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Introduction

1. Introduction

This thesis deals with the addition of malonates to the buckminsterfullerene,
which proceeds via the Bingel reaction. The term “Bingel reaction” denotes any
cyclic addition of C-H-acidic compounds, with a halogen atom on the C-H acidic
carbon, to a fullerene. Its inventor Carsten Bingel discovered this reaction in 1993
(scheme 1).1

Buckminsterfullerene Cgo
1

Scheme 1: A Bingel reaction

1.1. Discovery and Accessibility of the C,, Carbon Cage Molecule

The substrate of the Bingel-reaction, the buckminsterfullerene, is obtained in a
remarkable way: Fullerenes form from coal vapor under inert atmosphere.?! |t
was found to be most efficient to bring the carbon electrodes in direct contact
with each other. Since the yield decreases when this is done by a bright arc
discharge, either their forming process is light sensitive or the vapor has to be
special: Either the ions created in a true arc discharge are less likely to form
fullerenes, or the local heating breaks the carbon vapor down to fragments
insuitable for the self-forming of these structures. On top of that, no approach to
create fullerenes via pure chemical methods had been successful yet. A
successful attempt to create C,, in a “total” synthesis by dehydrogenating a
(perfectly pre-formed) tetrahelicene derivative comprised the use of a laser to
perform this last step in a diminishing vyield, detectable only in a mass
spectrometer.t®! This diligent pathway could rather be seen as a prolonging shunt
pathway to identify possible intermediates of the high-temperature
rearrangement. This procedure has recently been improved to avoid side-
products by fluorinating a defined part of the planar aromatics. This improves the
selectivity of the C-C-bond formation.!*l The first discovery of C,, happened by a
high-temperature reaction that took use of a laser as well.[?]
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1.2. The Fullerene's Place in Chemistry

Research in chemistry always receives a refreshing breeze if a new molecular
motif is found. This can be a functional group, but also a molecular structure
whose skeleton is inherently stable, which undergoes substitution or addition
reactions on some variable parts rather than a change in its skeleton. While the
aromatic ring and derivatives thereof are the most well-known of those groups,
others, as porphyrins, adamantane and the fullerenes are important examples
for those cases. From a syntheticists point of view, there is a large difference
between fullerenes and these other functional groups: Fullerenes have free
addition sites, but no hydrogen atoms that could be substituted. Thus, there are
only addition reactions to fullerenes, which do alter the inner electronic structure
of the fullerene. Examples of them are mainly Diels-Alder rections, nucleophilic
additions (Cg, is a very strong electron acceptor, see below), and a variety of

further cyclisation reactions. This leads to another important facet of fullerenes:

1.3. Ring Strain

Among the typical properties of buckminsterfullerene C, is its enormous ring
strain. Due to the cyclopentane rings, the pairs of single bonds have angles of
108° compared to the normal bond angle of 120°. Much of this strain can be
relieved by rehybridisation of the carbons when compounds are added to the
double bonds. Fullerenes are therefore accessible to a multitude of attacks on
their double bonds, plus a set of attacks that involve a prior reduction of its
system of double-bonds. When the attack had taken place, however, the ring
strain poses an interesting factor: While the usual tetrahedral angle is 109.47°,
the constrained angle of 120° on the hexagon rings turns the two bonds of the
pentagon ring into the plane, so if the angles of the new bond towards the bonds
of the cyclopentane ring were still equal to the tetrahedral angle, the new-formed
bond would be formed 95.8° instead of 109.47° towards the former double bond.
This newly created strain, which would occur anyway, lowers the step towards a
cyclopropanation (where the angle is 60°).[*¢1 This makes fullerenes a well-suited
substrate for cyclopropanations, aziridine formations,!”) or formations of four-
membered rings!®?910.11.121 35 well. Another reason for this distinct property of
fullerenes, of course, is that the lattice rigidity prevents methylene or ethylene
groups from accessing more distant points on the fullerene.
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1.4. Physical Properties of C,,

Ceo is @ brown-black powder. Despite of its compact shape and its total unpolarity,
the sublimation point of Cg, is very high (600°C).[13:14]

The solubility behavior is an extreme form of what could be expected due to the
numerous double bonds on the surface: Especially solvents with numerous free
electron pairs give good solubility (table 1).1'5:16171 Amongst unpolar molecules
larger, rigid molecules, such as decalines, gain entropy upon mixing with Cg,, so
they are capable of dissolving it as well. The fact that it is completely insoluble as
soon as solvents show some polarity, such as acetone, hints that the actual
intramolecular forces between solvents and C,, molecules are weak compared to
entropic factors. The fact that alkyl substitutents on aromatics have a auxilliary
effect is most likely due to their higher electron density in their pi-system, which
interacts well with the electron-poor one of the fullerene.

solvent solubility
n-hexane 40 mg/L
tetradecane 126 mg/L
decalines 4.6 g/L
chloroform 160 mg/L
dichloromethane 260 mg/L
tetrachlorocarbon 447 mg/L
carbon disulfide 7.9 g/mL
benzene 1.44 g/L
toluene 2.15g/L
o-xylene 8.7 g/L
1,2,4-trimethylbenzene 17.9 g/L
1,2,3,5-tetramethylbenzene 20.8 g/L
1-methylnaphthaline 33.29g/L

Table 1: Solubility of Cg, in adequate solvents
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1.5. Electronic Properties

Cqo exhibits a comparatively high reduction potential, since the atomic skeleton is
determinedly electron-poor due to the absence of hydrogens. Due to the
extended aromatic system, the HOMO/LUMO gap is only 0.757 eV..!'8 The
reduction potential is 980 meV. vs. ferrocene.!*®! This property makes the system
sensitive to nucleophilic additions{?%21:221 and even reduction. Amines will only
undergo single-electron transfer reactions (scheme 2),!?3! but it can accept up to
six electrons from alkali metals, forming a salt.!?*! All double bonds of pristine Cg,
are located between two hexagons, at the so-called [6,6]-positions. This has the
reason that the pentagonal rings would give them no aromatic stabilisation.!?>]

Scheme 2: One (often undesired) reduction of Cg, by single-electron-transfer from DBU

Electrophilic attacks, however, are very rare.[2627!

1.6. Diels-Alder Reactions

The most palpable aspect of the electronic properties affects the Diels-Alder
reactions on C,,. While no Diels-Alder reactions are known that use two
conjugated double bonds of C4, as diene, C,, readily reacts as dienophile with
dienes, usually at room temperature.?82?] Some Diels-Alder reactions, however,
are reversible and suffer from a low activation barrier, so these dienes add in an
equilibrium.!?8:301 Another reason why the fullerenes will not act as dienes is the
fact that after such an addition, an unfavorable [5,6]-double bond would be
formed.

Some unstable addends as 5 for example, generated in situ, cannot be reverted
to a stable diene and are therefore irreversibly added (scheme 3).[3132]
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Scheme 3: Increasing the thermodynamic force of the Diels-Alder reaction by highly unstable

dienes

1.7. Other Reactions

Reactions not special to fullerenes, but often used for fullerene functionalization,
are the fullerene [2+3] cycloadducts of 1,3-zwitterions to the single double bonds
of the fullerenes. Among these, the Prato reaction!®3! has become the most
familar one (scheme 5 b)), due to its facile actability and the stability of products
it creates. Another obvious possibility is the addition of azides.[3#:35:3%]1 |n this
reaction, an alkyl azide is added to one double bond, forming a triazoline ring.
The ring is unstable and thermally eliminates N, and the remaining methylene
group is either inserted into a single bond or constitutes a tri-membered cycle
together with two atoms of a double bond (scheme 4 a)). Diazomethane!37:38!
creates analogous pyrazoline derivatives, where the elimination of dinitrogen can
lead to a structure where the nitrogen is attached alone to the double bond, when
done photochemically, or be part of a thermal rearrangement which inserts the
carbon into a single bond, so the cage is enlarged (scheme 4 b)). Nitrile
oxides!>4% are also good candidates for 1,3-cycloadditions. Formed by
deprotonation of a-chlorinated oximes, they readily add to C,, forming an
isoxazoline whose single bond is equal to a former [6,6]-double bond
(scheme 5 a)).
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Scheme 5: An overview of the several 243 cycloadditions to a fullerene double bond
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1.8. Some Additions are Reversible

A possibility which will be taken use of in chapter 4.2.1. (page 38) is the restoring
of the pristine fullerene. Even when adducts were created by thermodynamically
non-reversible addition reactions, there are still special reagents to allow the
addend to be cleaved off again. Candidates where this is possible are the Prato
reaction,!*42! the Bingel reaction,!4344451 and especially the isoxazoline formation
(scheme 6).146]

hv /A

Scheme 6: Reactions to remove certain addends

1.9. Formal Description and Conventions

In order to build a closed surface from pentagons and hexagons, one needs at
least twelve pentagons, and not more unless the structure is concave. The
isolated pentagon rule!®’! now tells us that chemical sp? carbon structures from

pentagons and hexagons are unstable if two cyclopentyl units are annulated onto
each other, and C,, is the smallest structure that does not violate that rule. The
symmetry of the fullerene corresponds to the |, point group. It is by reason that it
has to be so high: if a large, but defined molecule should form under chaotic
conditions, even parts of it must be stable. Should these parts gather to a defined
molecule in good vyield, they must be identical. And if multiple identical parts
interconnect, the result is symmetric. The symmetry has also another chemical
reason. Due the bent sp? carbon atoms, fullerene cages suffer a high ring strain.
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If they were unsymmetric, the strain focusses the lattice deformation to the place
with the lowest rigidity. The warp lowers the rigidity even more, forcing the
molecule to break on that position or become very reactive there.

In order to express chemical modifications to such cages, the systematic name
cannot be used, because the IUPAC naming system is not designed for so great
repeating ring structures. One name, created by use of the IUPAC nomenclature
by folding two annulated cycles and interconnecting them with the missing bonds
would be:

Hentriacontacyclo[29.29.0.0%:14.0312,045°,0>10,05:58,07->5,08:53,09-21,011.20
_013,18_015,30_016,28_017,25_019,24_022,52_023.50_026,49_027,47_029,45_032,44

033,60 034,57 035,43 036,56 037,41 038,54 039,51 040,48 042,46]

hexaconta-1,3,5(10),6,8,11,13(18),14,16,19,21,23,25,27,29(45),30,32(44),
33,35(43),36,38(54),39(51),40(48),41,46,49,52,55,57,59-triacontene.

A easier name can be found by stitching two tribenztruxene units together
(scheme 7):

"1,3,2,4,3,5,4,6';5,7',6,8';7,9',8,10',9,11;10,12%11,1"12,2'-
Bi(benzo[fghilbenzo[opgr]lbenzo[x y z aaltruxene)".

Scheme 7: Naming the fullerene as a construct of with two tribenzotruxene units stitched

together

It is easier to memorize, but still gives no clear scope over the numbering of the
various addition points on the fullerene. A new systematic numbering system was
invented in which could be derived more easily.

The systematic numbering is related to the Schlegel diagram (figure 1). The
Schlegel diagram is a planar warp of the C,, lattice. It begins with the innermost
pentagon, follows the first double bond and spirals outwards clockwise.
Concerning the chiral configuration, it is obvious that it is meant that this diagraph
warps around an actual sphere with the outer rim moving farther away from the
spectator. The outer rim constitutes the far side of the fullerene, and is therefore
pentagonal, too. The numbering is then done in a clockwise helix beginning from
a point at which the highest rotation axis passes. This is true for all other
fullerenes. If it is impossible to draw a helix at all from this point, the crossing
point of the next lower rotation axis is used.[*®! Given a choice of rotation axes
with equal count, those which pass rings are prefered towards ones which pass
bonds, which in turn are preferred towards axes which pass atoms.
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Figure 1: A usual Schlegel diagram

It would be even better to have a term that is based on the symmetry of the
fullerene. For this purpose, it is common to write the fullerene's name as
(C.,.-<symbol>)[<ringsizes>]fullerene, e.g. (Ceo-1,)[5,6]fullerene for
buckminsterfullerene, while <n> is the carbon count, <symbol> is the symmetry
symbol and <ringsizes> is a comma-separated list of the occurring ring sizes.
However, it is neither possible to derive the structure of the fullerene nor a
numbering scheme. Furthermore, these descriptions may be ambiguous for large
fullerenes.

1.10. Identical Addition Sites on the Buckminsterfullerene

Common to fullerenes and all other prevalent skeleton patterns is their property
to have multiple identical addition sites. This brings the difficulty to control the
count and the relative positions of the addends. Chemists had to develop various
and sophisticated methods to direct the addends to certain arrangements on any
of these functional groups. Each of these methods generally applies only to their
respective moiety, and is not conferrable because it relies on special properties of
the group, and any skeleton has its own scope of difficulties. The
buckminsterfullerene, especially, has 30 identical addition sites, which are double
bonds. An addition of a alkyllithium compound leads to a derivative which now
exhibits 58 different places where the next one could be attached. Certain
compounds, whose attack causes rearrangement of the double bonds along the
fullerene surface, or which create a product susceptible to oxidation in the
proximity of the group, control the pattern of their addition on their own
(Scheme 8).[49’50’51’52]
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a)

Cu

1. toluene/
THF, -78 °C
2. H,O

Ko>PtFg

chemical
vapor
deposition

F
(lattice warped)

Scheme 8: Reactions that automatically create a defined addition pattern

If the system of the addend and the fullerene, however, is mirror-symmetric
along and orthogonal to the bond on which the addend was attached, there are
only nine possible different positions for bisadducts, not regarding chirality. In the
Bingel-reaction, the second addend cannot attach on the next position to the first
one, obviously due to steric hindrance. The remaining addition sites are accessed
in varying percentages.l’354 As influencing effects, both kinetic and
thermodynamic behavior of the electronic system have to be considered. In the
case of an aziridine-type monoadduct as precursor, the distribution profile was
similar to that with a Bingel- or even a bis-anisolcyclopropane precursor
(figure 2).154]



Introduction 12

trans-4
M trans-3
trans-2
M trans-1

Figure 2: Addition preference of the second diethyl malonate to a monoadduct

We see that unlike the electrophilic aromatic substitution, the selectivity is too low
to depend on it. Hence, some tuning of the reaction is required for its use in
synthetic pathways. Due to the steric hindrance of the reaction site and the use of
general base catalysis, it would be tricky to use a selective catalyst. On the other
hand, because of the reversible nature of many additions to fullerene double
bonds, the preliminary attachment of groups exerting the desired selectivity by
means of the electronic system, or even steric hindrance, is possible. The first
successful attempt to do so was done by Iris Lamparth in 1995.3%! Here, most e,
e' and transl positions were reversibly occupied by dimethylanthracene. The
steric hindrance prevented addition to the unwanted positions, too. When one of
these addends split off to allow a malonate attach, the remaining ones would still
block the unsaturated bonds at the margin of the gap, exposing only the correct
site in the middle (scheme 9). In addition, the nearly complete hexakis adduct
would have the abundant double bonds already formed to the eight aromatic
rings, leaving the remaining site preferred electronically as well.
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Scheme 9: Principle of the DMA templatisation: as soon as one addend splits off, the addend lands

in the gap

Due to the defined and symmetric electronic system, the spectra of these
compounds contain characteristic peaks, one at 314 nm and one at 334 nm.

(figure 3)
As[a. u.]

o
o
o

Figure 3: Characteristic spectrum for any T,, symmetric Cg, Bingel-hexakisadduct
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1.11. Malonates

Malonic acid diesters are C-H-acidic moieties with pK, values around 12.9.155 p- 1971
Due to their negative charge in deprotonated state, their stability against basic
transesterification is high. Under strong acidic conditions, they can eliminate
alcohol,[3857! often leading to substitution reactions. If they are halogenated in
situ for use in Bingel-reactions, they are usually halogenated in the presence of
iodine (scheme 10 b)),l*! bromine or tetrabromocarbon,!®®>% under basic
conditions.
Another scope of their reactivity is that they can be oxidized to the so-called
mesoxalates by nitrous gases (scheme 10 a)).[6%611 The most common application
for malonates in synthesis is to use the nucleophilicity of their C-H-acidic moiety.
This is mainly covered with the Knoevenagel condensation (scheme 10 e)),!62:63]
their nucleophilic insertion into rings (scheme 10 d)),!*¥ and with the synthesis of
cinnamic acid derivatives or other a,B-unsaturated acids when the malonate is
condensed to carbonyl groups next to groups that stabilize a positive charge on
them.

a)

0 H,©
0 H N
VX e () — X 0

b) 0 0
0+ H ~_ 04
+ r\?% — O + H,0 + 2NO
o) 0
c) o] 6]
(0] { H 0 Y,

N §< + S ”Ng“ cos e 7 11
~_0— H 0= =
0 ~ 2 0

dcl o Cl OH O
DO + NaH e~ ©
“ /& (0] H N

NSO P 2 h, N0

! 100 °C |

e)

Q HOAC 0

B X

@Ao + O§<H toluen% . ©/:fko\
~ Dean&Stark t
% ean&Stark trap 0770~

Scheme 10: The reactivity of malonic acid diesters
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1.12. Earlier Investigations on Selectivity

Our group had undertaken numerous attempts to do accomplish a higher
regioselectivity in the pattern of the Bingel-reaction before. In chapter 1.10., the
state-of-the-art principle to archieve selectivity has been shown, which was
invented by Iris Lamparth.!%3! Further attempts, however, have been made to
create tethered structures that force the addends into a certain conformation.
Jutta Rath had used rigid di-alkyne tethers and especially targeted the trans-1
isomer (scheme 11), which is very difficult to generate due to the steric hindrance
a correctly sized tether would undergo during the first Bingel reaction, as the
protons of the other malonate would occupy the space the fullerene needs inside
the tether ring.[86 - 1291 Sych a trans-1 adduct was also statistically deprefered as
there is only one single possibility of location for the second malonate compared
to four for the trans2-adduct.

0O O
N\
e O H
+ »
Toluene, 2 h H
[ I
0O o0
6 7

Scheme 11: A tethering mechanism to create the transl-adduct selectively

The latter form of adduction is an important motif with fullerene-porphyrin
conjugates, as those developed by Elke Dietel and Andreas Hirsch
(scheme 12).1%71 In that synthesis, the fullerene with the correct pattern is
selectively formed in 41 % vyield.!®”! The research was continued by

Jorg Dannhauser®8:6%1 agnd Michaela Ruppert.l’°

Scheme 12: Adduct formation of porphyrin tethers to fullerenes in close proximity, creating

trans-2 adducts. These adducts are being tested for photovoltaic applications.
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Florian Beuerle did a selective approach with a central element that held three
arms towards the sides (scheme 13). His addend reliably added in a manner that
it created an e,e,e-trisadduct.!”172

AN
CBry @

o
-

10

Scheme 13: A center-based tether which selectively creates an e,e,e-trisadduct

Thorsten Brandmuller had discovered a similar templating agent in his systematic
screening of the selectivity of oligomeric malonic acid/a-w-diol cycloesters!73741,
This happened amongst other findings, which also included a tether directing to a
trans4-trans4-trans4-trisadduct (scheme 14). A different, space-consuming
templating mechanism to obtain the latter in good yields was invented by Chuang
et al. in 2006 (scheme 15).[75]

-
o
0 42 %
e,e,e-tris

12, d\@ 0 ©
toluene ° ‘ ‘i
#3% s\

0 ‘{‘

1]
O —
trans4-trans4-trans4-tris

Scheme 14: Selective synthesis of an e,e,e-trisadduct by a tethering of the malonates to a ring of

suitable size.



Introduction 17

Scheme 15: Complicated steric templating mechanism to selectively generate a trans4-trans4-

trans4-Bingel-adduct on a fullerene

A different sort of directing method known by now is the tetrabromocarbon
method, which means that an excess of at least 100 equivalents of
tetrabromocarbon allows for a selective addition (scheme 16). It was developed
by Li et al., who first discovered the benefits of adding an excess of
tetrabromocarbon to a DMA-templatized Bingel-reaction!’® and later saw that
DMA could be omitted under these conditions.!””!

Despite of a recent theory from my colleague, Frank Hormann,!78 ?- 38911 nothing is
known about the mechanism of that reaction, yet.
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Scheme 16: Tetrabromocarbon-based regioselectivity enhancement

1.13. Tropylium and its Synthesis

Scheme 17: The tropylium ion

Tropylium (scheme 17) is an aromatic cation with the formula C,H,, with its
6 delocalized valence electrons delocalized over a ring of 7 carbons. It is usually
synthesized by brominating tropilidene, which, in turn, was created by adding a
carbene to hexene (scheme 18), with a total yield of 7.6 %

Cl ° | °
@ + M pgon’0C ©><C 490 °C @
cI ol 38 % Cl 20 %

excess leq. 2€q.

Br s
Bry 70 °C %

Br

Scheme 18: Large-scale synthesis for pristine tropylium bromide

Higher substituted derivatives are created from permethylated benzene with a
carbene that poses a lower, oxidized carbon synthon (scheme 19). This way, the
double bonds are already in place, so thermal rearrangments of the double
bonds that would involve the side chains can be omitted. A further advantage of
aromatic educts is that the carbenes will attack the protons on the side less likely.
They will, however, due to the inert educts tend to dimerize more, so the yield is
low either.

Another difficulty is that hydride abstraction becomes increasingly difficult on
rings with bulky substituents that also could react in a radical chemistry, so
phosphorus pentachloride has to be used, and the yield in the last step is still odd.
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Scheme 19: Usual path to synthesize permethylated tropylium
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2. Motivation

Fullerenes are, due to the fact that they consist of pure, unsaturated carbon,
barely water-soluble. Because it is uninteresting to demonstrate that things
behave as expected, our group already had been researching on water-soluble
fullerene adducts before,[79.80:81.82.83] creating fullerene adducts which owed their
water-solubility to some few, large addends. How would fullerene molecules
behave which have many hydrophilic addends, when they are dissolved in water?
Can large structures be built from multiple fullerenes and still be solubilized in
water? This would require to find a suitable way to bring cations into a molecule
that has Bingel reactions in its synthetic pathway, and, which would be seen later,
a new approach in creating fullerene adducts with multiple cores. Furthermore, in
earlier works of our group, bridged bisfullerenes with complementary ionic
substituents had been synthesized,[8%8! p- 1301 which had precipitated at neutral pH
due to their ionic interaction. Such a hetero-aggregation of the complementary
ions would be interesting to put in contrast to a homo-aggregation of the sides of
polar/unpolar type macroamphiphiles. Furthermore, the chemistry of the
intermediates of these dimers was newly developed and had worked only in
certain cases before, so surprising findings concerning the reaction mechanism
were possible. And since the new method of templating using
tetrabromocarbon!®-8>! was not fully understood, it was interesting to find out

more about how it worked.
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3. Aim

The primary target of this thesis was a fullerene structure consisting of seven
fullerenes, with one of them in the middle and the other six ones bearing five
Bingel addends with two permanent cations each. The plan was to use the Bingel
reaction for this purpose, creating a symmetrical hexakisadduct from one
fullerene, connecting the other six fullerenes on it using symmetrical spacers.
These other fullerenes should carry the quarternary nitrogen groups on Bingel
addends, with an addition pattern being configured in the same manner as the
central fullerene. The result would be a molecule which is highly water soluble
despite its inner unpolarity, so its solubility behavior could be interesting. This
molecule would be well-suited for aggregation studies with desoxyribonucleic
acid, which would (due to ionic interaction) wrap around this molecule, whose
diameter (about 65 A) would be in the same order of magnitude as of the natural
bobbin for DNA, the histone octamer (about 110 A).[86 p- 4011 Besjdes aggregation
studies, a DNA strand bound to a fullerene may be able to pass biological
membranes. The remaining aromatic area of the fullerene could interact with the
flexible unpolar ends of the membrane and thus soak up a part of the membrane
material on contact, inserting into the membrane and dragging the strand with it,
which may be displaced by membrane material during the process, giving it the
chance to end in the inside. Patrick Witte had synthesized a similar molecule
during his doctoral thesis,'®!! however with plain primary ammonium ions as
charge carriers. These would be mainly unprotonated at neutral pH.

With the same spacer, of course, one could as well bind just two fullerenes
together. This leads to the second aim: To create amphiphiles with one fullerene
equipped with unpolar addends and the other one with polar ones. Since these
amphiphiles would resemble “enlarged” tenside molecules, they could give a new
insight in aggregation phenomena. Also amphiphiles with two polar sides may be
useful: The effects of the fully unpolar zones around the “phenyl” rings in an
aqueous solvent cage could have various enthalpic effects on the solubility
constant and also will affect aggregation in a manner which is unknown yet. On
the other hand, with so little hydrophobic surface on the outside, it would be
interesting to find out whether they did aggregate at all or not. My job was to
synthesize those molecules as samples to investigate this behavior.
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Some expectable problems on these syntheses are well known: The creation of

hexakis adducts with one spacer had only worked under certain conditions,
variation of seemingly irrelevant factors, such as the choice of base or refraining
from creating the activated educts in situ,!®! P 1311 had caused a distinct drop of
the yield. To find a reliable way around those troubles, mechanistic investigations
were to be conducted, to lighten up the reasons for these problems so they could
be aimedly eliminated.

Another point of interest were protecting groups. Our group was investigating a
protecting group for one individual double bond on a fullerene, and we asked
ourselves whether it could be possible to protect the other educt of the Bingel
reaction, the malonate, against the reaction conditions as well. The problem of
this idea was that an electrophile had to be attached to a C-H-acidic point, and
this would be expected to be so strongly bound that it could be problematic to
cleave it off again.
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4. Results and Discussion

4.1. First Aim: Cationic Multiadducts of Fullerenes

The initial practical aim of this thesis was to synthesize permanently charged

clusters consisting of 7 fullerenes, the macromolecules 14 and 15 (below).

Scheme 20: First draft of a target molecule with permanent ammonium cations.
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Scheme 21: First draft of a target molecule with quarternary pyridinium cations.
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The synthetic route consisted in a convergent approach, in which the outer

fullerenes were equipped with their terminal substituents prior to their
attachment. This had, in part, statistical reasons, since proceeding otherwise
would rise the need to attach thirty malonates in the last stage. Additionally, it
was also needed due to solubility problems, since even just two fullerenes,
connected with this type of spacer, are almost insoluble.t®3! Back in my diploma
thesis,!®’! a fullerene with a spacer 191811 was subjected to a five-fold
Bingel reaction with five malonates already carrying the permanent cation
residues. Since it had been found out in our group that the reaction proceeds
better with in situ bromination of the malonates,8! teble 3.12, p.131] these conditions
were applied here. The alternative of using pre-brominated malonates would
have suffered from the difficult separability of the different bromination levels of
the cationic products, or, when done vice versa, from the nucleophilic substitution
of the pre-added bromine. As cationic elements on the malonates,
triethylammonium and pyridinium residues were used (scheme 22).

ol .
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O\ O/\/\/\/Br +2 ‘ O/\/\/\/N\ Br
A~ UBr AN O/\/\/\/N\ Br
g o) excess (autoclave) ©
16 70 °C, 3d 17
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o\QO/\/\/\/BI’ Q O/\/\/\/l\p\
Br ~# 115 °C, 3d )
O T VN SNTS N
4 excess 0 '\@
16 18 Z

Scheme 22: Synthesis of the permanent-cationic malonates

These educts suffered from insolubility in ordinary organic solvents, so
dimethylsulfoxide had to be utilized as solvent (scheme 23).
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Scheme 23: Failed attempts to affix charged malonates onto a fullerene

The reaction didn't work. The fact that even unsubstituted educt remained in the
reaction mixture after 7 days hinted that the malonates did not even contact the
fullerene surface. Obviously, the polar solvent mixture was unsuitable for this
reaction. To use solvents which worked better along with C,,, more unpolar

residues were needed near the cations.
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The choice was to replace pyridine by 4-tert.-butylpyridine. Although the resulting

product mixture was soluble in dichloromethane now, column chromatography
was impossible due to the high polarity of the compound. On silica, aluminium
oxide and incompletely alkyl-substituted sorbent material, the substance could
not be eluted with any solvent (scheme 24).

2 Br
% mixture ruhs eithiér on foremest front - or not at all.
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\

79 d SN

20 eq. %

20

Scheme 24: Attaching five double-tert.-butylpyridinium-malonates fails due to the

chromatographic similarity of the side-products!

On completely octadecyl-endcapped silica, the substance eluted along with the
foremost edge of the eluent. The same issue was observed with polycaprolactam
or starch as a stationary phase with dichloromethane as an eluent. The HILIC!®8!
method, which means using a mixture of water and acetonitrile, saturated with
potassium nitrate, as an eluent with silica as sorbent, led to front-line elution, too.
To separate such similar products, there was no big choice of other methods than
chromatography, but there was a big choice of methods to generate cations on
previously configured fullerenes.
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Scheme 25: Quarternisation of the purified fullerene adduct in postum

Hence, the quarternization had to take place at a time when the addend mixture
was separated already.
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The first attempt to do this was to synthesize (bis(6-bromohexyl)malonyl)-
hexakis[6.0]-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 22
and add an excess of tert.-butylpyridine to it (scheme 25).
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Figure 4: 13C NMR Spectrum after an attempt to quarternize 22 (75.5 MHz, CD50D)

The reaction seemed to work, but the NMR spectrum (figure 4) showed side-
products which could not be identified due to the bad separability of permanent
cations from each other, and since ESI-MS showed no product signal, a complete
substitution could not be verified. A reactive group was needed, which would
undergo nucleophilic substitution rapidly enough to have the product transformed
to a multi-cation in the last reaction step of the synthetic route. Thus, the meta-
methoxy-benzylanilinegroup, invented by Jan-Frederik Gnichwitz of our group just
that time,!®! was affixed on the chain ends of a malonate diester (scheme 26).

~

0 [89]
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Scheme 26: Synthesis of a malonate which is to be attached as a precursor rather than an actual

cation
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Scheme 27: Trivial approach to the hexakis adduct of the cation precursor, suffering from a

untidy workup
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Scheme 28: Final deprotection and generation of the permanent cationic form of 29.

In this way, a [6.0]-hexakisadduct of symmetric malonates, bearing the
aforementioned group with y-hydroxybutyric acid as a spacer 27 (scheme 27),
was created, but the purification of the product was loss-prone and untidy, since
precipitation on the silica column was an essential part of the procedure. From a
different experiment however (page 37), there was a more efficient, yet more
indirect way to create the same substance. Starting from isoxazoline precursor
30, the mixed [5.1]-pentakisadduct 31 was created (scheme 29). Although a
workup using conventional chromatography was still impossible, the eluent
mixture toluene:dichloromethane:ethyl acetate:ethanol (3.6:2:3.3:0.95) prove to
allow perfect purification on multi-cyclic HPLC (Nucleosil 5 um), collecting the
product after the 12 th run.
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Scheme 29: Creation of a pentakis adduct from a malonate with cation-precursor groups

Subsequently, the [6.0]-Hexakisadduct 27 could be made a lot more easily by
treating 32 in an excess of 26 and Bingel reagents in a very short time
(scheme 30).
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Scheme 30: Easier synthesis of a hexakisadduct of malonate 26, from 31, which is easier to

purify.

