a gas phase.
For most gels a solid-like phase is the minor component which forms a three
dimensional network structure within the fluid or gas phase. For solid-fluid
gels, it can be said that the network structure prevents the fluid from flowing,
whereas the liquid phase prevents the network from collapsing [4]. The coex-
istence of a solid network structure together with a liquid phase distinguishes
gels from pure solid, liquid crystalline, or fluid materials and gives gels their
unique elastic properties.

Often, gels are divided into two groups depending on the type of interactions
which hold the network structure together. In chemical gels, both the individ-
ual filaments of which the network consists, as well as the connections (junction
zones) between the filaments to form the network, are created through the 
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formation of covalent bonds. Cross-linked polymer gels belong to inorganic 
oxides, like vanadium pentoxide and silica. The properties of chemical gels can
be as different as their constituents, but they have a feature in common that 
formation is irreversible. Opposed to chemical gels are the physical gels. In this
type of gels the network structure is build from small molecular subunits,
which are held together by non-covalent interactions. The attractive forces 
between the molecular subunits can be very specific, like hydrogen bonding or
p-p stacking, but solvophobic and entropy effects also play an important role.
Because the non-covalent interactions stabilizing the network are offers of
magnitude weaker than covalent bonds and comparable to the thermal energy,
physical gels exhibit a characteristic reversible transition from a gel phase to 
a solution at moderate temperature. Properties of physical gels, like thermal 
stability and viscoelastic behavior, are therefore the result of a delicate balance
in the interactions between them.

Because the literature on organogelators has been reported in several excel-
lent reviews by Terech and Weiss [5, 6] as well as Esch and Feringa [7], we will
give in the following section only a brief overview with some representative 
examples of various organogelators such as sugar-, cyclohexane- and choles-
terol-based gelators, which can be useful as templates in sol-gel reaction to 
obtain new functional inorganic nanotubes. Finally, we will discuss sol-gel tran-
scription into inorganic materials using organogelators as templates, which is
a new area having large potentials and whose development can be achieved
only through a better understanding or organogels.

2
Examples of Organogelators

2.1
Introduction

Gelators fall into one of two categories according to the driving force causing
their molecular aggregation: hydrogen-bond-based gelators [8–15] and non-
hydrogen-bond-based gelators [16–22]. Typical examples of the former are
aliphatic amide- or urea-based cyclohexane-, peptide- and sugar-based deriv-
atives that exhibit distinctive helical structures in the fibrous aggregates formed
in certain solvents [8–15]. The superstructures observed as fibrous aggregates
in the organic gels of aliphatic amide derivatives provide the complementarity
needed for consecutive intermolecular hydrogen-bonding interaction.

Typical examples of the latter are cholesterol derivatives [16–22]. The aggre-
gation of these compounds bearing a crown moiety is based on their p-p stack-
ing, van der Waals, and solvophobic properties. Particularly, our research group
synthesized a variety of crown-appended cholesterol gelators, which turned out
to be very useful to crate inorganic nano-materials. We will discuss these
crown-appended cholesterol gelators in detail.
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2.2
Carbohydrate Derivatives as Gelators

Methyl 4,6-O-benzylidene derivatives of monosaccharides, a relatively new
member among the family of the low molecular weight gelators 1–11 [10, 23, 24],
in general, are advantageous to study the structural prerequisites for gelation
ability, because of their facile molecular design using the rich carbohydrate 
library. Methyl 4,6-O-benzylidene derivatives of monosaccharides have been 
intensively investigated with regard to their applicability as a low molecular
weight gelators. They stabilize organogels through the establishment of rigid,
strong and highly directional hydrogen-bonds, which are proved by tempera-
ture dependent NMR spectroscopy and FTIR spectroscopes, no vOH peak for a
free OH group is detectable for the solid samples (KBr) of all monosaccharides.
In the gel state, all signals are more broadened and the vOH peaks appear in two
groups between 3220 and 3475 cm–1 and between 3573 and 3588 cm–1, which
can be assigned to the intermolecular hydrogen bonds and free OH-groups,
respectively.

In addition, the gels provided by sugar-integrated gelators offer the unique
possibility of probing their thermal stability by monitoring a change in their 
intermolecular aggregation near the Tgel region by 1H NMR spectroscopy (com-
pounds 1–11). Due to the formation of strong intermolecular bonds at Tgel, the
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chemical shifts of dOH have their maximum downfield values at Tgel. This phe-
nomenon is reflected by the line broadening effect in the 1H NMR spectra. In the
gel phase, the mobility of gelator molecules is significantly suppressed, where-
as in the sol phase it is comparable to that of a homogenous solution. Therefore,
the half-height width of the peak (d1/2) of the PhCH methine proton is nearly
constant above Tgel, while it increases with falling temperature below Tgel.

The absolute configuration of the monomer correlates significantly with 
the ability to gelate solvents. The optimal requirements for these compounds
to be classified as a gelator are fulfilled only by derivatives of D-mannose and
D-galactose. Methyl 4,6-O-benzylidene-a-D-galactopyranoside (9) and methyl-
4,6-benzylidene-a-D-mannopyranoside (11) act as “supergelators” for apolar
solvents. Both saccharide derivatives can gelate hydrocarbons (n-hexane, n-hep-
tane, n-octane, n-decane and cyclohexane) in concentrations of approximately
0.03–0.05 wt% [25]. Compared to the typical gelator concentration range of
0.9–2.48 mmol/l these values represent the lowest concentrations reported for
organic solvents so far.

In addition, four sugar-integrated gelators bearing a p-aminophenyl group
which are expected to exert an additional hydrogen-bonding effect and a metal
coordination effect on the gelation ability were synthesized. a-D-Galactose-
based 14b was only soluble or precipitated and b-D-glucose-based 16b gelated
only two of 15 solvents whereas a-D-glucose-based 13b acted as an excellent
gelator which could gelate 8 solvents [25]. The Tgel values for 13b were higher
by 41–78 °C than those for a-D-glucose-based 13a bearing a p-nitrophenyl
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group, due to the hydrogen-bonding interaction including the amino group.
Also, the Tgel values for ethanol gel of 13b were markedly improved by addition
of AgNO3, CoCl2 or CdCl2 by coordination bonds between metal ion and gela-
tor. These results indicate that the bridging effect between gelators with metal
ions acts as the origin of the gel reinforcement.

2.3
Amphiphilic Gelators

Hydrogels have been extensively studied because of their applicability to tissue
engineering [26] and the development of new materials that reversibly respond
to external stimuli [27–30]. They usually consist of covalently or non-covalently
cross-linked polymers and contain a large amount of water that fills the inter-
stitial spaces in the network. These hydrogels have complicated intermolecular
association modes that are difficult to define. In contrast, organogels are one-
dimensional aggregates of low-molecular-weight compounds, for which the 
definition of the association models is relatively easy. However, only a limited
number of hydrogels are formed by low-molecular-weight compounds [31–40].

Very recently, the Shimizu group reported on sugar-derivatives as am-
phiphilic gelators, which are some of the best aldopyranoside-based organo-
gelators (17 to 20) [36, 41, 42]. Compounds 17 and 18 can gelate seven out of ten
organic solvents as well as water in the presence of a small amount of alcohol-
based solvent (ca. 1.0 wt%) due to their extremely low solubility in water as
shown in Table 1. This indicates that they can act as versatile gelators of organic
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Table 1 Gelation ability of 17–20 in organic solvents and watera

Solvent Mono-head amphiphile Bolaamphiphile

17 18 19 20

Methanol S S S S
Ethanol S S G G
1-Butanol G G G G
tert-Butanol G G G G
Tetrahydrofuran G G G G
Acetic acid G G G G
n-Hexane I I I I
Ethylacetate G G I I
Acetonitrile G S G G
Acetone G S G G
Water Gb Gb G G

a Gelator=0.05 to 5.0 wt%.
b Stable gel formed in the presence of a trace amount of methanol or ethanol.
G=stable gel formed at room temperature; S=soluble; I=insoluble.



solvents and water. In addition, bolaamphiphiles 19 and 20 with two amino-
phenyl aldopyranoside moieties can also gelate seven out of ten organic sol-
vents, such as alcoholic and aprotic polar solvents. Particularly, they can gelate
water in the absence of any organic solvents. This feature is caused by the 
increased hydrophilicity of 19 and 20 with two aminophenyl aldopyranoside
moieties in water.

