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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
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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 Vogtle
Karl Heinz Dotz
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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 C4, 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 (C,,) and also for most of the rare examples of three- and fourfold one-pot
tether-directed derivatizations of Cg. 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]Jundec-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 m-chromophores, for example,
in advanced materials chemistry [6-11]. In the search for a rational approach
to the regioselective formation of multiadducts of Cg, 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 C,,: 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 C4, 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 C¢y-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 C,,-symmetric addends across
6-6 bonds (common edge of two six-membered rings) of C4,. According to the
system of Hirsch and co-workers, the Cg, 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 C,,-symmetrical addends are identical, the resulting eight possible
relative arrangements would give eight possible regioisomeric bisadducts. In
case of two different C,,-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 e.qq and eg,, 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 Cy,
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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cis-1 Cs
cis-2 Cq
cis-3 Cy
e Cs
trans-4  Cg
trans-3 C,
trans-2  C,

trans-1 Doy

trans-1

Fig. 1 Possible regioisomers for bisadducts of Cg, their trivial designations, and their
symmetries in case of identical, C,,-symmetrical addends

adducts of Cg, have also an inherently chiral functionalization pattern, for
example, C;-symmetrical e,e,e or D;-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 (**C) and (**A)
(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 C,

In the search for a rational approach toward the regioselective synthesis of mul-
tiple adducts of C4, 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 Cg, [25, 26], served as reactive
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tether reactive

%group
HO 2 : ‘—<\

= PhMe
DCC, HOBT, N 80 °C
DMAP, PhMe 23%
1
anchor tether

1. ——A—— reactive

0 0 group
veo o 6
Br N
DBU, PhMe, 20 °C |
2. PhMe, 110 °C, 39 h, 50% (R = CO,Me)

1. DBU (1 equiv.)
PhMe, 20 °C, 3 h

2. PhMe, reflux,
3h, 60%

(2 equiv.) 8 (e,e,trans-1)

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]Jundec-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 e, over the neighboring cis-3 and trans-4, or the alternative e 4, 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-
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diene group of 3 with the fullerene core had to be done under high dilution
(ca.10"* mol/l) to prevent polymerization. >*C NMR spectroscopy of the brown
product provided clear proof for the exclusive formation of the desired C,-sym-
metrical e bisadduct 4. A more soluble analog, 5, was prepared starting from Cg,
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, C,,-symmetrical
trisadduct 8 (Scheme 1) with two cyclohexene rings fused to the e, 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[5.4.0Jundec-7-ene (DBU) in chlorobenzene
afforded the bright red C;-symmetrical tetrakisadduct 9 (Scheme 2, top). By
treating 8 with a tenfold excess of the reagents, the bright yellow, C,,-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
I-Cy, 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 (C,,-symmetrical) and 12 (C,-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 ey, and singly e.4,. relative to the neigh-
boring addends, the reverse is true for 12 and 14. It can be inferred that dou-
ble bonds in e, position relative to an existing addend are more reactive than
€cqge DONds (cf. also Sect. 5.3),a conclusion that had also been reached compu-
tationally [35].
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BrHC(COzEt); (5 eq.),
DBU (5 eq.), PhCI,
20°C, 72%

BrHC(COzEt); (10 eq.),
DBU (10 eq.), PhClI,
20°C, 73%

RO,C._CO,R
\Bfr 1 R = CO,Et 12

45  DBU,PhCI 13 [R=CO,CH,COEt| 14

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

Endohedral *He complexes of multiadducts such as 5 (Scheme 1), 8, 10, and
13-15 (Scheme 2) were used to study m-electron ring current effects as a func-
tion of the degree and pattern of fullerene functionalization [36]. Considerable
upfield shifts relative to *HeCg, 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 m-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.
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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 m-chromophore of tetrakisadduct 24 (Schemes 4 and 22), composed of
two fourfold-interconnected tetrabenzopyracylene substructures. ¢ The conjugated Ti-chro-
mophore of hexakisadduct (+)-49 (Scheme 8) viewed as a whole. d The conjugated m-chro-
mophore of hexakisadduct (+)-49 (Scheme 8) viewed as a single moiety

Cyclopropanation of the remaining e type double bond of 13 by 3-bromo-
1,5-bis(trimethylsilyl)penta-1,4-diyne in Me,SO 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 Dy,-16 and tetrameric D;,-17 (Fig. 3) as solubilized derivatives of C o5
and Cy, respectively, two representatives of a new class of fullerene-acetylene
hybrid carbon allotropes with the general formula C, 5. Matrix-assisted
laser-desorption ionization time-of-flight (MALDI-TOF) mass spectrometry

16 n=1(32%)
17 n=2(21%)

Fig.3 Cyclooligomers 16 and 17, two solubilized derivatives of fullerene-acetylene hybrid
carbon allotropes C,g5 and C,, respectively
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indicated a sequential loss of fullerene units, leading to ions corresponding to
mono-fullerene-adducts of the cyclocarbons [37] cyclo-C,s and cyclo-C,, re-
spectively [23, 32].

Higher adducts of C4, 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 Mébius-aromatic tran-
sition state in an eight-electron orbital-symmetry-controlled [2mt+2m+20,+20,]
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.

CH2N2 CHCIa. T=5-10"°C,
(ca. 60 equiv.) | 0°C,1.5h 8 min,

regenerated H

e-type bond

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
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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
Ceo as sensitizer for the generation of singlet oxygen [44,45] was irradiated while
a stream of dioxygen was bubbled through (Scheme 4). The 'O, 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, C,,-symmetrical tetrakisadduct 23 in 42%
overall yield starting from 10. Transesterification of 23 with K,CO; in THF/
EtOH gave the D,,-symmetrical octakis(ethyl ester) 24 which was characterized
by X-ray crystallography [47]. Tetrakisadduct 24 was also obtained by Krautler
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-

Cm, h\-", 02,
PhCl | 2h
(@]

o}

1. p-TsOH, PhMe,

reflux, 4.5 h
2. MeQ,C—==—CO;Me
4.5h,47%
R” R
PPha, 21 X=00H K2COg, |:, 23 R'=CO0OO
PhCI, 22 X =0H (90%) THF, 24 R'= COyEt
20°C,1h EtOH, 3.5 h, 80%

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
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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 CH,Cl, solution [46,47]. Despite the four
methano bridges along the equator of the carbon spheres, both molecules still
have an extended conjugated m-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 m-chromophore
[46,47,51]. Thus, the electronic properties of 24 remain quite similar to those
of pristine Cy, whereas those of its regioisomers deviate significantly.

Systematic studies of physical properties and chemical reactivity of many
of the above and other multiadducts of Cg, revealed [28, 46, 47] that with in-
creasing reduction of the conjugated fullerene m-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 'O, 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 *He NMR investigations of
fullerene derivatives with endohedrally incarcerated *He [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
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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,
I,,and a non-nucleophilic base (e.g. DBU) [54]; it involves in situ generation of
a 2-iodomalonate which reacts immediately with the fullerene.

O

EtO
\ﬁ(o
HO (0]
EtO,CCH,COCI Ceo, DBU, I,
T| ——— T
base
HO O
26 bo
O™ T = tether

Scheme 5 General scheme of the tether-directed double Bingel reaction of bismalonates
with Cg

4.1.1
Xylylene Tethers and Related Spacers

A variety of Cg-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-p-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



14 C. Thilgen et al.

O O O O
EtO /\)I\)L OFt
I =
32 (meta) cis-2 (13%)
CGO' l,, DBU, PhMe
33 (para) e (26%)
o )Ol\/
N._Ph
Ph\(/N\/U\O ' Y& N g
Ph P Ph
34 (meta) » Cis-3 (10%) + trans-4 (32%)
Ceo, l,, DBU, PhMe
35 (para) » trans-4 (10%) + trans-3 (37%)

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)
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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 Cg.