The deprotection worked with a dichloromethane - HBr/acetic acid mixture over
three days (scheme 28). This vyielded the rather unstable product 28. The
tert.-butylpyridine group could be quantitatively anchored on it when added in
slight excess over three days. The product could be proven by NMR and means of
mass spectrometry, as shown in the next chapter.
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Figure 5: Carbon NMR spectrum of the 12x cationic hexakis adduct 29 (100 MHz, CD;0D)

A pure hexakis adduction pattern can be observed by the carbon peaks at 146.9
and 142.5 ppm (figure 5). The amide carbonyl carbons resonate at 173.1 ppm,
overlapping the quarternary 4-tert.-butyl resonances, and malonester carbonyl
signals at 164.7 ppm. Two large signals for the 2- and 3-position of the tert.-
butylpyridine's aromatic ring are found at 145.2 and 126.8 ppm, respectively. The
aniline aromatic carbons have their resonances at 141.0, 135.3, 131.2, 125.3,
122.3 and 121.4 ppm. At the characteristic position of 70 ppm, the signals for the
sp3-hybridized C,, carbons occur, followed by the alcohol signals at 67.9 ppm and
the signals of the methylene group adjacent to the cationic nitrogen at 64.6 ppm.
At 47.2 ppm, the signal for the central carbon of the malonate appears. The
remaining carbons on the chain resonate at 37.6 ppm and 25.5 ppm. At
34.2 ppm, we see the inner signals of the tert.butyl group, and at 30.3 ppm the
outer ones. Most importantly, there is no signal for the educt's CH,Br group at

34.5 ppm, which would mean that some bromides had been left unsubstituted.
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4.1.1. Proof of Hexakis Adduct 29 by Secondary-lon Mass Spectromet

Thanks to professor Thomas Drewello,!®*! MS-MS-spectroscopy was done on this

compound.
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Figure 6: ESI Mother(e)/daughter(a-d) Mass spectrum of 29. Solvent: MeOH. Spectra recorded by

L200

Jing Li/Rolf Kirschbaum from the Drewello group

In figure 6, the daughter ion spectra of four MS peaks are shown. They
correspond either to the salt of the molecule, which had lost a defined amount of
bromide counterions, ranging from [M - 6 Br]é* (a) [M - 7 Br]’* (b) to [M - 8Br&+
(d), but also [M - 5 Br]’* (c). In the daughter ion spectra, it becomes visible that
the remaining bromide anions substitute tert.-butylpyridine back. In each one, we
see one tert.-butylpyridine loss peak for each bromide anion left on the torso.
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In case (c), however, obviously all possible pyridinium residues are defeated, due

to the unusual charge situation, in which charges must be localized on additional
other points besides the benzylic groups.

4.2. Forming Macrostructures from Multiple Hexakis Adducts

For the molecule that was supposed to resemble a histone octamer, there would
be several of those cationic subtituted fullerenes needed to be linked together to
a globular shape. This molecule is carrying the positve charges on the ends of its
dendritic structure to have them exposed to the outer side, make them bind the
negatively charged DNA and effect water-solubility as well (scheme 31).

Q

Scheme 31: Intended 60-cation-precursor target molecule
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In order to archieve the aim to construct the seven-core fullerene adduct with

sixty meta-benzylaniline cation precursors attached to it, molecule 33, a spacer
had to be attached on the fullerene together with those meta-benzylaniline
precursors. This was initially tried using the state-of-the-art method of our group.
Starting from monoadduct 19 and adding the cation-precursor 26 to it, no
evidence for the typical hexakis adduct signals was observed in any eluted
fraction or HPLC samples. No indication for an hexakis adduct could be detected
in any of the UV/Vis spectra of the eluted fractions.

0
\

Scheme 32: Trivial approach to the precursor of 33

34
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4.2.1. Possible Access to Spacer-Equipped Cation Precursors

Consequently, a different, indirect approach had to be used. This included the use
of the isoxazoline protecting group already mentioned in chapter 4.1.
(scheme 29). When the [5.0]-pentakisadduct was subjected to Bingel-conditions in
the presence of an excess of the spacer 35, this gave facile access to the desired
[5.1]-adduct (scheme 33).

4.2.2. Attempts to Bind Multiple m-Methoxymethyl Aniline Amide
Fullerenes Together

However, it showed to be impossible to affix 34 multiple times to a fullerene. It
was subjected in slight excess to the conditions of a DMA-templated
hexakis-adduct formation, with P,-tBu as a base to 1 eq. of C,, (scheme 34). After
11 days, nothing could be eluted anymore with the elution mixture used for the
educt. When more polar eluents were used
(toluene:dichloromethane:ethyl acetate:ethanol 1:3:5:1.5), no fractions that
exhibited the characteristic UV/Vis absorptions of hexakis adducts at (314 and
334 nm) were obtained.

Since the product's fullerene spectrum would have mostly consisted of the
educts' cores already configured in T,-symmetric hexakis configuration when
inserted, this is a clear clue that decomposition must have taken place on the
inserted fullerenes, or the hexakis-configured educts must have become a
polymer, and been entirely prevented from elution this way.
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Scheme 33: Successful synthesis of the precursor of 33
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Scheme 34: Intended addition of six parts of the molecule to the center



Results 41

4.2.3. Problems with the Reacting End of the Spacer

The bad results from the spacer-equipped fullerenes during the five-fold Bingel
reaction (page 37) hinted on a back bonding of the spacer's end to the fullerene
itself in concurrence to the addition of the free malonates. This reaction would be
entropically favored, and could only be repressed with a huge excess of malonate
addends. Molecular modeling suggested that this back-bonding was energetically
possible, with little ring strain along several relative arrangements of both spacer
ends.

Scheme 35: Unwanted side-reaction when bismalonate-substituted fullerenes should react

To get an impression on how feasible such a decomposition is, one must
compare the calculated energies of the looped decomposition products (figure 8)
with the one of a thermodynamic degree of freedom at room-temperature (ca.
2.5 kJ/mol), and consider that intramolecular condensations are entropically
favored. The “leashed” addend had to be considered in a concentration that
would give the same mean distance of the reacting centers. This distance, in turn,
is about half the maximal distance - or even less, if the total stretched
conformation has lower entropy than the close bound form. Under the
assumption that this distance is 1.3 nm (11x145 nmxcos(35°)), this is a
concentration of 136 mol/L, more than the concentration of 70 mol/L the educt
had.

The least energetic positions found were the cis2 position and especially the cis3
position. Access to the e position was rather hindered (table 2). according to the
formula
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,%)

the reaction probability with the end cf(f the spacer would be only 1/20000st as
fast as with the malonate, but there may be other influences, as the self-
aggregation of the educt (especially cation-precursor malonate 26 which is
insoluble in toluene, interestingly), a lower steric hindrance of the spacer's
malonate (this malonate would be constrained to meet the fullerene from the
side only, with both alkyl chains pointing outward, and the carbonyl bonds and
the C-H-acidic carbon in one plane, which is required in the transition state).

conformation calcd. Aer (Hartrees) strain energy in comparison to dumbbell (k]/mol)

cis2 -3722.72083733 65.20

cis3 -3722.73602097 25.33

e -3722.69253245 139.51

trans4 -3722.64814167 256.06
trans3 -3722.67638360 181.91

mono with spacer - -3722.74567079 0
AHP(Cgp)

Table 2: Calculated strain of different intra-molecular addition isomers of 35 to Cg

Figure 8: HF-Optimized (cc-pVDZ) models for the various isomers.

4.2.4. Proving Exchange Phenomenon of the Bromyl Cation
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Since experiments with pre-brominated malonates had given no better results

before,!®!! there had to be a possibility how either unbrominated malonates could

react, or how bromine could travel between the C-H acidic points of malonates. In

order to give evidence for this, an exchange experiment was undertaken. A
brominated malonate 2 was added in a flask to a compound with (two)
unbrominated malonate sites (scheme 36 a)). After 2.5 h, 14.8 % of 35 had
received one bromine atom, so the rate constant of the exchange between two
malonates must be at least 2.2x10* M1s! at DBU concentrations of 0.04 mol/L.

Because the reaction times for hexakis adduct formations are multiple days and

they utilize ten equivalents of addend, this reaction brings the bromination of the

spacer-bound malonate near to the equillibrium during the course of the reaction.
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Scheme 36: Experiment to prove an exchange of bromine amongst malonates
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In experiment a), a substance was isolated, in the carbon spectrum of which a

clear split of the alkyl chain signals of 35 can be seen. In the carbon spectrum
(figure 9), like in 42, this split is the smaller, the further the corresponding carbon
is distant from the carbonyl groups. At the point of the molecule vital for the
proof, the C-H acidic proton, the peak distance between the brominated and
non-brominated site is present with 1 ppm, but rather low, due to the opposing
effects of the bromine atom to the chemical shift. This lies in accordance with the
low carbon shift of the bromine-bound carbons usual for brominated aliphatics. In
the proton spectrum (figure 10), there is a clear distinction between the protons
at the unreacted end and the reacted end. At the reacted end, the proton signal is
split along the molecule's plane. The identity of 36 could also be verified by mass
spectrometry (figure 11).
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Figure 9: 13C NMR Spectrum of 36 (100 MHz, CDCls)

The proton NMR spectrum exhibits the typical peak for brominated malonates at
4.83 ppm. The proton signals of the pair of the CH,-O groups closer to the
bromine at 4.20 ppm are split between the differing sides of the molecule's ring
plane.
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Figure 10: 'H NMR Spectrum of 36 (400 MHz, CDCl5).
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Figure 11: ESI Mass spectrum of 36 C,,H;5BrNaOg

From this experiment, the reason for the missing selectivity Patrick Witte
observed when he added pre-brominated malonatest8! table 3.12, p.131] hecomes
clear. Because Frank Hormann saw even dibrominated malonates react
(scheme 38),[°?] these observations together lead to the assumption that the base
can directly attack a bromine atom nucleophilic and carry it to another malonate
(scheme 37). This theory would explain both observations with one mechanism.
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Scheme 37: One proposed mechanism of the bromyl cation exchange
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Scheme 38: Explanation for the reactivity of dibrominated malonates by the assumption of a

removed bromyl cation

Despite of that, when carbon anions are present, they are assumed to be more
nucleophilic than the base, so it is likely that the reaction takes place by means of
a direct transfer of the cation (scheme 39).

0]
O 0
~_0O { H H \ O/\/\/\/\/o \/O O/\/\/\/\/O
~_0O B " O\i;o/\/\/\/\/o o/\/\/\/\/o
o *__4 o
Scheme 39: Another proposed (direct) mechanism of the bromyl cation exchange

When the bromine changes its place that easily, it is obvious that bromine is
unsuitable for a selective activation. Because, as stated, a mechanism is
assumed where the halogen carries a positive charge, the side reaction should be
greatly repressed when chlorine is used as a halogen. This could be shown in
another exchange experiment (scheme 36 c))

4.2.5. The Chlorine Variant of the Bingel Reaction
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4.2.5.1. Performing a Bingel Reaction with a Chlorinated Malonate

It had to be checked whether the Bingel reaction would still occur when the
leaving group was a chloride anion. While chlorinated malonates had never been
used in the Bingel reaction, they had been demonstrated to attack without
releasing the halogen in an indirect (Sn2') substitution reaction.®3!

It needed to be observed whether a Bingel reaction was possible with this
nucleofugic group.

0o O
A
Ccl H
1 eq.
43

—_—
toluene
12 h, RT

Scheme 40: A bingel reaction with chlorine as leaving group

The experiment was conducted over a timespan of 12 h, adding only one
equivalent of each component, including the base (scheme 40). The yield
(15.3 %) was far lower than usual for the brominated malonate (45 %),!*®! and
only traces of Cy, could be recovered. This suggests that the reaction occurs
more slowly than the radical reduction of C,, by the DBU.!?3! The resulting carbon
spectrum (figure 12) clearly shows fifteen signals that result due to the C,,
symmetry after a cyclopropanation, at the same positions as the the monoadduct
19, and the signal at 71.6 ppm of the C,, carbon atoms in the cyclopropane ring
is also present, telling us that the malonate was added in the manner of a
Bingel reaction indeed.
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Figure 12: 13C NMR spectrum of 3 a) reference mono-adduct b) product (75.5 MHz, CDCl;)

4.2.5.2. The Feasible Way to Mono-Chlorinate Malonates!®¥

In order to mono-chlorinate the malonate, the most obvious procedure which was
tried was the halogenation with sodium hypochlorite.l®>! However, the need for an
unpredictable excess of halogenating agent and the higher reactivity of the
product made this method unsuitable - it yielded product in an one-percent-
range. A method for selective mono-chlorinating of ketones with sulfuryl
dichloride in pyridinel®®°7] prove to be more efficient. Here, the premature
decomposition of the reagent was so low that stoichiometric addition was
possible. The selectivity of mono-chlorinating the bismalonate 35 was sufficent.
The best results were obtained with equimolar addition of the reagent in
dichloromethane and reaction times between 12 to 24 hours at 60 °C, with 36 %
yield (scheme 41). In the carbon spectrum of the substance (figure 14) the split of
the carbon signals shows the presence of different environments amongst the
malonates. The largest split is seen at the site of modification, as the chlorinated
carbon is to 55.8 ppm, 13.67 ppm downfield. In the hydrogen spectrum of 42
(figure 13), a split of the alkoxy protons from the different sides of the molecule's
plane can be seen at 4.2 ppm. As unreacted educt could be recycled, the yield
based on recovered starting material went up to 70 %. In agreement with
Andreas Kratzer's observations, the yield could be observed to drop greatly upon
higher dilution, obviously because the mixture's boiling point was lower. Andreas
Kratzer found out that the reaction is easier to do with chloroform as solvent.
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Scheme 41: Optimal conditions to chlorinate malonates using sulfuryl dichloride.

Workup is done by column chromatography in dichloromethane
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Figure 14: 13C NMR spectrum of 42 (75.5 MHz, CDCl;)

Now, the protected malonates which had been used as cation precursors would
be sensitive towards the acidic conditions applied in the monochlorination
process. Even worse, usual malonates were so polar that chromatographic
separation would not be possible from those little polarity differences of un- and
dichlorinated by-products. But is there another use for this selectivity?
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Since the templated adduct generation of spacer-bearing fullerene

hexakisadducts did not proceed as intended, the synthetic pathway for the
7-fullerene-clusters was amended into a procedure in which the selectivity on the
central fullerene is shifted to an earlier step. The keystone was a fullerene
carrying the six spacers already bound to it in a T,-symmetric manner. It would
give only one target molecule when reacted with the symmetric pentakis adduct
as addend in excess under Bingel-conditions. The most obvious advantage would
be that there would not be notable work required to separate the mixture of
adducts, as a sufficient combination of reactand excess and reaction time would
result in complete substitution of all these core educts. The other reactands
would be unable to form larger adducts, so they would differ in their retention
behavior enough to allow for trivial chromatographic separation. At least, their
retention value would be influenced by a change of the eluent's polarity
differently than the big product's one. Of course, this would require reaction times
long enough to allow complete conversion.

4.2.6. Usage of the Chloride Addends in Synthetic Procedures

Initial experiments taking use of the selectivity of this addend led to desperating
results. When the monochlorinated cycle 42 was added in only ten stoichiometric
equivalents to 19 (page 37), the complete reaction mixture solidified to form a
fruit gum like gel (figure 15). Under the assumption that no chlorine exchange
took place, this could most likely have happened by means of the simple addition
of the deprotonated free side of a spacer addend to a fullerene. Due to the
chelate effect, this had sufficient stability to be not soluble anymore.
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Figure 15: Polymerized product from Cg, and insufficient excess of 42
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Therefore, the amount of the added 42 had to be increased to 25 to 40
equivalents (scheme 42). The best eluent mixture for the chromatographic
purification of this compound turned out to be toluene/ethyl acetate 4:1.
Purification consisted of one simple chromatographic purification on silica and

another one on a 15 um flash cartridge. The yields resulting from that reaction,
however, were as low as 3.3 % based on the malonate. The yield of 12.3 % based
on the C;, is less meaningful here, since the fullerene is the cheaper compound
now. And as the product is used in low amounts in the next reaction, this yield
can even be seen as sufficient.

0
A0 N
O c o+ + + C
A0 N
o 0
o 10 eq. 12 eq.
25 eq. 1 eq. 44 45
42 1

toluene
8 days, RT

46

Scheme 42: Employment of the chlorinated malonates
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In the hydrogen spectrum of 46 (figure 16), the a-alkoxy protons of the different
ends give discernible signals at 4.22 and 4.13 ppm. In the carbon spectrum of 46
(figure 17), little difference between the corresponding chain atoms on both sides
of the spacer can be seen. As characteristic evidence for the product, the C-H-
acidic carbons of the free malonates can be seen at 42.3 ppm along with the
attached 2-position of the other malonates at 45.3 ppm. The carbonyl groups of
the outer malonates at 166.5 ppm are slightly lowfield to the carbonyl groups of
the bound malonates at 163.8 ppm. At 67.0 ppm, the carbons of the inner alkoxy
groups resonate, next to the carbons of the outer alkoxy groups at 65.6 ppm. The
identity of the product could be verified by means of MALDI (figure 18) and ESI

(figure 19) mass spectrometry.
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4.2.6.1. Simplified "One Pot"-Synthesis of 46

An odd thing of the low yield of the above reaction is that the synthesis of 46
relied almost solely on the advantages of the preactivation by the chlorine. Any
problems of this reaction would make this entire approach questionable. To
demonstrate the applicability of chlorine as leaving group, this procedure needed
further improvement. Following the stated procedure, Andreas Kratzer from our
group had obtained a high yield of protected fullerene with five linking-sites 48,
created analogous to 46 but starting from 30. Since 46 is accessible from this,
the difference must either be a beneficial effect of the oxazoline moiety or the
DMA blocking the addition of the last addend. One could as well start from
isoxazolinofullerene 30 and subject it to the conditions for the synthesis of 46. In
anticipiation of chapter 4.3.1. (page 65), DMA was omitted, so the sixth addend
would be attached more easily. After deprotection of the fullerene during the
reaction 46 was obtained directly (scheme 43). The reaction indeed was much
more effective. Using only 20 equivalents of 42, added in portions, the obtained
yield was 11.6 % based on the malonate (i.e. almost four times as high), and
even 33.8 % based on the fullerene.
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Scheme 43: Enhanced "One Pot" Synthesis of 46
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4.2.6.2. Proof of Principle: how Useful is the new Central Moiety?

As proof that this spacer is actually useable, the first simple test-fullerene,
pentakisadduct 49,1°%] was attached to this central moiety. It was added in a slight
excess (7.5 eq. vs. 6 eq.) to the center (scheme 44). Beginning with a
stoichiometric amound of of both 49, tetrabromocarbon and base(P,-tBu), the
educt/product mixture had precipitated after some minutes in the initial solvent,
toluene. After 22 days, it was brought back into solution by adding
dichloromethane and the remaining 1.5 eq. of the educt, and after further
44 days, during which another total of 10 eq. of CBr, and base were added, the
reaction was finished. The workup was interestingly very easy: A plug-filtration
(SiO,; toluene/ethyl acetate 4:1) followed by a cheap chromatographic purification
(SiO,; toluene/ethyl acetate 6:1; then toluene/ethyl acetate 4:1) revealed pure
7-core fullerene 50 in 43 % yield. The compound's mass was proven with ESI and
Maldi (figures 23 and 22).
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Scheme 44: Example experiment to take use of the pre-substituted central unit 46

In the proton NMR spectrum (figure 20), two different proton signals for the CH,O-
groups show up. 120 protons that belong to the 30 diethyl malonates further
deep-field, 48 protons for the alkoxy groups of the spacer. Because all malonates
in this molecule are attached to a fullerene, no split is observed on the
characteristic malonate groups in the carbon NMR spectrum (figure 21).
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Figure 21: 13C NMR spectrum of 50 (100 MHz, CDCls)
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Figure 22: MALDI Mass spectrum of 50 formula: C;4,H,9,0,6g (matrix: dctb)
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Figure 23: ESI Mass spectrum of 50 C,5,H;9,0,45 (+4 Na)

4.2.7. Attempt to Produce Higher Substituted Heptafullerenes

With the discovery of the pre-formed hexakis building block 46, (page 50) the
obvious following step was to add a cation precursor pentakisadduct 32 to the
pre-formed central moiety. The usual conditions were applied, adding the
tetrabromocarbon and base nearly stoichiometric and waiting for only 21 days
(scheme 45). The short duration took in account that the amide arms incline to
decomposition under the reaction conditions. But the following result is rather a
proof that this fragility was greatly underestimated.
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Scheme 45: Attempt to use the presubstituted central element to create heptafullerene 33
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None of the fractions that could be eluted did exhibit any signs of the typical

hexakis absorption bands at 314 and 334 nm.[99100 p- 2281 Ag any adducts formed
from the malonate-contributing fullerene would have any cores octahedrally
substituted, and there was little possibility that hexakisadducts would decompose
under such harmless conditions, it was obvious that the educt had decomposed.
Perhaps, the a-carbonylamine moieties had been deprotonated and attacked the
open point on the pentakis adducts (scheme 46). The mechanism would, of
course, be similar to that known for amines.l?31°1 And even if the product
decomposed, this can only be because of the only chemical difference to 50,
which are the amide groups.

Scheme 46: Estimative decomposition of pentakisadducts with aniline cation precursors
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To have a more simple example of application for the six-malonate-bearing
center 46, the synthesis of the seven-core hexakis adduct 52, already known
from Patrick Witte,!®!! was tried in this convergent method from pentakis adduct
51. The pathway was basically the same as for 50 (scheme 47). Multiple
column-chromatographic fractions could be isolated that showed the familiar
shoulder peaks at 314 and 334 nm in their UV-Vis-spectrum, but no fraction could
be verified by its correct mass in any MS-spectrum. Figure 24 shows the 3C-NMR
spectrum of the first hexakis adduct eluted, which was eluted in a mixture of
toluene/ethyl acetate 3:2. As the other fractions were eluted much later in much
more polar solvents, it is assumable that they must be decomposed fractions or
partly deprotected ones. This is more obvious when recalling the knowledge that
it is very difficult to separate pentakis adducts from hexakis adducts under
conditions of column chromatography, and this gets worse the more branched or
otherwise large the product is. This is because a large molecule, consisting of
several parts that are connected only with few, flexible bonds, does neglegibly
differ in its per-mass solvent affinity from the one of the same components in
unconnected form, so the solvent affinity is largely indepentent of the count of
these components. If the structure is globular, the contact area to the sorbent is
mainly defined to a circular area defined by the length of its arms, but not of the
amount of these arms as long as they are sufficient to cover the whole area.
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Scheme 47: Experiment to generate a heptafullerene with 60 hexylamine fringe-groups
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Figure 24: 13C NMR spectrum of the first fraction of experiment 47 that exhibited a hexakis-

adduct-typical UV spectrum (100 MHz, CDCl5)

Of course, the main reason for this decomposition might be again a reducing
attack of the amide nitrogen to the fullerene core (scheme 48).

Scheme 48: Estimative decomposition of pentakisadducts with boc-protected amines



Results 65

4.3. Increased Selectivity with Oxazolinofullerenes

The oxazolinofullerenes seemed to exhibit a remarkable improvement of yield in
chapter 4.2.6.1.. This led to the question whether they are also capable of
improving the selectivity as well, and if it could be of an advantage beyond the
addition of spacers. Hence, this experiment was repeated with simple diethyl
chloromalonate 41. To investigate the effect of the oxazoline group on the
addition pattern, experiments of hexakisaddition without the known templating
were undertaken on a fullerene with no addend, a primitive Prato-type addend
and the oxazirene addend.(scheme 49)

4.3.1. Selectivity Effect of Oxazolinofullerenes with Bromides and
Chlorides

While no hexakis adduct could be isolated in the case of the Prato-type
addend,!33! the oxazolidinofullerene gave a good yield of hexakis adduct when
treated with monobrominated malonate (a)). The addition of monochlorinated
malonate led to a lower yield of hexakis adduct, however with no noteworthy
amount of by-products that would have required purification by HPLC.

4.3.2. Cross-Checks of Selectivity due to Oxazoline

Although the known templating conditions to create T,-symmetric hexakis
adducts!39-¢>l were seen as innovation, no one had proven yet that T, -symmetric
Bingel adducts are not formed by stochastic reactions without these agents. For
this reason, the reaction of an excess of diethyl bromomalonate and diethyl
chloromalonate with Cy;, under base influence was tested. In both cases, the
desired hexakisadducts could not be found.

In the case of the brominated malonate, the NMR spectrum clearly showed a
plethora of C;, peaks from different substances, as seen in figure 25. In the case

of the chlorinated malonate, TLC control suggested incomplete substitution.
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Figure 25: 13C NMR spectrum after treatment of pristine Cgp With excess of pure monobrominated

malonate (75.5 MHz, CDCl3) and DBU
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Scheme 49: Experiments showing the beneficial effect of the chloromalonate/isoxazolinofullerene

reactand combination
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Scheme 50: Cross-check of the selectivity of mono-brominated malonates

4.4. Discovery of Side-Reactions of Halogenated Malonates

The to-date mechanistic knowledge on the Bingel reaction contains little findings
about side reactions. In chapter 4.2.6., no definitive explanation for the formation
of the polymer was found. Of course, a reversible anion-addition should be
pushed back by attachment of further pristine malonate. As this fruit-gum like gel
still formed, this was hampered somehow, then.

In the following experiments about halogen exchange, a possible explanation
could be found. It is observed that mixtures of monochlorinated and
unchlorinated malonates happened to give dimers at the 2 position, obviously by
nucleophilic substitution (scheme 51 a)). In the above synthesis, this would
decrease the educt amount and, - even worse - could damage the product by
chaining further malonate spacers on it. The fact that such side-products were
not ovserved in the TLC plates or mass spectra is perhaps due to base depletion
consumed by the Bingel-reaction and by this side reaction. When brominated
malonates were reacting, this side reaction proceeded even faster and the
creation of tetraethyl tetracarboxyethene 57 showed that in that case, it even
proceeded between two halogenated malonates, followed by an elimination of
HBr from the highly unstable intermediate (scheme 51 b)).
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Scheme 51: Actual decomposition reactions on malonates

4.4.1. Mechanistic Investigations of the Tetrabromocarbon
Templatisation

Regarding the mechanism of the templating due to tetrabromocarbon,76771 the
most obvious question was whether the tetrabromocarbon was the true
templating agent or if the selectivity was rather due to the dibrominated
malonate generated by applying it in excess. If the dibrominated malonate was
the active species, adding it directly must give the same results. Adding three
eqivalents of both dimethyl bromomalonate and diethyl dibromomalonate and
dropwise addition of 3 eqivalents P;-tBu vyielded a notable amount of
T,-symmetric hexakis adduct, proven by NMR due to the characteristic signals at
146 and 141 ppm (figure 26).

The presence of both ethyl and methyl residues on the resulting fullerene adduct
did also show that it was impossible to protect a malonate by double-brominating
it.



Results 70

R
B
toluene

R

0O O

+ /\O O/\
Br Br R= CH3z/ CH>CH3 (mixed)
3 eq.
59

Scheme 52: The initial discovery of the templating effects of dibrominated malonates
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Figure 26: 13C NMR spectrum showing the T,-symmetric substitution pattern after combined

addition of mono- and dibrominated malonates to Cg,, {scheme 52) (100 MHz, CDCl;)



Results 71
This shows that the presence of dibrominated malonate was capable of causing a

selective synthesis. According to occham's razor,'%?1 the assumption that
tetrabromocarbon itself does the templating is futile now. Dibrominated
malonates, on the other hand, could not be a direct explanation for the
selectivity, either, as dibrominated alkylmalonates as such had no reactive side to
affix it onto a fullerene's double bond. The “anionic form” with a bromyl cation
split off would give no difference towards the simple monobrominated malonate
which didn't exhibit that selectivity. If a bromide anion was split off, however, the
resulting carbon electrophile would not react with pristine or cyclopropanated C,.
On the other hand, it would react with a negatively charged Bingel reaction
intermediate that exists directly after the addition of another malonate anion to
the fullerene (scheme 53).

That addition reaction would be a heterolytic junction of the cation with the site of
the fullerene on which the anion is located. Then, the formation of the
corresponding bis-adduct would be expected to occur readily after the remaining
bromyl cation of the first malonate was removed from the malonate.The site
where the anion is located, of course, would be preferentially the electronically
most favorable double bond. Since the e' and e" and trans sites exhibit the most
electronically isolated double bonds, it is a good assumption that the electron
would be located there instead of the places which are complete aromatic rings,
as aromatic rings tend little to take up further electrons. Another aspect is that
the delocalized negative charge would be delocalized into the LUMO area. This
LUMO area would be very similar to the LUMO in a monoadduct, which was
calculated by Iris Lamparth of our group before and prevalently extended to the
e' position.[®°! For a feeling about the reactivity of this mechanism, one also must
consider that the most stable place for the negative charge to be would be next
to the added anion. A delocalisation of the negative charge would
correspondingly mostly occur between this position and the most opportune other
place.

This theory, which involves that two malonates are added cooperatively can be
seen very distinct in this experiment if you consider the stoichiometry of
reactands of scheme 52: The hexakis adduct is formed even when the sum the
malonates are added without any excess, and even with only three equivalents of
base, which is the half of what is needed for a complete reaction. This would
usually cause an incomplete substitution with statistical distribution of the count
of addends, which would barely create a notable amount of hexakis adduct. But
cooperative reactions have different statistic conditions.
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Scheme 53: Initial theory on the mechanism of the tetrabromocarbon templatisation

The problem with this theory would be the steric hindrance of the dibrominated
malonate.

Could there be a more reactive instance? If we consider the discovery of
malonyliden dimer 57, which has been seen to form under these conditions
rapidly (scheme 51 b)), we see that it has a good ability to attack in a cooperative
manner (scheme 54).

Scheme 54: Final model of the mechanism of the tetrabromocarbon templatisation

This can be tested by directly inserting tetraethyl tetracarboxyethene 57 under
Bingel conditions. Since there is a bad selectivity when there is no templating
reagent, as seen in (figure 25), the fact that the yield of hexakis adduct is now
very high with 38 %, shows that 57 not only has a templating effect, but also
hints that it contributes malonates to the reaction, because the insufficient
malonate amount would otherwise lead to lower adduction patterns.
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toluene 15 mL
38 %

10 eq.
57

Scheme 55: Experiment to identify the actual reactive instance in the tetrabromocarbon

templatisation

Adding 10 equivalents of 57 and 3 equivalents of diethyl bromomalonate 2 to a
fullerene, one would definitely expect incomplete substitution if 57 would not
react. As it can be seen from graph 27 (b), there was no evidence for
incompletely furnished fullerenes in the raw mixture. The yield of the pure
product (a) was as high as 38 %!
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Figure 27: 13C NMR spectra taken from the experiment depicted in scheme 55. Graph a) shows
the spectrum of the final product (75.5 MHz, CDCl;), graph b) shows the one of the raw mixture
(100 MHz, CDClI5).