Hydrogels 17 and 18 display a linear fiber structure with a diameter of 140
to 200 nm and length of several mm (Fig. 1a,b). In contrast, tert-butanol gels 17
and 18 exhibit typical structures with three-dimensional networks of fiber bun-
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Fig. 1a–d SEM pictures of: a aqueous gel 17; b aqueous gel 18 obtained from water; c organo-
gel 17; d organogel 18 prepared from tert-butanol. Reproduced with permission from [41]
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dles. The approximate diameters of the smallest aggregate shown in Fig. 1c,d
is 65 to 100 nm, respectively.

Hydrogels 19 and 20, both of which are transparent, have film-like lamellar
structures that are 50 to 100 nm thick at extremely low concentrations
(0.05 wt%). In contrast, of particular interest is the xerogel 3 prepared from
acetic acid. The 20- to 50-nm diameter spheres are connected to one another
like a pearl necklace at the initial stage of gel formation and grow into typical
fiber structures with a diameter of 20 to 40 nm. Acetic acid gel 20 displayed a
three-dimensional fiber structure with a diameter of 20 to 40 nm and several
micrometers. These findings imply that bolaamphiphilic gelators, unlike mono-
head amphiphiles, satisfy both the solubility and the maintenance of inter-
molecular hydrogen-bond networks in water.

According to powder-XRD experiments, hydrogels 17 and 18 maintained an
interdigitated bilayer structure with a thickness of 2.90 nm. In contrast, the
organogels 17 and 18 obtained from tert-butanol differ considerably from those
obtained from water, with a single sharp peak appearing at d=3.48 nm in the
small-angle region and one broad reflection in the wide-angle region. These 
results indicate that the hydrophobic interaction of the alkyl chains with organo-
gels 17 and 18 is relatively weak compared to that with hydrogels 17 and 18.

The powder XRD for bolaamphiphiles 19 and 20 exhibited a single reflection
peak with a long period of 3.58 nm, which is compatible with the fully extended
molecular length of 19 and 20, and suggests a layered structure caused by p-p
stacking between the aromatic groups, intermolecular hydrogen bonds be-
tween the amide groups, and the intermolecular hydrogen-bonding interac-
tions of the sugar moieties in the aqueous phase. The similar layered structures
were also observed for organogel systems.

2.4
Sugar Lipid Nanotubes

Nanometer-scale hollow cylindrical structures of carbon graphite sheets, so-
called carbon nanotubes [43–45], have recently been attracting considerable 
attention as intriguing new nanostructured materials with many potential elec-
trical and photonic applications [46]. Similar morphologies with identical 
dimensions can be obtained by combining the philosophies of green chemistry
and supramolecular chemistry. Lipid nanotubes, characterized by their inner
diameter of around 70 nm, wall thickness of 20 to 30 nm, and axial ratios of
more than 1000,can be prepared easily through the self-assembly of amphiphilic
glucopyranoside derivatives [47, 48]. Synthetic lipid nanotubes may owe their
origin to the pioneering work of Yager [49]and Schnur [50, 51] who used di-
acetylenic phospholipids, as well as to Nakashima and Kunitake [52] who used
glutamate derivatives. Although nearly two decades have passed since the ap-
pearance of the first report on self-assembled lipid nanotubes, the number of
identified tube-forming amphiphiles is still relatively small. Typical molecular
backbones include diacetylenic phospholipids [49, 53], glutamates [52] long-
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Fig. 2a–e EF-TEM pictures of self-assembled: a 22; b,c 23; d,e 24. Reproduced with permis-
sion from [47]

chain diamides [54] anionic glucophospholipids [55], block copolymers [56],
a lipid/biotin conjugate [57] and porphyrin derivatives [58]. It is well-known
that most lipids are transformed from vesicular assemblies into tubular struc-
tures using a helically wound fiber as an intermediate.

Very recently, Jung et al. [47] reported on self-assembling structures of
long-chain phenyl glucoside influenced by the introduction of double bonds.
For examples, the self-assembly of 22–24 was prepared in aqueous solution.
However, 21 proved to be insoluble in water and only formed a typical nanofiber
structure (with a diameter of 100 to 350 nm and a length of several microm-
eters) in a mixture of water and methanol (1:1 v/v). Figure 2 shows TEM im-
ages of the self-assembled 22 to 24 in aqueous solutions. Note that 22 exhibits
a twisted fiber structure with a width of 50 to 200 nm and a length of several
micrometers whereas 23 has a helical ribbon structure, showing the influence
of double bonds on the final morphology of the self-assembled structures.

On the other hand, 24 and its three cis double bonds in the lipophilic region
exhibit a helical-ribbon morphology with an outer diameter of 80 to 100 nm and
a nanotubular structure that has an inner diameter of around 70 nm and a wall
thickness of 20 to 30 nm (Fig. 2e). As far as can be determined, all the chiral
structures have a left-handed helical motif. In addition, the helical ribbon grad-
ually becomes a nanotubular structure that is several micrometers long and
with an internal diameter of around 70 nm. Both ends of the nanotubes are

a

b
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Fig. 3 CD spectra of self-assembled (a) 22, (b) 23, (c) 24 at 25 °C, (d) 23 and (e) 24 at 70 °C,
respectively. Reproduced with permission from [47]

open and have a hollow inner core and a wall. These observations also support
the view that unsaturated units are important to the self-assembly of nanotubes.

To provide further evidence for the nanotube formation of 23 and 24 in the
microscopic structural view, the CD spectra of the self-assembled 22 to 24 were
observed, as shown in Fig. 3. The CD spectra of the self-assembled 23 and 24
in aqueous solutions exhibit a strong negative band at 225 nm and 237 nm, re-
spectively, and form nanotube structures by chiral assembling. They emit only
a weak CD signal at temperatures above the phase transition temperature
(Fig. 3) and the maximum shift to longer wavelength, which is probably com-
posed of monomers or small lipid aggregates, such as micelles or vesicles. The
CD signal, however, becomes strong again when the lipids self-assemble after
several hours to form a nanotubular structure. On the other hand, the CD 
spectrum of self-assembled 22 in an aqueous solution exhibits a much weaker
negative band relative to 23 and 24, suggesting that self-assembled 22 forms a
disordered chiral packing structure. The CD results provide direct evidence for
a chiral molecular architecture in the nanotubes and of the proposal that the
molecular packing of 23 and 24 shows a loose chirality at temperatures above
the phase transition temperature. Furthermore, the phase transition tempera-
tures of 23 and 24 are much higher than those of glucoside amphiphiles 25
to 28 that lack the amide group [48], thus indicating that the stabilization of
self-assembled tubes 23 and 24 arises mainly from intermolecular hydrogen-
bonding interaction between the amide groups.

According to the powder XRD patterns, the small-angle diffraction patterns
of nanotubes 23 and 24 gave at least four ordered reflection peaks with a long
period of 4.62 nm, which is less than twice of the extended molecular length of
23 (3.15 nm as determined by CPK molecular modeling) and 24 (3.02 nm) but
greater than the length of one molecule. These results strongly suggest that 
self-assembled 23 and 24 form a bilayer structure as a result of interdigitated hy-
drophobic interaction. On the other hand, the diffraction diagram for micro-
crystalline solid 22 (molecular length=3.03 nm) formed a bilayer structure with
a molecular length of 3.59 nm, supporting the assumption that 22 maintains a
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much stronger interdigitated bilayer structure between the lipophilic regions
than those of 23 and 24. According to the CD and powder X-ray diffraction re-
sults, the intermolecular hydrogen-bonding interaction of the glucopyranoside
moiety of 23 and 24 provides a highly ordered chiral parking structure even
though there is only a weak hydrophobic interaction between the lipophilic
groups, which leads to the formation of the nanotubular structure.

2.5
Cyclohexane-Based Gelators

The cyclohexane-based gelling agents such as 29 have recently been introduced,
first by the Hanabusa group [13] and later also by the Feringa group [11]. Sam-
ple diamide compounds 29 and 30 were prepared [13], in the expectation that
it may form interlocked macromolecule-like aggregates as a result of two co-
operating noncovalent forces, the intermolecular hydrogen bonding between
the amide groups of adjacent molecules and the hydrophobic interaction of the
long hydrocarbon tails.

Surprisingly, 29 can forms physical gels and harden a wide variety of organic
fluids including hydrocarbons, such as alcohols, ketone, ester, ethers, aprotic
polar compounds, aromatic compounds, mineral oils and edible oils. In con-
trast, the racemate consisting of 29 and the S,S-enantiomer 30 only formed an
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Fig. 4 CD spectra of 29 and 30 in acetonitrile. Reproduced with permission from [13]

unstable gel, which was converted to cocrystals after several hours, through 30
itself revealed the same gelation behavior as 29.

