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Ceo Hexakisadducts with an Octahedral Addition Pattern — A New Structure
Motif in Organic Chemistry
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Hexakisadducts, with T,-symmetrical addition patterns, of
Cgo buckminsterfullerene can be obtained by means of cyclo-
additions, solid state reactions and nucleophilic cyclopropan-
ations, including a variety of template and tether techniques.
Cgo — or a precursor adduct — serves as a core building
block for elaboration into a pseudo-octahedral architecture;
an aesthetically pleasing structure motif unique in organic
chemistry. The fullerene core can be systematically em-

bellished with one or more different types of addends, giving
rise to the formation of uniform or mixed hexakisadducts, re-
spectively. The regioselective exohedral chemistry of Cgq
may serve to provide soluble fullerene derivatives, lipofuller-
enes, dendrimers, charge-transfer systems, globular amphi-
philes and compounds with interesting chemical, physical,
biological and material properties.

Introduction

Covalent exohedral fullerene chemistry is a steadily grow-
ing field in synthetic organic chemistry."? During the last

[l Institut fiir Organische Chemie,
Universitiat Erlangen-Niirnberg,
HenkestralB3e 42, 91054 Erlangen, Germany
Fax: (internat.) +49-9131/852-6864
E-mail: andreas.hirsch@organik.uni-erlangen.de

decade many important achievements have been made, and
many principles of fullerene reactivity are now well establi-
shed.l') The most important method for exohedral func-
tionalization is cycloaddition to [6,6] double bonds in the
fullerene core. As well as monoadducts, many stereochemic-
ally defined multiple adducts containing, for example, be-
tween two and six addends have been synthesized. Of these
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multiple addition products, hexakisadducts with a 7}-sym-
metrical octahedral addition pattern are of special interest

trans-1

Figure 1. a) VB-Structure of Cg, including a selected array of 6
pseudooctahedral [6,6] double bonds and schematical representa-
tion of the T}-symmetrical substructure; b) and c) two different
views of the octahedral addition pattern of a hexakisadduct of Cg;

= eg, —-CR,-, -CH,-NH-CH,-, —CH,-CR=
CR—CH,—; d) relative positional relationships of [6,6] bonds in a
Cgo adduct

(Figure 1). Their aesthetically pleasing structure motif is
unique in organic chemistry. Recently, a variety of methods,
including template and tether techniques, have been de-
veloped, making them available in  decagram
quantities."?2=2¢1 Significantly, it is not only possible
merely to introduce one type of addend; different ones can
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be inserted systematically (Figure 2). The associated syn-
thesis protocols provide a basis for functional fullerene
architectural design.

In cases of binding of different addends to octahedral
sites, the symmetry of the corresponding mixed adducts is
reduced to one of the subgroups of 7},. The type I [3:3]
adducts depicted in Figure 2 are inherently chiral, irrespect-
ive of the nature of the addends.3~¢

Hexakisadducts with One Type of Addends

The first synthesis of a Tj-symmetrical hexakisadduct
was reported by Fagan and co-workers in 1991.77 By re-
acting fullerene with an excess of (Et,P);M (1) (Scheme 1;
M = Pt, Pd, Ni), they obtained metal complexes of general
formula [(Et,P)>M]sCep (2).7 %! Thermodynamic control of
the reaction resulted in pronounced regioselectivity, and so
the highly symmetrical hexakisadducts were formed in high
yields. A Tj-symmetrical addition pattern was proven un-
ambiguously by X-ray single crystal analysis.[”]

M(PELt;)4

Ceo —11-

2 A* = M(PEt,),
M =Pt, Pd, Ni

Scheme 1. Synthesis of octahedral metal complexes of general for-
mula [(Et,P),M]sCeo (2) (M = Pt, Pd, Ni).”="1 (front hemisphere
addends are marked red, rear hemisphere addends dark)

Three years later, when we systematically investigated the
regioselectivity of multiple additions to the [6,6] bonds of
Ceo, we succeeded in the stepwise synthesis of T7j-
C¢s(COOEL);, 4, by nucleophilic cyclopropanation with di-
ethyl bromomalonate 3 in the presence of NaH as base
(Scheme 2).3:19 The comparatively selective formation of
this first purely organic hexakisadduct was possible as at-
tacks to bonds in e-positions (relative to already bound ad-
dends) are also preferred kinetically.!!]