Results 74

The only question remaining on this explanation is why it takes a high degree of
dibromination to create a sufficient amount of these alkene dimers. That is a
statistic effect; if there are too many unbrominated malonates, they have enough
capability to attach wrongly in meantime. Dibrominated malonates react slower,
giving them time to "wait" until enough alkene is created. It also could be that the
formation of the alkene is more easily done from them, with the dibrominated
alkene in first place, which reveals the alkene after one bromyl cation is detached
by the base. (The tetraethyltetracarboxyalkene has a very low affinity to bromine:
Intentional adding elemental bromine to this alkene was not possible.)

4.4.2. Investigating the Process of the Tetraethyltetracarboxyethene
Adduct Formation

If such a templated reaction would occur, the selectively created intermediate
would be suited for being isolated. By initiating the Bingel reaction on C4, with
only one equivalent of brominated malonate and ten equivalents of 57
(scheme 56), and abortion of the reaction after 15 minutes yielded selectively the
e adduct.

L
+ M ~ + 9 o 4 N@ —
° Br © 0 0 E/N 15 Minutes

O O

A

only
1 eq.
2 single
1 10 eq. 10 eq. isomer
57 60

Scheme 56: Premature abortion of the Bingel reaction with ethylene-based selectivity

The substance was verified by a comparison of the carbon-NMR spectrum
(figure 28) to the literature!®3! and by Mass spectrometry.
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Figure 28: Fullerene-range of the 13C-NMR-spectrum of the product of a tetraethyl
tetracarboxyethene-based Bingel reaction which was prematurely interrupted a) reference from

literaturel®3! b) product (75.5 MHz, CDCl5)

Also the UV/Vis-Spectrum (figure 29) hinted at the correct product, distinguishable
due to the typical peak at 490 nm for e-bisadducts.!>!
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Figure 29: UV-Vis Spectrum of the pure e-bisadduct 60. Thin line: x10
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An alternative theory for the mechanism of the tetrabromocarbon templatisation

necessary to ponder deals with wandering of the malonates on the surface under
the influence of dibrominated malonate or some decomposition product thereof.
In this case, the selectivity would be due to thermodynamic control, which would
favor the T, symmetric product due to the aromatic stabilisation of the eight
remaining benzene rings. In order to examine whether this would be possible, a
mixture of mono- and dibrominated diethyl malonate was added under Bingel
conditions to a - falsely substituted - trans3,trans3,trans3-trisadduct of
diethyl malonate 61 to C;,. If wandering was possible, the hexakis adduct 13
should still be able to form, if the reaction conditions were otherwise identical to
the conditions that have been proven to be successful when starting with a
pristine fullerene. To test this, five equivalents of both the monobrominated and
dibrominated malonate were added to bis(diethylmalonyl)-tris-1,2,33,50,46,47-
hexahydro[60]-fullerene 61, together with 10 equivalents of DBU (scheme 57), so
the state of the reaction would approximately correspond to the situation when
three addends had added under the tetrabromocarbon-templated or
dibromomalonate-templated conditions. With this setup, no TLC peaks appeared
hinting to the presence of a hexakis adduct until the reaction mixture completely
decomposed. This must be seen as evidence that the dibrominated malonate is
not capable to enable wandering (scheme 58), which further affirms my theory of
the cooperative Bingel reaction.

00

Scheme 57: Experiment to disprove the walk-on-sphere mechanism
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Scheme 58: Immobility of attached malonates

4.5. Second Aim: Investigation of the Aggregation Behavior of Fullerene

Amphiphiles

Another topic in my doctoral thesis was the synthesis of a new kind of fullerene
amphiphiles for aggregation studies. These molecules consisted of a spacer
carrying fullerenes bond on both sides, one of which was functionalized with polar
and the other one with unpolar addends. Past aggregation studies with
amphiphilic fullerenes were done using predominantly unpolar substituted
fullerene hexakisadducts with only one malonate carrying two hydrophilizing
dendrimers,[1%3] with three polar and three unpolar substituted malonates on one
fullerene,!*%4! on mono-adducts with one dendrimer.[*95! Other examples were the
creation of inverted micelles with bolaamphiphiles as monolayer membranes.!106!
The first attempts to construct bifullerenic amphiphiles in this thesis were also
made using the method of Patrick Witte, who had created a zwitterionic analogue
of this structure before (schemes 59 and 60).181.1071
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\N*
>(N%'P/‘N/

CBr —N
4 \ |
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slight excess

Scheme 59: Synthetic procedure of the synthesis of each amphiphile, formation of the

unsymmetric dumbbell
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Results 80
Here again, the difficulties occurred only with the concurring spacer-containing

molecules. Also on these molecules, it was necessary to use the protective group
of Frank Hormann.®®! This mainly simplified the way how fullerenes with
protected amines could be constructed as spacer bearing addends, but their
instability during reactions, especially of those with propyl amine side chains, still
yielded the problem of severe purification problems and very low yield. The
purification was therefore always done by multi-cycle HPLC, but the low yield was
something one must simply live with. The most notable result, from a
syntheticist's point of view, was one efficient double-reaction with a
stoichiometric addition of educts and reagents (scheme 61). Upon allowing the
reaction to run for two weeks, two pentakis adducts of the hexylamine type 51
could be bound together to form 62. Carbamates on the ligands seemed to inhibit
the reaction and molecules react the slower, the bigger they are. If at a low
reagent concentration the reaction does still proceed far enough, and the
reaction is not hindered by decomposition either, this does hint that the used
reagents do not decompose, and that the reagents, in turn, must be responsible
for the decomposition that occurs in the cases where they are added in excess.



Results 81

toluene
—_—
2 weeks

0 L)
’ 27

0 ' :

/\/\/\/ L 45.8 %
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Scheme 61: Bisaddition of a fullerene pentakisadduct without excess to form a symmetric

difullerene



82

Results

'ng3-1d "bs z1 ‘"ug3'bs z1 ‘s3eUOIEW JO "b3 0Z “4D°HD (1A
19D 'ba 6'T ‘ng@1-1d 'ba G'T 99 "ba z ““D%HD (A

19D 'ba T ‘ngi-1d 'ba 1 ‘29 b3 §'T ‘4D°HD (A

Y192 "be-'ym:s z ‘NGA "be-yIs Z ‘SE 214IBWOIYDI0IS (Al

‘naa ‘71gd ba 01 ‘S1euojeW JO b3 09 ‘VINA b3 0T ‘4ID°HD (I
naa ‘71gd ‘ssedxa ‘“D%HD (I

uolsn|dxXs Jle a .>£ ~wcw3_0u A_

6g 01 08 Sa/lydiyduwie jusiaip ayl 01 S9IN0J D1IBYIUAS 3U3] JO MBIAISAQ (29 SWaYDS

6L 1LHED =Ty
B -N-€(¢] =T
8L 208-N-¥(¢HD) = Td $590x3 abue| o
0. 0.
6L E(THD) =Ty e j ~N 4
\ O\/\/\/\/\O §L:08-N-9(CHD) = Ty © 0
€L 209-N-E(ZHD) = Ty
Y O\/\/\/\/\O \
SS2OX2
£L :NFIO0DE(CHD) =2y O; 0
6€ 208-N-9(HD) =%y Jo\/nﬂ ue
9L 0g-N-E(ZHD) =2y 2y’ 2y
TS :208-N-9(¢HD) = Td 9 :209-N-%(¢HD) =Ty
ZL 208-N-9(CHD)=CuiHED= Ty 0L 208-N-£(¢HD) =yt HED= Ty £9 OB N-ELHD) = T £9 DOBN-EHD) =
TL :NNO0DE(CHD)=4: HED= Ty 69 LTHBD=24:0g-N-%(HD)= Ty
29 1208-N-9(¢HD) ¢d=Td 89 :209-N-E(HD) Y= Ty

A L18y=Cy

208-N-9(2HD) = Y
208-N-9(2HD) = o

Al

‘dpew soydiyduwe ayy JO S9SOYJUAS D] || JO MIIAIDA0 UR SMOYS ‘79 Wayds Jeyd buimol||o) ayl



Results 83
In sum, all dumbbell molecules in the schemes 63 to 68 could be made. The

bi-hydrophilic molecules 81 and 80 were intended to determine the contribution
of the central spacer on the aggregation behavior.

ONH;

l‘\L J/H o 0
&)
RHs  HsN )j Kg\
@ ®
o
20 CF3C00 NH3 H3N

80

Scheme 63: Bi-hydrophile dumbbell with long alkyl chains

81

Scheme 64: Bi-hydrophile dumbbell with short alkyl chains
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]
10 CF3COO0O
82

Scheme 65: Amphiphile with short alkyl chains on the unpolar side and long alkyl chains on the

polar side
[&]
HsN
\\\‘O
\/\ O/\/\/\/\/O
/\/O O/\/\/\/\/O

10 CF3C00 ©
83

Scheme 66: Amphiphile with short unpolar chains and short alkyl chains on the polar side
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Scheme 68: Amphiphile with short alkyl chains on the unpolar side and carboxy groups on the

polar side. Not water-soluble when protonated

Longer alkyl chains in the polar arms are seen as beneficial for the water
solubility due to the greater contact area with water, as it is affirmed by the
determined CMC values.

Some discussion of the spectra of the intermediates of the amphiphiles follows to
give an overview of all occurring spectral peculiarities. Most of the spectra of the
deprotected products gave comparatively broad signals due to aggregation
phenomena. Deprotected amphiphiles, such as 80, were measured in D,O
(figure 30).
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Figure 30: 13C NMR spectrum of the deprotected bi-hydrophile 80 (100 MHz, D,0)

At 165.5, the carbons of the carbonyl groups can be seen. The sp? carbons of the
symmetric configured fullerene appear at 145.6 and 141.5 ppm as usual. At
69.4 ppm, the sp? carbons of the fullerene are located, at 67.7 ppm, we see the
alcohol carbons. A very broad signal at 46 ppm stands for the carbon between
the two carbonyl groups of the former malonic acids. The carbons next to the
deprotected amines give a strong signal at 39.6 ppm. The remaining aliphatic
signhals are found at 28.0, 26.9, 25.5 and 25.2 ppm. The trifluoroacetic acid
accounts for the sharp quartets at 162.6 (carbonyl) and 116.6 ppm (triflourmethyl

group).
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Figure 31: 13C NMR spectrum of the intermediate 79 (100 MHz, CDCls)

In the carbon spectrum of 79 (figure 31), the most striking eye-catcher are the
different carbon signals of the monoadduct between 145.8 and 139.0 ppm. Due
to the magnetic effects of the free fullerene, the carbonyl signals are split to four
at 163.9 (2x), 163.8 and 163.6 ppm. At 71.6 ppm, the C,-sp® signals from the
monadduct-sided carbons appear. Further high-field, at 69.6 ppm, the C,,-sp®
signals from the hexakisadduct are located. The protons of the CH,O groups are
distributed the following way: at 68.3 ppm, the ones of the propyl groups are
unified in one peak. The signals of the spacer are at 67.4 and 66.9 ppm, for the
different ends of the spacer. At 52.0 ppm, the carbon of the 2-position of the
monoadduct-side malonate is located. the corresponding carbons on the
hexakis-adduct side split due to the asymmetry to 45.43, 45.40 and 45.26 ppm.
The carbons in the octyl-chains at the B-position to the oxygens resonate at
29.5 ppm, the ones in the y-position are split to 28.6 and 28.5 ppm, and, with a
smaller split, the carbons in the middle resonate at 26.04 and 25.98 ppm. The
mid carbons of the propyl chains appear at 21.7 ppm, and the CH; carbons at
10.29 ppm.
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To exemplify the NMR spectra on a comprehensive example, the most complex
NMR Spectrum, the one of 69 (figure 32), is used. At 145.5 and 141.1 ppm, the
signals of the sp? carbons of the fullerenes resonate. They are slightly, and

irregularly broadened both due to the different environment of both fullerenes
and the [5.1]-substitution pattern. At 163.8 ppm, the (irregularly formed) bands of
the ester carbonyl groups appear. The carbonyl signals of the amides appear at
156.0 ppm. We observe the signal of the center of the tert.-butyl groups at
79.0 ppm, at 69.1 ppm, the sp3-signals of the fullerenes appear. At 66.9 ppm, an
irregular group of signals for the CH,O-groups is observed. The carbons of the
2-position of the malonates appear at 45.4 ppm. The strongest signal in the
aliphatic region is at 28.4 ppm, where the signals of the methyl groups of the
neobutyl group appear. At 40.6 ppm, the methylene group next to the nitrogen
appears. The third- and fourth- last signals of the aliphatic end-chains appear at
31.8 and 29.9 ppm. The second- last and last signals of it, of course, come at 22.6
and 14.1 ppm. We see the aliphatic signals in B-position to the alcohols at
29.2 ppm. Some small signals are visible at 29.6, 26.1 and 25.3 ppm, which are
related to the a, B and y-position to the spacer. At 28.3, 26.4, 25.8 and 25.6 ppm,
the remaining aliphatic carbons appear, one of which must be hidden in the left
shoulder of the signal at 28.4 ppm.
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Figure 32: 13C NMR spectrum of the protected amphiphile 69 (75.5 MHz, CDCl,)

4.5.1. Investigation of the Micellar Aggregation

The investigation of the micellar aggregation behavior in aqueous solution
included the measurement of the critical micellar concentration. Afterwards, the
constitution of the micelles could be studied by means of cryo-TEM at
concentrations above the obtained critical micelle concentration.

The structure was discovered by means of transmission electron microscopy, and
the size was verified by dynamic light scattering.
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4.5.2. Conductometric Titration

The cationic derivatives were highly water-soluble. Of each substance, 1 mg of it
would dissolve in 20 pyL of water.

In order to get an initial clue about the aggregation behavior, the critical micellar
concentration of the compounds was determined by conductometric titration.
Each measurement was undertaken starting from 9.5 mL of pure
(electrolyte-free) water. The substance was diluted to a specific concentration in
water and added to the measurement cell in portions with equal volume and
delay. The step in the derivative of the conductivity was seen as critical micellar
concentration. The droplet size was 10 to 20 microliters, the added amount of
sample solution was about 1 mL.

Results can be seen in table 3.

From the measured graph of the conductivity against the concentration, an
arbitrary linear term was subtracted, to make the expected kink more clearly
visible along the counterion term. In compound 80, additional, softer
arrangement transition points at 6.9 umol/L and 580 umol/L have been observed,
as shown in figure 34

82 4.037 pHmol/L
83 10.044  pmol/L
80 50.6 pmol/L
84 0.679 pumol/L

Table 3: Critical micellar concentrations of the amphiphiles

The titration curves (figure 33) were fitted with two straight lines along the ranges
of the graph which ocularly were not part of the actual elbow of the kink. The
intersection point of these straight lines was seen as the critical micelle
concentration. As this method has a subjective element, and had deviations of up
to 20 % (in the case of 83, the accuracy is assumed to be not better than 30 %,
since both weighing and pipetting errors could be around 5 % each.
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Figure 33: Conductometric titration curves to determine the CMC. To make the kink more visible,

a straight was subtracted to make the graph end nearly horizontal
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Figure 34: Further titration curves of 80 showing more diffuse kinks. To make the kink more

visible, a straight was subtracted to make the graph end nearly horizontal
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4.5.3. Transmission Electron Microsco TEM

Thanks to Christoph Boéttcher and co-workers,[298! CRYO-TEM pictures were taken
from all agueous aggregates of the amphiphilic compounds. The transmission
electron micrographs show predominantly well-defined micelles which were only
a few nanometers large (figure 35). This means, although the predominant
amount of the compounds' surface is unpolar, the molecules do not form contacts
on most of these points. No regular micelles were observed. The only other type
of aggregation encountered were straight, non-branched rods with a defined,
invariable thickness.

b)

e)

33 nm
100 nm

10 nm|

33 nm
100 nm

Figure 35: Micrographs of the compounds in pure water. a) 84 b) 83 c) 82 d) 81 ¢) 80

A very likely explanation how such a good water-solubility could be possible
amongst these molecules would be that the free fullerene hexagon rings were
hydrated. This can be made more obvious when comparing the molecules with
the simple fullerene, which can also be solubilized in water by giving it a stable
hydrate hull.['°®! Moreover, Beuerle and co-workers have observed a salt-like
behavior Thus, mainly the spacer areas of the molecule consitute the force
responsible for the aggregation. This lies well in accordance with the size of the
aggregates of the bolaamphiphilic molecules 80 and 81, which was calculated by
Boris Schade!!®®! to be similarly large. The hydrophilic molecules 80 and 81 did
not aggregate or just dimerize, so the unpolar substituents of the molecules must
be necessary for the aggregation as well. The tendency that the alkyl chains
barely effect aggregation lies in accordance to the fact that longer unpolar
chains, as in 84, lead to no higher aggregation than the said micromicelles.
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When the hydrophilicity of the substances was attempted to raise by reducing the

pH amongst the ammonium amphiphiles (figure 36), the aggregates became
shapeless and bigger, but did not form more elongated structures. If the pH was
raised amongst the carboxy-amphiphiles (figure 37), which were linear
aggregates anyway, these aggregates build larger and thicker rods, but still with
straight corners. The explanation for the counterintuitive behavior could be the
increase of the ionic strength. A more notable insight in both cases is that,
judging from the straightness of the shapes, the elongated structures are some
sort of crystalline arrangements, not random forms of clotting.

33 nm
100 nm

10 nm|

33 nm
100 nm

33 nm
100 nm

10 nm|

33 nm
100 nm

5

Figure 37: Anionic

4.5.4. Dynamic Light Scattering Experiments

Thanks to Jasmin Dduring,!**®! from 82, 80 and 84, the micellar size was
determined by means of dynamic light scattering (table 4). The results found
matched the TEM results very well. Each measurement revealed the presence of
larger particles, which had no correspondence in the TEM pictures. An explanation
for them would be the polyelectrolyte effect.['!] This effect dampens friction of
polymers in a certain range of concentration. In DLS, they would move farther
and appear bigger, so both experiments can be seen as mutually supporting each
other, though.
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Compound TEM radius DLS
radius peak width
80 1-2 nm 0.6 nm | 0.09 nm
81 1-2 nm n. A. n. A.
82 3-4.5 nm 3.2 nm 0.4 nm
83 3.5-5.5 nm n. A. n. A.
84 4.75-6.5 nm 5.1 nm 0.18 nm

Table 4: Comparison of micellar radii of the amphiphiles measured with DLS and TEM

4.5.5. Theoretical Aspects of the Micellar Aggregation

Interpretation of these results was done by Christoph Bottcher, Kai Ludwig and
Boris Schade.l'*?! In their work, they evaluated large sets of thousands of
molecule images using the multivariate statistical analysis'*'3! to generate three-
dimensional images of the pictures. Their theory resulting from these evaluation
now refers to the size of those globular aggregates. It is not possible to give a
direct explanation for the ratio of unpolar residues to the aggregate size due to
increase of stickyness. Such a construction would either include exposition of
surface area to the outside of simple micelles, which expose binding capacity for
a varying number of addends. An increase of the inter-micellar binding sites
would result in branching, creating higher dimensional polyaggregates than
spheres. The other way stickiness could directly affect size would be, that the
surface amphiphiles had to shelter a higher amount of unpolar dendrimer area
inside of them. As the ratio of inner area to outer area increases linear with the
diameter, the micellar size would be controlled by its surface-to-volume ratio.
This theory has three drawbacks: First, the smaller micelles (see figure 38 c)) are
so small that they have both sides exposed to the surface. As thus, even unpolar
parts are exposed, any further increase of lipophilicity would result in
condensation of the free, unpolar ends, to a precipitate. Second, the aggregates
found seemed to be highly defined. A micelle with an inner area of unpolar
content, but with even some polar ends of stray molecules inside, would be
expected to be chaotic since the disorder requires entropy. But most obvious is
that the micelles were filled with water. This means that the size is determined by
some other effect than the ratio of hydrophilic and hydrophobic area, which is
nearly size-independend on water-filled constructs. Taking in account that any of
the unpolar substances is constrained to its polar counterpart, the reason
becomes clear: to hide the molecule totally in the micelle, the polar part would
also have to enter, which is unfavorable.
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Thus, the big micelles must form from aggregation of defined smaller adducts,
which define a finite aggregation pattern whose shape defines the size. The
obvious starting point for theories about the structure were the aggregates of the
bolaamphiphiles. They were considered as prototype for the smaller micelles.
Although it could not be determined how many molecules they contained, and
much less what their structure was, it was reasonable to assume that they were

aggregating at the unpolar spacer part. Such constructs could consist of 2, 3 or 4
dumbbells (figure 38).

Figure 38: Computer models of different possible aggregates of 80. a) dimer; b) trimer; c)

tetramer
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In order to match the size of the aggregates, the best symmetric model for the

macroaggregates would consist in a dodecahedral arrangement, where twenty of
those micelles constitute a dodecahedron. At least four molecules of 83 or 84
must build a micelle, so that this micelle has three unpolar “connection sites” on
the outside around a three-fold rotation axis, while there are hydrophilic sites on
both sides of the plane built by these sides.

The cubic micromicelles forming such a compound from them would have their
(originally tetrahedral) symmetry distorted. While the three unpolar outer sides
that connect them to aggregates need to be exposed, the fourth would be
exposed to the very fringe of the sphere. It would be energetically preferred to be
drawn further inside of a micromicelle (figure 39 c¢)). And since the inner of each
hydrophilic points has a different environment than the other on the outside, its
angle can be warped to be different from 90 degree. In order to seperate the lipid
area better from the aqueous one, it could be favored to pull it into the micelle,
lowering the inner tip angle below 90 degree (b).

Figure 39: Warps expected on a micromicelle when forming a symmetric larger aggregate

The chains on polar ends are dyed blue for better visibility

The big aggregates are now formed so that the (polar) inner tip points to the
inside (figure 40).
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Figure 40: Dodecahedral aggregate of amphiphile precursor 84

The chains on polar ends are dyed blue for better visibility

It was also seen that 82 would form another form of smaller arrangements,
which can be best described so that the micromicelles resemble the points of a
cuboctahedron, but with little further difference from the dodecahedral structures
(figure 41).

Figure 41: Cuboctahedral aggregate of cationic amphiphile 82

The chains on polar ends are dyed blue for better visibility
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The one-dimensional structures found now consist in 6-membered rings, similarly

formed as the spherical structures. Multiple of those rings form a tube, so the
micromicelles are still intact in this case. This form of arrangement has been
shown by exploring the different side-views, as well as from occurrences where
the rod direction was perpendicular to the image plane (figure 43, detail).
Assuming it is a hexagonal structure, it must consist of two stripes from the side
where a plane points towards the viewer, and of three stripes when an edge of
the hexagon points towards the viewer. Exactly these two views were found

when averaging the side-views of the rods (figure 42).

20A 14.5 A

Figure 42: Projection of a tube side into the plane. Averaged from TEM pictures (a), modeled (b)

and calculated (c)
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Figure 43: The tubular structure formed from 83 depreferentially without buffer.

Scale length = 50 nm The chains on polar ends are dyed blue for better visibility.

Detail in the middle: Top-view on end of rod.

In order to investigate whether the type of hydrophilic residues was responsible
for the uniformity of the aggregates, another amphiphile, 85 was tested. This
amphiphile was “anionic”, it carried carboxy groups. Since it is a known fact that
Bingel-carboxylates get hydrolyzed in pH above 9,[%582] the substance was
created in protonated form. It was unsoluble in pure water. When the pH-Value
was carefully raised using buffers, it was soluble at pH values starting from 8.
Because of the needed buffer (sodium phosphate), conductometric titrations
were impossible, but TEM micrographs were measured under these conditions
(figure 44).
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Figure 44: TEM picture showing the aggregation of amphiphile 85. Scale length: 50 nm
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Due to the imperfect deprotonation and polarity of the buffered water,
well-defined rods built up instead of spherical aggregates. In an attempt to
dissolve this compound in water, 23 mg of it were first dissolved in 1 mL of water
and 4 mL of methanol. Then the methanol was evaporated at 48 °C and
100 mbar. The residue was 850 mg of a gel (figure 45). It was not possible to
dilute this gel with water. The gel kept its shape and did not mix with further
added water.
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Figure 45: Gel-like structure build up from 85 in a 100 mL round-bottom flask

Due to the lack of a crystal structure of this amorphous aggregate, the reasons
for this behavior can only be guessed, but it is likely that it forms domains of
unpolar residues at high concentrations, which do not allow water to pass, so
blobs of water are trapped inside of unpolar domains. The aqueous domains, in
turn, prevent collapsing of the structure, which in turn prevents the remaining
methanol from leaving, resulting in a mutual stabilisation of the phases.
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4.6. Finding a Protecting Group for the C-H-Acidic Position of Malonates

Despite of this success, a tempting question was how to create a real protecting
group for malonates. The selectivity archieved by the chlorides is usable for the
intended purpose of feasibly linking fullerenes together. On the other hand, the
malonates on the unchlorinated end did not become entirely unreactive. They are
still nucleophiles, which can do unwanted attacks. Obvious substrates for this
attack are the chloride atoms on the activated malonates, or other keto-groups.
This could limit the substrate scope of the Bingel reactions. Also, as the
mono-addition experiment told, the reaction still went worse than the usual
Bingel reaction. With that given, it is still of interest to find an actual protecting
group. Many substances, as aldehydes or alkyliodide reagents are capable of
attacking the carbanions of a deprotonated malonate. But since a protecting
group must fulfill the condition of being able to be cleaved off again, such
irreversible addends would not be of any help. 9-(Methyl)fluorene-1'-yl, or Fmoc
groups are designed to be cleaved of under basic conditions, so they have no
protecting effect during a Bingel reaction. The needed molecules had to be hard
Lewis acids. Hexafluoroacetone was a candidate. It had been used as protecting
group before for alphahydroxycarboxylic acids.!***! The attempted reaction did
not occur with DBU as a base. When piperidine was added as a base, fluorine
containing piperidine adducts were resulting (scheme 69). It was easily to
conclude that perfluoroacetone did not attach either due to steric hindrance or
the inability to form a double bond to the malonate (which would be due to steric

0 E 0O O F (Nj F F_OHF
EE&E " Q tosmoghiAo~r = P R SF

Scheme 69: Side-reaction of Hexafluoroacetone with the base rather than the deprotonated

self-hindrance of the planar product as well).

malonate
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4.6.1. Triphenylmethyl Cation as Protecting Agent

Triphenylmethane is another carbon electrophile. Its steric hindrance and
capability of stabilizing a positive charge would make it a proper candidate for
reversible protection of a C-H acidic point. As the cation had been added to
diethyl-malonate before using an alcoholate base, and the hydrolysis of
triphenylmethane/malonate adducts had been done successfully in ethanol/water
mixtures,!**>! protecting the malonate with triphenylmethane seemed to be a
promising approach.

In order to avoid the use of an alcoholate base, which would be incompatible with
the ester groups in the Bingel adducts, the addition (scheme 70) was undertaken
with DBU as base - a reaction which was successfully applied to tropylium, see
chapter 4.6.3.. Although the yield was rather low (13.5 %), formation of a mixture
of end-on adduct of triphenylmethane, triphenyladduct 87, was observed,
interestingly accompanied with an equal amount of the di-adduct 88 (12.7 %
Yield). This showed that a single group did not really work as a protecting agent,
as due to the low steric hindrance, substances like triphenylmethyl chloride 86
could bind. Attaching it twice posed a statistic difficulty on the intended stochastic
reaction, on which a spacer with two malonates had to be (completely) protected
on one side but be left unsubstituted on the other.

intended product

0 o~ o0 O

/\O O/\
- O O10
: J 0 >

87 89
g

88 not separateable

Scheme 70: Attempts to use the triphenylmethyl cation as protecting agent

The doubly triphenylmethane-substituted malonate can furthermore not be
deprotected anymore. Neither HBr/acetic acid nor boiling in water could cleave off
the diphenylmethylphenyl groups. Because of the low yield and the difficulty to
separate from triphenyladduct 87 from 89, which would have become even
worse on more complex malonates, this approach was withdrawn.
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4.6.2. Ninhydrin as Protective Agent

As in theory, any stable electrophile attached to a malonate would do, also the
central carbon atom of ninhydrine might be able to protect diethyl malonate.
Addition of ninhydrine, with DBU as base to diethyl malonate went smootly at
room temperature in dichloromethane and was finished after 20 minutes
(scheme 71).

0 0
2 0 o Y oy o
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Scheme 71: Binding Ninhydrine to the C-H acidic position of malonates

However, when a malonate, which was protected this way, was subjected to the
Bingel conditions in the equimolar presence of an unprotected malonate, and one
equivalent of base, sufficient to attach one malonate only (scheme 72), the
resulting fullerene fractions were equipped with an equimolar share of both
malonates, while the recovered "protected" malonate had all of its carbonyl
signals split, suggesting that it did shuffle under those conditions. Evidently, the
addition of the malonate was reversible under basic conditions.

O o ,—
N 0O O
OH»-0 AN
o - GO oA
00 after 1 h
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Scheme 72: Ninhydrin-protected diethyl malonate is still attached to a fullerene in concurrence to

dimethyl malonate
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Any attempt to protect the alcohol from double-bonding back to the fullerene

failed, as no reaction occurred with addition of any electrophile to it. Substances
that were tried were methyl iodide, trimethyl silyl chloride, and acetyl chloride.
Sulfuric acid was also tried in order to cleave off the alcohol and the attached
proton as water, but it led to no reproducible results. Titanium tetrachloride also
failed in an attempt to cleave off the alcohol, but interestingly, it accomplished
the attachment of the diethylmalonate to the ninhydrine. Replacement of
ninhydrine by 1,3-indanedione-2,2-dichloride 91 was another approach to combat
the basic instability of the adduct. The nucleophilic adduct of diethyl malonate to
1,3-indanedionedichloride would be protected by a pre-formed leaving group, the
chloride anion, which would require a hydrolysis of a C-Cl bond to be cleaved off
again, which could be possibly stable under the Bingel conditions, or cleave off
immediately to form a double bond. When indanedionedichloride 91 was
subjected to the addition conditions, no substituted malonate was observed
(scheme 73). The alcohols on the malonate were later found as a carbonate,
possibly by some complex rearrangement of the unstable product.

0]
4
0]

0 AN desired product
P Vg QN 0 P
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00

921 37

Scheme 73: Strange decomposition reaction of Indandione dichloride

These findings suggested that building up a double bond from the malonate to a
moiety which is unstable enough to be cleaved off again would result in no stable
adduct.