Addition to C4, 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
C, 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 C; [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

()-36 (trans-4)

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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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(Il) (E=+0.60 V for [Cu(phen),]*/?")
cannot be observed any more in such systems as the central electroactive site
is totally blocked by the surrounding dendrimer structure.

Materials combining C4, with extended m-conjugated oligomers have re-
ceived growing attention as promising systems for solar energy conversion. The
polycondensation of carboxy-functionalized cis-2 bisadducts of Cy, with tetra-
ethyleneglycol gave access to fullerene-containing polymers that were used as
T-acceptor components together with poly(p-phenylenevinylene) type donors
in photovoltaic cells [75]. Linear copolymers with alternating Cg, 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 C4, 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 I, 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 C,-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].

38 (+)-39 (cis-2,cis-2,trans-3)

Scheme 7 Synthesis of a trisadduct of C4, by stepwise tether-directed Bingel addition
(“clipping” reaction)
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4.1.2
Porphyrin Tethers

Molecular dyads combining strongly electron-accepting Cq, 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
5and 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 A) in (%)-41 leads to
appreciable m-Tt stacking, the edge-to-face alignment in the e congener hampers

0Ph 15

40 (trans-1) (x)-41 (trans-2)

Fig.5 Porphyrin-fullerene dyads prepared regioselectively by tether-directed double Bingel
reaction
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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].

41.3
Crown Ether Tethers

Dibenzo crown ethers have been employed as templates to access various trans-
type bisadducts of C4, 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 KPF 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
Ceo [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

()-43 (trans-1) (x)-45 (trans-3, in-out)

Fig.6 Crown ether-fullerene conjugates prepared by double Bingel reaction
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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 Cg-derived crown ether (+)-43 allowed the first
detection of a cation-complexation-induced effect on the redox properties of the
fullerene. Thus, addition of KPF, 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 (1+)-46 (Scheme 8) with trans-1 addition
pattern was employed as an important intermediate in the synthesis of a hexa-
kisadduct of C4, 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

EtO,CCH,COCI
N,N-dimethylaniline

o
hd
B
N
O -

(+)-49 R = COOEt

OEt

Scheme 8 Transformation of frans-1 bisadduct (+)-46 into hexakisadduct (+)-49 with all
cyclopropane rings arranged in a double-helical fashion along an equatorial belt of Cy,
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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 Cg. In
(£)-49, i-electron conjugation between the two unfunctionalized poles of the
carbon sphere is maintained via two (E)-stilbene-like bridges (Fig. 2¢c,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 C;, [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 C,, 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 C,,-sym-
metrical addends, three constitutional isomers, two of which represent pairs of
enantiomers, are formed. According to a Newman-type projection looking
down the C; axis of C,,, they were named “twelve o’clock”, “two o’clock”, and
“five o’clock” isomers (Scheme 9, top) [97].

Macrocyclization of C,, 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 C,,. A notable template effect was observed when
the synthesis of (+)-50 and (+)-51 was carried out in the presence of KPF:
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 C,, sandwiched between two
crown ethers were regio- and stereoselectively obtained in 31% and 26% yield,
respectively [95, 96].

The addition of KPF, or NaBF, 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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twelve o'clock two o'clock five o'clock

(£)-52 (£)-53

Scheme 9 Single and double tether-directed remote bisfunctionalization of C,, with bis-
malonate-crown ether conjugates
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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 Cg, arises from
the fact, that these addition patterns are inherently chiral (see above) [21, 22,
98, 100, 101]. The residual fullerene m-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 C¢), 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,*C)-55 and (S,S,54)-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,%*C)-55 and (S,S,%A)-55 with ethanol yielded
tetraethyl esters with (5°C)- and (**A)-configuration, respectively, as pure enan-
tiomers exhibiting strong CD bands between 250 and 750 nm with Ae values
approaching 150 M~! cm™.. Their absolute configurations could be established
as [CD(-)488]-("*C) and [CD(+)488]-(**A) by comparison of their CD spectra

OEt
O
o) (0]
RO Ceo, |, DBU
Rojﬁ toluene
o) (0]
O
OF! (R,RsC)-55 (R,R)-56
RR =?§ (R.R)-54 (cis-3) (cis-2)
RR Qg (S,S)-54 % (S,S,75A)-55 + (S,S)-56

(cis-3) (cis-2)

Ceo, I, DBU
—_—

R=Me (S,S)-57
toluene

(S,S75C)-58 + (S,S5A)-58 + (S,S)-59
(cis-3) (cis-3) (cis-2)

Scheme 10 Synthesis of chiral Bingel-type bisadducts of Cg, using enantiomerically pure
bismalonates derived from threitol
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with those calculated using the m-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,5)-57 to Cq,
afforded only minor amounts of two diastereoisomeric cis-3 bisadducts (S,S,
£s4)-58 and (S,S,5*C)-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,5)-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 (%*A)-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,%C)-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 '"H NMR spectroscopy. According to the calculations, the
substituents of the glycolic fragment of (R,R,%*A)-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,**C)-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 *J(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,5A)-60. This result is in accord
with the near-identity of the CD spectra of (R,R,**A)-60 and (S,S,5°A)-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-

(R,R,75A)-60 (cis-3) (R,R,"A)-61 (cis-3)

Fig.7 Chiral cis-3 bisadducts of C4, 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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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 Cg, afforded exclusively cis-3 bis-
methanofullerene (R,R,5A)-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 C,-symmetrical trans-2 or trans-3 bisadducts
with the addends located in opposite hemispheres of Cy, remained unknown
until recently. The main challenge consisted in finding a large but conforma-
tionally constrained chiral tether. Very recently, derivatives of Troger’s base
were used in the regio- and diastereoselective synthesis of bisadducts of Cq,
with the inherently chiral trans-2 functionalization pattern [108]. Troger’s base
is a chiral amine with two bridgehead nitrogen atoms as stereogenic centers.
Rigidity, C,-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

&
N

v@O 0”0  Ceo, DBU, I o}
_— O
:j/o N toluene

| o]
o EtO s
OEt (S,S)-62
(S,S,"5A)-63 (trans-2)
Cego, DBU, I,
(R,R)-62 —— > (R,R%C)-63 (trans-2)
toluene

(x)-64 (trans-4) (x)-65 (trans-1)

Scheme 11 Troger’s base in the tether-directed remote functionalization of C4, to give
chiral trans-1, trans-2, and trans-4 bisadducts
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(S,5)-62 and (R,R)-62 afforded two enantiomeric adducts (S,S,%*4)-63 and
(R,R,5°C)-63, respectively, with perfect diastereoselectivity (Scheme 11). The
high asymmetric induction in the double addition of (S,S)-62 and (R,R)-62 to
Cg is particularly remarkable given the very large distance between the two
reacting fullerene bonds spanned by the tether. In addition, other derivatives
of Troger’s base were successfully used as racemates in the regioselective tether-
directed remote functionalization of Cg, 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 Cy,
(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 C, symmetry for (+)-69 while (£)-70 is
C,-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-p-ketoester 71 to C4; 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 Cg4 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 m-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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(£)-66 (cis-2)
R = C=CSi(i-Pr)