All the intermediate mono- to pentakisadducts 5—9
(Scheme 2), all incorporating incomplete octahedral addi-
tion patterns, were isolated and characterized fully.l'® T} -
C¢s(COOEL), 4 is a bright yellow material. Its character-
istic electronic absorption spectrum served as a fingerprint
for easy structure determination of related hexakisadducts
synthesized subsequently, including those with addends of
different types. The '3C NMR spectrum of 4 showed only
three lines — at § = 145, 141 (sp>-C-atoms) and 69 (sp3-C-
atoms) — for the three types of magnetically non-equivalent

Eur. J. Org. Chem. 2001, 829—848
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Figure 2. Complete series of octahedral addition patterns in hexakisadducts of Cgy with one or two different types of addends and their
precursor adducts; type I adducts are derived from precursors obtained from successive e-additions, type II adducts from precursors
synthesized by other means

R=COOEt C;9

Scheme 2. Synthesis of 7,-Cg(COOEL);» 4 by successive nucleophilic cyclopropanation with diethyl bromomalonate 3;319 (i: diethyl
bromomalonate 3, NaH; front hemisphere addends are red, rear side addends dark)

C-atoms in the fullerene core. Further unambiguous proof enhanced in comparison to that of parent Cgy. This can be
for the aesthetically pleasing structure of 4 was obtained by seen in, for example, the less pronounced alternation of [6,6]
single-crystal X-ray analysis (Figure 3).'!l Significantly, the and [5,6] bond lengths.

aromatic character of the remaining m-electron system, One year later, Krdutler and co-workers reported the dir-
which constitutes a cubic supercyclophane substructure, is  ect synthesis of the hexakisadduct 10, formed in 26% yield

Eur. J. Org. Chem. 2001, 829—848 831



MICROREVIEW

A. Hirsch, O. Vostrowsky

Figure 3. Single-crystal X-ray analysis of 7j-symmetrical
Ce(COOEL),, 41"l and cyclophane substructure of the remaining
n-system, consisting of eight benzenoid rings

DMA DMA
—_— Cgo(DMA)y —/— Cgp(DMA) 5

by a sixfold [4+2] cycloaddition of Cg, with an excess of
2,3-dimethyl-1,3-butadiene.[!?]

To improve the yield of six-times cyclopropanated ad-
ducts like 7},-C6(COOEL),» 4, we developed a very efficient
one-pot method (Scheme 3).['¢11-13.141 The lynchpin of this
strategy was the discovery that 9,10-dimethylanthracene
(DMA) binds reversibly to Cg,. Use of, for example, a ten-
fold excess of DMA results in an equilibrium between the
various CgDMA, adducts, with e¢ee-CoDMA; as the
main component. Hence, synergetic combination of kinetic
and thermodynamic control could result in the generation
of templates like ¢,¢,e-CsoDMA3, with incomplete octahed-
ral addition patterns. Since (a) attack of irreversibly binding
addends onto such templates occurs with highly pro-
nounced regioselectivity at free octahedral sites, (b) facile
rearrangement of DMA addends is possible in wrong inter-
mediates, resulting in the formation of an octahedral iso-
mer, and (c) the reversibly bound DMA molecules can eas-
ily be replaced by the desired addends, the yields of hexakis-
adducts like 4 can be as high as 50%. It has been shown
that it is highly advantageous to use DBU as base.[!¢-11:13.14]
Another important improvement was the in situ formation
of the bromomalonates, by DBU-initiated reaction between
the corresponding parent malonate and CBr,.['Y1 As a con-
sequence, a broad variety of easily available malonates can
be used directly for the synthesis in large quantities of 7}-
Cos(COOR) .

These synthetic improvements were important for secur-
ing access to quantities large enough to permit investigation
of the material properties of these unprecedented spherical
architectures. In order to study the interactions of such sys-
tems with lipid membranes, we synthesized the lipofuller-

4 R=COOEt

Scheme 3. Template mediation technique using DMA as equilibrating addend.['!-14 %i: diethyl bromomalonate 3 in the presence of
DBU,' ii: in situ formation of bromomalonate using diethyl malonate and CBr,/DBU4))
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enes 11 and 12.1' These lipofullerenes have been shown,
during the intercalation into multilamellar vesicles (MLVs)
of dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC),
to self-assemble within bilayers into rod-like structures of
nanoscopic dimensions. The dynamics, structure and ther-
motropic behaviour of this unprecedented type of mem-
brane composite have been studied by means of microcalor-
imetry, deuterium NMR and X-ray scattering.!!>'°l The
spherical lipofullerenes show a pronounced tendency to-
ward spontaneous formation of spatially anisotropic super-
structures, which may be of importance for future mem-
brane technology.'® In order to polymerise aggregates of
lipofullerenes, we synthesized the functional lipofullerene
13, containing six pairs of dioctadeca-10,12-diynyl chains.
After intercalation of 13 in DPPC vesicles, a photochemic-
ally induced polymerization was carried out. Perfectly
spherical fullerene-nanospheres were generated.!!”]