4.6.3. Tropylium as a Protecting Group

As a protecting group, tropylium seemed to fulfill the requirements: It was an
electrophile, so it could attach a deprotonated malonate. An adduct would
sterically hinder an attack on the remaining C-H - acidic proton - or at least on the
anion remaining after such an attack. As a carbocation, tropylium would fulfill the
second requirement, which is to have enough stability to be cleaved off again.
The connection of the tropylium ion to the spacer 35 under base addition worked
as expected (scheme 74 ¢)).
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Scheme 74: Addition of tropylium to a malonate using a base

Unlike 42 or 36, the carbon NMR spectrum of 93 (figure 47) shows no split of the
alkyl signals. There is a splitting of the carbonyl signals, though, and a small split
of the alkoxy signals. In the proton spectrum (figure 46), the multiplet of the
tropilidene-side CH,O groups (which is split between the different sides of the ring
plane) is superimposed with the one on the other side. The actual proof for the
product is the simultaneous presence of the C-H-acidic protons of the dublet at
3.62 ppm for a substituted malonate and the one at 3.36 ppm for an
unsubstituted one, having the correct 1 to 2 intensity ratio.
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Figure 46: 'H NMR spectrum of a tropylium-protected spacer 93 (300 MHz, CDCly).

Integral zones are shown as red beams
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Figure 47: 3C NMR spectrum of a tropylium-protected spacer. a) doubly protected; b) 93
(75.5 MHz, CDCl3)

Another hardpoint of tropylium was that it could be cleaved off again. Multiple
acids were tried, including sulfuric acid, and cyanide and fluoride salts, but the
onliest effective reagent was hydrobromic acid in anhydrous acetic acid
(scheme 75). The strongly acidic conditions needed were orthogonal to the
reaction conditions in a Bingel reaction. However, it seemed inappropriate that
they had to be so harsh.
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Scheme 75: Cleavage of the tropilidene protective group from a malonate

Literature investigation later revealed that the addition of a malonate to
tropylium was already discovered.!*'®! However, the author was primarily
interested in decarboxylating or hydrolyzing the malonate rather than setting it
free again.

Now about the effectiveness of tropylium as a protecting group. As seen in
scheme 76, only the unprotected malonate added to the fullerene. The protected
malonate, however, was only recovered with an impurity, for which unresolvable
signals in the aromatic region were observed that were different each time. My
guess is that these signals occur due to rearrangement in the triene unit, yielding
different types of aromatic rings. Interestingly, this decomposition did not occur if
the protected malonate only was exposed to the Bingel conditions (DBU, CBr,,
fullerene) with no free malonate present. In experiment b), the addition of the
one-side protected spacer did not give a clean product due to the same
syndrome of decomposition.
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Scheme 76: Experiments on the usability of tropilidene as a protecting group

4.6.4. Attempts to Find a Bulk-Synthesis for the Heptamethyltropylium

lon

In order to get these problems under control, it must be understood that the
tropilidene, as which tropylium is constituted in its attached form, is an alkene. As
a such, it will undergo addition reactions to several reagents, including bases, the
bromyl cation, and similar fragments formed under any reaction conditions.
However, alkenes loose much in reactivity when the steric hindrance is large
enOUgh.[117’118’119’120]

To check whether the use of this compound was feasible, a preliminary
experiment was done whether permethyltropylium would be able to attach to the
malonate at all, especially whether electronic effects of methylated tropylium
ions would prevent its attachment or not (scheme 77). Hexamethyltropylium was
created following the common method of Knoche (scheme 19 a) and ¢)), and
could be successfully added to the spacer 35 to form 96.
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o 0] e
35 ClOg 26 + isomers

Scheme 77: Addition of hexamethyltropilidene to cyclo[2]-octylmalonate 35, yielding an adduct

mixture

The sole MS peaks of this adduct (figure 48) at 603 ([M]*), 625 ([M - H + Na]*) and
641 ([M - H + K]*) prove clearly that the reaction succeeded as intended. The R

value in dichloromethane/ethyl acetate 19:1 of this product amounts, according to
the fact that an unpolar residue was attached, to 0.63, in comparison with 0.5
observed for pure 35. A more unpolar peak was observed with R=0.71, which

was likely due to the bisubstituted educt.

602.3
625.3
641.3

5

6

7

8

9

0

1
620
630
640
650

Figure 48: MALDI-Mass spectrum of 96 C55H;5,0g (matrix: sin)

The NMR spectrum contained several peaks in the area of the C-H - acidic
protons. Obviously, these different peaks must occur due to different
regioisomers of the added spacer. No methyl proton signals were found between
2.8 and 2 ppm, proving that no aromatic ring had been formed.

Even if this adduct was suitable as protected substrate, the chaotic crowd of
signals would make it unsuitable for spectroscopic verification of the
intermediates during use of this group (figure 49). To overcome this, the
protecting group aimed to be synthesized had to have at least C,-symmetry.
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Figure 49: NMR spectra of 96 (75.5 MHz, CDCl;) (400/100 MHz, CDCl;)
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The largest problem to create such highly substituted heptane cycles was the

close proximity of reacting functional groups to each other. This is, until now, the
primary reason why none of my approaches was successful. In general, my basic
method was to conduct a nucleophilic coupling reaction, between two
components that would both exhibit an additional reaction site in order to
accomplish a later cyclization. And these additional reaction sites were
problematic because they had to be in a-, B- or y-Position to the reacting one in
order to cyclize a 7-membered ring from two halves. The atoms between thoses
sites had to be prepared to be transformed to a double bonded with another
CH;-group. This gives the need to keep them reactive, which favors the problem
with side-reactions amongst them even more. A methyl group already attached
between these sides can still be a problem by providing a proton for elimination,
as seen in scheme 78 or 79. The most abundant side-reactions consequently
were eliminations in the nucleophilic part, or, regarding the part intended as
electrophile, polymerisiation and steric hindrance due to the
keto/enol-equillibrium of these carbonyl compounds.
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Scheme 78: Attempts to create higher substituted tropylium derivatives by means of the Claisen

condensation
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Scheme 79: Problems with unwanted deprotonation during the Wittig reaction
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Scheme 80: Parasitic elimination of HBr from dibromobutane (a): alkene not identified, postulated

from failing

The most obvious way to create such unsaturated and highly substituted adducts

would be the Knoevenagel reaction.!'?! P- 5271 However, butanedione failed to react

under ordinary Knoevenagel conditions, and the attempt to create bisadducts

under conditions specialized for ketones!*??! led to a compound that resulted from

a parasitic transesterification (scheme 81).
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Scheme 81: Attempts to form an unsaturated and highly substituted alkyl chain by means of the

Claisen condensation

Attempts to generate 102 from this cyclic side-product failed in both basic

(NaOCH; in Methanol) and acidic conditions (Methanol, sulfuric acid) (scheme 82).



Conclusions and Outlook 114

a) \
\ 0.0
00O
o N Hs- O\ Olb/
b g o _0 \O
! oo
o O ‘
101
b) \
\ 0.0
00O
o H2;0<9 eq. Oy o
o O A
M 75 °C -~ o)
0 0 \O\ 24ays Y
(00
o O ‘
101 102

Scheme 82: Attempts to react the product of the parasitic lactamisation

An attempt to cyclize compound 101 by double Claisen-condensation to
acetonitrile led to polymer only.

Phosphonic ester were unable to attach to 2,3-dibromobutane: They prefered the
side product which is set free in the Michaelis-Becker reaction,'23! ethylbromide,

as a substrate.

5. Conclusions and Outlook

A new method to selectively attach bilateral malonate spacers and similar
malonate constructs with multiple reactable sites has been discovered. The
simple method of attaching the malonates in concurrence to the spacer's other
end has been shown to be unusable. The side-reactions in the Bingel-reaction
have been elucidated, giving an explanation why the obvious way of creating a
selectivity by pre-bromination did fail. The tetraalkyltetracarboxyalkenes have
been demonstrated to be the actual active reagent that effects the famous
tetrabromocarbon templatisation (page 69), whose mechanism was not
understood until now. This gives access to another, new way of regioselective
Synthesis. One further important finding is the selectivity obtained by combining
the isoxazoline protecting group and the monochlorinated malonates. It gives us
the possibility to conduct a multiaddition reaction which required no
isomer-separation at all. Further, the efficiency of meta-benzylaniline cation
precursorst®?! has proven suitable for quantitatively creating cations on fullerenes.
The last two issues are of special importance especially since the separation of
different fullerene isomers, which had positive charges all over the surface,
showed to be impossible. A series of macroamphiphiles of fullerenes has been
synthesized which show a yet unknown aggregation behavior.
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They take part in a nested aggregation of small, unstable fragment-aggregates to
well defined, obviously hollow, and porous macroaggregates. This happened at
very low critical micellar concentrations, but still, their actual solubility was very
high. Both the porousness and the final limit of solubility hint on a surprisingly
high hydrophilicity of them. Tropylium turned out to theoretically be a protective
agent for C-H acidic protons, but the pure form is unsuitable for the Bingel
conditions. Because of that, attempts to higher derivatives have been
undertaken, the most promising approach of which has been shown to be the
titanium tetrachloride variant of the Knoevenagel reaction.

The final star-shaped polycationic fullerene structure still awaits to be
synthesized. With the new central moiety 46, this should be possible, but a more
stable alternative to pentakisadduct 32 must be found. What the amphiphiles are
concerned, further types of them have to be synthesized, if possibe with more
rigid addends, to detect the principles of the newly discovered type of
aggregation. Among the amphiphiles, no systems with quarternary ions had yet
been made. As this was mostly due to the fact that the product mixture could not
be separated, the new method in chapter 4.3.1. (page 65), which seems to create
a perfect selectivity amongst the non-decomposed products, could allow access
to just this class of compounds from pre-charged malonate units. This would, on
one hand, allow to discover the aggregation behavior independently from the
pH-Value, and give more defined aggregates, enough to create X-ray structures
from them to investigate the aggregation mechanism and their usability for
catalytic purposes. And the tropylium ion is obviously no stable protecting agent
against Bingel conditions until the heptaethyl form can be made at least.

5. Zusammenfassung und Ausblick

Es wurde eine neue Methode entdeckt, die es ermdglicht, Malonat-Abstandhalter
und ahnliche Konstrukte mit mehreren reaktiven Stellen selektiv reagieren zu
lassen. Es wurde auch gezeigt, dall die Vorgehensweise, die Malonate einfach in
Konkurrenz zu dem Ende des Spacers reagieren zu lassen, unbrauchbar ist. Es
wurden die Nebenreaktionen der Bingel-Reaktion aufgeklart und so gezeigt,
warum der scheinbar einleuchtende Weg, die angreifenden Malonataddenden
einfach im Voraus zu bromieren, fehlschlagt. Desweiteren wurde gezeigt, dass
die Tetraalkyltetracarboxyalkene die entscheidende reaktive Spezies der
Tetrabromkohlenstofftemplatisierung sind, deren Mechanismus bisher noch nicht
verstanden war - dies erdffnet ebenfalls neue Mdglichkeiten fur regioselektive
Synthesen.
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Eine weitere wichtige Entdeckung ist die Selektivitat, die man erhalt, wenn man
die Isoxazolin-Schutzgruppe und die monochlorierten Malonate miteinander
kombiniert. Dies gibt uns nun die Moglichkeit, die Multiaddition durchzufuhren,
ohne daf eine Isomerentrennung erforderlich ware. Der
meta-Benzylamin - Kationenvorlaufer hat sich als geeignet erwiesen, an
Fullerenen quantitativ Kationen zu erzeugen. Letztere zwei Punkte sind
insbesondere deswegen von Bedeutung, als da die Auftrennung von
verschiedenen, an der gesamten Oberflache Vvielfach kationischen
Fullerenderivaten nicht moglich ist.

Eine Reihe von Makro-Amphiphilen aus Fullerenen ist untersucht worden. Diese
wiesen ein bisher unbekanntes Aggregationsverhalten auf. Sie unterlaufen eine
verschachtelte Aggregation aus kleinen, instabilen Aggregatsfragmenten, die sich
zu groBeren, offensichtlich hohlen und pordosen Makroaggregaten
zusammenlagern. Und obwohl dies einerseits mit ziemlich niedrigen CMC-Werten
geschah, war trotzdem die eigentliche Loslichkeit sehr hoch. Sowohl die Porositat
der Aggregate als auch die hohe endgultige Loslichkeitsgrenze lassen schliel3en,
dald diese Molekule eine Uberraschend hohe Affinitat zu Wasser haben.

Tropylium stellte sich als eine im Prinzip geeignete Schutzgruppe fur C-H-acide
Protonen heraus, aber die reine Form ist ungeeignet fur die Bingel-Bedingungen.
Deswegen wurde der Versuch unternommen, hohere Addukte von diesem zu
erhalten. Als der vielversprechendste Ansatz hat sich hierbei die
Titantetrachlorid-Variante der Knoevenagel-Reaktion erwiesen.

Die erwunschte, sternenformige, vielfach-kationische Fullerenstruktur steht
immer noch aus, synthetisiert werden. Mit der neuen Zentraleinheit 46 sollte dies
moglich sein, sobald eine stabilere Alternative zum
Kationenvorlaufer-Pentakisaddukt gefunden ist. Was die Amphiphile betrifft,
konnten weitere Konstrukte ausprobiert werden, moglichst mit starren Addenden,
um die Gesetzmalliigkeiten dieses neu entdeckten Typs einer Aggregation zu
erkunden. Da das Haupthindernis fur die Erzeugung permanent-kationischer
Amphiphile hauptsachlich die Abtrennung der Isomere war, ware es mit der in
Kapitel 4.3.1. (Seite 65) dargestellten Methode mdglich, permanent kationische
Varianten mit Hilfe von bereits kationisch eingesetzten Malonaten zu erhalten, um
einerseits das Aggregationsverhalten unabhangig vom pH-Wert erkunden zu
konnen, andererseits auch, da sie vielleicht ausreichend definierte Aggregate
bilden kdnnten, um davon eine Struktur mittels Rontgenbeugung zu erhalten.
Dadurch kdnnte man den Aggregationsmechanismus genauer erklaren und seine
Moglichkeiten als Katalysator ausloten.

Das Tropyliumion wird sich vermutlich weiterhin nicht eignen, um als
Schutzgruppe fur Malonate unter Bingel-Bedingungen zu fungieren, bis nicht
wenigstens die Hepta-Ethyl-Variante zuganglich ist.
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6. Experimental Part

6.1. General Remarks and Chemicals

Chemicals & Solvents: Unless otherwise stated, chemicals were purchased
from commercial sources and used without further purification. C;, was
purchased from 10-LI-TEC Nanomateriats. Raw solvents were distilled before use,
alcohols were distilled from CaO, chloroform, dichloromethane and ethyl acatate
were distilled from K,CO;, dry THF was dried with KOH and distilled from sodium,
dry ether was dried with KOH and distilled. For reactions with fullerenes present,
HPLC grade solvents were used.

TLC: Marcherev-Nacer TLC silica gel 60 F,5,. Developer: KMnO, (1 % solution in 1 %
aqueous KOH).

Column chromatography: Merck silica gel 60 (230-400 mesh, 0.04-0.063 nm)
(deactivated).

Flash chromatography: InterCum puriFlash 430. Column: SIHC-JP 15 um 40 g.
Substance purified portion-wise.

UV/Vis spectroscopy: VarianCarvy 5000, Solvent: CH,Cl, or H,O. Absorption
maxima given in nm, extinction in Mtcm>.

Conductivity Titration: Conductivity: WTW Cond 330i conductometer. Basis
volume: 9.5 mL. Step volume: 10 pL. Solvent: pure water.

Infra-red spectra: Bruker FTIR Tensor 27 (ATR). Abbreviations: w: weak; m:
medium; s: strong.

NMR: Bruker Avance 400, Bruker Avance 300, JEOL GX 400. Field strengths given as
resonance frequency of the respective nucleus. The chemical shifts are given in
[ppm] relative to TMS. Abbreviations: s: singlet; d: doublet; t: triplet; g: quartet; m:
multiplet; br: broad. Spectra recorded at room temperature.

MS: Maldi: Snmabzu AxXima Confidence (TOF). ESI: Bruker Daltonics micrOTOF (TOF).
Matrices: dctb: (E)-2-(3-(4-(t-butyl)phenyl)-2-methylallylidene)malononitrile; sin:
3,5-dimethoxy-4-hydroxycinnamic acid; dith: 1,8-dihydroxy-10H-anthracen-9-on;
dhb: 1,5-dihydroxybenzoic acid.

MSA:Automatic sampling: EMAN software, boxer module.!*?*! Determination of

class sums and 3D calculation: Ivace Science IMAGIC-5 software.[125]
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DLS: Light source: HeNe Laser (A = 632.8 nm; 20 mW), correlator: ALV 5000.
Goniometer: ALV CGS 3. Range: 30° = 0 = 150° (step: 20 °). The intensity
autocorrelation function g2(t) was transformed for each angle to the electrical

field's autocorrelation function gl(t) by means of the Siegert relation.
Consecutively, the distribution of the relaxation times was calculated by means of
the inverse Laplace transformation.

Computer chemistry: Method: Hartree-Fock. Basis Set: cc-pVDZ. Program:
Gaussian09.[126!

Document: HTML rendering was done with wkhtmltopdf-0.9.9, chemical
structures were drawn with CS Chemdraw-12*?"1 and rendered with

Ihendraw-0.3,128] spectra were rendered with nmrpaster.[*28

6.2. Substances Synthesized According to the Literature

The following compounds were synthesized in procedures known from the
literature.
Hence, their synthesis will not be described in the experimental section.

Bis(3-(t-butylcarboxy)propyl) malonate 77°°!

Bis(3-carboxypropyl)malonate 25!°°!

m-Methoxymethylaniline 24[8°!

Bis(6-(boc-amino)hexyl)malonate 39!%8!
(Bis[6-(boc-amino)hexyl]lmalonyl)-[5,0]-pentakis-1,2,18,22,23,27,45,31,32,36-
decahydro[60]-fullerene 51!°8!
(Diethylmalonyl)-[5,0]-pentakis-1,2,18,22,23,27,45,31,32,36-decahydro[60]-
fullerene 498!

Cyclo-[2]-octylmalonyl-1,2-dihydro[60]fullerene 19!81!
(Diethylmalonyl)-[5,0]-pentakis-1,2,18,22,23,27,45,31,32,36-decahydro[60]-
fullerene 498!
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6.3. Synthetic Procedures

Synthesis of 4-methyl-hexan-5-0l-3-one 97

According to lit.[*21 p- 3201 pentanone (27.6 g, 33.9 mL, 321 mmol, 3 eq.), a solution
of KOH (0.180 g, 3.21 mmol, 0.03 eq.) in MeOH (1.2 mL) was added. The mixture
was cooled to 10 °C. Acetaldehyde (4.71 g, 6.00 mL, 107 mmol, 1 eq.) was added
dropwise over 4 h. Then the mixture was warmed to 15 °C and stirred for another
2 h. Acetic acid (200 pL) was added. The mixture was dried with Na,SO,, filtered,
washing with dichloromethane. The solvent and educt from the filtrate was
removed under reduced pressure and the raw product was distilled (75 °C,

9 mbar). Yield: 8.29 g (63.7 mmol, 60 %). d = 0.99 g/cm?

Cation Exchange Experiment Resulting in 2-bromo-cyclo[2]-
octylmalonate 36 and Compound tetraethyl tetracarboxyethene 57.
1,3-diethyl-2-bromomalonate (476 mg, 339 puL, 1.99 umol, 10 eq.), diethyl
malonate (319 mg, 302 pL, 1.99 mmol, 1 eq.) and cyclo[2]-octylmalonate 35
(85 mg, 199 umol, 1 eq.) were dissolved in toluene (5 mL). DBU (303 mg, 297 uL,
1.99 mmol, 10 eq.) was added and the mixture was stirred for 12 h. Acetic acid
(0.5 mL) was added and the resulting solution was plug-filtered (SiO,;
dichloromethane/ethyl acetate 1:1) and again (SiO,; dichloromethane, 6 BV;
ethyl acetate; dichloromethane/ethyl acetate 1:1). The resultant was purified by
column chromatography (dichloromethane/ethyl acetate 19:1). In the fraction
with R = 0.11 in dichloromethane, 18 mg of the cycle emerged which was
mono-brominated. Furthermore, tetraethyl tetracarboxyethene 57 was found (at
least 60 mg), and tetraethyl-1,1,2,2-ethanetetracarboxylate.
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Brominated malonate 2-Bromo-cyclo[2]-octylmalonate 36 spectroscopic data:
'H-NMR (300 MHz, CDCl;): 6 = 4.83 (s, 1 H, CHBr), 4.35..4.08 (m, 8 H, CH,0),
3.34 (s, 2 H, CH,(C=0),), 1.6 (m, 8 H, CH,CH,0), 1.3 (m, 16 H, CH,CH,CH,CH,0)
ppm.

13C-NMR{*H} (75.4 MHz, CDCl) :6 =166.5 (2 C, CH,(C=0),), 164.5
(2 C, CHBr(€=0),), 67.2, 65.5 (4 C, CH,0), 43.2 (1 C, CHBr), 42.2 (1 C, CH,(C=0),),
29.3, 29.2 (4 C,CH,CH,0), 285, 284 (4 C,CH,CH,CH,0), 25.8, 25.7
(4 C, CH,CH,CH,CH,0) ppm.

HRMS (ESI, AcN + MeOH): calcd. for C,,H;;BrNaOg [M + Nal]*: 529.14061; found:
529.14202.

Proof for tetraethyl tetracarboxyethene 57. *H-NMR (300 MHz, CDCl;): 6 = 4.29
(a, 3Jyn = 7.2 Hz, 8 H, CH,0), 1.29 (t, 3),, = 7.2 Hz, 12 H, CH,).

13C-NMR{*H} (75.4 MHz, CDCly): 6 = 162.3 (4 C, €C=0), 135.3 (2 C,C=C), 62.6
(4 C, CH,0), 13.8 (4 C, CH,).

Proof for tetraethyl 2-malon-2-yl-malonate 56: 'H-NMR (400 MHz, CDCl;): 6 =
4.24..4.12 (m, 8 H, CH,0), 4.09 (s, 2 H, CH-CH), 1.24 (t, 3},,, = 7 Hz, CH;) ppm.
13C-NMR{*H} (100.5 MHz, CDCl;): 6 = 167.0 (4 C, C=0), 62.0 (4 C, CH,0), 51.4
(2 C, (C=0),CH-CH(C=0),), 13.9 (4 C, CH;) ppm.

HRMS (ESI, CH,CI, + AcN + MeOH): for C,,H,504 [M + H]* calcd. 319.13874. found:
319.13946; for C;,H,,NaO4 [M + Na]* calcd. 341.12069. found: 341.12146;

Experiment Showing Unability of Chloryl Cations to Shuffle
1,3-Diethyl-2-chloromalonate 41 (385 mg, 320 pL 1.99 mmol, 10 eq.), and diethyl
malonate 37 (319 mg, 302 pL, 1.99 mmol; 10 eq.) were dissolved in toluene
(5 mL). Cyclo[2]-octylmalonate 35 (85.3 mg, 199 umol, 1 eq.) was added and
stirred until complete dissolution. The mixture was stirred at room temperature
for 24 h. work-up, isolation of the spacer-containing fraction and 'H-NMR
spectroscopy gave no evidence for the C-H-acidic proton of the single-chlorinated
malonate of 2-chloro-cyclo[2]-octyl malonate 42.
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Cation Exchange Experiment Resulting in 2-bromo-cyclo[2]-
octylmalonate 36 and diethyl malonate 37

N
N
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Scheme 83: Experiment to prove an exchange of bromine amongst malonates

1,3-Diethyl-2-bromomalonate (47.573 mg, 33.9 uL, 199 umol, 1 eq), cyclo[2]-
octylmalonate 35 (85 mg, 199 umol, 1 eq.) were dissolved in toluene (5 mL). DBU
(30.3 mg, 29.7 uL, 199 umol, 1 eq.) was added and the mixture was stirred for
2.5 h. Acetic acid (100 uL) was added and the resulting solution was purified by
column chromatography (SiO,; dichloromethane). Yield: 13 mg, 12.8 %.
Brominated malonate 36 spectroscopic data:

!H-NMR (300 MHz, CDCl3): 6 = 4.83 (s, 1 H, CHBr), 4.35..4.08 (m, 8 H, CH,0),
3.34 (s, 2 H, CH(C=0),), 1.6 (m, 8 H, CH,CH,0), 1.3 (m, 16 H, CH,CH,CH,CH,0)
ppm.

13C_.NMR{!H} (75.4 MHz, CDCl): 6 = 166.5 (2 C, CH,(C=0),), 164.5
(2 C, CHBr(€=0),), 67.2, 65.5 (4 C, CH,0), 43.2 (1 C, CHBr), 42.2 (1 C, CH,(C=0),),
29.3, 29.2 (4 C,CH,CH,0), 28.5, 284 (4 C,CH,CH,CH,0), 25.8, 25.7
(4 C, CH,CH,CH,CH,0) ppm.

Proof for diethyl malonate:

13C-NMR{*H} (100.5 MHz, CDCl;): 6 = 166.6, 61.5, 41.7, 14.0 ppm.

ESI-MS(CH,Cl,, MeOH, CH;CN): calcd. for C,,H;sBrNaOg [M + Nal*: 529.14075
meas.: 529.14100 Da.

Experiment for Creation of ((Bis[6-(boc-amino)hexyllmalonyl)-(cyclo-[2]-
octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[6,0]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 52

Central unit 46 (25 mg, 7.7 umol, 1 eq.) was dissolved in toluene (7 mL). CBr,
(17.4 mg, 52.5 pmol, 6.8 eq.) was added. P;-tBu (14 mg, 15.2 uL, 60 pmol,
7.8 eq.) was diluted with 2 mL toluene and pentakis adduct 51 (152 mg,
47 umol,6.1 eq) was added immediately afterwards. Twice, once after six weeks
and after total 10 weeks, another 51 (152 mg, 47 pumol, 6.1 eq), CBr, (8.7 mg,
26.2 ymol, 3.4 eq.) and P;-tBu (7 mg, 7.6 pL, 30 umol, 3.9 eq.) (diluted in

toluene) were added.
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Four more weeks later, the mixture was plug-filtered
(SiO,;dichloromethane/ethyl acetate 1:1) and purified with  column
chromatography (toluene:ethyl acetate 3:2). The plug residue was also checked
by washing it with acetone/ethanol 1:1. Multiple fractions were obtained that
exhibited the UV-bands at 314 and 334 nm, but no fraction could be determined
as the correct one by a product signal in its MS spectrum.

Oxazoline-Templated Chloromalonate Hexakis-Addition
(p-N,N-dimethylaminophenylisoxazolino)-mono-1,2-dihydrofullerene 30 (31 mg,
35.1 ymol, 1 eq.), 1,3-diethyl-2-chloromalonate 41 (120 mg, 100 puL, 618 umol,
17.6 eq.) was added and P;-tBu (59.8 mg, 64.7 uL, 255 mmol, 7.3 eq.) were
added drop-wise in toluene over 30 min. The mixture was stirred over 8 days.
P,-tBu (21.4 mg, 23 uL, 91.3 pmol, 4 eq.) was added drop-wise in toluene and the
mixture was stirred for further 4.5 days. The mixture was plug-filtered
(dichloromethane/ethyl acetate 1:1) and again (toluene/ethyl acetate 1:1) and
purified by means of column-chromatography (SiO,; toluene:ethyl acetate
10:10:0.75).

Yield: 33 mg (19.7 pmol, 56.1 %)

One-Pot Synthesis of Central unit 46

(p-N,N-Dimethylaminophenylisoxazolino)-mono-1,2-dihydrofullerene 30 (35 mg,
39.64 umol, 1 eq.) and 2-chloro-cyclo[2]-octyl malonate 42 (216 mg, 467 umol,
11.8 eq.) were dissolved in 100 mL of toluene. P,-tBu (109 mg, 118 pL
0.467 pmol, 11.8 eq.) was added drop-wise in toluene in 70 min. After 13 days,
further 2-chloro-cyclo[2]-octyl malonate 42 (106 mg, 229 umol, 7.5 eqg.) and
P,-tBu (43.4 mg, 47 pL 0.185 umol, 6 eq.) was added and the mixture was stirred
for 21 h. The mixture was thoroughly degassed and irradiated with a 500 W high-
temperature tungsten soffit lamp for 24 h. After another 24 h, the mixture was
plug-filtered (SiO,; toluene/ethyl acetate 4:1) and purified by means of column-
chromatography (SiO,; toluene/ethyl acetate 4:1) twice, the second time on
15 pm SiO, very slowly. Yield: 44 mg (13.4 pmol, 11.6 % based on the total

amount of the malonate, 33.8 % based on the fullerene).
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Cooperative Bingel Experiment

Cso (20.0 mg, 27.8 pmol, 1 eq.) was dissolved in toluene (8 mL). 1,3-Dimethyl-2-
bromomalonate (16.8 mg, 10.5 puL, 79.6 umol, 3 eq.) and 1,3-diethyl-2,2-
dibromomalonate 59 (25.3 mg, 15.1 pL, 79.6 pumol, 3 eq.) were added and P,-tBu
(18.7 mg, 20.2 pyL 79.6 umol, 3 eq.) was added dropwise in toluene (3 mL). The
mixture was stirred for 18 h. The solution was plug-filtered (SiO,;
dichloromethane/ethyl acetate 1:1) and absorbed on SiO, in dichloromethane,
washed with dichloromethane (2 BV) and eluted with
dichloromethane/ethyl acetate 1:1.

Tetraethyl tetracarboxyethene 57-Templated Generation of
Hexakisadduct 13 to Elucidate the Mechanism of the DMA-Templated
Bingel Reaction

Ceo (25 mg, 34.7 pmol, 1 eq.) was dissolved in toluene (15 mL). 1,3-diethyl-2-
bromomalonate 2 (24.9 mg, 17.7 pL, 104 umol, 3 eq.) and tetraethyl
tetracarboxyethene 57 (110 mg, 347 umol, 10 eq.) were added and DBU

(105.6 mg, 104 uL, 694 umol, 20 eqg.) was added drop-wise in further 15 mL
toluene. The mixture was plug-filtered (SiO,; dichloromethane/ethyl acetate 1:1).
Here, the first NMR spectrum was taken. Further purification was done by another
plug-filtration (SiO,; hexane/ethyl acetate 3:1;hexane/ethyl acetate 2:1 (multiple
bed volumes); and finally dichloromethane/ethyl acetate 1:1 to elute the product).
Yield: 22 mg (13.2 pmol, 38 %)

Tetraethyl tetracarboxyethene 57-Templated Generation of an e-
bisadduct 60 to Elucidate the Mechanism of the DMA-Templated Bingel
Reaction

Ceo (16 mg, 23 uymol, 1 eq.) was dissolved in toluene (15 mL). 1,3-diethyl-2-
bromomalonate 2 (5.5 mg, 3.9 pL, 23 umol, 1 eq.) and tetraethyl
tetracarboxyethene 57 (72.5 mg, 229 umol, 10 eq.) were added and DBU

(34.9 mqg, 34.24 pL, 229 umol, 10 eq.) was added directly. The mixture was
plug-filtered (SiO,; dichloromethane). There was a low share of other fullerene
adducts in the product mixture. However, most of them were higher fullerene
adducts. Further purification was done by column-chromatography (SiO,;
dichloromethane) and (SiO, 15 pm; dichloromethane). Yield: 4.3 mg (4.1 pmol,
18 %)

13C-NMR: see results (page 75).