Me Me Me Me

(£)-69 (£)-70 74
(in-out, trans-3) (in-in, trans-3) (cis-2)

Fig.8 Various bisadducts of C4, synthesized by Bingel-type macrocyclizations

O O
EtO
| Coeo, l2, DBU
toluene
EtO
o0 O
71 (2)-72 (cis-2) 73 (cis-2)

Scheme 12 Double addition of bis-B-ketoesters to give cis-2 bisadducts of Cq,
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4.2
Tether-Directed Multiple Functionalizations of C,, by Addition
of Bis- to Tetrakismalonates

The reaction of racemic, C;-symmetrical cyclotriveratrylene (CTV)-trisma-
lonate conjugate (+)-75 (Scheme 13) with C4, represents the first reported

O
EtO,C EtO,C CO,Et
(£)-75 (Ca)

Ceo, DBU, I

(£)-76 (e,e.e) (£)-77 (trans-3,trans-3,trans-3)

Scheme 13 Synthesis of C;-symmetrical trisadducts of C4, 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 (*C) and (**A)) 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,5A)-76, (M,5C)-76, (M,5A)-76, and
(P,55C)-76) corresponds to a unique topological stereoisomer, the stereoisomers
of the trans-3,trans-3,trans-3 trisadduct are interconvertible pairwise ((P,**A)-
77>(M,5A)-77, and (M,5C)-77¢>(P,5C)-77) by a continuous deformation of
the structure making the C¢, 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 Cy, starting from macrocyclic
oligomalonates
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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,00-diyl spac-
ers selectively form bis- and trisadducts of C4, with rotational symmetry. In
contrast, when macrocycles with unequal spacers are used, other addition
patterns are preferred. Thus, reaction of Cy, with macrocyclic bismalonate 78
containing oligomethylene chains of equal length afforded C,-symmetrical
trans-3 bisadduct (£)-79 and addition of cyclotrimalonate 80 gave 42% of
C;-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
C,-symmetrical cis-2 bisadduct 83. In addition, various tetraadducts were
obtained by reaction of Cg either with a cyclotetramalonate or with two cyclo-
dimalonates, and macrocyclization with two cyclotrimalonates afforded an
Se-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
*HeCg, instead of pristine Cq as a starting material [116]. In this case,’He 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 Cy, 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 C,, with 0-Quinodimethanes Connected
by Oligomethylene-, Podand-, and Crown Ether-Type Tethers

Nishimura and co-workers investigated the regioselectivity of the Diels-Alder
addition to Cq, 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 (CH,),,
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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 m-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,

86,n=2 Br Br

87.,n=3 0 0 Ceo, Kl, [18]crown-6
88,n=4 ~ (CHz)n toluene, A
89,n=5 B/

Br

toluene,
/%)' K,
[18]crown-6

: 98 (cis-2, 13%) + 99 (frans-4, 51%)
1 (cis-2,10%) + 100 (e, 2%) + (frans-4, 23%)
1 (£)-101 (e, 7%)

Scheme 15 Regioselective addition of singly (top) and doubly (bottom) tethered o-quino-
dimethane moieties to Cg,
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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 Cy, moiety; it is related to the asymmetrical substitu-
tion of the e.qg. (cf. Fig. 1) addend.

Cleavage of the oligomethylene chains of 90-(+)-94 with BBr; 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 C¢, 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 Cg, 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,%*C)-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 '"H NMR
spectroscopic analysis and computer modeling, the absolute configuration con-
sidered for 102 [122] corresponds to the IUPAC notation (S,S,5C) [19]. Due to
the chiral residual fullerene i-chromophore of (S,S,%C)-102, its circular dichro-
ism (CD) spectrum displays very intense Cotton effects, largely exceeding those
of the cis-2 isomer, the m-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 C,, Using Saccharides as Imprinting Templates

The selective Diels-Alder addition of bis(o-quinodimethane) species to Cq, was
also investigated by Shinkai and co-workers [130-132]. The tethers, in this case,
were derived from easily available saccharides bound to the 0-quinodimethane
precursor units as arylboronates (Scheme 16). This allowed not only for a
regio- but also a diastereoselective double addition to C4, 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
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in their formation. The entire process can, therefore, be considered as a mole-
cular imprinting technique using C, 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
(%C)-103 and (%*A)-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 Cy, that had previously been assigned by the
groups of Harada and Diederich [105]. Competitive complexation studies indi-
cated that L-threitol-imprinted boronic acid (**C)-103 and p-threitol-imprinted
(%*A)-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-pD-glucofuranose which afforded the e (ca. 81% diastereoselectivity) and
trans-4 bisadducts of C¢, 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

HO
HO,
H H
OH
OH

(S,8)-L-threitol

Br Q@ ¢ -
B\O O’B )
(cis-3)
(*sc)-103 ("sA)-103
Br Br

PhMe, | Ceo,
reflux | KI, [18]crown-6,

1) HCI, THF

2) OH OH,
 a
PhMe, reflux

(fsC) 72:28 ("°A)

Scheme 16 Regio- and diastereoselective double Diels-Alder addition to C4, using a threitol
derivative as imprinting template and the fullerene as a soluble nanosize matrix



34 C. Thilgen et al.

mainly on the base of symmetry considerations (*H and '>C NMR) and their
typical UV/Vis fingerprints. Besides, oxidation of the dioxaborinanes with
H,0, 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 Cg4 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 -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 C¢, at Fully Addressable Octahedral Sites

A versatile tether-directed remote functionalization scheme was developed by
Qian and Rubin to target trans-1 bisadducts of C4, 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 Cg, 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 e,..” (in reference to the starting trans-1 bisadduct 105), “doubly e4q
plus singly eg,..” (in reference to the trisadduct resulting from the previous step),
and “doubly e,. plus singly e.q,.” (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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toluene, reflux

105 (trans-1)

[+ trans-2 isomer] ® = C(CO,Et),
Se

MeO;C—==—CO;Me

p-TsOH, toluene
110 °C

106

doubly €gdge 25

| ® = C(CO,E),, * = C(CO,Me),, B = C[CO,CHa(p-CeHgNO,)l, |

Scheme 17 Synthesis of trans-1 bisadduct 105 and regioselective transformation to higher
adducts of Cy by further Bingel additions and, eventually, removal of the template
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| A trans; B,C cis | | B trans; A,C cis | | C trans; A,B cis |
A A

A=C ; B =C(COEt)y; C =C(COzMe); O;N

x
D = C[CO2CH;(p-CeHaNO)lz; E = C{CO,[CH,C(CHa)al}zs F= C

Fig.10 The seven A,B,C,(Cy,) regioisomers with a pseudo-octahedral addition pattern (top)
and two constitutional isomers ABCDEF(Cg,) in which each addend has the same nearest
neighbors but with inverted e.q,. and ey, relationships (bottom)
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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 Cgy-I;,, 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 O, symmetry of the regular octahedron is reduced to T},
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 Cy 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 B,C(Cq4;) and two BC,(Cq) 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
A,B,C,(Cq) 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(Cg) regioisomers (+)-108 and (+)-109 (Fig. 10,bottom) [139]. The ex-
quisite control of the regiochemistry around the T} -symmetrical “coordination
core” of Cg 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.



38 C. Thilgen et al.

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 m-electrons on the fullerene core
remains the same as in Cyq, 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,

p-TsOH, hv

———
toluene,

111 (syn) 4:1 112 (anti) R=

Scheme 18 Regioselective synthesis of tetrahomofullerenes 111 and 112 starting from
trans-1 bisadduct 110
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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 C,,
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
Cq — 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 Cg, 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 Cq,
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 Cg,.