11 R=

12 R=

13 R=

4

S

Significantly, the lipofullerenes 11 and 12 have very low
melting points — 22 and 67 °C (DSC, heating scan), re-
spectively — with 11 being the first fullerene derivative li-
quid at room temperature.l'S] Moreover, below the melting
point they undergo a phase transition into a second, more
densely packed solid phase. These observations prompted
us to investigate systematically the dependence of the ther-
motropic behaviour of 7},-Cgs(COOR);, on the nature of
the alkyl chain R, and to synthesize the adducts 14.0'%]

0]
R = a.g .-‘"“\'D"RI

R'=C Hzneq (N=1,2, ... 17)

Eur. J. Org. Chem. 2001, 829—848

The Tj,-symmetrical sextuple addition pattern also rep-
resents an attractive core tecton for dendrimers.!”l If R in
T;-Css(COOR);5, is a dendritic chain, it is possible to ima-
gine spherical dendrimers with a core branching multipli-
city of 12, even if low generation dendra are employed. As
examples for this new dendrimer prototype, we employed
our template mediation technique to synthesize
15—17,11929 containing dendrons based on benzyl ethers,
in one step, starting from the corresponding dendritic ma-
lonates. Since, thanks to their additional spacer units, the
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dendra in 16 and 17 give rise to less steric hindrance, yields
for the convergent malonate addition were much higher in
those cases than for 15.2%

Addition of six mesotropic cyanobiphenyl malonate ad-
dends produced the spherical thermotropic liquid crystal
18. DSC and POM investigations revealed a smectic A
phase between 80 and 133 °C.[>!l It is interesting to note
that this spherical and highly symmetrical compound gives
rise to liquid crystallinity despite the absence of molecular
anisotropy.

834

Fullerene malonates Cgs(COOR);, can serve as valuable
starting materials for further side chain modification. This
has been demonstrated in, for example, the synthesis of the
highly  water-soluble  hexamalonic acid derivative
Ce6(COOH);» 19 by hydrolysis of 4.1''1 A more efficient syn-
thetic route to water-soluble fulleroderivatives is cyclopro-
panation of Cgy with bis(3-zert-butoxycarbonyl)propyl ma-
lonate 20 to afford the tert-butyl ester 21 (Scheme 4). Sub-
sequent cleavage of the zert-butyl protecting group leads to
the spherical dodecacarboxylic acid 22, which can then be
transformed into polyglycine adduct 23.12? The synthesis of
stereochemically defined, water-soluble Cg, adducts is an
important requirement for the investigation of biological
activities of fullerene derivatives.?’

In an attempt to synthesize 7},-symmetrical fulleropyrrol-
idine hexanitroxide as a candidate three-dimensional ferri-
magnet, Rubin et al. ** investigated the sextuple [3+2] di-
polar cycloaddition of azomethine ylides to Cgy. The
sterically demanding tetramethyl azomethine ylide, gener-
ated from dry acetone and 2,2-dimethylglycine in chloro-
benzene, showed high selectivity in the stepwise series of
[3+2] cyclizations leading to the 77, symmetrical hexakisad-
duct 24P in 12% vyield. In contrast to the malonates
Ce(COOR);, (R = H, alkyl), 24 exhibited some unusual
optical properties, such as a large fluorescence quantum
yield of 0.18 in methylcyclohexane and an intense and
bright orange phosphorescence, with a lifetime of 4.4 sec, if
this solution was cooled to 77 K.[*4231 Another unexpected
outcome of the associated synthetic efforts was the forma-
tion of a second inherently chiral hexakisadduct 25 with
Ds-symmetry, isolated in 61% yield by crystallization from
the mother liquors of the 24 crystallization batches.[**!

Mixed Hexakisadducts with Different Types of
Addends

Hexakisadducts that contain different addends at differ-
ent octahedral sites and whose symmetry belongs to a sub-

Eur. J. Org. Chem. 2001, 829—848
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DMA, CBry, DBU

21 R=tBu
2 22 R=H

BzZIOOC COOBz
HN HN
o o
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Scheme 4. Synthesis of highly water-soluble dodecacarboxylic acid 22 and protected polyglycine derivative 23[>?

25

group of Ty, are very attractive synthesis goals. The major
challenge is to address the octahedral positions of the Cg
core specifically. A number of strategies for the synthesis of
defined hexakisadducts have been developed recently. All
these methods are based on the use of oligoadducts with an
incomplete octahedral addition pattern as starting mat-
erials. These precursor molecules can be obtained, for ex-
ample, by successive and regioselectively favoured e-addi-
tions,!'! by topologically controlled solid state reactions!?°!
or by tether functionalization methods.!*®>¢) Mixed hexakis-
adducts with up to four different types of addends, includ-
ing some with inherently chiral addition patterns, have been
synthesized. This unique means of organic scaffolding has
provided facile access to new functional macromolecules
like globular amphiphiles,?” redox-active dendrimers(?!
and biofunctional transmembrane anchors.[?8!