MS (MALDI-TOF, sin): m/z = calcd. for C,,H,,04 [M]*: 1036.12. found: 1036; calcd.
for C,,H,,04Na [M + Na]*: 1059.11. found: 1059;
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GPO: General Procedure for Addition/Cleavage experiments

A 100 mL NS29 round-bottom flask was used, usually closed with stopper, or a
condenser if reflux conditions were wanted. If not further stated, the reaction was
carried out at room temperature (23 °C). The solvent was usually
dichloromethane. The solvent was filled in first, then the educts which were not
expected to react with each other were inserted. the reagent was inserted last to
the well-stirred solution, which was stirred until workup. If bases were present,
the mixture was plug-filtered on SiO, with some adequate mixture of
dichloromethane and ethyl acetate. If acids were present, water was added, then
dichloromethane was added and the phases were separated. The
dichloromethane phase was dried on MgSO,x2H,0, which was filtered off after
1 h. The raw mixture was purified on column chromatography if necessary, or the
solvent was just distilled off on a rotary evaporator.

GP1l: General Procedure for Experimental Forming of Fullerene
Multiadducts

This reaction was usually carried out at room temperature (23 °C). The flasks
were heated over 100 °C at lower than 20 pa pressure. The solvents used were
bought as dry solvents. A nitrogen athmosphere was kept inside the vessel. The
Cqo derivative was put into the solvent and stirred until complete dissolution (if
possible). If dimethylanthracene was used, it was added after dissolution of the
Cso- Not more than 10 eq. of dimethylanthracene were used. The mixture was
stirred for at least 2 h, or, if the Cg, derivative did not dissolve completely, for 3 h.
The malonates were added, followed by the halogenating agent. The base was
diluted in the solvent and added in over 30 minutes. The mixture was at least
stirred over night, usually 7 days.

The success of the reaction could be detected well with TLC. If no yellow spot was
seen on TLC, the yield could be expected to be poor.

Workup always started by adding a polar agent into the mixture to adjust the
mixture to be the suitable plug filtration eluent. The mixture was immediately
applied onto a column pre-packed with that eluent and eluted. If large amounts of
dimethylanthracene or CBr, were present, another plug filtration was done in
which the mixture was first absorbed on silica and washed with dichloromethane,
then eluted using the plug-filtration reagent. Afterwards, if large amounts of
malonate were present, another plug-filtration was done in hexanes/ethyl acetate
mixture that eluted the malonate but not the fullerene. This did not work well with
the spacer 35, which seems to aggregate in unpolar mixtures. The raw mixture
was always column-chromatographically pre-purified on 60 um SiO, in the same

eluent mixture used for the purification on finer sorbent.
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GP2: General Procedure for Preparative Forming of Fullerene
Multiadducts WITHOUT tetrabromocarbon templating

On a flask, usually multiple-necked, at least with a nitrogen inlet, had been
affixed a dropping funnel. It was flame-dried and kept under a nitrogen
athmosphere. It later turned out that the nitrogen atmosphere was of low
importance. Either solvent was filled in, followed by adding the fullerene educt as
a solid, or a dry solution in the correct solvent of the fullerene educt was added.
Isoxazolinofullerenes required trimethylbenzene as solvent. If DMA was used,
10 equivalents of it were added after complete dissolution of the fullerene, and
stirred for at least 2.5 hours. If the educt could not dissolve without DMA, as in
22, the mixture was delayed for 2 more hours. As soon DMA was added, light
irradiation was avoided until workup. If the fullerene had an oxazoline protecting
group, light irradiation was avoided from the beginning and maintained during
workup. After that time, the malonate, (20 eq.) was added. After that, the
tetrabromocarbon was added, either stoichiometric to the malonate, lower if only
one position should be functionalized, or 100 eq. when CBr,-templating was used.
The base was either DBU (which causes faster reaction, but more decomposition
or unselectivity) or P,-tBu (which is more selective, but the synthesis of 35 from
pure C,, worked worse with it). CAUTION! P,-tBu is highly carcinogenic!. The base
was added either diluted but rapidly, or diluted and very slowly. It was often
beneficial to weigh and definedly dilute larger amounts of CBr, or base than
needed and insert only the needed fraction of it.

The success of the reaction could be detected well with TLC. If no yellow spot was
seen on TLC, the yield could be expected to be poor.

Workup: To remove the dimethylanthracene and its decomposition product,
usually the solvent of the mixture was exchanged to dichloromethane (toluene
won't do the job), and the mixture was adsorbed on SiO,. Two bedvolumes of
CH,Cl, were passed. Now, the malonate could be washed sometimes off with
hexanes/ethyl acetate mixtures! For that, the solvent on the plug had first to be
exchanged to pure hexanes to avoid leaking. Afterwards, the mixture is eluted
from the plug in the (toluene or dichloromethane)/ethyl acetate mixture used
before. Column chromatography required a careful choice of the eluent's
composition, and also smaller grained silica. It sometimes required also low
elution speeds. Using a HPLC seemed to result in losses.
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GP3: General Procedure for Preparative Forming of Fullerene
Multiadducts using Tetrabromocarbon Templating

A flask, usually multiple-necked, at least with a nitrogen inlet, was flame-dried
and kept under a nitrogen athmosphere. Light irradiation was avoided from the
beginning and maintained during workup. Either solvent was filled in, followed by
adding the fullerene educt as a solid, or a dry solution in the correct solvent of the
fullerene educt was added. Isoxazolinofullerenes required trimethylbenzene as
solvent. After that, the malonate, (20 eq.) was added. Then, the
tetrabromocarbon (100 eq.) was added and dissolution was awaited. At most 10
equivalents of the malonate may be used, and at least 20 eq. of DBU. The base
was added very rapidly. The mixture was stirred for 3 days. Workup proceeded
by plug-filtering in toluene/ethyl acetate mixtures with ratios of 1:1 to 3:1.
Workup: To remove the tetrabromocarbon, usually the solvent of the mixture was
exchanged to dichloromethane, and the mixture was adsorbed on SiO,. Two
bedvolumes of CH,Cl,were passed, or four, if toluene was used instead of
dichloromethane. Now, the malonate could be washed sometimes off with
hexanes/ethyl acetate mixtures! For that, the solvent on the plug had first to be
exchanged to pure hexanes to avoid leaking. Afterwards, the mixture is eluted
from the plug in the (toluene or dichloromethane)/ethyl acetate mixture used
before. Column chromatography required a careful choice of the eluent's
composition, and also smaller grained silica. It sometimes required also low
elution speeds. Using a HPLC seemed to result in losses.

1,3-Diethylmalonyl-1,2-dihydro[60]fullerene 3

Diethyl chloromalonate (45.5 mg, 37.8 uL, 0.208 pmol, 1 eq.) and C,, (170 mg,
236 umol, 1.13 eq.) were dissolved in toluene (75 mL). 1,8-Diazabicyclo[5.4.0]-
undec-7-ene (31.7 mg, 31.1 uL, 1 eq.) were added and the mixture was stirred for
21 h. The mixture was plug-filtered (SiO,; toluene) and purified with column
chromatography (SiO,; toluene). R, = 0.726. Yield: 28 mg, 15 %.

Spectroscopy of 3

IH-NMR (300 MHz, CDCI,/CD,): & = 4.34 (q, 3,4 = 7.1 Hz, 4 H, CH,), 1.24 (t,
3,y = 7.1 Hz, 6 H, CH,) ppm.
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13C-NMR{*H} (75.4 MHz, CDCl;/C,Dy): 6 = 163.4 (2 C, C=0), 145.4, 145.2, 145.1,
145.1, 144.8, 144.6, 144.6, 143.8, 143.0, 142.9, 142.9, 142.1, 141.8, 140.9, 139.1,
63.1, 13.9 ppm.

HRMS (ESI, CH,CIl,, AcN + toluene), calcd. for Cg,H;,0, [M]*: 878.05846; found:
878.05829.

Bis(6-bromohexyl) malonate 16
O 0

Br\/\/\/\oMo/\/\/va
6-Bromhexan-1-ol (7.5 g, 41 mmol, 2 eq.) was dissolved in dichloromethane
(30 mL) and the solution was cooled in an ice bath. Pyridine (3.4 g, 3.46 mL,
42 mmol, 2 eq.) and malonyl dichloride (2.92 g, 2.02 mL, 21 mmol, 1 eq.) were
added dropwise over 30 minutes in further 35 mL of dichloromethane. After
15 minutes, the ice bath was removed and the mixture was stirred overnight at
room temperature. The organic phase was extracted with water. The solvent was
removed under reduced pressure. The raw product was purified by means of
column chromatography (SiO,;hexanes/ethyl acetate 2:1). The product is a liquid.
Yield: 6.9 g (16 mmol, 76 %) based on 6-bromhexanol)

Spectroscopy of 16

'H-NMR (400 MHz, CDCl;, RT): 6 = 4.12 (4 H, t, 3) = 6.7 Hz, CH,0), 3.38 (4 H, t, 3] =
6.7 Hz, CH,Br), 3.34 (2 H, s, CH,(C0OO0),), 1.84 (4 H, m, CH,CH,Br), 1.64 (4 H, m,
CH,CH,0), 1.44 (4 H, m, CH,CH,CH,0), 1.37 (4 H, m, CH,CH,CH,Br).

13C-NMR{*H} (100.5 MHz, CDCl;, RT): 6 = 166.6 (2 C, €=0), 65.3 (2 C, CH,0), 41.6
(1 C, CH,(COOH),), 33.6 (2 C, CH,Br), 32.5 (2 C, CH,CH,Br), 28.3 (2 C, CH,CH,0),
27.7 (2 C, CH,CH,CH,Br), 25.0 (2 C, CH,CH,CH,0).

MS (MALDI-TOF, dctb): m/z = 451, 453, 455 [C,H,./°Br,0,+Nal*,
[C,sH,¢"°Br81BrO,+Nal*, [C,H,8'Br,0,+Na]l*, 250 [M C,H,,Br]*.

IR (ATR, Diamant): b = 2937 (m), 2861 (w), 1749 (m), 1732 (s), 1458 (m), 1437
(w), 1411 (w), 1388 (w), 1330 (m), 1264 (m), 1226 (m), 1185 (m), 1148 (s), 1042
(m), 1007 (m), 730 cm™.
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Bis(6-pyridiniumhexyl)malonate dibromide 17
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To bis(6-bromohexyl) malonate 16 (2.7 g, 6.2 mmol), 10 mL abs. pyridin were
added and the mixture was stirred at 70 °C for 48 h and under reflux for 24 h.
The pyridine was removed by distillation and the product was dried at 80 °C for
15 minutes at oil-pump vacuum.

The product is a red-brown, viscous material.

Yield: no loss detectable

Spectroscopy of 17

IH-NMR (400.1 MHz, D,O, RT): 6 = 8.69 (4 H, d, 3] = 5.5 Hz, o-Pyr), 8.39 (2 H, p-
Pyr), 7.92 (4 H, m-Pyr), 4.46 (4 H, t, 3J(H,H) = 7.3 Hz, CH,N); 4.01 (4 H, t,3] =
6.5 Hz, CH,0), 3.42 (2 H, s, CH,(C0O0),), 1.87 (4 H, CH,CH,N), 1.50 (4 H, CH,CH,0),
1.23 (8 H, m, CH,CH,CH,CH,0O) ppm.

13C-NMR{'H} (100.6 MHz, D,0, RT): & = 168.7 (2 C, C=0), 145.2 (2 C, p-Pyr),
143.8 (4 C, o-Pyr), 127.9 (4 C, m-Pyr), 65.8 (2 C, CH,0), 61.4 (2 C, CH,N), 40 (1 C,
CH,(C0O0),), 30.1 (2 C, CH,CH,N), 27.0 (2 C, CH,CH,0), 24.4 (2 C, CH,CH,CH,N),
24.1 (2 C, CH,CH,CH,0).

IR (ATR, diamond): b = 3028, 2937, 2861, 1725 (s), 1633, 1580 (w), 1487 (s),
1466, 1390 (w), 1330, 1274 (s), 1213, 1175, 1052, 1028, 1001, 881 (w), 775, 730
(w).

UV/NVis (H,0): A = 259.5, 362 nm.

MS (MALDI-TOF, dhb): m/z = 508 [M-°Br], 430 [M-2x’°Br] Da.

EA(gas chromatography): for C,5H;,Br,N,0, calcd.: C 51.03, H 6.17, N 4.76; found:
C48.29,H 6.47, N 4.46.

Bis(6-trimethylammonium)malonate dibromide 18
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Bis(6-bromohexyl) malonate 16 (4.0 g, 9.3 mmol) was filled into an autoclave
together with abs. trimethylamine (20 mL). The mixture was stirred for 3 days at
70 °C. Trimethylamine was evaporated in the autoclave, the residue was

transfered into a flask with water and dried in oil-pump vacuum.
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The product is a ionic liquid.
Spectroscopy of 18

!H-NMR (400.1 MHz, D,O, RT): 6 = 4.07 (t, 3 = 6.5 Hz, 4 H, CH,0), 3.44 (2 H, s,
CH,(C00),), 3.18 (4 H, m, CH,N), 2.97 (18 H, CH,), 1.67 (4 H, m, CH,CH,N), 1.57 (
m, 4 H,CH,CH,0), 1.29 (8 H, m, CH,CH,CH,CH,0) ppm.

13C-NMR{*H} (75.5 MHz, D,O, RT): 6 = 168.7 (2 C, C=0), 65.8 (2 C, CH,N), 65.3
(2 C, CH,0), 52.3 (6 C, CH,), 40.9 (1 C, CH,(COO0),), 26.8 (2 C, CH,CH,0), 24.7 (2 C,
CH,CH,CH,N), 24.3 (2 C, CH,CH,CH,0), 21.6 (2 C, CH,CH,N) ppm.

IR (ATR, diamond): b = 3018 (w), 2942, 2863 (w), 1724 (s), 1630, 1481,
1416,1393, 1334, 1286, 1153 (s), 1054, 1000 (s), 970 (s), 911.

MS (MALDI-TOF, dhb): m/z = calcd. for C,,H,,N,0, [M - 2 Br-CH,]* 374 Da found:
374 Da.

EA(gas chromatography): for C,;H,,Br,O, calcd.: C 41.19, H 7.24, N 4.57 found:
C44.78,H 7.43, N 4.81.

Bis(6-(tert.-butylpyridinium)hexyl)malonate dibromide 20
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Bis(6-bromohexyl) malonate 16 (1 g, 2.33 mmol) was dissolved in
tert.-butylpyridine (3 mL) and stirred at 70 °C for two days and 1 day under
reflux. tert.-butylpyridine was distilled off at 60 °C at oil pump vacuum. The
residue was twice diluted with dichloromethane and washed with toluene.
Yield: 1.6 g (2.28 mmol, 98 %)

Spectroscopy of 20

'H-NMR (300 MHz, CDCl,): 6 = 9.55 (d, 3), 4 = 7 Hz, 2 H, o-pyridine), 7.96 (d, 3], =
7 Hz, 2 H, m-pyridine), 4.95..4.85 (m, 4 H, CH,0), 4.09..4.03 (m, 4 H, CH,0), 3.30
(s, 2 H, CH,(C=0),), 2.29..2.22 (m, 4 H, CH,CH,N), 2.11..1.95 (m, 4 H, CH,CH,0),
1.67..1.52 (m, 4 H, CH,CH,CH,0), 1.46..1.36 (m, 4 H, CH,CH,CH,N), 1.33 (s, 18 H,
CH;) ppm.

13C-NMR{*H} (75.5 MHz, CDCl;): 6 = 170.5 (2 C, p-pyridine), 166.6 (2 C, C=0),
144.6 (2 C, o-pyridine), 125.2 (2 C, m-pyridine), 65.1 (2 C, CH,N), 60.3 (2 C,
CH,0), 41.7 (1 C, CH,(C=0),), 36.4 (2 C, C(CH;);), 31.6 (2 C, CH,CH,N), 29.9 (6 C,
CH,), 28.0 (2 C, CH,CH,0), 25.4 (2 C, CH,CH,CH,N), 25.0 (2 C, CH,CH,CH,O) ppm.
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MS: m/z = calcd. for C;3Hs,N,0,”°Br [M - Br]*: 619 meas: 619. calcd. for

C553H5,N,0,8Br [M - Br]*: 621 meas: 621. calcd. for C;,H:,N,0, [M - 2 Br - H]*: 539

meas: 539.

IR (ATR, diamond): ¥ = 2937.1 (m), 1726.0 (s), 1639.2 (s), 1598.7 (w), 1515.8 (w),

1463.7, 1409.7 (w), 1371.1 (w), 1274.7 (w), 1186.0 (w), 1147.4, 1114.7 (w),

1049.1 (w), 995.1 (w), 850.4, 827.3 (w), 732.8 (w), 574.7 (w), 534.2 (w), 462.8 (w),

416.5 (w) cm.

(Bis(6-bromohexyl)malonyl)-hexakis[6.0]-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 22

Br

Ceo (335.1 mg, 465 umol, 1 eq.) was suspended in dichloromethane (10 mL).
Dimethylanthracene (959 mg, 4.65 mmol, 10 eq.) was added. The mixture was
stirred for 2 hours.

Bis(6-bromohexyl) malonate 16 (2 g, 4.65 mmol, 10 eq.) and CBr, (1.542 g,
4.65 mmol, 10 eq.) were added. P,-tBu (1.48 g, 1.6 mL, 6.23 mmol, 13.4 eq.) was
added drop-wise over 1 hour and the mixture was stirred for 3 days. The raw
mixture was plug-filtered (SiO,; dichloromethane/ethyl acetate 3:1) and purified
by column chromatography (SiO,; toluene/ethyl acetate 19.7:0.3). Then, the raw
mixture was purified using HPLC (Nucleosil; toluene/ethyl acetate 1:1).

Yield: 245 mqg (74.5 pumol, 16 %) The product is a yellow, translucent, amorphous
solid. R{(SiO,;dichloromethane)=0.57.
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Spectroscopy of 22

'H-NMR (300 MHz, CDCl;): & = 4.32..4.11 (24 H, CH,0), 3.44..3.34 (24 H, CH,Br),
1.90..1.77 (24 H, CH,CH,Br), 1.76..1.64 (24 H, CH,CH,0), 1.53..1.23 (48 H,
CH,CH,CH,CH,0)

13C-NMR{*H} (75.5 MHz, CDCl;): 6 = 163.6358 (12 C, C=0), 145.57, 140.97 (48 C,
C.,-Sp?), 68.96 (12 C, C,,-sp3), 66.60 (12 C, CH,0), 45.27 (6 C, C(C=0),), 33.68
(2 C,CH,Br), 3243 (2 C, CH,CH,Br), 28.14 (2 C, CH,CH,0), 27.55 (2 C,
CH,CH,CH,Br), 24.92 (2 C, CH,CH,CH,0) ppm.

IR (ATR, diamond): b = 2936 (m, br), 2859 (m), 2361 (w), 2341 (m), 1743 (s, n),
1462 (w), 1436 (w), 1392 (w), 1263 (s), 1216 (s), 1050 (m, br), 988 (w), 942 (w),
716 (m, n) cm™,

UV/Vis(CH,CL,): A = 275, 315, 332 nm.

Bis(N-((3-methoxymethyl)phenyl)-butanic acid amid-4-yl) malonate 26

o) H 0O o H o~
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Bis(3-carboxypropyl)malonate 25 (50 mmol, 136 g, 1 eq.) and m-
methoxymethylaniline 24 (0.11 mol, 15.1 g, 2.2 eq.) are dissolved in
dichloromethane. After cooling to 0 °C DCC (454 g, 2.2 eq.) and
N,N-dimethylaminopyridine (10 mmol, 0.252 g, 0.2 eq.) are added. The reaction
mixture is stirred for 36 h. The precipitate is removed and the mixture is purified
by column chromatography (SiO,; ethyl acetate/hexanes 3:1) R; = 0.22. The
solvent was evaporated and traces of ethylacetate were removed in vacuo. Yield:
30 %. Insoluble in toluene!

Spectroscopy of 26

'H-NMR (300 MHz, CDCl;, RT): 6 = 8.04 (2 H, s, N-H), 7.49 (2 H, s, aniline-2), 7.43
(2 H, d, 3,4 = 9 Hz, aniline-6), 7.24 (2 H, dd, 3),, = 9 Hz, aniline-5), 7.03 (2 H, d,
3Jun = 9 Hz), aniline-4), 4.37 (4 H, s, CH,-0-CH,), 4.23 (4 H, m, CH,-0-C=0), 3.37
(2 H, s, CH,(C=0),), 3.33 (6 H, s, CH;), 2.43 (4 H, m, H,CC=0), 2.07 (4 H, m,
CH,CH,CH,) ppm.

13C-NMR{*H} (75.5 MHz, CDCl;, RT): 6 = 170.5 (2 C, N-C=0), 166.8 (2 C, O-C=0),
139.1 (2 C, aniline-1), 138.1 (2 C, aniline-3), 129.0 (2 C, aniline-5), 123.4 (2 C,
aniline-4), 119.1, 119.0 (4 C, aniline-2, 6), 74.3 (2 C, CH,-O-CH;), 64.6 (2 C,
CH,-0-C=0), 58.1 (2 C, CH,), 41.6 (1 C, C(C=0),), 33.5 (1 C, CH,-C=0), 24.4 (2 C,
CH,CH,CH,) ppm.
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IR (ATR, RT): ¥ = 3380-3210 (m), 2990-2800 (m), 1730 (s), 1660 (s), 1610 (m),
1590 (m), 1550 (s), 1490 (m), 1440 (m), 1380 (w), 1330 (m), 1300 (w), 1270 (s),
1190 (s), 1150 (s), 1090 (s), 1030 (s), 960 (w), 920-890 (w), 880 (m), 790 (s), 730
(m), 700 (s), 650-560 (w), 540 (w) cm™.

EA(gas chromatography): for C,;H;,N,O4 calcd.: C: 63.02 H: 6.66 N: 544 S: O
0:24.87 found.: C: 61.74 H 6.77 N: 6.45 S 0.328

(Bis(N-((3-methoxymethyl)phenyl)-butanoic acid amid-4-yl) malonyl)-
[6,0]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-
fullerene 27

Pentakisadduct 32 (37 mg, 11.3 umol) was dissolved in dry dichloromethane
(1 mL). Cation-precursor malonate 26 (200 mg, 389 umol, 35 eq.) and CBr,
(37.0 mg, 113 umol, 10 eq.) were added. P,-tBu (5.3 mg, 22.5 ymol, 2 eq.) was
added dropwise in dichloromethane (1 mL) over 15 minutes. The mixture was
stirred overnight, plug-filtered (silica; dichloromethane/THF 1:2), absorbed on
silica, washed with dichloromethane/ethyl acetate 1:3, eluted with
dichloromethane/THF 1:2 and isolated in vacuo. Yield: 93 %.
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Spectroscopy of 27

'H-NMR (400 MHz, CDCl,, RT): & = 8.66 (12 H, s, N-H), 7.53 (12 H, s, aniline-2)
7.36 (12 H, m, aniline-6), 7.17 (12 H, m, aniline-5), 6.99 (12 H, m, aniline-4), 4.33
(24 H, s, CH,-0-CH,;), 4.26 (24 H, m, CH,-O-C=0), 3 (36 H, s, CH;), 2.36 (24 H, m,
CH,CO), 2.02 (24 H, m, CH,CH,CH,) ppm.

13C-NMR{*H} (100.5 MHz, CDCl;, RT): 6 = 171.2 (12 C, N-C=0), 164.14 (12 C,
C(C=0),), 146.1, 141.6 (48 C, Cy-sp?), 139.4 (12 C, aniline-1), 138.6 (12 C,
aniline-3), 129.3 (12 C, aniline-5), 123.9 (12 C, aniline-4), 119.9 (24 C, aniline-2,6),
74.80 (12 C, CH,-0-CH;), 69.6 (12 C, C,,-sp?), 66.9 (12 C, H,C-0-C=0), 58.6 (12 C,
OCH,), 46.1 (12 C, C(C=0),), 33.4 (12 C, H,C-C=0), 24.5 (12 C, CH,CH,CH,) ppm.
UV/Vis (CH,CL,): A (g) = 246 (294000), 260 (181000), 278 (101000), 316 (59000),
334 (48000), 378 (12000), 399 (8000) nm (M*cm™).

(Bis(N-((3-brommethyl)phenyl)-butanoic acid amid-4-yl) malonyl)-[6,0]-
hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 28

(Bis(N-((3-methoxymethyl)phenyl)-butanoic  acid amid-4-yl)  malonyl)-[6,0]-
hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 27 (88 mg,
23.1 umol) was dissolved in dichloromethane (3 mL) and a dry, 48 % solution of
HBr in acetic acid (3 mL) was added. The mixture was stirred for 3 days. The
mixture was poured on water and diluted with dichloromethane. Traces of HBr
were removed with solid potassium bicarbonate.
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After filtration, the solvent and acetic acid were evaporated and the sample was
washed with water. After addition of first dichloromethane, then toluene and
evaporation three times, the substance was immediately dissolved in dry THF and
subjected to the next step. The mass spectra of the next compount showed that
the share of completely transformed product was sufficiently high. Yield: 90 mg
(87 %)

Spectroscopy of 28

'H-NMR (400 MHz, THF-d8, RT): 6 = 9.33 (12 H, N-H), 7.70 (12 H, s, aniline-2), 7.53
(12 H, m, aniline-6), 7.18 (12 H, aniline-5), 7.03 (12 H, aniline-4), 4.46 (24 H, s,
CH,Br), 4.34 (24 H, m, CH,0), 2.88 (24 H, CH,-C=0), 2.06 (24 H, CH,CH,CH,)
ppm.

13C-NMR{!H} (100 MHz, THF-d8, RT): 6 = 172.1 (12 C, C=0-N), 165.1 (12 C,
0-C=0), 147.7, 141.6 (48 C, C,-sp?), 143.1,140.7 (24 C, aniline-1,3), 130.7 (12 C,
aniline-5), 125.7 (12 C, aniline-4), 121.8 (12 C, aniline-6), 121.1 (24 C, aniline-2),
71.2 (12 C, C,-sp3?), 69.2 (12 C, CH,-0), 47.6 (6 C, C(C=0),), 35.2 (12 C, CH,-Br),
34.6 (12 C, CH,-C=0), 27.4 (12 C, CH,CH,CH,) ppm.

IR (ATR, diamond:): bV = 3298 (w, br), 3084 (w), 2962 (m), 2363 (w), 2236 (w
2082 (w), 1740 (m), 1666 (m), 1610 (w), 1595 (w), 1547 (m), 1487 (m), 1440 (m
1298 (w), 1259 (m), 1213 (s), 1168 (w), 1093 (m), 1018 (s,br), 883 (w,br), 791(s)
cm?,

UV/Vis (CH,CI,): A = 280 (100), 315 (59), 336 (46) nm (a.u.).

),
)

’
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(Bis(N-((3-tert.-butylpyridiniummethyl)phenyl)-butanoic acid amid-4-yl)
malonyl)-[6,0]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene 29

7@ +208r°

Deprotected hexakis adduct 28 (90 mg, 20 umol) was dissolved in dry THF
(3 mL). 4-tert.-Butylpyridine (34 mg, 246.4 mmol, 12 eqg.) and 3 mL
dichloromethane were added and the mixture was stirred for 3 days.

Dichloromethane (10 mL was added) and the mixture was stirred for further
3 days. The liquid was removed and THF and further 4-tert.-butylpyridine (34 mg,
0.2464 umol, 12 eq.) were added. The supernatant was removed and the sample
was washed with dichloromethane and diethyl ether.

Spectroscopy of 29

H-NMR (300 MHz, CD,0D, RT): 6 = 8.98 (24 H, pyridyl-3), 8.14 (24 H, pyridyl-2),
7.83 (12 H, aniline-2), 7.63 (12 H, aniline-6), 7.34 (12 H, aniline-5), 7.20 (12 H,
aniline-4), 5.81 (24 H, s, CH,N*), 5.52 (12 C, s, N-H), 4.4..4.3 (24 H, m, CH,0),
2.52 (24 H, CH,CO), 2.04 (24 H, CH,C=0), 1.43 (24 H, CH,CH,CH,) ppm.
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13C-NMR{*H} (100.6 MHz, CD,0D, RT): 6 = 173.1 (24 C, pyridyl-4, N-C=0), 164.7
(12 C, O-C=0), 147.0 (24 C, C¢y-sp?), 145.2 (24 C, pyridyl-2), 142.5 (24 C, Cy-Sp?),
141.0 (12 C, aniline-1), 135.3 (12 C, aniline-3), 131.2 (12 C, aniline-5), 126.9 (12 C,
pyridyl-3), 125.3 (12 C, aniline-4), 122.3 (12 C, aniline-2), 121.4 (12 C, aniline-6),
70.5 (12 C, C¢y-sp3?), 67.92 (12 C, CH,0), 64.6 (12 C, Ph-C-N*), 47.2 (6 C, C(C=0),),
37.6 (12 C, CH,(C=O0ON)), 34.2 (12 C, C(CH;);), 30.3 (36 C, CH;), 25.5 (12 C,
CH,CH,CH,) ppm.

IR (ATR, diamond): ¥ = 3396 (s), 3051 (w), 2965 (s), 2358 (w), 2341 (w), 1739 (m),
1671 (m,br), 1638 (m), 1609 (m), 1552 (m), 1512 (w), 1491 (m), 1464 (m), 1443
(m), 1417 (m,br), 1373 (w,br), 1263 (s), 1216 (vs), 1173 (m), 1112 (m), 1021
(m,br), 895 (w,br), 851 (m), 791 (m), 769 (m), 712 (m) cm™.

MS: see chapter 4.1.1..