\ Ceo
>—N toluene, 25 °C
>=\ "Michael-type"
t BuMe,SiO
115

Scheme 19 Tandem reaction between N-butadienyl N,O-ketene acetal 115 and Cy,: Michael-
type addition followed by intramolecular Diels-Alder reaction
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5.6
Intramolecular [4+2] Cycloaddition of a [60]Fullerene-Appended Anthracene

When Irngartinger and co-workers investigated the photosensitized endo-
peroxide formation with Cy-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 C;-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~! but no definite structural assignment was made.

117

Scheme 20 Intramolecular [4+2] cycloaddition between the anthracene and the fullerene
moiety of 117

5.7
Activation of e Double Bonds in C;, 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 C4, [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 Cy [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-
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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 C¢o(DMA), (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”
Ceo[C(CO,EL), ] 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 CBr,; 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 Cy,
[34, 115, 145-149] or from monomeric azafullerene derivatives RC5oN [150].
The equilibria of the Diels-Alder addition of DMA to *HeCg4, and *HeC,, have
been investigated in detail by Wang, Saunders, and Cross using *He NMR spec-
troscopy [151].

D ==
toluene

DMA
(excess) Cgo(DMA)

Scheme 21 Equilibria of the reversible Diels-Alder addition of an excess of 9,10-dimethyl-
anthracene (DMA) to Cg. 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 Cy, resulting from Diels-Alder addition of
anthracene was discovered by Krautler 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 Cy, 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
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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 Cy, spheres in the crystal. While a number of other crystalline
monoadducts resulting from reaction of C¢, 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 Cg, with various anthracene derivatives [137]. The diene reagents that
actually provided bisadducts did so in a highly selective way under exclusive

EtO,C.__CO,Et

Y

Br
DBU, CH,Cls,

119

Scheme 22 Topochemical solid-state reaction of monoadduct 118 leading to a 1:1 mixture
of trans-1 bisadduct 119 and Cy, (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 Cq,
(bottom) (cf. Scheme 4)
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formation of trans-1 regioisomers. This course of the solid-state cycloaddition
differs strongly from the reaction of Cg, with an excess of anthracene in CS,
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, Krdutler and co-workers, by treating a
suspension of the compound in CH,Cl, with an excess of diethyl bromomalonate
and DBU, obtained the mixed D,,-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 D,;-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 C,, of Vinylcarbenes Generated
from Tethered Bis(cyclopropenone acetal)s

Some early work on the regio- and diastereoselective tether-directed bis-func-
tionalization of C¢, 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 (CH,), 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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(x)121 R=H NMe,H
(cis-3) (£)-123
fs0)- =0" O iS-
(R,R, 2,;232) RR 232 (cis-3)

Fig.11 Thermal equilibrium between tethered cyclopropenone acetals and the according
vinylcarbenes (fop), and cis-3 bisadducts of Cy, having a [342] cycloaddition with suchlike
reagents as a key step in their syntheses (bottom)

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 C,-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 m-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,5*C) [19]) by comparison of its optical rotation [ot,]=-1875 with
the CD spectra of [CD(-)488]-(%*C)-55 and [CD(+)488]-(*A)-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 C¢, 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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Cgo-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 C,

Addition to C4, 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 C,-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
Cqo [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 C4, 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 Cg, in quantitative yield. When 126 was heated in
chlorobenzene for 24 h, C4, 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, C,-symmetrical diazides prepared from - 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 Cg, [165]. No diastereoselectivity was observed in these double
additions because the fullerene functionalization pattern is C,-symmetrical
and, therefore, achiral.

In a similar way, reaction of C¢, with diazide (S,S)-128 (Scheme 23, bottom),
prepared from 2,3-O-isopropylidene-L-threitol, afforded C,-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 *C NMR C-N couplings of ’N-labeled material. Thermolysis
of (§,5)-130 cleanly converts the molecule back to the isomeric (S,5)-129, thus
providing the first example of interconvertible azahomo-/azirinofullerene iso-
mers.
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(S,5)-128

Scheme 23 Products obtained from the addition of tethered diazides to C4, and possible
thermal or photochemical follow-up transformations

0~ O

(R,R)-127

Fig.12 Diazadihomo[60]fullerenes resulting from addition of diazides to Cy, followed by
extrusion of dinitrogen
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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/
N,-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 Zn**,
Ag*, and [MeNH;]* by 131 was studied by '"H 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 C4, 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 C¢, 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 C¢, 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 N, 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 C4,. 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].

7 Ceo
————.
\ 0-CgH4Cls,
O N3 55°C
133 137/138 139/140
endo/exo mixture endo/exo mixture

134 (endo) [shown]
135 (exo)

Scheme 24 Synthesis of “open-cage fullerene” 136 by double azide addition, a combination
of Diels-Alder reaction and N,-extrusion/rearrangement (—137/138), endoperoxide forma-
tion (—139/140), [2+2+2] ring opening (—134/135), 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 *He
and molecular hydrogen [177]. Hydrogen storage inside open-cage Cgq, 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 6=-10.10 (*He NMR, o-dichlorobenzene-d,, dissolved *He
as standard) and 6=-5.43 (‘"H NMR, §[Hs°ton]=4.53) measured for endohedral
*He and H,, respectively. The barrier to insertion was calculated to be much
higher (41.4 kcal mol™) for dihydrogen with its larger surface area than for
helium (24.5 kcal mol™); the value for helium was determined experimentally
to 24.610.8 kcal mol™'. Under thermodynamic aspects, the encapsulation was
estimated to be thermoneutral or slightly exothermic [177]. The creation of an
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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 C;,

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 Cg, [183-185]. In
a systematic study, Prato and co-workers examined the regioselectivity of the
intramolecular attack of azomethine ylides tethered through oligomethylene
chains (CH,),, (n=3-5) to a C4-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 C,-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.

F,cc0Y

(CH,),NH,CH,CO5H

(CH>),CN
1

H,CO Mo(CO)s
PhMe, A PhCl, A
| n=3: (£)-141 (cis-1, C=N-sided)  n=5: (£)-143 (cis-1, N-O-sided) |
n=4: (£)-142 (cis-1, C=N-sided)  n = 5: (+)-144 (cis-3, C=N-sided)
n=5: (x)-145 (cis-2, C=N-sided)

Scheme 25 Regioselective second functionalization of Cg, 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,
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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); 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 Cg, 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
(Cyy0) which reverts to buckminsterfullerene upon heating [188, 189].
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AN
0-CeHaCly, T

hv, 17 °C

148
(cis-3,cis-3)

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

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 Cg, 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 [442] 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 0-quinodimethane subunit and the fullerene core,
and a succeeding retro-[2+42+2] ring opening of cis-1 dicyclopropafullerene
153 [190]. In contrast, when Cg, 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 0-quinodimethane intermediate 152 to a second
Cgo 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 CHCl; solution or heating in o-dichlorobenzene grad-
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ually transforms it into 155 by intramolecular [2+2] cycloaddition. In sharp
contrast to the [2+2]-dimer of buckminsterfullerene, C,,,, and 148 (Scheme 26),
heating of 155 to 200 °C leads to no appreciable cycloreversion. On the other
hand and similarly to C,,,, the cyclobuta-fusion in 155 is readily cleaved upon
transfer of one electron as shown by cyclovoltammetry (CV) and differential
pulse voltammetry (DPV) [190].

retro
[4+4] [2+2+2]
—_— —_—
solution

solid state
intermolecular [4+2]

o
o
<)
-

154 155
Scheme 27 Different courses of the reaction between Cg, 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 C¢, 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/N,-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 C4, 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

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 Cg, (159) (Scheme 28) with
a noninherently chiral addition pattern was obtained in a tandem reaction
between the alkaloid scandine (160) and Cq, [198, 199]. The sequence includes

Ceo
“‘CO,Me v, toluene
H o
160 159 (cis-1)

Scheme 28 Tandem reaction between the alkaloid scandine (160) and Cg, under diastereo-
selective formation of a cis-1 bisadduct (159)
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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 Cy, 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-C,,-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].