To study the chiral structure of the aggregate in the gel, circular dichro-
ism (CD) spectra were measured. The CD spectra of loose gels (1 mmol/l;
0.0677 wt%) for 29 and 30 in acetonitrile are shown in Fig. 4. The CD spectrum
of 29 exhibited a negative sign for the first Cotton effect, indicating that dipole
moments orientate in an anticlockwise direction in the aggregate of 29. On 
the other hand, 30 exhibited a positive sign for the first Cotton effect, indicat-
ing that they are oriented in a clockwise direction. These CD spectral data sup-
port the view that the aggregates formed from 29 and 30 are cooperatively 
organized into the aggregates with left- and right-handed helical structures,
respectively.

A TEM image of a 29+acetonitrile gel negatively stained by osmic acid is
shown in Fig. 5. Numerous intertwined aggregates form helical fibers with
40–70 nm diameters. The helicity of fibers was always left-handed for 29, and
right-handed for the S,S-enantiomer 30.

2.6
Cholesterol Gelators

Molecules bearing a highly polar azobenzene group linked to C3 of a steroidal
moiety (31–34) have been found to gel liquids such as ethanol, acetic acid,
amines, dichloromethane, ethers and esters [5, 16, 17]. The a- and b-anomers
preferentially gel apolar and polar liquids, respectively.As frequently observed
with fiber-like aggregates of optically active molecules [5, 59, 60], CD can be
used to follow aggregation properties at the microscopic scale, which is com-



pared with those of macroscopic gelation. For instance, from the positive 
exciton coupling band observed for the a-anomer (31), it can be deduced that
the dipoles of the azobenzene parts in the aggregate are associated in a clock-
wise direction (R-chirality). The cooling rate of samples initially above Tgel can 
affect the sign of the gel CD spectra; metastable structures are formed as in the
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Fig. 5 TEM images of loose 29-acetonitrile gel (1 mmol/l 29) stained by osmic acid. Repro-
duced with permission from [13]
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Fig. 6 TEM image of organogel 35+36. Reproduced with permission from [62, 63]

case of 34 gels in hexadecane/1-octanol mixtures [5, 61]. Attempts to correlate
the strand helicity with the cooling rate and the a-/b-anomeric nature of the
cholesterol linkage have been made on the basis of SEM observations. The ab-
solute configuration at C3 has also been shown to be an important factor to de-
termine the aggregation modes of monolayers developed at the air-water in-
terface. As witnessed by greater efficiency of gelators with an odd number of
carbon atoms on a group attached to the azobenzene moiety, there is a delicate
lipophobic/lipophilic structural balance governing gelation properties.

The sensitivity of Tgel of gels containing one of 31–33 to the nature of the 
liquid component suggests that solvent molecules do not participate in the
structures of the gelator strands. However, this conclusion cannot be easily gen-
eralized and is still suspicious when lyotropic organizations participate in the
gel network.

For instance, one dimensional stacking of cholesterol moiety in 35 and 36
causes gelation, which is affected by the ordered azobenzene and the absolute
configuration of C3 in the cholesterol moiety [62, 63].A TEM image of the acetic
acid gels 35 and 36 showed the fiber structure with 50–200 nm outer diameters.
However, very interestingly, a TEM image of a mixed organogel of 35 and 36
shows the helical fiber structure as shown in Fig. 6. One can clearly recognize the
fiber structure with a diameter of 10–20 nm and a helical pitch of 100–150 nm.
In addition, the CD spectrum of the mixed organogels 35 and 36 at R=10 mol%



clearly exhibited a positive sign for the first Cotton effect. These results support
the view that the dipole moments of the gelator molecules tend to arrange in
the right-handed helical orientation.

2.7
Crown-Appended Cholesterol Gelators

Crown-appended cholesterol gelators were mainly synthesized and characterized
on the gelation ability and their physical properties by the Shinkai group [64–70].
In these gel-forming aggregates, the crown ether groups play three essential roles.
They are, (i) because of their chain flexibility, introduction of a crown ether group
suppresses the formation of a crystalline precipitate and enhances their gelation
ability, (ii) oxygen (and nitrogen) atoms in the (aza)crown ring act as a silica
binding site with the hydrogen-bonding interaction; moreover, when the crown
ring binds metal cations or when the nitrogen is protonated, they can bind an-
ionic silica particles through electrostatic interaction and (iii) they can act as a
guest binding site that affects the gelation properties. For instance, the super-
structures constructed in organogel 37, which has a benzo-18-crown-6 moiety,
were observed by SEM. The xerogel featured a fibrous network structure with
25–62 nm diameter and the fibers were partially twisted in a helical fashion. In
contrast, the SEM image of xerogel 38 did not show the fibrous structure char-
acteristic of organogel systems but rather featured the film-like aggregates with
30~40 nm thickness. One may regard that these films consist of the lamellar
structure of 38. It is noteworthy that some films are curved to form a pseudo-
cylindrical structure. The most interesting is the xerogel obtained from a 39+
cyclohexane system. The xerogel featured a tubular structure with 45~75 nm wall
thickness and 170~320 nm inside tube diameter. Careful examination of this pic-
ture reveals that the wall consists of the multi-layer structure. Presumably, the
curved lamellae as seen for 38 have developed to roll up to a tubular structure.
It is not clear, however, why the growth of the curved lamellae stops in 38 whereas
it continues to grow up to the “roll-paper-like” structure in 39.

2.8
Multi-Layered Vesicular Morphology of Organogels

Gokel et al. found that certain azacrown-appended cholesterol derivatives form
unique vesicular or lamellar structures both in the absence and the presence of
metal salts in aqueous solution [71–73]. They possess a polar azacrown head
group and a hydrophobic group that lead to the formation of stable aggregates,
the morphology of which can be adjusted by changing the ring size of the 
azacrown head group or the length of the hydrophobic group.

On the other hand, Jung et al. successfully obtained an azacrown-appended
cholesterol gelator which possesses the multilayered vesicular structure [68].
The 40+acetic acid gel produces two different spherical structures, one with a
diameter of around 200 nm and the other of around 2500 nm (Fig. 7). The spher-
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Fig. 7a–c a, b SEM images of the acetic acid gel 40. c TEM image of the acetic acid gel 40.
Reproduced with permission from [68]

a b

c

Fig. 8a, b a TEM image of the acetonitrile gel 41. b SEM image of the acetonitrile gel 41
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ical morphology is in sharp contrast to the more common types of organogel,
which tend to be fibrous or plate-like. Another interesting finding is the fact
that the smaller vesicles are connected together like a pearl necklace.When the
40+acetic acid gel was dissolved by heating and sonication with a 35-W tip son-
icator for 15 min, the resulting SEM picture revealed an increase in the con-
centration of the larger vesicles. One particle was cut by an ultramicrotome.
Fig. 7b clearly shows that the particle has a shell wall with a thickness of around
200 nm and an inner sphere with a diameter of around 300 nm. The clearer 
picture of the larger vesicle was obtained by TEM. The 40+acetic acid gel was
translucent even in the presence of uranyl acetate, and was subjected to TEM
observation. The TEM image (Fig. 7c) clearly shows that the shell wall consists
of a multi-layered structure with a layer thickness of around 5 nm and a di-
ameter of around 200 to 350 nm.

Fig. 8, on the other hand, shows TEM images of organogel 41 obtained from
acetic acid. Interestingly, organogel 41 with a 30-crown-10 moiety consists
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mainly of tubular structures with an outer diameter of around 520 nm but also
exhibits a linear ribbon and a helical ribbon both with a total width of 1300 nm.
In addition, the SEM picture of the xerogel 41 reveals a characteristic tubular
structure (Fig. 8b). These results indicate that the structure of this organogel 
involves several metastable intermediate processes, viz. helical ribbonÆtubule.

2.9
Charge-Transferred Gelators

Raju et al. reported the relation between the gelation ability and the charge
transfer interaction between bile-acids 42–44 and trinitrofluorenone 45 [74].
Interestingly, the location of the pyrene unit on the bile acid appeared to be
critical, however, 43 and 44 which did not form gels in the presence of 45.
Pyrene derivative 42 in general formed highly stable gels even with less than
1 wt% of the gelator. Compound 45 in the presence of the methyl pyrene-1-car-
boxylated did not form a gel in BuOH and CHCl3. A steady increase of Tgel was
observed with increasing amounts of 45 but when 1.25 equiv. were added there
was no measurable increase, suggesting the requirement of a 1:1 stoichiome-
try for effective gelation. The gels formed from colorless 42 and 43 are colored
due to a charge-transfer band. The intensity of this band changes substantially
during gelation.