Eur. J. Org. Chem. 2001, 829—848

Mixed Hexakisadducts with Two Different
Types of Addends

The possible structures of mixed hexakisadducts with two
different addends in octahedral positions are depicted in

ll,,{_-)--r.-ﬂ
o0 Q- P RZ
27 9

Scheme 5. Protection-deprotection technique for the synthesis of e-
pentakisadduct 9;1'* (i: methyl azidoacetate, 1-chloronaphthalene,
60 °C; ii: 10 equiv. DMA, diethyl bromomalonate, DBU, toluene,
room temp.; iii: toluene, reflux)

835
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Figure 2. The most important aspect is the synthesis of pre-
cursor adducts possessing an incomplete octahedral addi-
tion pattern with one type of addend. Whereas monoad-
ducts or e-bisadducts are easily available, the production
oftrans-1-bisadducts or higher adducts with incomplete ad-
dition requires more effort. However, production of the
mixed hexakisadducts from all the precursors is in general
straight forward, since advantage can be taken of either the
effective template mediation technique or the highly pro-
nounced e-regioselectivity characteristic of higher adducts!!l
to complete the octahedral addition pattern.

Mixed [5:1] Hexakisadducts

This addition pattern is accessible by starting either from
a pentakisadduct with one unchanged octahedral site or
from a monoadduct with five unoccupied sites. Pentakisad-
ducts like 9, with a C,,-symmetrical addition pattern, can
be synthesized stepwise by successive e-addition and isola-
tion of each precursor adduct 5, 6, 7 and 8.['7 However,
this procedure is very time-consuming and the overall yield
is not satisfactory. For a convenient synthesis of this adduct

836

type, we developed an effective protection-deprotection
strategy (Scheme 5). The reaction sequence starts with the
synthesis of the triazoline 26 by [3+2] cycloaddition of
methyl azidoacetate onto a [6,6] double bond of Cg,. After
exhaustive template-mediated cyclopropanation to 27 and
thermally induced [3+2] cycloreversion, the pentakisadduct
9 was obtained in good overall yield.!'3!

32 33 R=COO0OEt

Scheme 6. Synthesis of manganate 31 and dioxetanofullerene 33;[!3
(i: KMnO,, 18-DBC-6; ii: CH,;COOH; iii: Pb(OAc),)

Eur. J. Org. Chem. 2001, 829—848
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This pentakisadduct is a very valuable starting material,
because attack at the remaining octahedral [6,6] double
bonds proceeds with quantitative regioselectivity. Examples
of [5:1] hexakisadducts originating from 9 are the dendri-
mers 28, 29 and 30,”7 and manganate ester 31
(Scheme 6).1'3 The reason for the synthesis of 31 was an
attempt to open the fullerene cage oxidatively. However, hy-
drolysis of 31 to 32 with subsequent Pb(OAc), treatment
afforded the dioxetane 33 instead of the desired cluster-
opened diketone.!'3!

The inverse reaction sequence starting from easily
available [6,6] monoadducts, which are subsequently trans-
formed into [1:5] hexakisadducts using the template medi-
ation technique, has been shown to be even more efficient.

This has already been demonstrated in the synthesis of
the triazoline 27. Further examples are the fulleropiperazine
34,1131 a5 well as the bis(alkynyl)- and bis(pyridinyl)-derivat-
ives 358% and 36.8! Diederich and co-workers transformed

36 R =COOEt

Eur. J. Org. Chem. 2001, 829—848

37
4 OTf

R = COOEt

36 into the supramolecular cyclophane 37 in quantitative
yield by mixing equimolar amounts of 36 with cis-[Pt-
(PEt3),(OTY),].3An addition pattern inverse to that seen
with 28 was accomplished by the synthesis of 38, by conver-
gent attachment of five benzyl ether dendra to the monoad-
duct 5.' Similarly, we succeeded in the synthesis of the
[5:1] mixed fullerene-porphyrin adduct 40 and dendrimers
4la—c, by fivefold cyclopropanation of the porphyrin
monoadduct 39 (Scheme 7).?% Addition of the comparat-
ively compact Fréchet-type,[3? first generation (G1) bromo-
malonate in the presence of 10 equ. DMA/DBU resulted in

837
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Scheme 7. Synthesis of porphyrin-fullerene [1:5] mixed hexakisadduct 40 and dendrimer-porphyrin-fullerenes 41a—¢;?% (i: DMA, ethyl
bromomalonate, DBU)

Scheme 8. Synthesis of globular amphiphile 44;*7 (i: dodecyl malonate, CBry, DBU; ii: Newkome-type dendrimer, peptide coupling)

838 Eur. J. Org. Chem. 2001, 829—848
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the resulting dendrimer 4la being obtained in only 2%
yield. In order to avoid steric hindrance and to increase the
yield of the convergently synthesized functional dendrimers,
we employed the same spacer-enlarged dendritic malonate
that we had used for the synthesis of 16 and 17. Con-
sequently, the corresponding cyclopropanations of 39 af-
forded the mixed hexakisadducts 41b and 41c in about 13%

and 2% yield, respectively. The influence on the redox po-
tentials of the porphyrin and fullerene moieties of the dend
ritic coverage in the functional dendrimers was investigated
by cyclic voltammetry.?"]