Me
HN Coo0,

PhCI
hv (vis),

HN  rt,5h
Me
(16 eq.)

Cgo (1.25 eq.)
—_—
THF, rt., 24 h

Scheme 29 Functionalization of Cy, by addition of tethered amine (top) or fluorenide
(bottom) nucleophiles, followed by oxidation
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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 C%;, 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 C% 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 Cg, [205,206]. Stepwise addition of
1,4-diradicals, resulting from ring opening of the reagents, across a 6-6 bond of
Cqo 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 m-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-



56 C. Thilgen et al.

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 Cg, 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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Abstract This review highlights the recent development in intramolecular migration of
metal templates along fused arene skeletons. The focus is on the haptotropic rearrangement
of a Cr(CO);-fragment along polycyclic aromatic m-systems. The straightforward and re-
gioselective synthesis of arene-Cr(CO); complexes via chromium-templated [3+2+1]-benz-
annulation is discussed in the context of mechanistic and synthetic aspects. Proper tuning
of the arene substitution pattern and the template coligand sphere allows the design of the
haptotropic rearrangement for an application in novel organometallic molecular switches.

Keywords Arene complexes - Chromium complexes - Chromium-templated
benzannulation - Haptotropic rearrangement - Intramolecular rearrangement -
Ligand substitution - Molecular switch
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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 m-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 ML, -unit changes its connectivity (hapto
number) to a ligand [3].

A definition suggested by Nagashima [4] covers 0,0-migrations like in the
mercury complexes 1 and 2 described by Nesmeyanov [5] (Scheme 1), Tr,Ti-re-
arrangements such as in naphthalene complexes 5 and 6 discovered by Deubzer
and Ofele [6], as well as o,m-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.

OHgEt o) Cr(co), Mn(CO),
s” ~Mn(CO), s~ ~Cr(CO),
|
N
NO *OHgEt 3 4
1 2 o,m-rearrangement
o,c-rearrangement (Lotz, 1993)

(Nesmeyanov, 1960)

6

5
m,n-rearrangement

(Ofele, Deubzer, 1966)

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 T-systems available; nevertheless most examples
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focused on the m,m-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 m-ligands thus
allowing the investigation of the rearrangement behavior of the complexes
obtained. Due to their exceptional ability to control the hapticity of m-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 m-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 m,n-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); in suitable solvents or via
appropriate transfer reagents like Cr(CO);(NH;); [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 Tt-Systems

In general, organic structures containing two or more m-bondings may be
involved in haptotropic rearrangement reactions. Open-chain systems, like
n2-coordinated allenes [15] or n*-coordinated trienes [25] have been studied
most extensively as well as cyclic polyene structures; pertinent examples in-
clude the n*n*rearrangement of the Fe(CO);-fragment in cyclooctatetraene
[26] or the n’nf-rearrangement of Cr(CO); 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 n?n?-iso-
merization of a Ni(PR;),-fragment along the anthracene skeleton; NMR spin
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saturation transfer techniques were successfully applied to observe the re-
arrangement [28].

(CO)SCr _— Cr(CO)a

Scheme 2 Degenerated haptotropic rearrangement

Encouraged by the rearrangement in n®-Cr(CO);-2,3-dimethylnaphthalene
reported by Ofele 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); 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
o,m-rearrangement occurs in a bimetallic thiophene complex (see Scheme 1);
the n!-Mn(CO)s, n°>-Cr(CO);-isomer 3 rearranges irreversibly at 30 °C in ace-
tone to the corresponding n'-Cr(CO);,n>-Mn(CO);-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 n’,n*-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).

II=e(CO)2 fght @ Te(CO)2
e Fe(co), dark OQ Fe(CO),
B 8
Scheme 3 Rearrangement of a diiron-acenaphthylene complex
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-

O Ru(CO) (CO),Ru O

e \ 2 A 7 ’

O Ru(CO), hv (CO),RU O
\L L/

9 10

Scheme 4 Shift of a guiazulene-diruthenium complex with different ligands
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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{(OCH,);CCH;}. 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
Ni?* or Cu**-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 Cu?*, 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.

— 2+ —
o H ,—\Hﬁm_‘ 0 —~ )
N N =N N N

)
. b N, .N =N
_Cu--Solv ‘__ﬁ; cu
N N =N~ 'N acid N N _N N
FIAL O RO
11 12

blue, pH =7.2 violet, pH > 11

Scheme 5 pH-induced copper translocation

An equimolar solution of the oligoaza ligand and Cu?*-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 Cu**-ion
which is located in the bpy-environment and n’-coordinated by four nitrogen
atoms and one solvent oxygen atom (11); the violet color originates from the
metal ion n*-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-Ni** complexes [31]. Addi-
tionally, redox-driven translocations using the Fe**/Fe** 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 o- or m-bonding in a polyaromatic or (cyclic) polyene
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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 D6tz [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 C;-synthon, a carbonyl ligand (C,-synthon) and the alkyne (C,-syn-
thon) in a facial geometry suited for a stepwise [3+2+1]-cycloaddition to afford
a hydroxyarene coordinated to the Cr(CO); template (Scheme 6).

Cr(CO), Cr(CO),
PN /7 | oH
- _Re=r o
A Cr(CO); % .. R
OMe
R,0 R

Scheme 6 Schematic chromium templated [342+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);-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-
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Scheme 7 Atropisomer-selective benzannulation to an allocolchicinoid derivative

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 o,f-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



70 K.H.Détz et al.

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].1f, 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].

cr(co,

ome  _Ph-=—rpn_ MeN Me,N

o T sc Ph
2 (CO).C r (CO)3Cr
15
cr(co,
o) OEt  Ph—=Pph
>|\ L e Cr(c0)3
07 N 55°C
|
18 19

Scheme 8 Chemoselective benzannulation via amidation of the amino donor

Examples to replace the alkyne for triple bond systems bearing a heteroatom
are scare and confined to isolated reports on phosphaalkynes. The kinetically
stabilized fert-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].

CH,O OMe OMe
N
R R—= Cr(CO); R-N=C HR
(0] Z "R, R,
R1 R2 1 1
21 20 22

Scheme 9 Chemoselectivity with alkynes and heteroalkynes
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2.1
Selective Synthesis of (Arene)Cr(C0);-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
n', n’-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].

OMe OMe

- _—
L= v N
oc—/c(—co oc—/cr——co
oc ‘co oc co

Scheme 10 Regioselectivity of alkyne insertion

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].

\ OMe

N,

=~ i

oc—Ccr—co
oc ‘co

ML .= SnR,, B(OR),

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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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.

OMe O
OMe
(CO)Cr OMe
e —_—
= N [CH2 n
23 24 25
LA
LA = Lewns-amd

Scheme 12 Meta-cyclophanes by intermediate-rearrangement

2.1.2
Diastereoselectivity

As a result of the intrinsic unsymmetric arene substitution pattern, the
Cr(CO);-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).