3
Sol-Gel Transcription to Create Inorganic Nanotubes

The use of organic compounds as templates for the generation of inorganic
structures and materials has been receiving considerable attention over the last
decade [75–82]. Inorganic materials, although diverse in their compositions,
generally lack the structural variety as seen for supramolecular and other 
organic structures [5–7].Although inorganic materials are easily molded at the
macroscopic level, our ability to shape them at the microscopic level is, at best,
limited. The formation of these inorganic structures is challenging not only
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from a purely scientific point of view, but also from a fact that these materials
have the potential to be applied to a wide range of fields. We can envision the
use of hollow, inorganic spheres for the controlled release of a variety of sub-
stances, as well as their use as light but strong filler materials or as micro-
reactors. Since these higher-order aggregates can be created with a variety of
different architectures, using them as templates for sol-gel polycondensation
gives us the means to create a range of novel inorganic architectures that could
not be created directly from inorganic materials. As possible templates, pro-
teins, multicellular superstructures, surfactants and DNA have all been utilized
to create novel structures from inorganic materials [75–82].

More recently, it has been found that certain cholesterol derivatives can
gelate even tetraethoxysilane (TEOS), to produce silica gel by means of sol-gel
polycondensation [16]. Interestingly, it has been shown that the sol-gel poly-
condensation of gelated TEOS solutions followed by calcination produces a
novel silica with a hollow fiber structure. This is because, in the polyconden-
sation process, the organogel fibers act as a template to create an internal tube
[62]. We have found that self-assembled organogels form not only superstruc-
tures such as fibers, tubes, vesicles, helical ribbons and double helixes, but also
act as good templates for sol-gel polycondensation. In this section, we report
transcription of the superstructures constructed in the organogels into inor-
ganic nanotubes.

3.1
A Lotus-Shaped Silica Nanotube

Sol-gel polycondensation of TEOS was carried out using 13a, 13b, 14b, 15b and
16b in the ethanol or water gel phase [83, 84]. The amino group was used ex-
pecting the stronger hydrogen-bonding interaction between NH2 and silica
particles than that between NO2 group and silica particles. The silica obtained
from 13b showed the tubular structure with 20–30 nm outer diameters and
350–700 nm lengths (Fig. 9a,b) whereas the silica obtained from 13a showed the
conventional granular structure. It is hardly conceivable that the aromatic
amino group is protonated in the presence of benzylamine used as a catalyst.
These results indicate, therefore, that the tubular structure of the silica was suc-
cessfully transcribed by the hydrogen-bonding interaction between the amino
group of 13b and TEOS (or oligomeric silica particles).

In contrast, b-glucose-type organogel 16b resulted in the tubular silica with
larger outer diameters of 150–200 nm (Fig. 9c,d).Very surprisingly, the TEM im-
ages of the silica obtained from 16b reveal that the silica consists of 50–100 nm
inner diameters and 150–200 nm outer diameters. Furthermore, the silica in the
inner tube is composed of micro-tubes with 5–10 nm diameters, in total giving
rise to a lotus-like structure. The silica obtained from ethanol gels 13b and 16b
have a Brunauer-Emmett-Teller (BET) surface area of 450 m2 g–1 and 475 m2 g–1,
respectively. These values are smaller than those of mesoporous silica obtained
surfactants.



3.2
Double-Helical Silica Nanotube

Reports on helical inorganic materials have documented their use as asym-
metric reaction catalysts [85, 86], helical sensors [87, 88], inorganic optical ma-
terials [89] etc.Although N-alkylaldonamide amphiphiles [90, 91] and synthetic 
nucleotide analogues [92] in artificial systems, as well as DNA, RNA and poly-
peptides in natural systems, self-assemble into highly ordered superstructures
such as single-, double- and triple-helical structures, their transcription into 
inorganic materials has not yet been achieved [93, 94]. The reasons for this are
twofold: (i) the presence of either cationic charges or efficient hydrogen-bond 
donating moieties is indispensable to adsorb the “anionic” inorganic precursor
moieties onto the organic molecular assemblies and (ii) the self-assembled mor-
phology of the organic molecules should be maintained during the sol-gel reac-
tion. Obtaining helical structures that satisfy the above requirements, however,
can be accomplished using stable, organic supramolecular self-assembled struc-
tures. Jung et al. prepared sugar-based gelator 17 as a template, which, together
with aminophenyl glucopyranoside 46, can form a gel consisting of double-
helical fibers that can be transcribed into double-helical silica nanotubes [95].

SEM images of the 17+46 mixed gel (1:1 wt%/wt%) exhibited a well-defined
double-helical fiber structure with diameters of 3 to 25 nm, lengths of several
micrometers [95], and dimensions similar to those of double-helical DNA 
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Fig. 9a–d SEM and TEM images of the silica tubes obtained from: a,b organogels 13b;
c,d organogels 16b. Reproduced with permission from [83]
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and RNA structures. Sol-gel polycondensation of TEOS was carried out in a 
water-methanol (10:1 v/v) gel of 17+46. After calcination, the morphology of
the silica product turned out to be a well-defined double-helical nanotube with
a diameter of 50 to 80 nm and a pitch of 50 to 60 nm (Fig. 10a). These results
prove that the double helical structure of the self-assembled gel fibers of 17 and
46 is successfully transcribed into the silica nanotube structure, most likely
through hydrogen-bonding interactions between the amine moiety of 46 and
negatively charged oligomeric silica particles.The results clearly support the
view that (i) the presence of a minimal number of hydrogen-binding sites is 
indispensable to the transcription of the self-assembled structure into a silica
structure, (ii) the helicity of the silica can be accurately transcribed from that
of the template and (iii) this method can be applied to the efficient transcrip-
tion of self-assembled superstructures into inorganic materials.

High-magnification TEM images of the double helical silica tubes reveal a
5.0-nm nanospace between the helical strands (Fig. 10b,c), the structure of
which is quite similar to that of double-helical DNA. Furthermore, there is 
essentially no difference between the silica before and after calcinations, indi-
cating that the double-helical structure of the silica indeed originates from the
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Fig. 10 a FE-SEM image. b, c TEM images of double-helical silica nanotube obtained from
mixed gel of 17 and 46 (1:1 w/w) after calcination. d Schematic representation of double-
helical structure of the silica nanotubes as observed by SEM and TEM. Reproduced with 
permission from [95]
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self-assembled organogel superstructure. Also, the inner cavity of the silica
nanotube was proved by the N2 adsorption-desorption isotherm. The silica had
a surface area of 450 to 500 m2 g–1 and pores with two distinct diameters. The
TEM and DFT observations revealed the first to be 1.2 to 1.5 nm in diameter.
The inner diameter of the double-helical silica nanotube is similar to that of
single-wall carbon nanotubes.A slight constriction of this inner diameter of the
silica probably occurs during the calcination, because the inner diameter is
slightly smaller than that of the template fiber. The second type of pore has an
average diameter of 5.0 nm and originates from the space between the two sep-
arate helical silica strands, which closely correlates with the TEM observations.

3.3
Chiral Silica Nanotubes

Transcription of cyclohexandiamine-based helical organogels resulted in the
helical silica nanotubes, all of which are right-handed (Fig. 11) [96, 97]. Helical
silica nanotubes of the opposite handedness were obtained using the enan-
tiomeric mixture of 1R, 2R-diamides 29 and 47. Transcription proved to be 
successful only when the ratio of noncharged gelator to charged gelator was

Fig. 11a, b FE-SEM images of single-helical silica nanotube obtained from: a 47+49; b 48+50.
Reproduced with permission from [97]

a b



lower than 70:30, indicating that a moderate amount of cationic charges is in-
dispensable to in the transcription process of organogels into silica nanotubes.
Similar results were obtained using the combinations 47/49 and 48/50 [97].
After calcination of the silica fibers, inner channels possessing the same helic-
ity as the fiber itself could be observed, thus proving the view that the organogel
fibers had indeed been the template around which the silica structures had
formed. Furthermore, it showed that the chirality present in the gelator mole-
cules is transcribed consistently into the macroscopic silica materials. This 
system is the most striking example for the potential of the organogel approach
for the formation of inorganic materials.