UV/Vis (MeOH): A = 282 (100), 318 (54), 335 (43) nm (a.u.).
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(Bis(N-((3-methoxymethyl)phenyl)-butanoic acid amid-4-yl)malonyl)-
((p-dimethylaminophenyl)-1,0-diyl-methaneoxime)-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 31

/
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(p-N,N-Dimethylaminophenylisoxazolino)-mono-1,2-dihydrofullerene 30!3°!
(200 mg, 225 umol, 1 eq.) was suspended in degassed trimethylbenzene (20 mL)
and stirred for 1 h. Dimethylanthracene (557 mg, 2.7 mmol, 12 eq.) and
degassed chloroform (20 mL) were added and the mixture was stirred for 4 h.
(1.8 g, 3.5 mmol, 16 eq.) and CBr, (895 mg, 2.7 mmol, 12 eq.) were added. After
the malonate was dissolved, P;-tBul'?! (678 mg, 734 uL, 2.7 mmol, 12 eq.) was
added dropwise in degassed trimethylbenzene/chloroform 1:1 and the mixture
was stirred for 8 days at room temperature. The mixture and the precipitated raw
product was plug-filtered (SiO,; dichloromethane/THF) and purified by column
chromatography (SiO,; toluene/dichloromethane/ethyl acetate/ethanol
3.66:2:3.33:0.95) R; = 0.34 (repeated as long as notable volumes of educt and
DMA were present) and then purified by means of recycling HPLC (nucleosil;
toluene/dichloromethane/ethyl acetate/ethanol 3.66:2:3.33:0.95), collecting the
substance after the 12th lap. Yield: 9 % of pure product, sometimes impurified
with dibrominated malonate and dimerized (double-bonded) malonate, which will
be removed by column chromatography after the deprotection step. Other R
values: R(SiO,; dichloromethane/THF 2:1): 0.63.
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Spectroscopy of 31

'H-NMR (300 MHz, CDCl;): 6 = 8.75 (s, 2 H, 10 H N-H), 7.52 (s, 2 H, 10 H, 2-m-
methylaniline), 7.42..7.33 (m, 2 H, 10 H, 6-m-methylaniline), 7.23..7.09 (m, 2 H,
10 H, 5-m-methylaniline), 7.03..7.95 (m, 2 H, 10 H, 4-m-methylaniline), 4.35..4.08
(m, 4 H, 20 H, CH,0), 3.29..3.25 (m, 6 H, 30 H, O-CH;), 3.24 (s, 6 H, N-CH,),
2.45..2.28 (m, 4 H, 20 H CH,C=0) 2.08..1.90 (m, 4 H, 20 H, CH,CH,0) ppm.
13C-NMR{*H} (75.5 MHz, CDCL;): 6 = 170.9 (2 C, C(C=0), of free dibrominated
malonate), 170.7 (10 C, C(C=0), of product), 167.0 (10 C, C=0-N), 146.6, 146.3,
145.9, 145.8, 145.2, 145.1, 144.9, 144.1, 143.4, 142.9, 142.0, 141.8, 141.7, 141.3,
141.0, 140.1, 139.5, 139.3, 139.2, 139.1, 139.0 (48 C, C,,-sp?), 135.1 (2 C,
(C=0),L=C(C=0),, dimerized malonate), 129.3 (2 C, m-dimethylaniline), 138.8
(2 C; 10 C, 3-methylaniline), 138.1 (4 C; 10 C, 1-methylaniline) 128.7 (2 C; 10 C,
5-methylaniline), 123.2 (4 C; 10 C, 4-methylaniline), 119.1 (8 C; 20 C,
1,6-methylaniline), 111.4 (2 C, o-dimethylaniline), 101.0 (1 C, C-O of C,-sp3),
74.16 (10 C, Ph-CH,-0), 69.74, 69.68, 69.1, 67.8, 67.3, 66.4, 65.8 (10 C, CH,-0),
57.9 (10 C, CH;0), 50.1 (1 C, CBr,(C=0),), 45.4 (5 C, CH,(C=0),), 39.8 (2 C,
(CH;5),N), 32.9 (2 C, CH,N of free dibrominated malonate), 32.7 (10 C, CH,N of
product), 24.0 (2 C, CH,CH,0 of free dibrominated malonate), 23.9 (10 C,
CH,CH,0 of product) ppm.

IR(ATR, diamond): b = 3306 (s, br), 3151 (w), 3087 (w), 2961 (m), 2926 (m), 2855
(m), 2822 (m), 2360 (w), 2341 (w), 1742 (s), 1664 (s), 1610 (m), 1596 (w), 1549
(s), 1488 (w), 1442 (m), 1374 (w,br), 1298 (w), 1260 (s, br), 1216 (s, br), 1167 (w),
1088 (m,br), 1026 (w,br), 898 (vw), 879 (vw), 791 (m), 763 (w), 733 (m), 713 (w),
696 (w) cm™.

MS (ESI-TOF, MeOH + CH;CN): m/z = calcd. for C,,,*C,H;;0N;,0,,Na?*
[M + 2 Nal’*: 1745.5721 meas.: 1745.5810.

UV/Vis (CH,CL,): A (g) = 244 (158000), 277 (53000), 283 (50000), 314 (41000), 334
(30000) nm (Micm).
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(Bis(N-((3-methoxymethyl)phenyl)-butanoic acid amid-4-yl) malonyl)-
[5,0]-pentakis-1,2,18,22,23,27,45,31,32,36-decahydro[60]-fullerene 32

/
0

This reaction must be held under strict exclusion of oxygen.

(123 mg, 35.7 ymol, 1 eq.) was dissolved in dichloromethane (50 mL). Maleic
anhydride (1.071 g, 11.1 umol, 1 eq.) was added and the mixture was degassed
for 15 minutes. Then, the solution was irradiated with a 500 W halogen lamp for
24 h. The raw mixture was purified by means of column chromatography (SiO,;
dichloromethane/ethyl acetate/ethanol 47.5:47.5:5) and again (SiO,;
ethyl acetate) to remove malonate remaining from the last step. Yield: 70.9 mg
(21.7 umol, 58 %).

Spectroscopy of 32

'H-NMR (300 MHz, CDCl;): 8.70-8.40 (10 H, N-H), 7.57-7.48 (10 H, aniline-2),
7.43-7.31 (10 H, aniline-6), 7.23-7.11 (10 H, aniline-5), 7.04-6.93 (10 H, aniline-4),
4.47-4.12 (40 H, CH,0), 3.32-3.24 (30 H, CH;0), 2.53-2.24 (20 H, CH,C=0),
2.18-1.87 (20 H, CH,CH,0) ppm.

13C-NMR{*H} (75.5 MHz, CDCl;): 170.8, 170.8, 170.7 (10 C, C=0-N), 167.4, 165.8,
163.9 C(C=0),, 146.8, 145.9, 145.6, 144.8, 144.6, 144.2, 143.1, 142.1, 139.9,
139.7 (50 C, C,,-sp?), 139.0 (10 C, aniline-3), 138.2 (10 C, aniline-1), 128.9 (10 C,
aniline-5), 123.4 (10 C, aniline-4), 119.4 (10 C, aniline-6), 119.2 (10 C, aniline-2),
74.3 (10 C, Ph-CH,-0), 69.2 (10 C, C.,-sp®), 66.5 (10 C, CH,CH,0), 58.1 (10 C,
CH;0), 33.1 (10 C, CH,CH,C=0), 24.1 (10 C, CH,CH,C=0) ppm.
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MS (MALDI, sin) calcd.: for C,953'3C,H;600,0NoNa* [M + Nal* 3306.0752 meas.:
3306 Da.

MS (ESI-TOF, MeOH/CH,CN): calcd.: for C,g333C,Hy0040N;oNa,2* [M + 2 Nal?*:
1664.5427 meas: 1664.5323 Da.

IR: 3303 (m), 2926 (m), 2822 (w), 2360 (w), 2247 (w), 1741 (m), 1663 (s), 1612
(w), 1595 (w), 1547 (s), 1488 (w), 1441 (m), 1377 (m), 1256 (s), 1212 (s), 1167
(vw), 1085 (s), 1023 (m), 908 (m), 789 (m), 727 (s), 695 (w), 647 (w).

UV/NVis (CH,CL,): A (g) = 277 (48000), 282 (46000), 315 (22000), 341 (13000) nm
(M1cm).

(Bis(N-((3-methoxymethyl)phenyl)-butanoic acid amid-4-yl) malonyl)-
(cyclo[2]octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene 34

(Bis(N-((3-methoxymethyl)phenyl)-butanoic acid amid-4-yl) malonyl)-[5,0]-
pentakis-1,2,18,22,23,27,45,31,32,36-decahydro[60]-fullerene (65 mg, 19.8 umol,
1 eq.) was dissolved in dichloromethane (7 mL). Cyclo[2]-octylmalonate (305 mg,
772 umol, 39 eq.) and tetrabromocarbon (100 mg, 299 umol, 15 eq.) were added.
P, tBu (21 mg, 23 pL, 99 umol, 5 eq.) were added dropwise over 10 minutes.

5 minutes later, the mixture was plug-filtered (SiO,;ethyl acetate/ethanol 9:1) and
again (Si0,,;dichloromethane/ethyl acetate 2:1 (to elute the addend);

ethyl acetate/ethanol 9:1). Yield: 45.5 mg (12.3 pmol, 62 %).
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Spectroscopy of 34

'H-NMR (300 MHz, CDCl;): 6 = 8.39 (s, 10 H, N-H), 7.54 (m, 10 H, aniline-1), 7.38
(m, aniline-6), 7.19 (m, 1 H, aniline-5), 7.02 (m, 1 H, aniline-4), 4.39-4.06 (m, 48 H,
CH,0), 3.36-3.27 (m, 32 H, O-CH;, CH,(C=0),), 2.48-2.30 (m, 20 H, CH,CH,C=0),
2.14-1.95 (m, 20 H, CH,CH,C=0), 1.70-1.55 (CH,CH,CH,CH,0), 1.37-1.26 (16 H,
CH,CH,CH,CH,0) ppm.

13C-NMR{*H} (75.5 MHz, CDCL): 6 = 170.6, 170.5, 170.4 (10 C, C=ON), 166.5
(2 C, CH,(C=0),), 163.8, 163.8, 163.7, 163.7 (14 C, C(C=0-0),), 145.9, 145.8,
145.8, 145.6, 145.6, 141.4, 141.3, 141.2, 141.1, 140.9 (48 C, C¢,-sp?), 139.1 (10 C,
aniline-1), 138.3, 138.2, 138.1 (10 C, aniline-2), 128.9 (10 C, aniline-5), 123.5
(10 C, aniline-4), 119.5 (10 C, aniline-1), 74.4 (10-C, Ph-CH,0), 69.3, 69.2, 69.1,
69.1 (12 C, C,,-sp3), 67.4, 66.4, 65.5, 58.2, 58.1 (10 C, O-CH,), 45.7, 45.6 (6 C,
Cs-C(C=0),), 42.3 (1 CH, -C(C=0),),, 33.1 (10 C, CH,-C=0), 29.4 (2 C,
CH,(C=0-0-CH,CH,), 28.5, 28.4 (12 C, C4,-C(C=0-0-CH,CH,),), 25.9, 25.6 (8 C,
CH,CH,CH,CH,0), 24.0 (10 C, CH,CH,CH,CH,C=0) ppm.

Cyclo[2]-octylmalonate 35

0
(0] /
/\/\/\/\/O
)0 0

In an improved procedure of Brandmodller,[’#! 1,8-octanediol (8 g, 54.7 mmol,
1 eq.) and pyridine (8.66 g, 8.81 mL, 54.7 mmol, 1 eq.) were dissolved in
anhydrous dichloromethane (4 1). Malonyl dichloride (7.71 g, 5.32 mL, 1.3 eq.)
was dissolved in dry dichloromethane and added portion-wise over 4 days. After
stirring for 2 days, the solution was concentrated to 600 mL. Ethyl acetate
(67 mL) was added and the mixture was plug-filtered over silica (6x12 cm plug).
The solvent was removed and the mixture was chromatographically purified
(Si0,, dichloromethane/ethyl acetate 19:1, diluted, at least 1.5 | bed volume).
Yield: up to 2.7 g (23 %).

Spectroscopy of 35

IH-NMR (400 MHz, CDCL,): 6 = 4.11 (t, 3,,,, = 6.7 Hz, 8 H, CH,0), 3.33 (4 H, s,
COOCH,C00), 1.60 (8 H, m, CH,CH,0), 1.3 (16 H, m, CH,CH,CH,CH,0) ppm.
13C-NMR{'H} (100.5 MHz, CDCl,): 6 = 166.4 (4 C, C=0), 65.4 (4 C, CH,-0), 42.1
(COOCH,COO0), 29.2 (4 C, CH,-CH,-0), 28.4 (4 C, CH,-(CH,),-0), 25.8 (4 C,C-
(CH,)5-0) ppm.
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IR (ATR, Diamond): b = 2960 (w), 2922 (m), 2855(m), 1740 (s), 1478, 1389, 1326
(s), 1254 (s), 1217 (s), 1138 (s), 1064 (w), 1028 (m), 1003 (m), 892 (m), 724 (m)
cm?,

MS (MALDI, dhb): m/z = 429 [M + H]*, 451 [M + Nal*.

EA(gas chromatography): for C,,H;4: calculated: C 61.66, H 8.47; found: C 60.93,
H 8.35.

2-Chloro-cyclo[2]-octyl malonate 42

();O/\/\/WO/}C'

0 0 %

To malonate 35 (3.17 g, 1 eq.) suspended in chloroform (4.4 mL) was added
sulfuryl dichloride (1 g, 0,599 mL, 1 eq.) and the mixture was heated to 70 °C for
24 h. The result was diluted with dichloromethane (200 mL) and
chromatographically purified very slowly over a 200 mL bed-volume plug (SiO,;

dichloromethane). Unreacted educt can be recovered by washing the plug with
dichloromethane/ethyl acetate 1:1. Yield: 36 % (70 % BORSM). R, = 0.15 (prod).

Impurities: R; = 0.35 (both sides monochlorinated). R; = 0.25 (one side
dichlorinated).

Spectroscopy of 42

'H-NMR(300 MHz, CDCl;): & = 4.84 (1 H, CHCI), 4.2 (4 H, 2 m, CH,0-C=0-CHClI),
4.12 (4 H, t, CH,0-C=0-CH,), 3.33 (2 H, s, CH,(C=0),), 1.63 (8 H, m, CH,CH,0)
1.32 (16 H, CH,CH,CH,CH,0) ppm.

13C-NMR{*H} (75.4 MHz, CDCl;): 6 = 166.4, 164.3 (4 C, C=0), 67.11, 65.4 (4 C,
CH,0), 55.8 (1 C, CH-CI), 42.1 (1 C, C(C=0)CH,), 29.21, 29.18 (4 C, CH,CH,0),
28.4, 28.3 (4 C, CH,CH,CH,0), 25.8, 25.7 (4 C, CH,CH,CH,CH,0) ppm.

HRMS (ESI, AcN + MeOH): calcd. for C,,H;;CINaOg [M + Na]*: 485.19127; found:
485.19089.

IR (ATR, diamond): ¥ = 2935 (s), 2856 (m), 1735 (s), 1469 (m), 1318 (s), 1306 (s),
1282 (s), 1202 (m), 1164 (m), 1147 (m), 1000 (m).

EA(gas chromatography): (mono-chlorinated) for C,,H;;ClOg calcd.: C: 57.08
H: 7.62 N: 0.00 S: 0.00 found: C: 56.34 H: 7.618 N: 0.01 S: 0.240

EA(gas chromatography): (di-chlorinated) for C,,H;,Cl,O4 calcd.: C: 53.12 H: 6.89
N: 0.00 S: 0.00 found: C: 52.79 H: 6.99 N: 0.00 S: 0.393

mp: mono-chlorinated: 78.3 °C bi-chlorinated: 110 °C
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(Cyclo-[2]-octylmalonyl)-[6,0]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 46

0 0
O:(_‘(O OWO

OMO
o]
Malonate 42 (400 mg, 864 umol, 25 eq.), 9,10-dimethylanthracene (70 mg,
414 umol, 12 eq.) and Cg4, (24.9 mg, 34.6 umol, 1 eq.) were dissolved in toluene

(12 mL) and stirred for 3 h. DBU (63.1 mg, 62.0 uL, 414 umol, 12 eq.) was added
and the mixture was stirred for 5 days. Further DBU (15.8 mg, 15.5 uL, 104 umol,

3 eq.) was added and the mixture was stirred for additional 3 days. Ethyl acetate
(4 mL) was added and the mixture was plug-filtered (SiO,; toluene/ethyl acetate
4:1). The solvent was removed and the raw mixture was purified twice by means
of flash chromatography (SiO,; toluene/ethyl acetate 4:1), the second time on
15 p grain size SiO, and very slowly. Yield: 16 mg (4.88 umol, 13.7 % based on
fullerene, 3.3 % based on the malonate).

Spectroscopy of 46

'H-NMR (400 MHz, CDCl,): 6 = 4.22 (24 H, C4;,C=0-0OCH,), 4.13 (24 H, CH,=0-
OCH,), 3.4 (12 H, CH,(C=0),), 1.75-1.6 (48 H, CH,CH,0O), 1.567 (128 H,
CH,CH,CH,CH,CH,) ppm.

13C-NMR{*H}(100.5 MHz, CDCl;): & = 166.5 (12 C, CH,(€C=0),), 163.8 (12 C,
Ceo=C(C=0),), 145.8, 141.0 (48 C, Cy,-sp?), 69.1 (12 C, Cg-sp?), 67.0 (12 C,
Cso=C-C=00CH,), 65.6 (12 C, H,C-C=00CH,), 45.3 (6 C, C,,=C(C=0),), 42.3 (6 C,
H,C(C=0),), 29.4 (24 C, CH,CH,0), 28.6, 28.5 (24 C, CH,CH,CH,0), 25.9 (24 C,
CH,CH,CH,CH,0) ppm.
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MS (MALDI, sin): 3302 [M+Nal*, 3303 [M + 1H + Na]*, 3304 [M + 2H + Na]*, 3305
[M + 3H + Nal*, 3306 [M + 4H + Na]*. HRMS (ESI, AcN + MeOH): calcd. for
Ci9oH504Na,0,5 [M + 2H + 2Nal?*: 1662.67328; found: 1662.67012.

IR (ATR, diamond): b = 2929 (s), 2856 (m), 1732 (s), 1465 (w), 1387 (w), 1260
(m), 1212 (s), 1158 (w), 1081 (w), 1019 (m), 802 (m), 715 (w) cm?

UV/Vis (CH,CL,): A (g) = 245 (87000), 271 (66000), 282 (71000), 317 (45000),
335 (36000), 381 (5000) nm (Mlcm1).

((Diethyl malonyl)-(cyclo-[2]-octylmalonyl)-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene)-yl-[6,0]-
hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 50

Central unit46 (31 mg, 9.452 umol, 1 eq.) was dissolved in 3 mL toluene. A
solution of (Diethylmalonyl)-[5,0]-pentakis-1,2,18,22,23,27,45,31,32,36-
decahydro[60]-fullerene 49!°8! (114 mg, 75.618 umol, 8 eq.) in 5 mL toluene was
added. The educts precipitated immediately. Be aware that the solution of 49 is
oversaturated, so it must be created on demand by concentrating a more dilute
solution.
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Solutions of CBr, (18.8 mg, 56.7 ymol, 6 eq.) and P;-tBu (13.3 mg, 14.4 uL,
56.7 pumol, 6 eq.) were added and the mixture was stirred for 22 days.
Dichloromethane was added until the precipitate was dissolved, and further
pentakisadduct (21 mg, 14 umol, 1.5 eq), CBr, (31 mg, 94.5 umol, 10 eq.) and
P,-tBu (22.2 mg, 24 uL, 94.5 umol, 10 eq.) were added portion-wise over 2 weeks
and the mixture was stirred for another 2 weeks. Ethyl acetate (5 mL) was added
and the mixture was plug-filtered (SiO,; toluene/ethyl acetate 4:1). The solvent
was evaporated and the mixture was purified with column chromatography (SiO,;
toluene/ethyl acetate 6:1; toluene/ethyl acetate 2:1). Yield: 50 mg (4.05 umol,
43 % resp. to 46)

Spectroscopy of 50

'H-NMR (400 MHz, CDCl;): 6 = 4.30 (q, °J, , = 7.0 Hz, 120 H, CH;CH,0), 4.22 (48 H,
m, CH,CH,0), 1.70 (48 H, CH,CH,0), 1.36 (96 H, CH,CH,CH,CH,0), 1.30(t, 3},,;, =
7.0 Hz, 180 H, CH;) ppm.

13C-NMR{*H} (100.5 MHz, CDCl;): 6 = 163.81, 163.78, 163.75 (84 C, C=0), 145.8,
145.7, 141.1, 141.0 (336 C, C,,-sp?), 69.09, 69.05, 69.01, 67.0 (84 C, C,-sp3),
62.8 (84 C, H,C-0), 45.31, 45.29, 45.27, 45.24 (42 C, C(C=0),), 29.46 (24 C,
CH,CH,CH,0), 28.48 (24 C, CH,CH,CH,0O), 26.0 (24 C, CH,CH,CH,CH,0), 14.0
(60 C, CH;) ppm.

MS (MALDI, dctb): 12336 [M]*; HRMS (ESI, CH;CN+MeOH+HCOOH): calcd. for
C,5,13CgH,9,Na, 0,65 [M + 4Na]** 3106.74488 found: 3106.75364 Da.

IR (ATR, diamond): b = 2980 (m), 2934 (m), 2857 (m), 1742 (s), 1464 (w),
1368 (w), 1262 (s), 1216 (s), 1079 (m), 1043 (m), 1018 (m), 857 (w), 715 (m) cm™,
UV/Vis (CH,CI,): A [nm] = 246 (¢ = 418000 M*cm), 274 (¢ = 415000 M*cm™), 282
(¢ = 403000 Micm?), 316 (¢ = 333000 M*cm), 334 (¢ = 290000 M1icmt), 380
(e = 71000 Micm?t) nm.
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(Bis[6-(boc-amino)hexyllmalonyl)-((bis[6-(boc-amino)hexyllmalonyl)-
(cyclo-[2]-octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene) 62

[5.0]-pentakisadduct 51°8! (228 mg, 70.6 umol, 2 eq.) was dissolved in toluene
(4 mL). Malonate 35 (15.1 mg, 35.3 umol, 1 eq.), CBr,(23.4 mg, 70.6 umol, 2 eq.)
and P;-tBu (16.54 mg, 17.9 pL, 70.6 umol, 2 eq.) (dissolved in toluene) were
added and the mixture was stirred for 19 days. The mixture was plug-filtered
(SiO,; dichloromethane/ethyl acetate 1:1) and purified via
column-chromatography (dichloromethane/ethyl acetate 3:1). Yield: 111 mg,
(16.2 umol, 45.8 %).

Spectroscopy of 62

IH-NMR(400 MHz, CDCL,): & = 4.77 (s (br), 20 H, N-H), 4.19 (m, 48 H, CH,0), 3.03
(m, 40 H, CH,N), 1.62 (m, 48 H, CH,CH,0), 1.36 (s (br), 180 H, CH;) (m, 40 H,
CH,CH,N), 1.28 (96 H, CH,CH,CH,CH,0) ppm.
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13C-NMR{*H}(100.5 MHz, CDCl;): 6 = 163.7 (24 C, C-(€C=0)0), 155.9 (20 C, N-
(€C=0)0), 145.6, 141.0 (96 C, C,,-sp>), 78.7 (20 C, C(CH,);, 69.0, 68.9 (24 C, C,,-
sp?), 67.0 (4 C, CH,0), 66.7 (20 C, CH,0), 45.3, 45.2 (12 C, C(C=0),), 40.3 (20 C,
CH,N), 29.8 (20 C, N-(CH,),CH,CH,0), 29.4 (O-(CH,),CH,CH,0), 28.3 (60 C,
C(CHj);), 28.2 (20 C,CH,CH,N), 26.2 (20 C(C, CH,CH,CH,N), 25.9 (O-
(CH,),CH,(CH,);0), 25.4 (20 C, N-(CH,);CH,(CH,),0) ppm.

MS (ESI, CH,CN/MeOH): m/z = calcd. for Cyg,'3CH,;,N,,OgsNaK [M + K + Nal*:
6934.2757 meas: 6934.2758 Da, calcd. for Cye,'3C.H,,,N,,0g5Na; [M + 3 Nal3+:
2313.4279 meas: 2313.4340 Da.

IR (ATR, diamond): b = 2932 (m), 2860 (w), 1742 (m), 1693 (s), 1512 (m, br),
1455 (w, br), 1391 (w), 1365 (w), 1246 (s), 1212 (s), 1166 (s), 1080 (w), 1042 (w),
990 (m), 865 (w), 735 (m), 715 (m) cm™.

UVNis (CH,CL,): A = 246 (457000), 269 (344000), 283 (362000), 319 (233000),
337 (184000), 386 (31000) nm (M1cm).

(Bis[N-boc-3-aminopropyllmalonyl)-dimethylaminophenylisoxazolino-
[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-
fullerene 63

(p-N,N-Dimethylaminophenylisoxazolino)-mono-1,2-dihydrofullerene 303°!
(300 mg, 340 mmol) was dissolved in 1,2,4-trimethylbenzene (15 mL). DMA
(770 mg, 3.7 mmol, 11 eq). was added and the mixture was stirred for 2 hours.
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Bis(3-(boc-amino)propyl) malonate 76 (1.6 g, 4.05 mmol, 12 eq.), chloroform
(13 mL), CBr, (1.2 g, 4.05 mmol, 12 eq.) and P,-tBu (1.017 g, 1.101 mL,
4.05 mmol, 12 eq.) were added and the mixture was stirred for 9 days. The
mixture was plug-filtered (SiO,; dichloromethane/ethyl acetate 1:1),
dimethylanthracene was washed out (SiO,; dichloromethane) and the raw
mixture was eluted with dichloromethane/ethyl acetate 1:1. The solvent mixture
was carefully removed. The raw mixture was dissolved in dry dichloromethane.
Again 1 eq. of DMA (70 mg, 338 mmol, 1 eq.), bis(3-(boc-amino)propyl)
malonate 76 (1.412 g, 3.375 mmol, 10 eq.) and CBr, (0.9 g, 10.6 eq), P;-tBu
(462 mg, 500 uL, 1.84 mmol, 5.45 eq.) were added and the mixture was stirred
for another 4 days. Plug filtration was done on SiO, with
dichloromethane/ethyl acetate 1:1 and again (SiO,; hexanes/ethyl acetate 3:2;
then dichloromethane/ethyl acetate 1:1) in order to remove the malonate and
other reagents. HPLC purification was done by means of multi-cycling HPLC
(nucleosil; dichloromethane/ethyl acetate 1:1), collecting the product after
3 cycles. Yield: 99 mg (33.4 umol, 9.8 %).

Spectroscopy of 63

'H-NMR (400 MHz, CDCl;): 6 = 7.78 (d, 3, y= 9.0 Hz, 2 H, m-aniline), 6.64 (d,
3Junw = 9.0 Hz, 2 H, o-aniline), 5.1..4.85 (s (br), 10 H, N-H), 4.43..4.13 (m, 20 H,
CH,0), 3.2..3.05 (m, 20 H, CH,N), 2.93 (s, 6 H, N(CH;),), 1.95..1.75 (m, 20 H,
CH,CH,CH,), 1.37 (s, 90 H, C(CH;);5) ppm.

13C-NMR{'H} (100.5 MHz, CDCl;): 6 = 163.8, 163.7, 163.6, 163.5, 163.4, 163.3,
163.2 (10 C,C=0), 1559 (10 C, N-C=0), 1543 (1 C,C=N), 151.3 (1 C,
ipso-aniline), 146.8, 146.6, 146.5, 146.1, 145.9, 145.6, 145.5, 145.4, 145.3, 145.2,
145.2, 144.8, 144.1, 144.0, 143.8, 143.6, 143.2, 143.0, 142.0, 141.6, 141.6, 141.0,
141.0, 140.2, 139.5, 139.4, 139.3, 139.0 (48 C, C4,-sp?), 129.4 (2 C, m-aniline),
116.1 (1 C, p-aniline), 111.5 (2 C, o-aniline), 101.2 (1 C, C4,-C-O), 79.1 (10 C,
C(CH;);), 76.8 (1 C, C-O-N), 69.7, 69.5, 69.1, 69.0, 67.9, 67.3 (10 C, Cy-sp?), 64.7,
64.7, 64.2 (10 C, CH,0), 53.3, 45.3, 45.2, 44.4, 41.7 (5 C, C(C=0),), 40.0 (2 C,
N(CH;),), 37.2 (10 C, CH,.N), 28.9 (10 C, CH,CH,CH,), 28.3 (30 C, C(CH,);) ppm.

MS (MALDI, dctb): m/z = calcd. for C;53*3C,H 3N;;0,4,Na
[M - C-CiH,-N(CH3), + 3 H + Nal]*: 2859.10 meas.: 2859 Da. calcd. for
Ci6,"3CoH170N1,0,; [M + H]*:2966.17 meas.: 2966 Da.

IR (ATR, diamond): 3351 (s), 2973 (s), 2933 (m), 1243 (m), 1690 (m), 1609 (w),
1521 (s), 1454 (w), 1391 (w), 1366 (m), 1249 (s), 1215 (m), 1167 (s), 1040 (m),
714 (w).

UV/Vis(CH,Cl,): A = 245 (81000), 268 (64000), 317 (57000), 337 (43000).
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(Bis[N-boc-3-aminopropyllmalonyl)-[5,0]-pentakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 65

Protected pentakisadduct 63 (99 mg, 33.4 umol, 1 eq.) was dissolved in dry,
degassed toluene (50 mL). Maleic anhydride (98.22 mg, 1 mmol, 30 eqg.) was
added. The mixture was degassed for 15 minutes, and irradiated for 1 day with a
500 W halogen lamp under cooling to -5 °C. The amount of the solvent was
reduced and the mixture was purified by means of column chromatography (SiO,;
dichloromethane/ethyl acetate 1:1). Yield: 71 mg (25.3 umol, 76 %).

Spectroscopy of 65

'H-NMR (300 MHz, CDCl;): 6 = 5.9..4.9 (s, br, 10 H, N-H), 4.47..4.16 (m, 20 H,
CH,0), 3.26..3.04 (m, 20 H, CH,N), 1.99..1.74 (m, 20 H, CH,CH,CH,), 1.52..1.3 (s
(br), 90 H, C(CH,);) ppm.

13C-NMR{*H} (75.5 MHz, CDCl;): 6 = 163.8, 163.7, 163.2 (10 C, C(C=0),), 156.0
(10 C, N-C=0), 148.5, 146.9, 146.1, 145.7, 144.9, 144.6, 144.1, 143.8, 143.1,
142.2, 139.6 (50 C, C,,-sp?), 79.3 (10 C, C(CH,);), 69.8, 69.4, 69.1 (10 C, Cy,-sp3),
64.8, 64.8, 64.6, 64.6 (10 C, CH,0), 53.9, 45.5, 44.9 (5 C, C(C=0),), 37.2 (10 C,
CH,N), 29.0 (10 C, CH,CH,CH,), 28.4 (30 C, C(CH;);3) ppm.

MS (MALDI, dctb): m/z =calcd. for C;3'3C,H,,N;,0,, [M]*: 2803.09 meas.: 2803
Da.