] Cr(CO), or ,S7(CO) oR
/7Y oR Rs Rs
. | + R;=—R, — | +
R, .- ~R,
OH OH “crco),
Scheme 13 Racemic benzannulation 29 30

Enantiopure as well as diastereopure (arene)Cr(CO);-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);-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
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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);-fragment and the
methoxy substituent (Scheme 14) [66].

OMe Cr(CO)q OMe OSi(CH;),tBu OMe OSi(CH,),tBu

Pr Pr
OMe  nPr—==_ Cr(CO), 4  Cr(CO)
protection 3
OMe OMe
31 32 33
(rac) (rac)-anti (rac)-syn
94 6

Scheme 14 Substrate-controlled diastereoselectivity

In contrast, the benzannulation of glucal-derived chromium carbenes leads
to products bearing the Cr(CO);-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);-
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

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);-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

{}H ) Crco), S

X - X

-Cr(CO), 7S

41 43

X syn
—
\ | +
Cr(CO),

40 OMe Q

X
X =CH,,0,NMe O
42 Cr(CO),
anti
(stable)

Scheme 16 Diastereomeric [2.2] metacyclophane synthesis
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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); 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).

R
HO R
G Cr(CO),
o O
OMe / 44

OMe

- R
= (I Koo
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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 k] mol™! 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



76 K.H.Détz et al.

HO Cr(CO),
OMe
Qs

X
CrCOs g — g 47
——
) ;
X
MeO
X=0s8 cr(coy),
* Q.
X OH
48

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 0 (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

X
inter ring angle

(CO),Cr
MeO

ZN 0\
(@) OMe =

O vs.

Y/,
X X o Cr(CO),
49 50
favored for X = S (slightly) favored for X = O

Scheme 19 Possible influence of the inter-ring angle on product development
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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]naphthol[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].

23
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
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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 n!,n’-vinylcarbene intermediate.
It may be formed either as E-n!,n3-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-n',n*-vinylcarbene produces n*-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,3-double bond has been shown to be generally favored over co-
ordination of the y,6-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
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Scheme 22 Suppressed electrocyclization in case of a vicinal disilyl substituted vinylketene

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 6m-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);-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 23 Suppressed electrocyclization by a remote substitution pattern
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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 24 Heteroanalogous benzannulation 65

3
Haptotropic Migration of Cr(C0O),-Fragments in Fused Arenes

Half-sandwich Cr(CO); complexes of fused arenes are suitable compounds for
haptotropic rearrangements along extended m-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 m-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); fragments between
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two complex molecules (b) or on the transfer of the organometallic moiety to
a non-coordinated m-ligand (c). Finally, the isomerization may result from an
intramolecular metal shift during which the metal fragment remains coordi-
nated to the m-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].
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3.1
Complexes of Naphthalenes and Other Bicyclic Systems

A majority of studies deals with haptotropic rearrangements involving T-lig-
ands derived from naphthalene which represents the most simple fused aro-
matic system available. The first example was reported by Deubzer and Ofele
for Cr(CO); complexes of methyl-substituted naphthalenes [6,93]. Subsequent
research by Treichel and Kiindig provided rate constants and thermodynamic
activation parameters for m-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

Me,
X
- Cr(CO);
66 67
Me;
—5Cr(CO)s
68 69

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 Dg-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

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); 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 [34+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].

OSiMe,t-Bu OSiMe,t-Bu
t-Bu A t-Bu
O(-)-Menthyl O(-)-Menthyl
74 75

Scheme 28 Intramolecular haptotropic rearrangement of an enantiomerically pure complex
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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); 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].

\/Cr(CO)3 (OC)3Cr\/
~ / - \__
76 77
/\/Cr(CO)a (OC):,CrX\
78 79

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 m-systems; they may
also proceed along more extended m-ligands. In the biphenylene system the
aromatic rings suited for coordination of the Cr(CO); moiety are formally
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separated by two o-bonds. In order to avoid the inherent degeneracy of a
metal shift in this system, the biphenylene Cr(CO); complex was deuterated or
methylated via metalation of the m-ligand with n-butyllithium followed by
deuteration (80) or methylation [105]. The free activation enthalpy (AG*=
134.8 k] mol™!, 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 o-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].

D D

N =
| —-crcoy RE— (00)sCr_ |

80 81

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 (AG*=114.1 k] mol~,
T=360 K) (Scheme 31) [108].

82 83
Scheme 31 Haptotropic isomerization of a starphenylene complex

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



86 K.H.Détz et al.

between those observed for the biphenylene and starphenylene complexes
(AG*=125.4 k] mol™!, T=363 K) (Scheme 32) [109].

/ XCI‘(CO)g A _ O
—  (eo)Cr— |

84 85

Scheme 32 Shift of a Cr(CO); 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); 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
a37% yield of the (n®-4a,9,9a,8a,10,10a)-9,10-dimethylanthracene complex 87
surprisingly stable towards metal migration under these conditions (Scheme 33).

Ve Mecrico)
I
o e o)
e
Me Me
86 87

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); 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
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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); 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.

Et

2

R N Et
—3-Cr(CO)3 A
e ”
R3
R4
88 - 95 96 - 103

Scheme 34 Haptotropic rearrangements of phenanthrene complexes

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

R! R? R3 R*
88,96 Me SiMe,'Bu H H
89,97 Me SiMe,'Bu OMe H
90, 98 Me SiMe,'Bu Br H
91,99 SiMe,'Bu Me H H
92,100 SiMe,'Bu Me H Me
93,101 SiMe,'Bu Me H Br
94,102 Et Me H NHMe
95,103 Et Me H NMeBoc

The results obtained with the phenanthrene complexes prompted us to
extend further the aromatic system as a m-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
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L R

Fig.1 Molecular structures of regioisomeric benzonaphthofuran complexes 104 and 106

t-BuMe,SiO
A _ OMe
X
(OC)sCr X
104 X=0 106 X=0
105 X=8 107 X=8

Scheme 35 Extended aromatic m-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); 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.
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f-’ ‘ol

Fig.2 Molecular structures of 104 and 105, highlighting the helical twist of the tetracyclic
arene ligand

OMe OMe
MeQ Et (OC)3Cr*\ MeQ Et
7CF(CO)3 A
O O /)~ Et - Et
N OSiMe,t-Bu N OSiMe,t-Bu
Me Me
108 109

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.



90 K.H.Détz et al.

Studies of haptotropic metal shifts in polyfunctionalized naphthalene
complexes are limited. The [34+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].

R® R! R® R
7 2
R N R A R7 _ RZ
] —17Cr(CO) —_—— (OC)sCr— |
R R3 Rs R3
R5 R4 R5 R4
110 - 130 131 - 151

Scheme 37 Haptotropic metal shifts in a series of naphthalene complexes

Table2 Substitution pattern of the naphthalene chromium complexes 110-151

R! R? R3 R* R’ R® R’ R®
110, 131 Me H H H H H H H
111,132 H Me H H H H H H
112,133 Si(Me); H H H H H H H
113,134 H Si(Me); H H H H H H
114,135 Sn(Bu); H H H H H H H
115,136 H Sn(Bu); 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 SiMe,'Bu Et Et Me H H H H
119, 140 SiMe,'Bu  Et Et Me OMe H H H
120, 141 SiMe,'Bu Et Et Me OMe OMe H H
121, 142 SiMe,'Bu Et Et Me OMe H H OMe
122,143 SiMe,'Bu  Et Et Me H OMe OMe H
123, 144 SiMe,'Bu Et Et Me Me H H Me
124,145 SiMe,'Bu  Et Et (-)-Menthyl H H H H
125,146  SiMe,’Bu  ‘Bu H (-)-Menthyl H H H H
126,147  SiMe,'Bu  'Bu 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  SiMe,Bu  SiMe, H Me H H H H
130, 151 SiMe,'Bu H SnBu; Me H H H H
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Table3 Kinetic parameters and equilibrium constants of haptotropic rearrangements of the
chromium naphthalene complexes 110-130 in hexafluorobenzene solution

T [K] k [s71] k, [s7] K AG*
[k] mol™!]