Using a Newkome-type amide dendronl*?l as a hydro-
philic addend and five didodecyl malonates as lipophilic ad-
dends, we recently synthesized a new prototype amphiphile
with a spherical structure (Scheme 8).*7) Bis(3-tert-bu-
tyloxycarbonyl)propyl bromomalonate 20 served as pre-
cursor addend in the monoadduct 42. Subsequent fivefold
addition of didodecyl malonate in the presence of CBry/
DBU resulted in the formation of hexakisadduct 43 in 23%
yield. Cleavage of the tert-butyl ester with TFA and sub-
sequent amide formation with the second generation amide
dendron using typical peptide coupling conditions afforded
the amphiphilic hexakisadduct 44.*71 This globular am-

Scheme 9. Successive cyclopropanation of Cgg, leading to the hexa-
kisadduct 46, and final coupling with biotin to give protein anchor
lipofullerene 47081 (red: front Cg, hemisphere; dark: rear hemi-
sphere; i: dodecyl malonate, DMA, CBry, DBU; ii: TFA/CH,Cl,,
(+)-biotin/CDI)

Eur. J. Org. Chem. 2001, 829—848

Scheme 10. Double nucleophilic cyclopropanation of all-e-tetrakis-
adduct 8 with second generation (G2) Fréchet dendron bromoma-
lonate yields dendrimeric [4:2] hexakisadduct 48;?% (i
CHBr(COOG?2), DBU, toluene/CH,Cl,, 3 d, room temp.)
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49

Scheme 11. Template-mediated fourfold cyclopropanation of e-bi-
sadduct 5, leading to hexakisadduct 49;°! (i: DMA, second genera-
tion (G2) Fréchet dendron bromomalonate CHBr(COOG?2), DBU,
toluene/CH,Cl,, 3 d, room temp.)

Cao —

phiphile dissolves in water, forming unilamellar vesicles
with diameters typically between 100 and 400 nm, and re-
veals a very small critical micelle concentration (CMC).
Stable monolayers of 44 on the air-water interface were pro-
duced by the Langmuir-Blodgett technique.l*3! Thanks to
the presence of 18 carboxylic acid functions which can be
deprotonated successively, electrostatic interactions between
the spherical amphiphiles can be modified specifically. Elec-
trostatic interactions of monolayers of 44 with cytochrome
¢ at pH values corresponding closely to the surface pK,
(7.4; 8 negative charges per molecule) were investigated by
neutron scattering measurements.3!

As an example of a biofunctional fullerene derivative
which is able to intercalate into a DPPC bilayer, we synthe-
sized the biotinated lipofullerene 47.1%81 This molecule can
be used as a transmembrane anchor for proteins located
outside the membrane (Scheme 9). Cyclopropanation onto
Ceo of an amphiphilic spacer malonate afforded the
monoadduct 45 as starting material. In a second cyclopro-
panation sequence, 45 was treated with didodecyl malonate
in the presence of CBr,, DMA and DBU to give the mixed
[1:5] hexakisadduct 46. A final coupling with biotin resulted
in the formation of lipofullerene 47. The biotin anchor in
47 is able to bind proteins like avidin and streptavidin.*®]

Mixed [4:2] Hexakisadducts

As a suitable starting material for the synthesis of [4:2]
mixed hexakisadducts we used the tetrakisadduct 8, ob-
tained from fourfold cyclopropanation of Cey 1'% with di-
ethyl malonate. Double cyclopropanation of this precursor
core with the second generation (G2) Fréchet-dendronl*?!
bromomalonate in the presence of DBU afforded Cg sym-
metrical Cg(COOELt)g(COOG2), 48 in 75% yield as a yel-

Scheme 12. [2:4] Zinc-porphyrinato-hexakisadduct 51;13¥ (i: porphyrinobismalonate, CBr4, DBU; ii: dodecylmalonate, I,, DMA, DBU)

840
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low powder (Scheme 101>°1 The inverse [2:4] addition pat-
tern can be obtained by successive fourfold cyclopropan-
ation of the e-bisadductl® 6 with second generation (G2)
dendron bromomalonates to give Cgq(COOE?L)4(COOG2)g
49 in 73% yield, also as a bright yellow powder
(Scheme 11).12!