IR (ATR, diamond): b = 3050 (s), 2976 (s), 2933 (m), 2361 (w), 2341 (w), 1643
(m), 1690 (s), 1609 (w), 1520 (s), 1455 (w) 1392 (w), 1366 (w), 1339 (m), 1251 (s),
1213 (m), 1168 (s), 861 (m), 738 (m).
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UV/Vis(CH,CL,): A = 243 (97000), 282 (79000), 317 (48000) nm (M*cm™?).

(Bis[N-boc-3-aminopropyllmalonyl)-dimethylaminophenylisoxazolino-
[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-
fullerene 66

(p-N,N-Dimethylaminophenylisoxazolino)-mono-1,2-dihydrofullerene 30 (184 mg,
208 umol, 1 eq.) was dissolved in toluene (500 mL). Dioctyl malonate (614 mg,
700 ul, 1.84 mmol, 9 eq.) and tetrabromocarbon (6.91 g, 20.842 mmol, 100 eq.)
was added. DBU (635 mg, 623 L, 4.17 mmol, 20 eq.) was added. The mixture
was stirred for 3 days. The mixture was plug-filtered (SiO,;
dichloromethane/ethyl acetate 3:1), and purified by means of column-
chromatography (SiO,; dichloromethane) and again (SiO, 15 um grain size;
dichloromethane). Yield: (110 mg, 43.7 umol, 21 %)

Spectroscopy of 66

'H-NMR (CDCl;, RT): 7.85 (d, 3], 4 = 9.0 Hz, 2 H, meta-aniline), 6.67 (d, 3J,, = 9.0
Hz, 2 H, ortho-aniline), 4.35..4.07 (m, 20 H, CH,0), 2.95 (s, 6 H, (CH;),N),
1.75..1.48 (m, 20 H, CH,CH,0), 4.40..1.12 (m, 100 H, CH,CH,CH,CH,CH,CH,),
0.89..0.81 (30 H, CH,CH,).
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13C-NMR{'H} (CDCl;, RT): 164.0, 163.9, 163.8, 163.6, 163.5, 163.4 (10 C, C=0)
154.4 (1 C, ipso-aniline), 151.1 (1 C, C=N), 146.7, 146.4, 146.2, 145.9, 145.6,
145.4, 145.3, 145.1, 143.9, 143.6, 143.2, 142.1, 141.8, 141.6, 141.2, 141.0, 140.3,
139.6, 139.5, 139.4, 139.4, (50 C, C4,5p?), 129.5 (2 C, meta-aniline), 116.7 (1 C,
broad, para-aniline), 111.7 (2 C, ortho-aniline), 101.5 (1 C, C,-sp3, C-0), 69.9,
69.6, 69.2, 68.0, 67.4 (9 C, C,,-sp?), 67.0, 66.9 (10 C, CH,-0), 66.5 (1 C, C,-sp?),
45.5, 45.4, 44.6, 41.9 (5 C, C(C=0),), 40.1 (2 C, CH;-N), 31.73, 31.70 (10 C,
CH,CH,CH,), 29.2, 29.1, 29.1 (20 C, CH,CH,CH,CH,CH,;), 28.4, 28.3, 28.3 (10 C,
CH,CH,0), 25.8, 25.8, 25.7 (10 C, CH,CH,CH,0), 22.6, 22.6, 22.5 (10 C, CH,CH,),
14.0 (10 C, CH,CH;) ppm.

MS (MALDI, dctb): m/z = calcd. for C;:53'3C,H;;,0,4 [M - C4H,,N,O]*: 2353.23 meas.:
2353 Da, calcd. for C,,'*C,H,4,NO;, [M -NO]*: 2485.32 meas.: 2485 Da.

IR (ATR, diamond): 2954 (w), 2924 (s), 2854 (m), 1744 (s), 1609 (w), 1525 (w),
1465 (m), 1360 (w), 1255 (s), 1212 (vs), 1123 (w), 946 (w), 714 (w), 669 (m).
UV/Vis: A (g) = 246 (81000), 268 (67000), 283 (67000), 316 (66000), 340 (40000)
nm (Mlcm?).

(Dioctylmalonyl)-[5,0]-pentakis-1,2,18,22,23,27,45,31,32,36-
decahydro[60]-fullerene 67

Protected pentakisadduct 66 (104.5 mg, 41.55 mmol, 1 eq.) was dissolved in
toluene (50 mL). Maleic anhydride (122 mg, 1.25 mol, 30 eq.) was added.
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The mixture was thoroughly degassed by bubbling nitrogen through it, then it was
irradiated with a 500 W xenon soffit lamp for 24.5 h. The amount of solvent was
reduced in vacuo and the solution was directly applied on a chromatographic
column (SiO,; dichloromethane), running the separation slowly. Yield: 69.4 mg
(29.49 pmol, 71 %).
Spectroscopy of 67

'H-NMR (400 MHz, CDCl;): 4.35..4.21, 4.16..4.09 (m, 20 H, CH,0), 1.77..1.64 (m,
20 H, CH,CH,0), 1.41..1.15 (m, 100 H, (CH,).CH,CH,0), 0.91..0.80 (m, 30 H, CH,).
13C-NMR{*H} (100.5 MHz, CDCl;): 163.9, 163.9, 163.8, 163.3 (10 C, C=0), 148.4,
146.8, 146.1, 145.7, 145.0, 144.5, 144.2, 144.1, 144.0, 143.0, 142.4, 139.7 (50 C,
C¢o-Sp?), 70.0, 69.5, 69.4, 69.2 (10 C, C,,-sp®), 67.0, 67.0, 66.8 (10 C, CH,0), 54.0,
45.7, 45.1 (5 C, €(C=0),), 31.7, 31.7, 31.6 (10 C, CH,CH,CH;), 29.6, 29.2, 29.2,
29.1, 29.1 (20 C, (CH,),(CH,),CH,), 28.5, 28.4, 28.4, 28.3 (10 C, CH,CH,0), 25.9,
25.8, 25.8, 25.7 (10 C, CH,CH,CH,0), 22.8, 22.6, 22.6, 22.4 (10 C, CH,CH,), 14.0
(10 C, CH;) ppm.

MS (ESI-TOF): m/z = calcd. for C,,'**C;H;;,0,0Na [M + Nal*: 2375.2210 meas:
2375.2280 Da.

IR (ATR, diamond): b = 2954 (w), 2923 (s), 2854 (m), 1744 (s), 1463 (w, br), 1379
(w), 1351 (w), 1253 (s), 1208 (vs), 1120 (w), 1079 (m), 1025 (m), 990 (w), 942 (w),
883 (w), 804 (w), 714 (m), 667 (w).

UV/Vis(CH,Cl,): A (¢) = 248 (93000), 282 (83000), 322 (39000) nm (M*cm™).
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(Bis[3-(boc-amino)propyllmalonyl)-((bis[3-(boc-amino)propyllmalonyl)-
(cyclo-[2]-octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene) 68

Mixed fullerene dimer 78 (18 mg, 4.559 umol, 1 eq.) was dissolved in

dichloromethane (5 mL). Dimethylanthracene (11.3 mg, 54.7 mmol, 5 eq) was
added and the mixture was stirred for 2 hours. bis(3-(boc-amino)propyl)
malonate 76 (45 mg, 108 umol, 24 eq.), CBr, (15. mg, 45.59 ymol, 10 eq., in
toluene) and P,-tBu (10.7 mg, 11.6 pL, 10 eq.) in toluene were added. After
8 days, further bis(3-(boc-amino)propyl) malonate 76 (45 mg, 108 umol, 24 eq.),
CBr, (15.1 mg, 45.59 umol, 10 eq., in toluene) and P;-tBu (10.7 mg, 11.6 pL,
10 eq., in toluene) were added. After 9 days, the mixture was plug-filtered (SiO,;
toluene/ethyl acetate 1:1 and diethylether/dichloromethane/ethyl acetate 10:6:4,
combining the eluates). The mixture was purified via column-chromatography
(Si0,;  tolueneftetrahydrofurane  2:1) and another (SiO,; 15 um;
toluene/tetrahydrofurane 2:1, slow (12 h)). Yield: 6 mg (0.88 umol, 19 %).

Spectroscopy of 68

'H-NMR (400 MHz, CDCl;): 6 = 5.08..4.88 (s (br), 20 H, N-H), 4.46..4.13 (m, 48 H,
CH,0), 3.29..3.04 (m, 40 H, CH,N), 2.00..1.78 (m, 40 H, CH,CH,N), 1.45..1.38 (m,
180 H, C(CH;);) ppm.
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13C-NMR{'H} (100.5 MHz, CDCl;): 6 = 163.8 (24 C, C(€C=0),), 156.1 (20 C, N-C=0),
145.9, 141.0 (96 C, C,,-sp?), 129.8 (impurity), 122.1 (impurity), 79.3 (20 C,
C(CHs;);), 70.5, 69.3, 69.2, 69.0 (24 C, C,,-sp3), 64.7, 64.4, 63.0 (24 C, CH,0), 47.2
(12 C, €C(C=0),), 37.4 (20 C, CH,-N), 31.9, 31.7, 29.7 (20 C, CH,CH,N)), 29.6, 29.4,
29.1, 28.5 (60 C, C(CH5),), 25.4, 25.4 ,22.7, 22.6, 14.1, 13.9, 11.8 ppm.

UV/Vis (CH,CL,): A = 246 (69000), 268 (55000), 281 (55000), 319 (31000), 337
(24000), 387 (5000) nm (Mtcm?).

(Dioctylmalonyl)-((bis[6-(boc-amino)Imalonyl)-(cyclo-[2]-octylmalonyl)-
[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-
fullerene)-yl-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene) 69

Pentakis adduct 51 (20 mg, 5.48 umol, 1 eq.) and pentakis adduct 67 (12.9 mgq,
5.48 ymol, 1.5 eq.) were dissolved in toluene. CBr, (1.817 mg, 5.48 pmol, 1 eq.)

and P1-tBu (1.29 mg, 1.39 uL, 5.48 pmol, 1 eq.) were added and the mixture was
stirred for 2 days. The product was purified by means of column-chromatography
(Si0,; dichloromethane/ethyl acetate 3:1) and again (Si0, 15 pum;
dichloromethane/ethyl acetate 3:1). Yield: 17 mg (2.83 pmol, 51.6 %) R;
(dichloromethane/ethyl acetate 3:1)=0.75.
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Spectroscopy of 69

'H-NMR (300 MHz, CDCl;): 6 = 4.98..4.53 (s, br, 10 H, N-H) 4.38..4.10 (m, CH,0),
3.07 (m, 20 H, CH,N), 1.81.1.57 (m, 58 H, CH,CH,O0, CH,CH,N), 1.41
(s, 90 H, C(CH,);), 1.38..1.16 (156 H, CH,CH,CH,0, CH,CH,CH,N), 0.85 (t, 3], =
6.7 Hz, 30 C, CH,CH;) ppm.

13C-NMR{*H} (75.5 MHz, CDCl;): 6 = 163.9, 163.8 (24 C, C(C=0),), 156.0 (10 C,
N-C=0), 145.8, 145.7, 141.1 (96 C, C,,-sp?), 79.0 (20 C, C(CH,);), 69.1 (24 C,
Ceo-SP3), 67.0, 66.9 (24 C, CH,0), 45.4, 45.3 (24 C, CH,(C=0),), 40.6 (10 C, CH,N),
31.8 (20 C, CH,CH,CH,), 29.9 (20 C, CH,CH,CH,CH,), 29.6 (4 C, spacer-CH,CH,0),
29.2 (40 C, CH,CH,CH,CH,CH, N-(CH,),CH,), 28.4 (30 C, C(CH,),), 28.3 (4 C,
spacer-CH,CH,CH,0), 26.4 (10 C, CH,CH,N), 26.1, 25.8 (10 C, CH,(CH,),CH,), 25.6
(10 C, CH,(CH,);N), 25.3 (4 C, spacer-CH,CH,CH,CH,0), 22.6 (CH,CH,), 14.1 (10 C,
CH5CH,) ppm.

MS (ESI-AcN/MeOH): m/z = calcd. for C;*3C,H,,,N;0O06sNas®** [M + 3 Nal**:
2023.3227 meas.: 2023.3276 Da, calcd. for Cy*3C,H,5,N;006gNaK?
[M + Na + K]*:6062.9523 meas.: 6062.9503 Da.

IR(ATR, diamond): b = 2927 (s), 2856 (m), 1745 (m), 1714 (s), 1516 (m), 1458
(m), 1391 (w), 1365 (w), 1263 (vs), 1214 (vs), 1171 (m), 1081 (w), 1043 (w), 991
(w), 716 (m) cm™.

UV/Vis(CH,CL,): A (g) = 247 (345000), 269 (226000), 282 (239000), 320 (147000),
338 (118000) nm (M1cm™).
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(Bis[N-boc-3-aminopropyllmalonyl)-((dipropyl malonyl)-(cyclo-[2]-
octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene) 70

[5,11/[1,0]-Dumbbell 79 (100 mg, 35.8 umol) was dissolved in toluene (5 mL).
DMA (74 mg, 358 umol) was added to it and the mixture was stirred for 3 hours.
Malonate 76 (187 mg, 446 umol, 12 eq.), CBr, (142 mg, 429 umol, 12 eq.) was
added and P;-tBu (93 mg, 101 uL, 395 umol, 11.5 eq.) was added dropwise over
1 hour in toluene. The mixture was stirred for 9 days. CBr, (76 mg, 230 umol) and
P,-tBu (101 mg, 110 pL, 446 pmol, 12 eq.) were added and the mixture was
stirred for further 9 days. The mixture was plug-filtered (SiO,;
toluene:ethyl acetate 1:1), and chromatographically purified twice (SiO,;
dichloromethane/methanol 20:0.45), the second time using HPLC. The product
was still containing mono- and dibrominated malonate at that point. Yield: 96 mg
(9.74 umol, 27.2 %.).

Spectroscopy of 70

'H-NMR (300 MHz, CDCl;, RT): 5.25 (s, 1 H, monobrominated malonate CH-Br),

5.00 (s (br), 2 H, N-H, brominated malonate), 4.92 (s (br), 10 H, N-H) 4.28 (m,
48 H, CH,0), 4.17 (m, 4 H, brominated malonate CH,0), 3.13 (m, 20 H,

product+brominated malonate CH,-N), 1.84 (2 m, 48 H, CH,-CH,0), 1.66 (m, 4 H,
brominated malonate CH,CH,0), 1.45..1.30 (m, 16 H, CH,CH,CH,CH,CH,), 1.38 (s,
90 H, product+brominated malonate C(CH,);), 0.89 (t, 3], , = 7 Hz, 30 H, CH,CH,)

ppm.
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13C-NMR{*H} (75.5 MHz, CDCl;, RT): 8 = 163.8, 163.7, 163.6, (24 C, 0O-C=0),
162.2, 162.0 (2 C, 2 C, mono- and dibrominated malonate), 155.9 (10 C, N-C=0),
140.6, 141, 140.9 (96 C, C,-sp?), 79.2 (10 C, C(CH;)5), 69.1, 69.0, 68.9 (24 C, C,,,
sp3), 64.8, 64.6, 64.3 (24 C, CH,-0), 53.4 (CBr,, dibrominated malonate) 45.4, 45.2
(12 C, €(C=0),), 42.2 (CHBr, monobrominated malonate).

MS (MALDI, dctb): m/z = calcd. C,;5*3C3H,6,N;006,K [M - C=0 + K]*: 4889.71
meas.: 4890 Da.

IR: b = 2968 (m), 2934 (w), 1740 (w), 1690 (s), 1514 (m), 1456 (w), 1391 (w),
1365 (w), 1240 (m), 1211 (s), 1166 (m), 1043 (m),735 (w), 716 (w), 529 (w) cm™.
UV/Vis: A = 245, 270, 280, 317, 335 nm.
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(Bis[3-t-butylcarboxypropyllmalonyl)-((dipropylmalonyl)-(cyclo-[2]-
octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene) 71

((Dipropyl malonyl)-(cyclo-[2]-octylmalonyl)-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene)-yl-1,2-dihydro[60]-
fullerene 79 (47 mg, 15.8 umol, 1 eq.) and DMA (41.6 mg, 202 umol) were
dissolved in dichloromethane and stirred for 3 h. Bis(3-t-butylcarboxypropyl)
malonate 77 (78.3 mg, 202 ymol, 12 eq.) and CBr, (66.86 mg, 202 umol, 12 eq.)
were added, P,-tBu (98 mg, 25 eq, 419 umol, 12 eq.) was added dropwise over
40 minutes and the mixture was stirred for 7 days. CBr, (66.86 mg, 202 umol,
12 eq.) and P;-tBu (30 mg, 128 umol, 7.7 eq.) were added and the mixture was
stirred for further 4 days. The mixture was plug-filtered on SiO, in
toluene/ethyl acetate 5:2 and purified by column-chromatography (SiO,;
toluene/ethyl acetate 9:1) and HPLC (SiO,; toluene/ethyl acetate 9:1), followed by
another plug-filtration (SiO,; hexanes/ethyl acetate 10:4;toluene/ethyl acetate 5:2)
in order to remove excess malonate. Yield: 47 mg (9.94 umol, 62.9 %).
Spectroscopy of 71

IH-NMR (400 MHz, CDCl,): 6 = 4.28, 4.20 (m, 48 H, CH,O), 2.29 (m, 20 H,
CH,C=0), 1.96 (m, 20 H, CH,CH,C=0), 1.68 (m, 28 H, CH,CH,CH,O,
CH,CH,CH,CH,0), 1.42 (s, 90 H, C(CH,),), 0.92 (m, 30 H, CH,CH;) ppm.
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13C-NMR{*H}(100.5 MHz, CDCl;): 6 = 171.7 (10 C, €C=0-0O-C(CH;);), 163.9, 163.6
(24 C, C(€C=0),), 145.8, 145.8, 145.7, 141.2, 141.1, 141.0 (96 C, C,,-sp?), 80.6
(10 C, C(CH5);), 69.1, 69.0 (24 C, C4,-sp?), 68.4, 66.0 (24 C, CH,0), 45.5, 45.1
(12 C, C(C=0),), 31.7 (10 C, CH,0), 29.5 (8 C, CH,CH,CH,CH,0), 28.5 (8 C,
CH,CH,CH,CH,0), 28.1 (30 C, C(CH;);), 26.0 (8 C, CH,CH,CH,CH,0), 24.0 (10 C,
CH,CH,C=0), 21.8 (CH,CH,CH,0), 10.3 (CH,CH,CH,0) ppm.

MS (MALDI, dctb): m/z = calcd. for C,,4*3C3H,Of [M + 2 H + H]*: 4731.66 meas.:
4732 Da.

IR (ATR, diamond): ¥ = 2970 (m), 2933 (m), 1742 (s), 1726 (s), 1459 (w), 1392
(w), 1367 (w), 1261 (s), 1207 (s), 1152 (s), 1079 (w), 1056 (w), 715 (w) cm™.
UV/NVis (CH,CL): A = 226 (183000), 246 (199000), 269 (150000), 283 (155000),
320 (96000), 336 (78000), 387 (13000) nm (M*cm™).

(Bis[N-boc-6-aminohexyllmalonyl)-((dipropyl malonyl)-(cyclo-[2]-
octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene) 72

[5,11/[1,0]-Dumbbell 79 (68 mg, 24 umol) was dissolved in dichloromethane
(5 mL). DMA (60 mg, 0.29 mmol, 12 eq.) was added to it and the mixture was
stirred for 2 hours.
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Subsequently, bis(6-(boc-amino)hexyl)malonate 39!’ (0.24 g, 0.47 mmol,
19 eq.) and CBr, (97 mg, 0.29 mmol, 12 eq.) were added and a solution of
phosphazene base P,-tBu (68 mg, 74 pL, 0.29 mmol) was added dropwise over
2 hours. The reaction mixture was stirred for 8 days. CBr, (1.1 g, 3.3 mmol,
137 eq.) and phosphazene base P,-tBu (68 mg, 74 pL, 0.29 mmol, 12 eq.)
(dropwise in dichloromethane) were added. After additonal two days, the reaction
mixture was plug-filtered (SiO,; toluene;toluene/ethyl acetate 50:50) and purified
via column chromatography (SiO,; dichloromethane/ethyl acetate 98:2). The
product fractions were collected and the solvent was evaporated, yielding the
product as residue. Yield: 43 mgq, (34 %), red-orange solid.

Spectroscopy of 72

'H-NMR (300 MHz, CDCl;): 6 = 4.76 (m, 10 H, NH), 4.20 (m, 48 H, CH,0), 3.06 (m,
20 H, CH,N), 1.69 (m, 48 H, CH,CH,0), 1.45..1.32 (m, 96 H, CH,), 1.40 (s, 90 H,
C(CH;)5), 0.91 (m, 30 H, CH,CH;) ppm.

13C-NMR{*H} (75.5 MHz, CDCL): 6 = 163.9 (24 C, CH,0), 156.0 (10 C, NCOO),
145.7, 141.1 (96 C, C,,-sp?), 78.9 (20 C, C(CH,)5), 69.0 (24 C, C,,-sp®), 68.3 (14 C,
CH,0), 66.9 (10 C, CH;CH,CH,0), 45.4 (12 C, C(COO0),), 40.42 (10 C, CH,N), 29.9
(10 C, CH,CH,CH,0), 29.5 (4 C, CH,CH,CH,0), 28.4 (30 C, C(CH5);, 4 C,
CH,CH,CH,0), 28.3 (10 C, CH,CH,N), 26.3 (10 C, CH,CH,CH,N), 26.1 (4 C,
CH,CH,CH,CH,0), 25.5 (10 C, CH,CH,CH,0), 10.3 (CH,CH;) ppm.

MS (MALDI-TOF, dctb): m/z = calcd. for C;,4'3C5H5;5N;,Ogs [M- CH,CH,CH;]*:
5256.16 meas.: 5257 Da, calcd. for C549*3C5H;3,0N;,O0¢g [M - 2 H]*: 5297.20 meas.:
5297 Da.

IR (ATR, diamond): b = 3006 (m), 2989 (m), 2360 (m), 2341 (m), 1745 (m), 1715
(m), 1519 (m), 1459 (m), 1276 (s), 1261 (m), 1219 (m), 1171 (m), 764 (m), 750
(m) cm™,

UV/Vis (CH,Cl,): A = 244, 271, 282, 317, 334 nm.
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(Bis[3-(boc-amino)propyllmalonyl)-(cyclo-[2]-octylmalonyl)-[5,1]-
hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 73

Pentakisadduct 65 (130 mg, 46.38 umol, 1 eq) is dissolved in toluene (5 mL).
Cyclo[2]-octylmalonate 35 (717.5 mg, 1.675 mmol, 36 eq.), CBr, (153.38
mg, 0.4625 mmol, 10 eq.) and P,-tBu (53.8 mg, 58.2 uL, 230 mmol, 5 eq.) were
added and the mixture was stirred for 12 h. The mixture was plug-filtered (SiO,;
dichloromethane/ethyl acetate 1:1) and absorbed on SiO,, washed with
dichloromethane/ethyl acetate 19:1 in order to remove the remaining excess of
cyclo[2]-octylmalonate 35 and eluted with dichloromethane/ethyl acetate 1:1. The
solvent was removed under reduced pressure. Yield: 35 mg (10.8 umol, 23.3 %).

Spectroscopy of 73

'H-NMR(300 MHz, CDCl,): 6 = 5.11..4.81 (s, 10 H, N-H), 4.44..4.16 (m, 28 H,
CH,0), 3.25..3.06 (m, 20 H, CH,N), 1.95..1.82 (m, 20 H, CH,CH,N), 1.74..1.55 (8 H,
CH,CH,CH,CH,0), 1.49..1.35 (s, 90 H, C(CH;);), 1.35.1.26 (m, 16 H,
CH,CH,CH,CH,0) ppm.

13C-NMR{*H} (75.4 MHz, CDCl;): 6 = 166.4 (2 C, CH,(C=0),), 163.8, 163.7 (12 C,
Cs-C(€C=0),), 156.0 (10 C, C=0-N), 145.8, 145.7, 145.7, 145.6, 141.1, 141.0,
141.0, 140.9, 140.9 (48 C, Cy,-sp?), 79.2 (10 C, C(CH;);), 69.1, 69.0, 69.0, 67.1
(12 C, C,-sp?), 65.5, 64.7 (14 C, CH,0), 45.2 (6 C, C,-C(C=0),, 42.2 (1 C,
CH,(C=0),), 37.3 (10 C, CH,N), 29.6, 294 (4 C, CH,CH,CH,CH,0), 29.0
(10 C, CH,CH,CH,-N), 28.5 (4 C, CH,CH,CH,CH,0), 28.4 (30 C, C(CH,);), 25.9
(4 C, CH,CH,CH,CH,0) ppm.
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MS (MALDI, dctb): m/z = calcd. for C;;5'3C,H 9¢N;0Oys [M + H + HJ*: 3231.33
meas.: 3231 Da. IR (ATR, diamond): b = 2922 (s), 2852 (m), 1742 (m), 1690 (s),
1514 (m), 1458 (m), 1391 (w), 1366 (w), 1263 (s), 1209 (s), 1164 (s), 1041 (w),
859 (w), 735 (m), 716 (m) cm™,

UV/NVis: A = 246 (138000), 269 (103000), 282 (111000), 320 (69000), 337 (55000)
nm (M1cm?).

(Dipropyl malonyl)-(cyclo-[2]-octylmalonyl)-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene 75

Monoadduct 191*°7! (0.40 g, 0.35 mmol) was dissolved in dichloromethane
(10 mL). DMA (0.72 g, 3.5 mmol) was added and the mixture was stirred for three
hours. Dipropyl malonate (3.9 g, 21 mmol) and CBr, (1.2 g 3.5 mmol) were added
and a solution of P -tBul'2°! (0.82 g, 890 pL, 3.5 mmol) was added dropwise under
stirring over two hours. The reaction mixture was stirred for seven days.
Ethyl acetate (7 mL) was added and the reaction mixture was plug-filtered (SiO,;
dichloromethane/ethyl acetate 3:1). The solvent was evaporated and the product
was plug-filtered again (SiO,; toluene; dichloromethane/ethyl acetate 80:20) and
again (hexanes/ethyl acetate 80:20; dichloromethane/ethyl acetate 90:10).
Column chromatography (SiO,; toluene/ethyl acetate 92.5:7.5) was done two
times, the solvent was evaporated and the residue was dried 2 hours in vacuum.
Yield: 0.11 g (14 %), orange oil.

Spectroscopy of 75

'H-NMR (300 MHz, CDCl;): 6 = 4.18 (m, 24 H, CH,0), 4.11 (m, 4 H, CH,0), 3.32 (s,
2 H, CH,(C=0),), 1.66 (m, 28 H, CH,CH,0), 1.31 (m, 16 H, CH,), 0.90 (m, 30 H,
CH;) ppm.
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13C-NMR{'H} (75.5 MHz, CDCl;): 8 = 166.4 (2 C, CH,(COO0),), 163.8 (10 C,
R,C(C0O0),), 145.7, 141.0 (48 C, C,,-sp?), 69.0 (12 C, C,,-sp®), 68.3 (10 C, CH,0),
66.9 (2 C, CH,0), 65.5 (2 C, CH,0COCH,), 45.3 (6 C, R,C(CO0),), 42.2 (1 C,
CH,(C00),), 29.3 (4 C(C,CH,CH,0), 285 (4 C(,CH,CH,CH,0), 259 (4 C,
CH,CH,CH,CH,0), 21.7 (10 C, CH,CH,0), 10.0 (CH) ppm.

MS (MALDI-TOF, sin): m/z = calcd. for C,¢'3*C;H;,,0,¢ [M]*: 2077.67 meas.: 2078
Da, calcd. for C;,¢*3C;H;,,0,5Na [M + Na]*: 2100.66 meas.: 2101 Da.

IR (ATR, diamond): b = 2968, 2937, 2880 (w), 2858 (w), 1744, 1462, 1390, 1352
(w), 1264, 1217, 1125 (w), 1079, 1056, 990, 932, 827 (w), 763, 715 cm™.

UV/NVis (CH,CL,): A = 281, 315, 333 nm.

Bis(3-(boc-amino)propyl) malonate 76

0 O O o]
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Malonic acid (8.78 g, 84.4 mmol, 1 eq.) and 3-(Boc-amino)propan-1-ol (34 g,
194 mmol, 2.3 eq.) were dissolved in dichloromethane (100 mL) and cooled to
0 °C. DCC (38.3 g, 2.2 eq., 186 mmol) and N,N-Dimethylaminopyridine (2.06 g,
16.9 mmol, 0.2 eq.) were added. The mixture was stirred for 35 min at 0 °C. After
36 h, the precipitate was filtered off and the filtrate was freed from solvent in
vacuo. The residue was dissolved in as little ethyl acetate as necessary (45 °C),
and the remaining DCU was crystallized out at 4 °C. The supernatant was
concentrated and the mixture was purified by means of column chromatography

(Si0,; hexanes/ethyl acetate 2:3), R; = 0.64. Yield: 8.20 g (91.7 %).

Spectroscopy of 76

'H-NMR (300 MHz, CDCl;): 6 = 4.81 (s, 2 H, N-H), 4.19 (t, 3], = 6.1 Hz, 4 H,
CH,0), 3.37 (s, 2 H, (C=0),CH,), 3.17 (m, CH,N), 1.82 (m, CH,CH,CH,), 1.41 (s,
C(CH;)5) ppm.

13C-NMR{*H} (100.5 MHz, CDCl;): 6 = 166.6 (2 C, CH,(C=0),), 155.9 (2 C, N-
(C=0),), 79.2 (2 C, €C(CH;)5), 63.0 (2 C, CH,0), 41.4 (1 C, CH,(C=0),), 37.2 (2 C,
CH,-N), 28.9 (2 C, CH,CH,CH,), 28.3 (6 C, C(CH;);) ppm.

IR (ATR, diamond): ¥ = 3051 (s), 2973 (s), 2933 (m), 1243 (m), 1690 (s), 1609 (w),
1521 (s), 1454 (w), 1391 (w), 1366 (m), 1249 (s), 1215 (m), 1167 (s), 1041 (w),
738 (w) cm™.

UV/Vis (CH,CI,): A = 243 (125000), 355 (24000) nm (M*cm?).
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((Bis[3-(boc-amino)propyllmalonyl)-(cyclo-[2]-octylmalonyl)-[5,1]-
hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerenyl)-
mono-1,2-dihydrofullerene 78

Cgo (15.623 mg, 21.68 umol, 2 eq.) and fullerene addend 73 (35 mg, 10.84 umol,
1 eq.) were dissolved in toluene (7 mL). CBr, (7.190 mg, 21.68 umol, 2 eq.) was
added. P,-tBu (15 mg, 16.1 uL, 6 eq.) was dissolved in toluene (2 mL) and added
dropwise. The mixture was plug-filtered (SiO, toluene/ethyl acetate 1:1) and
purified via column-chromatography (SiO, toluene/ethyl acetate 1:1). Yield: 18 mg
(4.56 umol, 42 %).