Hanabusa et al. reported preparation of a novel TiO2 materials with a hollow-
fiber structure like “macaroni”by using cyclohexandiamine-base gelator 51 [98,
99]. The self-assembled gelator 51 was electrostatically interacted with titania
species in the sol-gel polycondensation process of Ti[OCH(CH3)2]4. The results
of gelation tests for 51 are summarized in Table 2. Compound 51 gelated n-bu-
tanol and the minimum gel concentration necessary for the gelation was 2 wt%.
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Table 2 Influence of sol-gel polycondensation conditions on the resultant silica structurea

Run Catalyst Solvent Additive Silica 
structure

1 MeCO2H MeCO2H (306 mL) – Hollow
2 MeCO2H MeCO2H (306 mL) Me4NCl (2.2 mg) Hollow
3 MeCO3H MeCO2H (306 mL) Me4NCl (109.7 mg) Granular
4 1.0 mol/l HCl (15.6 mL) MeCO2H (306 mL) – Granular
5 Benzylamine (5.7 mL) Butan-1-ol (395 mL) – Hollow
6 Benzylamine (5.7 mL) Octan-1-ol (346 mL) – Hollow

a 36 5.0 mg (6.2¥10–6 mol), TEOS 48.4 mL, and water 15.6 mL. Gelator 36 was added as a
CH2Cl2 solution (0.3 g)

SEM images of dried samples prepared under acetic acid and basic condi-
tions using 51 showed an extensive network structure with 150–600 nm dia-
meters under both conditions. The surface of the fiber prepared under basic 
conditions was rough, whereas the sample under acidic conditions had the very



smooth surface. The rough surface under the basic conditions may be the result
of the adhesion of the TiO2 particles to fibrous aggregates. No fibrous structure
was observed for the samples prepared under acidic conditions after calcina-
tion. In contrast, the fibrous structure under basic conditions was completely
preserved after calcination. When sol-gel polycondensation is carried out un-
der basic conditions, the propagation species is considered to be anionic.
Hence, the oligomeric titania species are adsorbed onto cationic aggregates of
51 and polycondensation further proceeds along these aggregates. The titania
fibers of the calcined sampled possessed hollow structure with outer diameters
of 150–600 nm, and the maximum length of the titania fiber was ~20 mm.

The crystal structures of the resulting TiO2 fibers were analyzed by X-ray dif-
fraction. The X-ray diffraction patterns showed that the TiO2 fibers crystallize
into anatase structures after calcination at 450 °C for 2 h. Nanostructured anatase
TiO2 has been employed in a variety of photoelectric devices. Therefore, this hol-
low-fiber TiO2 material has an excellent potential for applications to photovoltaic
solar cells,photocatalytic devices and rechargeable lithium ion battery electrodes.

Recently, Moreau et al. reported the solids by means of organogelators 52/53
[100]. These compounds, although similar in structure to those discussed 
before, differ in that the silica precursor had been covalently attached to the
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gelator structure, thus making the use of TEOS superfluous. Particularly, how-
ever, the silica polycondensation was carried out in pure water, a solvent that
cannot be gelatinized by these cyclohexane derivatives. Hence, the obtained
materials did not display the well-defined morphologies observed for true
organogel systems. Organogelator 53 was also used in the nongelating solvent
water. The compound is thought to self-organize in a lamellar fashion, as a 
result of hydrogen-bonding interactions between the urea moieties and chain-
chain interactions. A lamellar organic-inorganic hybrid material with plate
thickness of about 50–100 nm was obtained after this reaction.

3.4
Vesicular Structure of the Silica Particle

Mesoporous inorganic materials with vesicular structures have been subjected
to special attention because of their potential applications as sorption media,



molecular sieves and catalysts [101–105]. However, all the vesicular (multi-lay-
ered) mesostructures reported to date have shells with an undesirable thickness
and shape. The earliest approach to creating vesicular structures of inorganic
materials was reported by Ozin et al. [104, 105], who synthesized a lamellar 
aluminophosphate phase in a solution containing vesicles formed from tetra-
ethylene glycol, amphiphilic alkylamines, and water. The resulting material was
composed of millimeter-sized spheroids with patterned surfaces. In addition,
recently, Pinnavaia et al. [101–103] reported that arrangements of mesoporous
inorganic materials with vesicular structures with shells with a thickness of
3 to 70 nm have been accomplished using “gemini”-type surfactants as tem-
plates in aqueous solutions. However, these particles have shells consisting of
uni- and multi-lamellae.

Shinkai et al. [68] successfully obtained the multilayered vesicular structure
of the silica particles obtained from organogels. For examples, Fig. 12 shows
SEM micrographs obtained by sol-gel polycondensation using organogel 40 as
a template, taken after calcination. The resultant silica shows the spherical struc-
tures with a diameter of around 200 nm and a diameter of around 2500 nm.
After the small particle had been sectioned with an ultramicrotome, TEM was
used to observe its edges. The resulting TEM images revealed a shell wall to be
a multi-layered lamella having a spacing of 5 nm. These results clearly support
the view that the multi-layered structure of the organogels is precisely tran-
scribed into the silica structure. This vesicular silica with the unique higher-or-
der morphology is very useful for drug delivery, nanosized microcapsulation,
catalysis, compartmentalization, etc.

3.5
Novel Metal Deposition in the Inner Side of the Silica Nanotube

Confirmation of the importance of cationic charges in the transcription process
of organogels into silica came from Ono et al. [62, 64], who employed a cho-
lesterol-based gelator functionalized with a crown ether moiety (37–41) capa-
ble of binding potassium cations. It was found that the organogel of 37 could
only be successfully transcribed into hollow silica fibers in the presence of
substantial amounts of K+ ions. The addition of the other cations (Li+, Na+, Rb+,
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Fig. 12A, B TEM images of the silica microspheres obtained from the 40+acetic acid gel 
after calcinations. Reproduced with permission from [68]
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Cs+) did not result in successful transcription and only granular silica was
formed. The striking effect of K+ ion could be ascribed to the high affinity of
the benzo[18]crown-6 moiety for the K+ ion.

The organogel of the diaza-analogue 39, on the other hand, consists of the
fully formed tubular structures [65, 66]. Transcription of these organogels in
the presence of K+ or Cs+ ions resulted in the formation of “rolled paper-like”
silica. Although, like gelator 37, compounds 38 and 39 do not possess any pos-
itive charges, their organogels can be successfully transcribed into tubular 
silica even in the absence of added metal salts. The driving force for this tran-
scription is the presence of cationic charges arising from protonation of the
azacrown moieties. Transcription was also successfully carried out in the pres-
ence of added metal salts; however, in all cases the metal was never directly 
observed in the resultant silica. Silica containing nanosized metal particles
(1–5 nm) was obtained for the first time by transcribing the organogel of 38
into silica after the addition of AgNO3. As can be clearly seen in Fig. 13, small
silver particles are present in the interlayer space of the rolled paper-like silica.
Such metal-containing silica is thought to have interesting applications to 
catalysts.

3.6
Meso-Sized Silica Nanotube

Phenanthroline-appended cholesterol gelator 54 also induced the fibrous
structure with 30–70 nm outer diameters and a few micrometers length [106].
Fig. 14 illustrates N2 adsorption-desorption isotherms and a BJH pore size 
distribution plot (insert) calculated from the adsorption branch of the N2iso-
therms for calcined silica obtained from the 54+acetic acid gel. The N2 adsorp-
tion-desorption isotherms of this material exhibited a typical type IV, which is
characteristic of mesoporosity.A narrow pore size distribution with a mean value
of 4.5 nm is also obtained from both the adsorption and desorption processes.
This material has a Brunauer-Emmett-Teller (BET) surface area of 460 m2 g–1.
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Fig. 13 TEM images of the paper-roll-like silica obtained from the 38+1-butanol gel in the
presence of AgNO3 after calcinations. Reproduced with permission from [65]
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More important between the silica obtained from the 54+acetic acid gel and
previously reported mesoporous silica materials are the high degree of SiO4 unit
cross-linking in the framework and the structural stability that results from this
cross-linking. According to 29Si MAS NMR experiments, the silica framework
consisted of a major fraction of the fully cross-linked Q4 unit; Si(OSi)4 and a 

Fig. 14 (a) Nitrogen adsorption-desorption isotherms and (b) pore size of the silica obtained
from the 54+acetic acid gel after calcinations. Reproduced with permission from [106]



minor fraction of the incompletely cross-linked Q3 unit; (OH)Si(OSi)3. Gener-
ally, surfactant-containing silica mesostructures exhibit Q4/Q3 ratios less than
2.0, and their calcined derivatives exhibit the values near 3.0 [81]. However,
the Q4/Q3 ratio for the silica obtained from the 54+acetic acid gel gives 7.08,
suggesting that the SiOH groups may be site-isolated and buried in the frame-
work. This very high Q4/Q3 value is comparable with those of the vesicular sil-
ica structures obtained from gemini-type surfactants reported by Pinnavaia 
et al. (6.2–7.4) [81].