En route to synthesizing fullerene-based architectures
with specific electronic properties, we allowed a porphyrino-
bismalonate to add twice to Cg. This reaction afforded the
bismethano adduct 50, with an e-addition pattern, as the
major reaction product in 12% yield.[3¥ A subsequent four-
fold cyclopropanation with dioctadecyl malonate gave the
mixed [4:2] hexakisadduct 51 (Scheme 12).

In a similar fashion, 54 was synthesized starting from the
e-bisadduct 52 with four protected terminal carboxylic
functions (Scheme 13). Subsequently, four didodecyl ma-
lonate addends were allowed to react with the remaining
octahedral [6,6] double bonds in order to complete the [4:2]
addition pattern (53). After deprotection of the fert-butyl
groups, Newkome-type amide (G1) dendra were coupled
with the carboxylic groups. The final step was the deprotec-
tion of the dendritic termini.*?!

Krautler and co-workers developed a topochemically
controlled, solid-state group-transfer synthesis?®3 to ob-
tain the trans-1-bisanthracene adduct 56, which can serve
as starting material for the synthesis of type II [4:2] addition
pattern compounds, in which two addends are bound at the
poles and four are attached at the equatorial belt
(Scheme 14). The first step was a regiospecific thermolysis
of crystalline monoadduct 55 to give a (1:1) mixture of Cg
and the frans-1-bisadduct 56. The two anthracene addends
of 56 served to direct four bromomalonate addends regio-
specifically into e-positions, giving hexakisadduct 57 in 95%
yield. The subsequent thermal removal of the two polar an-
thracene molecules led to a tetrakisadduct with an equator-
ial belt on the carbon sphere,[* representing a valuable tec-
ton for further specific functionalization.

In 1994, Diederich and co-workers reported a very im-
portant approach to regioselective formation of multiple
adducts of Cgy by tether-directed remote functionaliz-
ation.3®l Reversibly removable tethers are used as the prim-
ary addends. As a function of their structure, these can oc-
cupy distinct addition locations only. As a consequence,
they ensure access to certain remaining sites and to a great
diversity of three-dimensionally functionalized fullerene
building blocks.>*~2¢l Subsequently, the tethers can either
be removed from the polyfunctional adducts, or they may
be replaced by other functional addends.*®! Using this ap-
proach, a [4:2] hexakisadduct 62 with the same addition
pattern as 57 has been synthesized (Scheme 15). When a
solution of tethered hexakisadduct 58, the synthesis of
which is discussed below, was irradiated in the presence of
Ceo as a 'O, sensitizer while O, was bubbled through, an
isomeric mixture of allylic hydroperoxides was obtained; the
result of a 'O,-ene reaction.”>371 Subsequent reduction
to the corresponding allylic alcohols, dehydration (using
TosOH) to the bis(cyclohexa-1,3-diene) derivative, and a
Diels—Alder/retro-Diels—Alder sequence afforded the

Eur. J. Org. Chem. 2001, 829—848
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Scheme 13. Synthesis of globular amphiphile 54;% (i: dodecyl ma-
lonate, DMA, CBry, DBU; ii: TFA, Newkome-type dendrimer,
peptide coupling)

mixed tetrakisadduct 59 in 42% overall yield.[*® Transes-
terification yielded the octakis(ethyl ester) 60, with two re-
active [6,6] bonds at the poles. Addition of TMS-protected
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Scheme 14. Topochemically controlled solid-state synthesis of bisadduct 56 and subsequent cyclopropanation to give [2:4] hexakisadduct
57;126:351 (i: 180 °C, 10 min; 40 equiv. ethyl bromomalonate 3, 40 equiv. DBU)

62 R =COOEt

Scheme 15. Tether-directed remote functionalization leading to tetraethynylated [2:4] hexakisadduct 62;2¢37 (i: O,, hv, PhClI; ii: PPh;,
PhCl; iii: TosOH, ethyl acetylenedicarboxylate; iv: 3-bromo-1,5-bis(trimethylsilyl)-1,4-pentadiyne 61)

842 Eur. J. Org. Chem. 2001, 829—848
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63 R =COOEt

S,
i

e

-
Q oy

Scheme 16. Synthesis of racemic second (G2) and third (G3) generation dendrimer [3:3] hexakisadducts 64 and 65 by nucleophilic
cyclopropanation of 7;1?1 (i: DMA, CHBr(COOG?2),, DBU, toluene, 2 d, room temp.; ii: CHBr(COOG3),, DBU, toluene, 2 d, room temp.)

dialkynyl bromide 61 and subsequent deprotection of the
product afforded tetraethynylated hexakisadduct 62: 2371 a
useful building block for further molecular nanoscaffolding.