Spectroscopy of 78

'H-NMR (300 MHz, CDCl;): & = 5.09..4.91 (10 H, N-H) 4.46 (4 H, mono-CH,0),
4.40..4.20 (12 H, hexa-CH,0), 3.36..3.00 (20 H, CH,N), 2.02..1.80 (20 H,
CH,CH,N), 1.59..1.32 (106 H, CH;, CH,CH,CH,CH,0), 1.31..1.14
(8 H, CH,CH,CH,CH,0) ppm.

13C-NMR{*H} (100.5 MHz, CDCl3): 6 = 163.8, 163.7, 163.6 (14 C, C4,-C(C=0),),
156.0 (10 C, N-C=0), 145.75, 141.1, 141.0 (48 C, hexa-C4,sp?), 145.8, 145.7,
145.2, 145.2, 145.2, 144.9, 144.7, 144.6, 143.9, 143.1, 143.0, 143.0, 142.2, 141.9,
141.2, 140.9, 139.1 (58 C, C4-sp?), 79.3 (10 C, C(CH;);), 71.6, 69.2, 69.1, 69.0
(14 C, Cg-sp3), 67.5 (2 C, mono-CH,0), 64.7 (12 C, hexa-CH,0), 45.2 (6 C,
hexa-C(C=0),), 37.3 (10 C, CH,N), 29.7, 29.5 (4 C, CH,CH,CH,CH,0), 29.0 (10 C,
N-CH,CH,CH,), 28.6 (4 C, CH,CH,CH,CH,0), 28.4 (30 C, C(CH;);), 26.1, 26.0
(4 C, CH,CH,CH,CH,0) ppm.
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IR (ATR, diamond) bV = 2923 (m), 2853 (w), 1742 (m), 1690 (s), 1516 (m), 1456
(w), 1391 (w), 1365(w), 1262 (s), 1208 (s), 1166 (s), 1080 (w), 1042 (m), 736 (m),
716 (m).
UV/NVis(CH,CL,): 246 (138000), 269 (103000), 282 (111000), 320 (69000), 337
(55000).

((Dipropyl malonyl)-(cyclo-[2]-octylmalonyl)-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene)-yl-1,2-
dihydro[60]-fullerene 79

Under dry conditions, C,, (0.11 g, 0.15 mmol, 3 eq.) and, upon complete
dissolution, fullerene-containing addend 75 (0.11 g, 51 mmol, 1 eq.) and then
CBr, (17 mg, 66 mmol, 1.3 eq.) were dissolved in 50 mL toluene. Phosphazene
base P-tBu (16 mg, 17 mL, 66.3 mmol, 1.2 eq.) was added dropwise over
30 min., and the reaction was stirred at room temperature. When after 12 hours
TLC showed a considerable amount of educt, CBr, (30 mg, 0.12 mmol, 0.25 eq.)
and P;-tBu (28 mg, 30 pL, 0.12 mmol, 0.25 eq.) (dropwise in toluene) were added.
This was repeated until the reaction was nearly completed. The reaction mixture
was plug-filtered (SiO,; toluene; toluene/ethyl acetate 92.5:7.5) and purified via
column chromatography (SiO,; toluene/ethyl acetate 39:1). Evaporation of the
solvent and drying revealed the product. Yield: (68 mg, 48 %), dark-brown solid.
Spectroscopy of 79

'H-NMR (400 MHz, CDCl;): d = 4.46 (m, 4 H, CH,0-mono), 4.25 (m, 4 H,
CH,0O-hexa), 4.20 (m, 20 H, CH,0-hexa), 2.33 (s, 2 H, CH,(COO0),), 1.86 (m, 4 H,
CH,CH,0-mono), 1.69 (m, 24 H, CH,CH,0O-hexa), 1.5 (4 H, CH,CH,CH,0-mono),
1.42 (m, 12 H, CH,), 0.94 (30 H, CH;) ppm.
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13C-NMR{'H} (100.5 MHz, CDCl;): & = 163.9 (12 C, C=0-hexa), 163.6 (2 C,
C=0-mono), 145.8, 141.1 (48 C, C,,-hexa-sp?), 145.72, 145.67, 145.62, 145.2,
145.1, 143.8, 143, 1429, 142.2, 141.9, 141.02, 140.9, 139.07 (58 C(,
C.,-mono-sp?), 71.6 (2 C, C,,-mono-sp?), 69.1 (12 C, C,,-hexa-sp3), 68.3 (10 C,
CH,0), 67.4 (2 C, CH,0), 66.9 (2 C, CH,0), 52.04 (1 C, €C(COO),-mono), 45.43,
45.40 (5 C, C(CO0),-hexa), 45.3 (1 C, C(COO),-hexa), 29.47 (4 C, CH, CH,0), 28.6,
28.5 (4 C, CH,CH,0), 26.0 (4 C, CH,CH2CH20), 21.7 (10 C, CH,CH,0), 10.3 (10 C,
CH;) ppm.

MS (MALDI-TOF, sin): m/z = calcd. for C,43C,H;(,0,5 [M + H + H]*: 2798.68
meas.: 2799 Da.

IR (ATR, diamond): ¥ = 2964, 2926 (w), 2853 (w), 1745, 1462, 1395 (w), 1261,
1217, 1081, 1020, 932 (w), 866 (w), 799, 764 (w), 750, 715 cm™.

UV/Vis (CH,CL,): A (g) = 245 (159000), 266 (132000), 280 (112000), 318 (68000),
334 (56000), 425 (4000) nm (Mlcm?).

(Bis[6-ammoniumhexyllmalonyl)-((bis[6-ammoniumhexyllmalonyl)-
(cyclo-[2]-octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene)
eicosatrifluoroacetate 80

Symmetric double-hexakisaduct 62 was dissolved in TFA (3 mL) and stirred for

3 days. The acid was evaporated and the substance was dried in vacuo.
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Spectroscopy of 80

'H-NMR(400 MHz, D,0): 6 = 4.38..3.96 (m, 48 H, CH,0), 2.95..2.75 (m, 40 H,
CH,N), 1.7.3.8 (m, 88 H, CH,CH,N, CH,CH,0O), 1.36..1.06 (m, 96 H,
CH,CH,CH,CH,0) ppm.

13C-NMR{*H}(100.5 MHz, D,0): & = 165 (24 C, C=0), 145.7, 141.5 (96 C, C,-sp?),
69.4 (24 C, C4-sp?), 67.7 (24 C, CH,0), 46.4 (12 C, C(C=0),), 39.64 (20 C, CH,N),
27.9 (20 C, CH,CH,N), 26.9 (24 C, CH,CH,0), 25.5, 25.1 (CH,CH,CH,CH,0) ppm.

IR (ATR, diamond): b = 2937 (s), 2863 (w), 1742 (m), 1671 (s), 1525 (w), 1466 (w),
1430 (w), 1395 (w), 1261(m), 1198 (s), 1130 (s), 889 (m), 836 (m), 721 (m) cm™.
UV/NVis(H,0): A (g) = 215 (277000), 246 (153000), 269 (124000), 282 (127000),
319 (82000), 336 (66000) nm (M*cm™).

(Bis[3-ammoniumpropyllmalonyl)-((bis[3-ammoniumpropyllmalonyl)-
(cyclo-[2]-octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene)
eicosatrifluoroacetate 81

20 CF3C00 °
Symmetric double-hexakisaduct 68 (6 mg, 0.878 umol, 1 eq.) was dissolved in
TFA (2 mL) and stirred for 4 days. The acid was removed in vacuo. Yield: 2.5 mg,
(6.1 umol, 70 %).

Spectroscopy of 81
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MS  (ESI-TOF, MeOH/AcN): m/z = calcd.: for C,,*CoH166045N1,
[M +4 H* - 10 C,H,0P *720.1870 meas.. 720.2806 Da, calcd.: for
Cb1523C,H;7,0,45N; [M +4 H¥ - 9 C,H,O5* 728.7955 meas.: 728.8874 Da, calcd.: for
Cy143C,H 50N, , [MT +4 H* - 8 C,H,0]°* 737.4039 meas.: 737.4958 Da, calcd.:
for Cyy613C,H,1045N15 [M +4 H- 7 C,H.N]5* 746.0124 meas.: 746.10949 Da, calcd.:
for C,,513C,H; 045N, 4 [M +4 H- 6 C,H.N]5* 754.6208 meas.: 754.7182 Da, calcd.:
for Cp,g3C,Hy5,0,5Ns [M +4 H- 5 C,H.NI** 763.2292 meas.: 763.3302 Da.

UV/NVis (MeOH): A (g) = 214 (185000), 245 (114000), 269 (91000), 281 (90000),
320 (55000), 336 (44000), 387 (9000) nm (M1cm1).

(Bis[6-ammoniumhexyllmalonyl)-((dipropyl malonyl)-(cyclo-[2]-
octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene)
decatrifluoroacetate 82

10CF3CO0-

Under dry conditions, [5,1]/[1,5]-dumbbell 72 was stirred in TFA for 3 days. The
acid was distilled off under vacuum, and the remaining solid was taken up three
times in methanol and evacuated again in order to remove traces of excess TFA.
The substance was taken up in 200 uL methanol again and precipitated with
30 mL of diethyl ether. The supernatant was decanted and discarded, the
remaining solid was dried in vacuo to yield the amorphous, red-orange product.
Yield: 44 mg (99 %), red-orange solid.
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Spectroscopy of 82

'H-NMR (400 MHz, CD,0D): 6 = 4.88 (s, 30 H, NH;*), 4.35..4.15 (48 H, CH,0), 2.90
(20 H, CH,N), 1.8..1.6 (68 H, CH,CH,N, CH,CH,0), 1.39 (56 H, CH,), 0.92 (30 H,
CH;) ppm.

13C-NMR{*H} (100.5 MHz, CD,0D): 6 = 165.0 (m, 10 C, CF,C00), 164.9 (24 C,
C=0), 146.9, 142.8 (96 C, C,,-hexa-sp?), 116.1 (m, 10 C, CF,COO01), 70.6 (24 C,
C.,-sp?), 69.9 (10 C, CH,CH,CH,0), 68.2 (18 C, CH,CH,CH,0), 47.6 (12 C,
(C(CO0),), 40.6 (10 C, CH,N), 30.3 (4 C, CH,CH,0), 29.6 (4 C, CH,CH,CH,0), 29.3
(10 C, CH,CH,N), 28.4 (10 C, CH,CH,CH,0), 26.9 (10 C, CH,CH,0), 26.5 (10 C,
CH,CH,CH,N), 22.9 (10 C, CH,CH;), 10.8 (10 C, CH,) ppm.

MS (MALDI-TOF, sin): m/z = calcd. for C,5¢'3*C3H,,5N;,0,4 [M- 10 CF;COO - 9 HJ*:
4299.70 meas.: 4300 Da, calcd. for C,56'3C3H,,5N;,O4sNa [M - 10 H + Nal*:
4322.69 meas.: 4322 Da, C,'3C5H,,5N;,0,sK[M - 10 H + Nal*: 4338.66 meas.:
4338 Da.

IR (ATR, diamond): b = 3059 (m), 2935 (m), 2859 (w), 2361 (w), 1744 (m), 1679
(m), 1537 (w), 1465 (m), 1434 (w), 1393 (w), 1352 (w), 1265 (m), 1205 (m), 1135
(m), 1080 (m), 989 (w), 933 (w), 838 (m), 800 (m), 762 (w), 722 (m) cm™.

UVNis (H,0): A = 214 (197000) 244 (125700), 271 (97900). 282 (97800), 316
(60000), 335 (47700) nm (Mlcm™).
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(Bis[3-ammoniumpropyllmalonyl)-((dipropyl malonyl)-(cyclo-[2]-
octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene)
decatrifluoroacetate 83

10CF3COD

[5,11/[1,5]-dumbbell 70 was dissolved in trifluoroacetic acid (3 mL) and stirred for
3 days. The solvent was removed under reduced pressure and the raw product
was dissolved in methanol, and dried three times in vacuo. The raw product was
subjected to SEC (polyamide) in diluted trifluoroacetic acid (0.36 g/L in H,0) in
order to remove left malonate. Yield: 48 mg (9.57 umol, 98.2 %)

Spectroscopy of 83

'H-NMR (400 MHz, CD,0D): 6 = 4.43, 4.27 (48 H, CH,0), 2.11 (N-CH,CH,CH,-0),
1.7 (28 H, CH,CH,CH,0, (CH,),CH,CH,0), 1.4 (16 H, (CH,CH,(CH,),0),), 0.9 (30 H,
CH;) ppm.

13C-NMR{'H} (100.5 MHz, CD;0D): 6 = 165.7, 165.3 (24 C, C=0), 163.7 (q, ¥ =
35 Hz, 10 C, CF;€00), 147.9, 147.74, 147.69, 147.62, 147.56, 143.48, 143.39,
143.18 (96 C, C4o-sp?), 120.9, 117.9 (q, Y= 1200 Hz, 10 C, CF;) 71.4, 71.2, 70.7
(24 C, C,,-sp?), 66.1 (24 C, CH,-0), 48.4 (12 C, C(C=0), 38.6 (10 C, CH,-N), 31.3
(4 C, CH,CH,CH,CH,0), 30.5 (4 C, CH,CH,CH,CH,0), 28.6 (10 C, CH,CH,CH,0),
27.9 (4 C, CH,CH,CH,CH,0), 23.9 (10 C, N-CH,CH,CH,-0), 11.72, 11.67 (10 C, CH,)
ppm.

MS (MALDI, sin): m/z = calcd. for C,3,'3C,H;9;N;,0, [M - 10 CF;,COO - 1 HI*:
3886.28 meas.: 3886 Da, calcd. for C,53,'3C,H,4,N;,O,5Na [M - 10 CF;COO -
2 H + Nal*: 3908.27 meas.: 3908 Da.

IR (ATR, diamond): b = 3250..2750 (s, br), 2965 (m), 2936 (m), 1741 (m), 1673
(s), 1529 (m, br), 1468 (w), 1432 (w), 1397 (w), 1264 (m), 1207 (s), 1129 (s), 1064
(m), 992 (w), 837 (m), 799 (m), 721.4 (s), 598 (w), 529 (m) cm™,
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UV/Vis(H,0): A () = 245 (322000), 268 (258000), 281 (265000), 319 (160000),
335 (132000) nm (M1cm).

(Dioctylmalonyl)-((bis[6-ammoniumhexyl)Imalonyl)-(cyclo-[2]-
octylmalonyl)-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene)-yl-[5,1]-hexakis-
1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-fullerene)
decatrifluoroacetate 84

@
NH3 H3N®
(©]
NH3
@
H3N
00 00
®
N Dy ©
:'\‘ 0 y A QA;._
IR o & N
KR “l 4\7\\\._ /Q“ —
LA~ N0
VA el
P 3PN
@,
HsN 00 00
]
3
[©]
NH3 H3N® 10cr5c8o

Amphiphile precursor 69 (17 mg, 2.833 umol) was dissolved in trifluroacetic acid
(3 mL). The mixture was stirred for 3 days. The excess trifluoroacetic acid was
evaporated in vacuum down to 1 mbar. The mixture was taken up in water and
dried in vacuo. Yield: 9 mg (1.47 pumol, 52 %)

Spectroscopy of 84

1H-NMR (400 MHz, CD,0D): 6 = 4.98..4.82 (30 H, NH;%), 4.41..4.29 (m, 48 H,
CH,0), 3.00..2.92 (m, 20 H, CH,N), 1.85..1.62 (68 H, CH,CH,O, CH,CH,N),
1.53..1.25 (156 H, CH,CH,CH,CH,CH,, CH,CH,;), 0.94 (30 H, CH,) ppm.
13C-NMR{!H} (100.5 MHz, CD,0D): 6 = 165.7 (24 C, C=0), 147.8, 147.7, 147.6,
143.5, 143.4, 143.3 (96 C, C,,-sp?), 71.4 (24 C, C,,-sp?), 69.1 (24 C, CH,0), 48.4,
41.5 (12 C, €(C=0),), 33.9 (10 C, CH,CH,N), 31.3, 31.2, 30.6, 30.2 (CH,CH,N,
CH,CH,CH,CH,CH,), 29.3, 28.1 (40 C, CH,CH,0), 27.9 (20 C, CH,CH,CH,N), 27.4
(20 C, CH,(CH,),CH;), 24.7 (40 C, CH,(CH,);N, CH,CH;), 15.5 (10 C, CH;) ppm.

MS (ESI, AcN/MeOH): m/z = «calcd. for C;s'3C,Hi5N;,O, g[M - 6 H -
unpolar fullerene + Na + K]*: 2713.23 found: 2713 Da.
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IR (ATR, diamond): ¥ = 3106 (m, br), 2929 (m), 2858 (w), 1744 (w), 1679 (s), 1437
(w), 1396 (w), 1264 (w), 1206 (s), 1137 (s), 842 (w), 802 (w), 724 (m) cm™.
UV/Vis(H,0): A (g): 245 (130000), 268 (105000), 282 (110000), 320 (69000), 336
(58000), 387 (9000) nm (M1cm™).

Bis[carboxypropyllmalonyl)-((dipropylmalonyl)-(cyclo-[2]-octylmalonyl)-
[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-dodecahydro[60]-
fullerene)-yl-[5,1]-hexakis-1,2,18,22,23,27,45,31,32,36,55,60-
dodecahydro[60]-fullerene 85

Anionic amphiphile precursor 71 (47 mg, 9.94 umol) was dissolved in 3 mL TFA
and stirred for 36 h. The acid was evaporated. Thrice, methanol was added and
evaporated, thrice dichloromethane was added and evaporated. Twice, the
residue was dissolved in ether and precipitated with pentane, removing the
supernatant each time. Yield: 24 mg (5.76 umol, 57.9 %).

Spectroscopy of 85

'H-NMR (300 MHz, CDCl;): & = 4.53..3.97 (m, 48 H, CH,0), 2.63..2.29 (m, 20 H,
CH,COOH), 2.16..1.88 (m, 20 H, CH,CH,COOH), 1.79..1.60 (m, 28 H, CH,CH;,
CH,CH,CH,CH,0), 0.97..0.88 (m, 30 H, CH;CH,), 0.89..0.75 (16 H,
CH,CH,CH,CH,0) ppm.

13C-NMR{*H} (75.5 MHz, CDCl;): 6 = 178.7 (10 C, COOH), 163.9 (24 C,
Ceo-C(C=0),), 145.8, 145.7, 141.2, 141.1 (96 C, C,,-sp?), 69.1 (24 C, C,,-sp?), 68.4
(24 C, CH,0), 45.5 (12 C, C(C=0),), 29.7, 25.3, 21.8 (10 C, CH,CH;), 14.1, 10.3
(10 C, CH;) ppm.

MS (MALDI-TOF, sin): m/z = calcd. for C,34'3C,H;530Na [M - C=0-OPr - 2 H +
Nal*: 4100.94 meas: 4101 Da.
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IR (ATR, diamond): b = 2961 (m), 2925 (s), 2855 (w), 1742 (s), 1710 (m), 1462 (w,
br), 1398 (w, br), 1263 (s), 1216 (s), 1080 (w), 1056 (w), 735 (w), 715 (m) cm™.
UV/NVis (CH,Cl,): A = 224 (93000), 246 (95000), 269 (72000), 282 (76000), 319
(47000), 336 (38000), 386 (7000) nm (Mtcm1).

2,2-Bis(diphenylmethylphen-4-yl) 1,3-diethyl malonate 88

Diethyl malonate was dissolved in dichloromethane (15 mL).
Diazabicycloundecene (2.79 g, 2.74 mL, 18.3 mmol, 1 eq.) was added and
Triphenylmethyl chloride (5.11 g, 18.3 mmol, 1 eq.) was dissolved in 15 ml
dichloromethane and added drop-wise. After 5 h, the mixture was plug-filtered
with dichloromethane and purified by means of column-chromatography (SiO,;
toluene). R(88 = 0.86,R(89/87) = 0.62. Yield: (2,2-Bis(diphenylmethylphen-4-yl)
1,3-diethyl malonate 88) 1.5 g (2.33 mmol, 12.7 %) and a mixture of 2-
(Diphenylmethylphen-4-yl) 1,3-diethyl malonate 87 and 2-(Diphenylmethylphen-
4-yl) 1,3-diethyl malonate 87 1.0 g (2.48 mmol, 13.5 %).

Spectroscopy of 88

2,2-Bis(diphenylmethylphen-4-yl) 1,3-diethyl malonate 88 spectroscopic data:
'H-NMR (300 MHz, CDCl;): 6 = 7.32..7.15 (d, 3J,4,=7.2 Hz, 20 H, mono-phenyl),

7.20 (2 H, p-phenyl), 7.10 (m, 4 H, p-phenyl), 7.04 (d, 3J,,,,=8.5 Hz, 2 H, p-phenyl)
ppm.

13C-NMR{!H} (75.5 MHz, CDCL): &6 =1699 (2 C,C=0),1436 (4 C,
C-H ipso-;mono-phenyl), 143.0 (4 C, (CiH;),C-H-C- p-phenyl), 136.4 (2 C,
(C=0),-C-C), 129.44 (4 C, CH mono-phenyl), 129.38 (2 C, CH p-phenyl), 128.9
(2 C, CH p-phenyl), 128.3 (4 C, CH mono-phenyl), 126.3 (2 C, CH 4-mono-phenyl),
68.0 (1 C, (C=0),-C), 61.8 (2 C, CH,0), 56.4 (2 C, (C¢H;),C-H), 13.8 (2 C, CH;) ppm.
MS(MALDI, dhb): calcd. for C,cH,,0,Na [M + Na]*: 667.28 meas: 667 Da.
2-(Triphenylmethyl) 1,3-diethyl malonate 892-(Diphenylmethylphen-4-yl) 1,3-
diethyl malonate 87 spectroscopic data:
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MS(MALDI, dhb): calcd. for C,,H,;O0, [M + H]*: 403.18 meas: 403; calcd. for
C,eH,60,Na [M + Nal*: 425.17 meas: 425; calcd. for C,(H,,0,K [M + K]*: 441.15

meas: 441 Da.

2-(Diethyl malon-2-yl)2-hyroxy-1,3-indanedione 90

0O

Ninhydrine (1 g, 6.24 mmol, 1 eq.) was suspended in dichloromethane.
Diethyl malonate (1 g, 948 uL, 6.24 mmol, 1 eq.) and DBU (95 mg, 93 uL,
0.63 mmol, 0.1 eq.) were added and the mixture was stirred for 20 minutes.
Longer reaction times led to decomposition. The mixture was immediately
subjected to column chromatography (SiO,; dichloromethane/ethyl acetate 19:1).
Yield: 953 mg (2.98 mmol, 48 %)

Spectroscopy of 90

IH-NMR: (300 MHz, CDCl,): 6 = 8.05..7.98, 7.91..7.83 (2 m, 4 H, CH,), 5.04 (s, 1 H,
HOC-CH(C=0),), 4.31..4.10 (m, 4 H, CH,0), 3.34 (s, 1 H, OH), 1.32..1.16 (m, 6 H,
CH.).

13C-NMR{!H} (300 MHz, CDCl,): 195.4 (2 C, CgH,-[C=0l), 166.5 (2 C,
CH(C=0),,140.2 (2 C, C,(C=0),), 135.8 (2 C, CH-CH=CH-CH), 123.4 (2 C, CH-
CH=CH-CH), 72.7 (1 C, C-OH), 61.7 (2 C, CH,0), 53.1 (1 C, CH(C=0),), 12.9 (1 C,
CH,).

1,3-Diethyl-2(tropiliden-1-yl)malonate 92

O O
/\O O/\

Tropylium hexafluorophosphate (293 mg, 1.24 mmol, 1 eq.) was suspended in
dichloromethane (5 mL). Diethyl malonate (200 mg, 210 pL, 1.24 mmol, 1 eq.)
and DBU (189 mg, 185 pL, 1.24 mmol, 1 eq.) were added and the mixture was
stirred for 12 h. The mixture was filtered and purified using column
chromatography (SiO,; dichloromethane). Yield: 70 %
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Spectroscopy of 92

'H-NMR (400 MHz, CDCl;): 6 = 6.68 (2 H, m, CH-CH-CH=CH-CH=CH), 6.24 (2 H,
CH-CH-CH=CH), 5.36 (2 H, CH-CH-CH=CH), 4.21 (q, ), 4, = 7 Hz, 4 H, CH,0), 3.65
(d, 3J, 4= 10 Hz, 1 H, CH-CH-(C=0),), 2.73 (1 H, m, CH-CH-(C=0),), 1.27 (6 H, t,
*Jun = 7.0 Hz, CH;) ppm.

13C-NMR{*H} (100.5 MHz, CDCl): &6 = 168.1 (2 C,C=0), 1309 (2 C,
CH-CH-CH=CH), 126.6 (2 C, CH-CH-CH=CH-CH=CH), 122.3 (2 C, CH-CH-CH=CH),
61.4 (2 C, CH,0), 52.7 (2 C, CH-CH(C=0),), 38.25 (2 C, CH-CH(C=0),), 14.1 (2 C,
CH;) ppm.

HRMS (ESI, CH,Cl,, AcN + toluene) calcd. for C,,H,gNaO, [M + Na]* 273.10973;
found: 273.10998.

IR (ATR, diamond): ¥ = 2983 (m), 2939 (w), 2906 (w), 1728 (s), 1464 (w), 1446
(w), 1369 (w), 1299 (m), 1258 (m), 1229 (m), 1151 (s), 1131 (w), 1096 (w), 1028
(s), 860 (m), 744 (w), 701 (s), 593 (m) cm™.

2(Hexamethyltropiliden-1-yl)cyclo[2]-octylmalonate 96

0]
(0] Y,
;/\ o/\/\/\/\/o

(0]

Hexamethyltropylium perchlorate, synthesized following the procedure of
Okamoto and Co-Workers!'30! (34 mg, 0.124 mmol, 1 eq.) and cyclo[2]-
octylmalonate 35 (106 mg, 278 umol, 2.2 eq.) were dissolved in a mixture of
2 mL of tetrahydrofurane and 3 mL of dichloromethane. DBU (18.8 mg, 18.4 uL,
1 eq.) was added and the mixture was stirred for 18 h. Workup was done by
means of column chromatography (SiO,; dichloromethane/ethyl acetate 19:1).
R;=0.63 (doubly: 0.71; educt: 0.50). Yield: 17 mg (28 pmol, 22.7 %).

Spectroscopy of 96

'H-NMR (400 MHz, CDCl;): 5.61 (1 H, HC=C), 5.37 (1 H, HC=C), 4.15..3.84 (8 H,
CH,0), 3.51, 3.48, 3.34, 3.32, 3.29, 3.13, 3.07, 2.85 (1 H, C-HC(C=0),,), (1 H, 3.33
(2 H, CH,(C=0),), (1 H, HC-HC(C=0),), 1.88, 1.86, 1.85, 1.83, 1.79, 1.76, 1.75,
1.71, 1.68 (18 H/15 H, C=C-CH,), 1.37, 1.24, 1.213, 1.208, 1.19, 1.17, 1.16, 1.15
(3 H, CH5;-CH-CH(C=0),) ppm.
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13C-NMR{*H} (100.5 MHz, CDCl;): 170.2, 170.1, 170.0, 169.9, 169.1, 166.5 (4 C,
C=0), 135.6, 134.4, 132.1, 129.6, 129.1, 128.0, 127.72, 127.66, 126.2, 125.8,
125.5, 125.2, 124.8 (6 C, C=C), 65.5, 64.8, 64.7, 64.6 (4 C, CH,-0), 50.92, 50.86,
50.6, 49.9, 49.1 (1 C, C-CH(C=0),), 44.6 (1 C, C-CH(C=0),), 42.2, 42.1 (1 C,
CH,(C=0),), 37.2, 36.6 (1 C, C-CH(C=0),), 29.31, 29.26, 29.2 (4 C, CH,CH,0),
28.6, 28.54, 28.49 (4 C, CH,CH,CH,O), 25.90, 25.85, 25.84, 25.81 (4 C,
CH,CH,CH,CH,0), 22.6, 21.7, 21.2, 20.9, 20.7, 19.9, 18.8, 17.8, 17.5, 17.4, 17.0,
16.9, 16.7, 15.4, 15.2, 14.7, 14.6, 14.0, 11.7, 10.7 (18 C, CH,)

MS(MALDI,sin): calcd. for C;5H;,04 [M]*: 602.38 found: 602. calcd. for C;5H;,OgNa
[M + Nal]*: 625.37 found: 625, calcd. for C;qH;,0,K [M + K]*: 641.35 found: 641
Da.

2-Triphenylphosphonium-3-methyl-hexan-4-one glycol acetal 99

Triphenylphosphine (12.2 g, 2.56 mmol, 1 eq.) was dissolved in dichloromethane
(72 mL). The solution was saturated with gaseous HCI. 4-methyl-hexa-4-en-3-one
gylcol acetal98 (7.29 g, 2.56 mmol, 1 eq.) was added dropwise in
dichloromethane (72 mL). Gaseous HCl was bubbled through the mixture for 10
minutes. The solvent was removed and THF (150 mL) was added. The solution
was cooled to -20°C. The upper phase was discarded and the lower phase was
recrystallized in THF (59 °C to RT).

Spectroscopy of 99

'H-NMR (300 MHz, CDCl3): 6 = 7.84..7.57 (m, 15 H, C,H.), 4.00..3.36 (m, 4 H,
CH,-0), 2.60..2.44 (m, H-C-CH-CH-P), 2.43..2.29 (m, 1 H, H-C-CH-P), 1.74..1.58 (m,
3 H, CH;-CH-P), 1.56..1.43 (m, 2 H, CH,CH;), 1.4..1.28 (m, 3 H, CH;-CH-CH-P),
0.80..0.67 (m, 3 H, CH;CH,) ppm.

3C-NMR{*H} (75.5 MHz, CDCl;): 6 = 134.1 (d, %), = 3.1 Hz, 3 C, para-Ph), 133.9
(d, ?Jc p= 8.8 Hz ortho-Ph), 129.7, (d, 3Jc p= 12 Hz, meta-Ph), 118.8 (d, J. , =
84 Hz, ipso-Ph), 112.3 (1 C, C-0,), 62.6, 62.2 (2 C, O-CH,CH,-0), 35.5 (d, Y, =
9.5 Hz, 1 C, P-CH), 35.2 (d, Jc ,= 34 Hz, P-CH-CH), 26.4 (1 C, CH,CH;), 15.8 (d,
’Jcp = 14 Hz, 1 C CH;CH-P), 10.9 (1 C, P-CH-CH-CH;), 7.8 (1 C, CH,-CH;) ppm.
31P-NMR{'H} (121.5 MHz, CDCl;): 31.05 (1 P, C-P*Ph;) ppm.
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