3.7
Double-Walled and Helical Ribbon Silica Nanotubes

Kunitake et al.found that certain amphiphiles can form a tubular structure
through the helical ribbon structure in an aqueous solution [52]. They have a
polar head and a suitable chiral hydrophobic group for forming stable aggre-
gates.Very interestingly, our group demonstrated that 30-crown-10-appended
cholesterol gelator 41 forms the tubular structure in the gel system [69, 70].
Compound 41 has two cholesterol skeletons that act as a chiral aggregate-form-
ing site, two amino groups that act as an acidic proton binding site, and one
crown moiety that acts as a cation binding site.

Fig. 15 shows SEM images obtained after calcinations. The silica obtained
from 41+acetic acid possesses a helical ribbon structure with widths of 300 to
800 nm and a tubular silica structure with an outside diameter of around
560 nm. As far as we can observe, all the helicity exhibits a right-handed heli-
cal motif. Since the exciton-coupling band of the organogel also exhibits R
(right) helicity when observed by CD, we believe that any microscopic helic-
ity is reflected by a macroscopic helicity. These results indicate that the novel
helical ribbon structure and the tubular structure of the organogel are suc-
cessfully transcribed into the silica structures. TEM pictures were taken after
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Fig. 15a, b SEM images of double-walled silica nanotubes obtained from the 41+acetic acid
gel after calcinations. Reproduced with permission from [69]

a

b
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the removal of 41 by calcination (Fig. 15). Interestingly, the silica possesses a
helical ribbon structure in which the ribbon width varies (450 to 1500 nm) but
in which the tubular structure of the silica has a constant outer diameter of
around 560 nm. In addition, the silica has double layers with an interlayer dis-
tance of 8 to 9 nm. These results indicate that TEOS (or oligomeric silica par-
ticles) is adsorbed onto both surfaces of the double-walled tubules that are 8
to 9 nm thick. Therefore, the tubular silica has two hollow cavities. The smaller
cavities, with layers of 8 to 9 nm, are created by the organogel template
whereas the larger cavities with inner diameters of 460 to 430 nm are created
by the growth of the helical ribbon. This silica with the helical higher-order
morphology is useful as unique catalysts for asymmetric syntheses without
chiral organic ligand.

3.8
Even-Odd Effect for Silica Tubular Structures

In all of the organogel examples discussed so far, positive charges present in the
template enabled transcription of the organogel into the inorganic materials.
In a search to find an organogel system that would be able to act as a neutral
template, Jung et al. synthesized compound 55n [84, 107]. They were designed
to be gelator analogues of the diamine surfactants used by Pinnavaia and co-
workers to produce mesoporous silica, with transcription occurring as a result
of hydrogen bonding, rather than ionic interactions, between the template and
the silica precursor.

Similarly, transcription of organogels of compounds 55n was achieved under
basic conditions, that is, without positive charges being present in the template.
The attractive forces between the negatively charged silica precursor species and
the amine moieties of the gelator are large enough to result in a successful tran-
scription of the template. Interestingly,different morphologies were observed for
the organogels and resultant silica products of gelators 55n for different values
of n. In the cases of n=1 or 3, the organogels possessed curved lamellar mor-
phology, which resulted in silica with a structure like a paper roll. For even num-
bers of n, the morphology of the organogel was unmistakably fibrous in nature
and resulted in hollow silica fibers (after transcription and calcination). These
results clearly demonstrate that minor changes in the gelator structure can have
a dramatic effect on the overall morphology of the inorganic materials.



3.9
Narrow Dispersed Silica Nanotube Using a Sugar-Appended Porphyrin Gelator

One-dimensional alignment of porphyrins and phthalocyanines is of much con-
cern in relation to the creation of novel supramolecular architectures such as
nanowires, discotic liquid crystals, helical ribbon structures, etc. The major 
driving force in these architectures is considered to be a p-p stacking interac-
tion.

For sugar-appended porphyrin gelator, Shinkai group reported the gelation
ability and its sol-gel transcription into narrow dispersed silica nanotubes
[108]. Compound 56 was insoluble in most solvents (water, i-PrOH, n-BuOH,
chloroform, dichloromethane, n-hexane, cyclohexane, benzene, toluene, THF,
MeCN, anisole, ethyl acetate, etc.). It swelled in MeOH, EtOH, and benzyl alco-
hol (BzOH) but was not dissolved into these solvents even at reflux tempera-
ture. In contrast, 56 gelated DMF/alcohol mixtures such as DMF/BzOH (1:3
v/v). It is seen that the critical gelation concentration (CGC) for 56 is very low
(ca. 2 wt% in 1:2 (v/v) DMF/BzOH and ca. 0.4 wt% in 1:3 (v/v) DMF/BzOH) and
Tgel values at [56] >1.3 wt% are higher than 130 °C. The Tgel values can be fur-
ther enhanced at higher gelator concentrations, e.g., 167 °C at 2.5 wt% in 1:3
(v/v) DMF/BzOH and 175 °C at 3.0 wt% in 1:2 (v/v) DMF/BzOH concentration.
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Direct evidence for the porphyrin-porphyrin stacking was obtained from
absorption and CD spectral examinations. 56 in homogeneous solution gave
the Soret band at 422.5 nm and Q-bands at 516.0, 551.0, 592.5 and 648.0 nm. In
the gel phase, the Soret band shifted to short wavelength (401.0 nm) with the
appearance of a shoulder at 420.0 nm. This blue-shift implies that the por-
phyrin moieties form a stacked aggregate, but a significant amount of 56 still
remains as a monomer in bulk solution. The Q-bands in the gel phase appeared
at 522.5, 558.0, 599.0 and 654.0 nm, which were all red shifted compared with
those in homogenous solution. The red-shift was also compatible with the for-
mation of porphyrin-porphyrin stacked aggregates.

Sol-gel polycondensation of TEOS was carried out using a gel of 56 by two
different methods. In Method A, the mixture was heated at 80 °C again and then
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Fig. 16a–c TEM images of the silica nanotubes obtained from the organogel 56. Reproduced
with permission from [108]

a

b c

left at room temperature for two weeks. However, in Method B the mixture was
just let at room temperature without the heating treatment. The silica before
calcination shows a fibrous structure with an approximate 50 nm outer diam-
eter (Fig. 16). This morphology scarcely changed, even after calcination. It is
clearly seen from the TEM image that these silica fibers have an inner hollow
with 4–12 nm diameters. Careful examination reveals that there are two dif-
ferent hollow diameters: one about 5 nm, which is comparable with the length
of the long axis in 56 (4.2 nm: Fig. 16), and another about 9 nm, which is com-
parable to twice of the long axis length, and bears a stripe in the center (Fig. 16).
The TEM image scarcely changed, even after calcination, but the central stripe
in Fig. 16 disappeared.

In Method A, the solution containing benzylamine was heated so that the
formation of bundles of organogel fibers would be suppressed while the rate of
sol-gel polycondensation of TEOS would be accelerated. Clearly, this condition
facilitates the entrapment of incipient organogel fibers comprised of a unimol-
ecular stack or a bimolecular stack. In the absence of heating after benzylamine
addition (Method B), the bundle growth of organogel fibers can compete with
sol-gel polycondensation to give a helically bundled silica structure from tran-
scription of well-grown, helically bundled organogel fibers.



More recently, it was demonstrated that single-walled carbon nanotubes
(SWNTs) are also useful to design long silica nanotubes. Poly(N-vinylpyrroli-
done) (PVP) is known not only to disperse SWNTs into water but to adsorb 
silica particles because of its amphiphilic nature. [109] Thus, sol-gel polymer-
ization carried out in the presence of SWNTs-PVP complex results in triple-
layered silica fibers with several mm length which is comparable with that of
SWNTs used as a template. At 500 °C, SWNTs are still stable whereas PVP is 
decomposed. One can thus remove PVP selectively by calcinations at 500 °C,
giving rise to novel double-layered silica nanotubes. Since PVP acting as a
“glue” to bind between the inside silica wall and SWNTs disappears, one can
recognize a gap between them by TEM and SWNTs easily slip out of these sil-
ica nanotubes.