110 358 9.0x10°¢ 9.0x10°¢ 1.77 132.3
111 358 3.02x107° 1.45%107° 2.09 128.4
112 358 2.40%x107° 5.0x107¢ 4.80 129.2
113 358 1.93x10°° 1.1x10°° 17.26 129.9
114 358 7.0x107¢ 1.4x10°° 5.00 133.1
115 358 2.24%x107° 1.7x10°¢ 13.26 129.4
116 358 1.5x107° 4.36x107° 0.034 138.0
117 358 4.0%x107° 3.46x107° 0.12 134.9
118 343 5.31x107* - - 105.9
119 343 7.01x107* 2.09%107* 3.35 105.1
120 343 1.26x1073 5.41x107* 2.33 103.5
121 343 - - 0.02 -

122 343 - - 0.08 -

123 343 6.31x107* - - 105.4
124a 333 8.98x10* - - 101.3
124b 333 1.55%x1073 - - 99.8
125 333 8.46x107* - - 101.5
126 333 3.04x1073 1.60x10~* 19.0 97.9
127 348 1.38x10~* - - 111.4
128 333 1.18x1073 - - 100.5
129 343 1.59x107* - - 109.4
130 343 7.35x107* - - 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 fert-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
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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 k] mol™! 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.

OMe OMe
RMeN o Et A RMeN._~ | Et
—Cr(CO);  --------- - (OC);Cr—
Z
Et X Et
OEt OFEt
152 R =Boc 154 R =Boc
153 R=H 155 R=H

Scheme 38 Electronic substituent tuning based on a protection group variation

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.

OSiMe,t-Bu 1.H OSiMe,t-Bu
MeN.__ Et 2 A HMe,N? o Et
(oC);cr— | _— ——Cr(CO);
X Et 7t
OMe OMe
156 157

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
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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),(PR;) moieties along
a naphthalene ligand.

OSiMe,t-Bu
S
P r(CO)3

Et
OMe

118

1. hy, c-Octene

2. PR3
OSiMe,t-Bu OSiMe,t-Bu
Et = Et
—Cr(CO),(PR3) +  (RgP)(OC)Cr—— |
=
Et X Et
OMe OMe
158 R=Ph 162 R=Ph
159 R =0OPh 163 R=0Ph
160 R =Me 164 R = Me
161 R = OMe 165 R =OMe

Scheme 40 Synthesis of Cr(CO),(PR;) complexes by photo-induced ligand exchange

The Cr(CO),(PR;) 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 n?-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/PR; 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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Fig.3 Molecular structures of regioisomeric PPh; (158, 162) and P(OPh); (159, 163) com-
plexes

OSiMe,t-Bu OSiMejt-Bu
= gt(CO) (PR3) = - ;
—Cr 2 R3 (R;,P)(OC)ZCr"—
= Et X Et
OMe OMe

158 R=Ph 162 R=Ph
159 R =OPh 163 R =0Ph
160 R =Me 164 R = Me
161 R=0OMe 165 R = OMe

Scheme 41 Haptotropic shifts of Cr(CO),(PR;) moieties
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Table4 Kinetic parameters for the isomerization of Cr(CO),(PR;) complexes 158-161, cone
angels and values for the electronic parameter y

L TIK] Kk [s7] AGH[KJmol]  6[°]  y[cm™]

118 co 333 (6.540.7)x105  108.5+0.3 - -

118 co 348 (4.3£0.4)x10*  108.1%0.3 - -

158 PPh, 333 (1.640.2)x104  106.0+0.3 145 13.25
159 P(OPh), 333 (1.940.2)x10*  105.6+0.3 128 30.20
160 PMe, 348 (7.240.7)x10°6  119.9+0.3 118 8.55
161 P(OMe), 333 (6.1£0.6)x106  115.1+0.3 107 24.10
161 P(OMe), 348 (3.440.3)x105  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); complex 118.1In 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 AG* values we employed Tolman’s
cone angles 0 as a measure of the ligands’ steric demand [120] and y - which is
the hypsochromic shift of the IR v band of Ni(CO);(PR;) compared to that of
the P'Bu; complex - as the electronic parameter [121]. A multiple regression
according to Eq. (1) revealed that both the steric and the electronic properties
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Fig.4 Kinetic tuning of haptotropic rearrangements by phosphorus coligands
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Fig.5 Plot of the experimentally determined AG* values against a0+by+c

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 AG* values are plotted against the data obtained
by the fit according to Eq. (1):

AGF=a0+by+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); 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].1n 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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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 n*-alkene complex (Scheme 42). Interestingly, we
observed an identical set of A; and the B, v 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.

OSiMe,t-Bu 1 hy, o-Octene OSiMe,t-Bu
00 = l Et 2.CO N Bt
SCr— —1-Cr(CO)3
X Et Z Skt
OMe OMe
139 118

Scheme 42 Photo-induced reverse metal shift to the thermodynamically less favored isomer

The planar chirality of Cr(CO); 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 (AG*=108.5 k] mol!, 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

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).

0SiMe,t-Bu A OSiMe,t-Bu
Et N\ % Et
—=Cr(CO), (OC)sCrm=— |
>t X Et
OMe 1. hy, c-Octene OMe
2.CO
(R)-118 (S)-139

Scheme 43  Stereospecific organometallic switch based on a reversible metal migration

\,f,. v

Fig.7 Both positions of the molecular switch as molecular structures (118, 139)
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5
Conclusion

The chromium-templated [34+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); 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); 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

£ N
(K] — (k)

(o) (@) E O
(OTOS 1 18-crown-6 (2)

Scheme 1 Formation of 18-crown-6 2 templated by a potassium cation
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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 Vogtle 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].

+Q
slipping cyclization C@
—_— —_—

catenane

Scheme2 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(NO;), (en=diaminoethane) in wa-
ter leads to the formation of oligomeric coordination compounds {[(3),Pd;]¢*},
(n=1,2,...) [12].

The same reaction is performed in the presence of 4-methoxyphenylacetate
as a template, and the trinuclear complex [(3),Pd;]®* is obtained in high yield
(Scheme 3). It is even possible to transform slowly a preformed mixture of
oligomers {[(3),Pd;]®*}, 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
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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.

"dynamic combinatorial
generating library"
molecular

diversity mixture of oligomers
P — o {((3)2Pda]"s
(n=1,2,3,..)

O * selection

Me

template-directed
self-assembly

Scheme 3 Formation of [(3),Pd;]®" 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].
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@ =Cu*, Ag*
5
Fig.1 Early ligands (4,6,7), which form double-stranded helicates (like 5)

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),Ag,]** and [(7),Cu,]**.

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);Fe,] of
Rhodoturulic acid 10-H, [22] and the X-ray structure of the iron(III) complex
[(11);Fe,] of 11-H, 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.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);Fe,] 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
Ti-Tt 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(IT) complex [H,0(12)Zn]**, which under acidic conditions
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[H0(12)Zn]?*

Y
[(12)2Zn,]* O

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),Zn,]*" (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 [(H,0),(13),Eu,]
[F5CSO;s]¢ (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].