The same tetrakisadduct 60 served as starting material
for the synthesis of [4:2] hexakisadduct 63.3°1 Samples of
63 obtained by slow crystallization gave a nematic meso-
phase on first heating. After isotropization, no mesogenic
behaviour could any longer be detected.*’]

Eur. J. Org. Chem. 2001, 829—848

Mixed [3:3] Hexakisadducts

The synthesis of mixed [3:3] hexakisadducts of type I
(Figure 2) requires trisadduct precursors with an e,e,e-addi-
tion pattern. As starting material for the synthesis of dend-
ritic [3:3] adducts, we used the Cz-symmetrical trismalonate
7.531 For the completion of the octahedral addition pattern,
DMA template-mediated cyclopropanation of 7 with the se-
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cond and third generation bromomalonates BrCH-
(CO0OG?2), and BrCH(COOG3), gave the mixed [3:3] dendri-
mers Cgo(COOEL)((COOG2)s 64 and Cg(COOEt)s-
(COOG3)s 65 in 44 and 28% yield, respectively (Scheme 16).
Both chiral compounds have C; symmetry and were obtained
as racemic mixtures from the racemic starting trisadduct 7."]

Ph, F:{_\ _R_,F'I‘I Ph s
r\---P O\f .I:d .
oir RN g N Phy
‘—D 4 ‘; A (-

o~ 74
TN s
RN R
Ph Ph
all-R-C-(+)-66
Ph R ~B.Ph Phe
..r‘_-\b C{_-::\ =
P—"—I‘ET“LNQ{ 'Il'"ffN;‘l.-q-"‘-‘h Ph SN
.y ¥,

.:;} ]1./ \:'_Q
RN Nejg
Ph Ph

al-R-A-(+)-68 ail-s-'c-(-)- 69

The synthesis of enantiomerically pure [3:3] hexakisad-
ducts with an inherently chiral Cs;-symmetrical addition
pattern ~ was  achieved  with  tris[bis(4-phenyl-2-
oxazolinemethano)] adducts all-R-"C-(+)-66, all-S-*A-(—)-
67, all-R-"A-(+)-68 and all-S-'C-(—)-69"! ("C = fullerene
Clockwise, T4 = fullerene Anticlockwise)“®! as precursor
adducts of known absolute configurations. The adduct
pairs 66 and 67, and 68 and 69, respectively, represent pairs
of enantiomers. Dendritic second generation 3,5-dihydroxy-
benzylic bromomalonatel® or lipophilic dioctadecyl bromo-
malonate!'” were used to complete the octahedral addition
pattern. Examples of corresponding products are the den-
drizyme 70 and the lipofullerene 71.1°

Access to [3:3] hexakisadducts of zype II was achieved by
Rubin and co-workers. With their synthesis of the tethered
intermediate 72, they developed an efficient method for a
trans-1 functionalization of Cg, (Scheme 16).[4!1 The trans-
1 bisadduct 72 constitutes a strategically protected building
block for the construction of octahedral systems. In 72,
thanks to the shielding engendered by the tether, only three
of the four reactive e-positions are accessible for further ad-
dition reactions. As a consequence, treatment with dimethyl
or diethyl malonate, under in situ bromination conditions
(CBr4 and DBU), gave mixed pentakisadducts 73a and 73b,
respectively. The subsequent removal of the tether was
achieved by an elimination/Diels— Alder/retro-Diels— Alder

844

sequence. The resulting C,,-symmetric trisadducts 74a and
74b both underwent highly regioselective threefold addition
reactions with 4,5-diazafluorene or 2,7-dinitrofluorene,
leading to the mixed [3:3] hexakisadducts 75a and 75b in
50% and 89% yield, respectively (Scheme 17).[41]

Thanks to the trans-1 regiochemistry of tethered bisad-
duct 72 and the ensuing single protected e'’-position, it is
possible to address each of the three remaining e-positions
exclusively, in sequential manner (¢’, e¢'’, and finally e’),
thus priming this synthesis method for complete differenti-
ation between octahedral addition sites.*!]

This synthesis technique represents an elegant means to
embellish Cy, with a large number of different addend
types, giving access to multiple fullerene adducts with ste-
reochemically defined geometry. This was demonstrated by
the preparation of the [1:1:1:2] pentakisadducts 76, incorp-
orating three different malonates: methyl, ethyl and p-nitro-
benzyl, respectively. These represent an important building
block for possible future hexakisadducts with four different
addends at octahedral sites.*!]