3.10
Double Helical Silica Fiber

The French group reported that “cationic” Gemini surfactants having chiral 
tartrate counter ions assemble into twisted ribbons both in chlorinated and
aromatic organic solvents, and in water [110]. The handedness of the ribbons
and their helical pitch can be tuned continuously upon varying the ratio be-
tween L and D tartrate. This kind of “fine tuning” is nearly impossible in other
systems and may make it possible to create the observation of novel double 
helical silica fibers with a tunable pitch [110].
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Fig. 17a shows a SEM image of the silica after calcination obtained from a 
gel of pure L-57 (100% ee). When the ee is decreased from 100 to 20%, double
helices with increasing pitch are observed (Fig. 17b). The aspect ratio of these
inorganic fibers was found to be T/W=1.6 for 100% ee, 4.3 for 50% ee, 5.1 for
30% ee and 9.8 for 20% ee. These values are somewhat smaller than those of the
precursor twisted ribbons, but one may rationalize this discrepancy from a pos-
sible shrinkage of silica fibrils during the calcination process. The double
stranded helical structure appears particularly clearly for silica fibrils obtained
at 50% ee and 33% ee (Fig. 17b,c).

Thus, the helical shape, the handedness and even the tunable chirality of the
organic twisted ribbons are efficiently transcribed to the inorganic replicas.
However the question remains of how these surprising inorganic double helices
arise from flat twisted structures.When a prolonged sol-gel polycondensation



is performed, the structure of the result silica is very similar to the original 
organic ribbons. This suggests that the organic structures do act as templates,
and that the double helical silica fibrils are formed during early stages of the
polycondensation. One important observation is that the silica fibers are not
hollow: the electron density across the fibers does not decrease in their center.
This implies that they are formed at the surface of the organic template but 
do not completely surround it. Two possible rationales come to our mind to 
explain double helix formation. TEOS polycondensation may proceed prefer-
entially along the gutter-shape which is more exposed to the solvent. Alterna-
tively, it may proceed preferentially along the edges of the ribbons, where the
density of positive charge is lower but the cationic charges are more exposed
to the solvent. Since the ribbons have two edges and two faces, two intertwined
silica fibrils would be expected to be of the order of a ribbon thickness when
condensation occurs on the faces and of the order of a ribbon width when con-
densation occurs on the edges. It is considered that the edge mechanism is
more likely [94].

3.11
A Novel Role for Benzylamine in the Sol-Gel Transcription

The a-glucose-based gelator 58 was shown to gelate a range of organic solvents
as well as water. Recently, our research group demonstrated that 58 can form
fibers in two different ways [111]. In organic solvents, the polar sugar parts can
form a chain of intermolecular hydrogen bonds upon stacking, which exposes
the relatively apolar aromatic parts to the solvent. In water, molecules are pre-
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Fig. 17a–d Influence of the ee (L-57 in excess) on the helical pith of double strand silica:
a 100% ee; b 50% ee; c 33% ee; d 20% ee. Reproduced with permission from [109]

a b c d



sumed to form fibers through p-p stacking, thus exposing the sugar parts to
solvent. The stacking model indicated that other aromatic additives might also
be incorporated into the fibers through stacking. The additive of choice was
benzylamine, a catalyst frequently used in the silica-transcription process. Ben-
zylamine can interact with the nitrobenzene moieties through p-p stacking or
through hydrogen-bonding interactions. Formation of the hydrogel of 58 in the
presence of one equivalent of benzylamine, followed by transcription and sub-
sequent calcination, resulted in the isolation of hollow silica fibers, as a template
for silica transcription, even though they lacked the cationic charge or amine
moieties hitherto deemed indispensable. Additional experiments indeed
proved that some part of the added benzylamine (about 20%) is incorporated
into the gel fibers through p-p stacking and hydrogen-bonding interactions.
This incorporation results in the template structure now possessing enough
amine moieties to enable transcription. The major part (80%), which stays in
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Fig. 18a–c Schematic representation for the creation of various silica structures from the
organogel state of 17+46 (a), 40 (b) and 41 (c) by sol-gel polycondensation: (i) gelators; (ii)
sol-gel polycondensation of TEOS; (iii) adsorption onto the gelators; (iv) double-helical
structure, vesicular structure, double-walled and helical ribbon structure of the silica ma-
terials formed after calcinations. Reproduced with permission from [42]



solution, still acts as the conventional catalyst in the transcription process. Con-
trol experiments involving other catalysts unable to interact strongly with the
gelator molecules did not result such efficient in transcription, thus proving the
necessity of having good compatibility between the catalyst and gelator. Since
cationic charges and amine moieties are no longer prerequisites for gelator
structures, these findings increase the variety of gelators that can be used for
transcription into inorganic materials; compounds bearing a moiety that can
interact strongly with a catalyst can now also be used.

3.12
On the Mechanistic Aspect of Sol-Gel Transcription

Finally, we now propose the mechanism for the formation of the novel double-
helical silica structure obtained from hydrogel 17+46 (Fig. 18a), the vesicular
silica structure obtained from acetic acid gel 40 (Fig. 18b) and the double-
walled as well as the helical ribbon silica obtained from acetic acid gel 41
(Fig. 18c). Oligomeric silica species are adsorbed onto the surface of the
organogel templates by the hydrogen-bonding or electrostatic interactions and
the polymerization further proceeds along these fibrils (Fig. 18:(ii)). This prop-
agation mode eventually yields the nano-sized silica with hollow cavity after
combustion of gelators by calcination (Fig. 18:(iii), (iv)).

4
Concluding Remarks

Over the last few years, the crossover between organic and inorganic chemistry
has yielded several techniques that have enabled the synthesis of inorganic ma-
terials with controlled morphologies. Organogels present an even wider vari-
ety of morphologies such as linear fibers, single helixes, double helixes, tubes,
ribbons, and hollow spheres, that have been transcribed so far. Moreover, the
helical forms of some organogel templates have been shown to induce chiral-
ity in the corresponding inorganic materials. The structural complexity that
can be achieved by using biomaterials as templates for transcription processes
is the major advantage of these particular systems. However, suitable biotem-
plates are often difficult to obtain and modify to desired morphologies.

Prospects for the future include the development of novel transcription
methodologies, as well as the creation of new transcription templates which
present a greater degree of structural complexity or can give rise to extended,
patterned architectures. One of the principle challenges remaining is to find
novel methodologies for obtaining transcribed structures with a high degree
in the 2D or 3D level.
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Petrušová M, see Petruš L (2001) 215: 15–41
Petta M, see Idee J-M (2002) 222: 151–171
Pichot C, see Elaissari A (2003) 227: 169–193
Pierpont CG, see Hendrickson DN (2004) 234: 63–95
Pillarsetty N, see Katti KV (2003) 229: 121–141
Pipek J, Bogár F (1999) Many-Body Perturbation Theory with Localized Orbitals – Kapuy’s

Approach. 203: 43–61
Plattner DA (2003) Metalorganic Chemistry in the Gas Phase: Insight into Catalysis. 225:

149–199
Plettner E, see Keeling CI (2004) 239: 133–177
Pohnert G (2004) Chemical Defense Strategies of Marine. 239: 179–219
Ponthieux S, Paulmier C (2000) Selenium-Stabilized Carbanions. 208: 113–142
Port M, see Idee J-M (2002) 222: 151–171
Potrzebowski MJ, Kazmierski S (2005) High-Resolution Solid-State NMR Studies of Inclu-

sion Complexes. 246: 91–140
Poulin P, see Loudet JC (2003) 226: 173–196
Raghuraman K, see Katti KV (2003) 229: 121–141
Raimondi M, Cooper DL (1999) Ab Initio Modern Valence Bond Theory. 203: 105–120
Rao CNR, Seikh MM, Narayana C (2004) Spin-State Transition in LaCoO3 and Related

Materials. 234: 1–21
Real JA, Gaspar AB, Muñoz MC, Gütlich P, Ksenofontov V, Spiering H (2004) Bipyrimidine-

Bridged Dinuclear Iron(II) Spin Crossover Compounds. 233: 167–193
Real JA, see Garcia Y (2004) 233: 229–257
Reger DL, see Long GJ (2004) 233: 91–122
Reinhold A, see Samoson A (2005) 246: 15–31
Reinhoudt DN, see van Manen H-J (2001) 217: 121–162
Renaud P (2000) Radical Reactions Using Selenium Precursors. 208: 81–112
Richardson N, see Schwert DD (2002) 221: 165–200
Rigaut S, see Astruc D (2000) 210: 229–259
Riley MJ (2001) Geometric and Electronic Information From the Spectroscopy of Six-

Coordinate Copper(II) Compounds. 214: 57–80
Rissanen K, see Nummelin S (2000) 210: 1–67
Rocha J, Morais CM, Fernandez C (2005) Progress in Multiple-Quantum Magic-Angle