)

[(H20)4{(13)2Eu2}[OTfle

7 \N /
—\N < \//OTf ot TN /e
- Worr  H—=0H ™ - | 1ot
N / \OTf H °H TT0/ \ N\_ 2
( N N, N=
4 O \
N N\ 7

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

tetramer
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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.

//O o\\

n(ll)

mixture of o O (OCH2CH)4

oligomers

16

[15<{(14),Zno)™ [16{(14)5Zn,)]**

Scheme 5 Template directed formation of a double-stranded helicate following the princi-
ple of “Dynamic Combinatorial Chemistry”
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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),Zn,]*" is formed. If veratrole 15
is used as the template, the formation of the dinuclear zinc(II) complex
[15c{(14),Zn,}]** is supported by attractive T-Ti-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),Zn,}]*". 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),Zn,}]**,
the catenane, is obtained; again due to favourable aromatic m-m 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
[(F5CS05),{(17),Ag,}] and [p-(F5CSO5)c{(18),Ag,}]* (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 [(F;CSOs),{(17),Ag,}] bridges between two
benzimidazole units and additionally binds a triflate anion. In contrast to
this the Ag-Ag distance in [p-(F;CSO;)c{(18),Ag,}]* 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 [(F;CSO;),{(17),Ag,}] and
[1-(F;CS0,){(18),Ag,}1* [33].

A related situation, as observed for [p-(F;CSO;)c{(18),Ag,}]*, can be found
for the biscatechol ligands 19-H, [34] and 20-H, [35, 36] and the catechol/ben-
zene-1,2-thiol ligand 21-H, [37]. Upon complexation of 19 with iron(III) ions

.
N\/N\Ag/N\/
F3CSOg5” oss-cr
g 03SCF3 8
g_
NAN/ N/\ \

[(F3CS03)2{(17)2Ag2}] [p-(F30303){(18)2Agg}]
Fig.4 The double-stranded complexes [(F;CSO;),{(17),Ag,}] and [p-(F;CSO5)c{(18),Ag,}]*

,—O || O\
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Fig.5 Alkoxide/hydroxide-bridged complexes 22 from dicatechol-type ligands 19-21-H,
and the X-ray structure of the alanine-bridged complex [(20),(OH),Ti,]*

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-H, 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 fert-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-H, 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-H, 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 [Mc{(23),Cu,}]* [39] (Scheme 6).
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Scheme 6 Template-directed formation of [Mc{(23),Cu,}]*

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].
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Fig.6 Chiral induction with chiral counterions as templates
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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-H, forms
a triple-stranded helicate [(11);Fe,] which encapsulates one water molecule in
the solid state. The spacer of the related ligand 26-H, is somewhat longer than
the one of 11-H, and in its “relaxed” form is predisposed for the formation of a
meso-helicate. Indeed triple-stranded meso-helicates [(26);Al,] and [(26);Ga,]
are formed if no water is present [43] (Scheme 7).

| 0 | * T I\Il e | e © T
26-H,
[(26)3M2) [(H20)c{(26)3M2}]
AA AN and AA

Scheme 7 Formation of the meso-helicate [(26);M,] vs the template-controlled formation
of the helicate [(H,0)c{(26);M,}] (M=Al, Ga)

If the coordination study with ligand 26-H, is performed in the presence of
water as template, the more condensed helicate [(H,0)c{(26);M,}] 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-H, and 28-H, (Fig.7). The rigid
linear ligand 27-H, with a 1,3-phenylene spacer forms the helicate [(27);Fe,].
The related ligand 28-H, with a pyridine spacer, on the other hand, is able to
encapsulate a potassium cation. This potassium stabilizes the meso-helicate
structure for [Kc{(28);Fe,}]* 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);Fe,]*" 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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helicate meso-helicate
[(27)5Fe] [K{(28)sFex)*

Fig.7 Formation of a helicate [(27);Fe,] and template-controlled formation of the meso-he-
licate [Kc{(28);Fe,}]*

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. [Kc{(28);Fe,}]* rep-
resents an example for such a system [44]. Others were described for the related
[-dicarbonyl derived ligands 29-H,, 30-H, and 31-H, [39, 46,47] (Fig. 8).

Fig.8 Ligands 29-31-H, and the X-ray structure of [(H,0)c{(31);Ga,}]
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Ligand 29-H, forms a triple-stranded dinuclear complex [(29);Fe,] which is
able to encapsulate lanthanum(III) ions in its interior to obtain [{(THF)(H,0)La}
c{(29);Fe,}]**. The related complex [{(H,0)Sr}c{(28);Fe,}]** could also be
characterized [46].

Coordination studies of ligand 30-H, 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 [Csc{(30);Ni,}]~ [39].

- — —a
OH O\. _‘
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‘ KOH ‘ Q = NMe,*
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OH L 2|
32-H, [(32)3Tiz]*

HN

P
Ob{o O\go
[(NMe4)=((32)6Tia)]”

Scheme 8 Formation of the helicate [(32);Ti,]* and its tetramethylammonium-templated
destabilization to form a molecular tetrahedron [(NMe,)={(32)¢Ti,}]”
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The chiral tartaric acid-derived ligand 31-H, forms enantiomerically pure
helicates with gallium(III) and iron(III) ions. For the gallium complex [(H,0)
c{(31);Ga,}] 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-H, with
titanium(IV) ions results in the formation of the triple-stranded helicate
[(32)3Ti,]*, which upon addition of tetramethylammonium cations is desta-
bilized and the supramolecular tetrahedron [(NMe,)c{(32)Ti,}]”~ 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-H, form either the triple-stranded he-
licate (even spacer length 33b, 33d, 31f) or meso-helicate (odd spacer length
33a, 33c, 33e) M,[(33);Ti,] 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-H, the templating could be impressively demon-
strated. If a coordination study of 33a-H, (Scheme 9) with titanium(IV) ions is
performed in the presence of potassium carbonate, a red solid with the formula
“K,[(33a)5Ti,]” 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-H,
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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

trometry show that here a mixture of oligomeric complexes {K,[(33a);Ti,]},
(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/Na,[(33a);Ti,] 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 {K,[(33a);Ti,]},, 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 Li,[(33a);Ti,] (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 M,[(33b-£);Ti,],
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.

Li

solid state Li,[(33a)sTis] solution

Fig.10 Structure of Li,[(33a),;Ti,] as found in the solid state and in solution
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Fig.11 Solid state structures of [{(dmf)Li};{(33a),Ti,}]-, [{(H,0),Li}={(33b),Ti,}]*, [{(H,0)
(dmf)Na}c{(33¢);Ti,}]*", and [{(H,0)(dmf),K},c{(33£)5Ti,}]*>- (dmf is only indicated)

In case of [(33b),Ti,]* and [(33c¢);Ti,]*" 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),Ti,]* 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-H, and 33b-H, 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);Ti,]*
and [(33b);Ti,]*", but only one heteroleptic complexes [(33a),(33b)Ti,]* are ob-
tained. The other possible heteroleptic complex [(33a)(33b),Ti,]* cannot be
observed. With sodium carbonate, on the other hand, only homoleptic coordi-
nation compounds [(33a);Ti,]* and [(33b);Ti,]* 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);Ti,]*. Therefore, with K* the homoleptic dinuclear coordination com-
pound [(33b);Ti,]* is obtained together with oligomeric titanium complexes
of ligand 33a [55] (Scheme 10).
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