Eur. J. Org. Chem. 2001, 829—848
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73a R=COOMe
73b R =COOEt

74a R =COOMe 75a R=COOMe, X=N,Y=H 76 R;_ = COOMe
74b R = COOEt 75b R =COOEt X =CH, Y = R® = COOEt

NO, R?= CO«D-C%—@—NDQ

Scheme 17. Formation of the [3:3] hexakisadducts 75a and 75b and the [1:1:1:2] mixed pentakisadduct 76 exploiting tether trans-1 regio-
chemistry and fully addressable octahedral addition sites;[*! (i: methyl and ethyl malonate, respectively, CBr,, DBU; ii: TosOH, DMAD,
toluene, 110 °C; iii: fluorene derivative, CBry, DBU)

T8
58 R = COOEt

79 R = COOCH;COOEt

Scheme 18. Tether-mediated synthesis of [1:2:3] hexakisadducts 58 and 79;3%#? (i: DBU, toluene, room temp., 12 h, reflux 16 h; ii: 10
equiv. diethyl bromomalonate 3, 10 equiv. DBU (58) or bis(2-ethoxy-2-oxoethyl)bromomalonate, DBU)

Eur. J. Org. Chem. 2001, 829—848 845
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Mixed Hexakisadducts with Three Different
Types of Addends

Mixed [1:2:3] Hexakisadducts

Using their tether-directed remote functionalization
method, Diederich et al. synthesized a large variety of
mixed hexakisadducts with more than two types of ad-
dends.”l The synthesis of the first example, the adduct 58,
has already been shown in Scheme 15.3%42 The trisfunc-
tional anchor-tether 77 was monoattached to Cg, by means
of a nucleophilic cyclopropanation reaction. Subsequent
Diels—Alder additions at the two e‘-sites yielded the trisad-
duct 78 with complete regioselectivity. Cyclopropanation of

81
R = COOCH,COOEt

R = COOCH,COOEt
87

78 with 10 equivalents of bromomalonate gave rise to the
formation of the C,, symmetrical, bright yellow [1:2:3]
hexakisadduct 58 (Scheme 18) in 73% yield.3%*2! A similar
hexakisadduct 79 was obtained by a double cyclopropan-
ation of 78 with bis(2-ethoxy-2-oxoethyl) bromomalonate
to give a mixture of two pentaadducts, which after a final
addition of two more equivalents of bromomalonate in the
presence of DBU yielded 79.142

Mixed [2:2:2] Hexakisadducts

Following their initial studies,*!] Rubin and co-workers
consequently succeeded in the synthesis of a complete “lib-
rary” of all-e Cgq [2:2:2] hexakisadducts with three pairs of

82 R’ = MeSi

N L
83 R =H

R

84n=1

85 n=2
R = COOCH;COOEt

Scheme 19. Tether-mediated synthesis of trimer C;g, and tetramer C,4o hexakisadducts 84 and 851244 and [1:1:2:2] hexakisadduct 87;[43
(i: 10 equiv. 3-bromo-1,5-bis(trimethylsilyl)-1,4-pentadiyne 61, 10 equiv. DBU; ii: Bu,NF(SiO,); iii: 200 equiv. Cu(OAc),, molecular sieves

4A; iv: 60 equiv. CH,N,; v: hv)
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addends in octahedral sites.*3! Using a “mer-3+3" regi-
ocontrol strategy, involving regiochemically distinct cyclo-
propanations of zrans-1 tethered bisadduct 72, the authors
prepared four regioisomeric trismalonates, each with two
different ester moieties. This represented a fine-tuning of
electronic and steric effects on the surface of Cg, enabling
consequent, separate addition of further addends. Variation
of addition sequences, as well as of the choice of the corres-
ponding addends, via [2:2] mixed tetraadducts and [1:2:2]
mixed pentaadducts, respectively, allowed the authors to
obtain seven out of the eight possible regioisomeric [2:2:2]
mixed hexakisadducts, such as, for example, 80a—c.[*’]

Mixed Hexakisadducts with Four Different
Types of Addends

For the synthesis of mixed adducts with four different
types of addends, Diederich and co-workers used pentakis-
adducts 81, obtained by stepwise addition of bis(2-ethyl-2-
oxoethyl) bromomalonate to starting material 78.14%44
Thesubsequent addition of dialkynyl bromide 61 to the re
maining octahedral double bond occurred readily in
DMSO in the presence of DBU, and hexakisadduct 82 was
obtained in 88% yield. Starting from the bis-deprotected 83,
Eglington-Glaser macrolactonization afforded trimeric 84
and tetrameric 85 as stable, soluble nanoscaffolds
(Scheme 19).4244 Compounds 84 and 85 are members of a
new class of fullerene-acetylene hybrid carbon allotropes.
Treatment of pentakisadduct 81 with diazomethane gave
rise to the formation of pyrazolofullerene hexakisadduct 86.
When the latter was photolysed, one of the nitrogen extru-
sion products was the bright yellow methanofullerene 87
(Scheme 19).141
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