Spinning NMR Spectroscopy 246: 141–194
Röckendorf N, Lindhorst TK (2001) Glycodendrimers. 217: 201–238
Roeda D, see Lasne M-C (2002) 222: 201–258
Røeggen I (1999) Extended Geminal Models. 203: 89–103
Rohovec J, see Frullano L (2002) 221: 25–60
Rojo J, Morales JC, Penads S (2002) Carbohydrate-Carbohydrate Interactions in Biological

and Model Systems. 218: 45–92
Roller S, see Haag R (2004) 242: 1–42
Romerosa A, see Ehses M (2002) 220: 107–140
Rouden J, see Lasne M-C (2002) 222: 201–258
Ruano JLG, de la Plata BC (1999) Asymmetric [4+2] Cycloadditions Mediated by Sulf-

oxides. 204: 1–126

Author Index Volumes 201–248 271



Ruiz J, see Astruc D (2000) 210: 229–259
Rychnovsky SD, see Sinz CJ (2001) 216: 51–92
Salaün J (2000) Cyclopropane Derivates and their Diverse Biological Activities. 207: 1–67
Samoson A, Tuherm T, Past J, Reinhold A, Anupõld T, Heinmaa I (2005) New Horizons for

Magic-Angle Spinning NMR. 246: 15–31
Sanz-Cervera JF, see Williams RM (2000) 209: 97–173
Sartor V, see Astruc D (2000) 210: 229–259
Sato S, see Furukawa N (1999) 205: 89–129
Saudan C, see Balzani V (2003) 228: 159–191
Schalley CA,Weilandt T, Brüggemann J,Vögtle F (2005) Hydrogen-Bond-Mediated Template

Synthesis of Rotaxanes, Catenanes, and Knotanes. 248: 141–200
Scheer M, see Balazs G (2003) 232: 1-23
Scherf U (1999) Oligo- and Polyarylenes, Oligo- and Polyarylenevinylenes. 201: 163–

222
Schlenk C, see Frey H (2000) 210: 69–129
Schmitt V, Leal-Calderon F, Bibette J (2003) Preparation of Monodisperse Particles and

Emulsions by Controlled Shear. 227: 195–215
Schoeller WW (2003) Donor-Acceptor Complexes of Low-Coordinated Cationic p-Bonded

Phosphorus Systems. 229: 75–94
Schöning K-U, see End N (2004) 242: 241–271
Schöning K-U, see End N (2004) 242: 273–317
Schröder D, Schwarz H (2003) Diastereoselective Effects in Gas-Phase Ion Chemistry. 225:

129–148
Schwarz H, see Schröder D (2003) 225: 129–148
Schwert DD, Davies JA, Richardson N (2002) Non-Gadolinium-Based MRI Contrast

Agents. 221: 165–200
Seikh MM, see Rao CNR (2004) 234: 1–21
Sergeyev S, see Thilgen C (2005) 248: 1–61
Sheiko SS, Möller M (2001) Hyperbranched Macromolecules: Soft Particles with Adjustable

Shape and Capability to Persistent Motion. 212: 137–175
Shen B (2000) The Biosynthesis of Aromatic Polyketides. 209: 1–51
Shinkai S, see James TD (2002) 218: 159–200
Shinkai S, see Jung JH (2005) 248: 223–260
Shirakawa E, see Hiyama T (2002) 219: 61–85
Shogren-Knaak M, see Imperiali B (1999) 202: 1–38
Sinou D (1999) Metal Catalysis in Water. 206: 41–59
Sinz CJ, Rychnovsky SD (2001) 4-Acetoxy- and 4-Cyano-1,3-dioxanes in Synthesis. 216: 51–92
Siuzdak G, see Trauger SA (2003) 225: 257–274
Skrifvars M, see Nummelin S (2000) 210: 1–67
Slessor KN, see Keeling CI (2004) 239: 133–177
Smith DK, Diederich F (2000) Supramolecular Dendrimer Chemistry – A Journey Through

the Branched Architecture. 210: 183–227
Sorai M (2004) Heat Capacity Studies of Spin Crossover Systems. 235: 153–170
Sour A, see Boillot M-L (2004) 234: 261–276
Spiering H (2004) Elastic Interaction in Spin-Crossover Compounds. 235: 171–195
Spiering H, see Real JA (2004) 233: 167–193
Spiering H, see Kusz J (2004) 234: 129–153
Stec WJ, see Guga P (2002) 220: 169–200
Steudel R (2003) Aqueous Sulfur Sols. 230: 153–166
Steudel R (2003) Liquid Sulfur. 230: 80–116
Steudel R (2003) Inorganic Polysulfanes H2Sn with n>1. 231: 99–125

272 Author Index  Volumes 201–248  



Steudel R (2003) Inorganic Polysulfides Sn
2– and Radical Anions Sn

·–. 231: 127–152
Steudel R (2003) Sulfur-Rich Oxides SnO and SnO2. 231: 203–230
Steudel R, Eckert B (2003) Solid Sulfur Allotropes. 230: 1–79
Steudel R, see Eckert B (2003) 231: 31–97
Steudel R, Steudel Y, Wong MW (2003) Speciation and Thermodynamics of Sulfur Vapor.

230: 117–134
Steudel Y, see Steudel R (2003) 230: 117–134
Steward LE, see Gilmore MA (1999) 202: 77–99
Stocking EM, see Williams RM (2000) 209: 97–173
Streubel R (2003) Transient Nitrilium Phosphanylid Complexes: New Versatile Building

Blocks in Phosphorus Chemistry. 223: 91–109
Strojek W, see Eckert H (2005) 246: 195–233
Stütz AE, see Häusler H (2001) 215: 77–114
Sugihara Y, see Nakayama J (1999) 205: 131–195
Sugiura K (2003) An Adventure in Macromolecular Chemistry Based on the Achievements

of Dendrimer Science: Molecular Design, Synthesis, and Some Basic Properties of
Cyclic Porphyrin Oligomers to Create a Functional Nano-Sized Space. 228: 65–85

Sun J-Q, Bartlett RJ (1999) Modern Correlation Theories for Extended, Periodic Systems.
203: 121–145

Sun L, see Crooks RM (2001) 212: 81–135
Surjná PR (1999) An Introduction to the Theory of Geminals. 203: 63–88
Taillefer M, Cristau H-J (2003) New Trends in Ylide Chemistry. 229: 41–73
Taira K, see Takagi Y (2003) 232: 213–251
Takagi Y, Ikeda Y, Taira K (2003) Ribozyme Mechanisms. 232: 213–251
Takahashi S, see Onitsuka K (2003) 228: 39–63
Takeda N, Tokitoh N, Okazaki R (2003) Polysulfido Complexes of Main Group and Transi-

tion Metals. 231: 153-202
Tamao K, Miyaura N (2002) Introduction to Cross-Coupling Reactions. 219: 1–9
Tanaka M (2003) Homogeneous Catalysis for H-P Bond Addition Reactions. 232: 25–

54
ten Holte P, see Zwanenburg B (2001) 216: 93–124
Thiem J, see Werschkun B (2001) 215: 293–325
Thilgen C, Sergeyev S, Diederich F  (2005) Spacer-Controlled Multiple Functionalization of

Fullerenes. 248: 1–61
Thutewohl M, see Waldmann H (2000) 211: 117–130
Tichkowsky I, see Idee J-M (2002) 222: 151–171
Tiecco M (2000) Electrophilic Selenium, Selenocyclizations. 208: 7–54
Toftlund H, McGarvey JJ (2004) Iron(II) Spin Crossover Systems with Multidentate

Ligands. 233: 151–166
Toftlund H, see Brady C (2004) 235: 1–22
Tohma H, Kita Y (2003) Synthetic Applications (Total Synthesis and Natural Product

Synthesis). 224: 209–248
Tokitoh N, see Takeda N (2003) 231: 153–202
Tomoda S, see Iwaoka M (2000) 208: 55–80
Tóth E, Helm L, Merbach AE (2002) Relaxivity of MRI Contrast Agents. 221: 61–101
Tovar GEM, Kruter I, Gruber C (2003) Molecularly Imprinted Polymer Nanospheres as

Fully Affinity Receptors. 227: 125–144
Trauger SA, Junker T, Siuzdak G (2003) Investigating Viral Proteins and Intact Viruses with

Mass Spectrometry. 225: 257–274
Trautwein AX, see Paulsen H (2004) 235: 197–219
Trautwein AX, see Winkler H (2004) 235: 105–136

Author Index Volumes 201–248 273



Tromas C, García R (2002) Interaction Forces with Carbohydrates Measured by Atomic
Force Microscopy. 218: 115–132

Tsiourvas D, see Paleos CM (2003) 227: 1–29
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