
Synthesis of Novel Fullerene Architectures with 

Mixed Octahedral Addition Pattern 

 

Synthese neuartiger Fulleren Architekturen mit 

gemischtem oktaedrischen Additionsmuster 

 

 

Der Naturwissenschaftlichen Fakultät  

der Friedrich-Alexander-Universität Erlangen-Nürnberg  

zur  

Erlangung des Doktorgrades Dr. rer. nat. 

 

 

vorgelegt von 

Ekaterini Vlassiadi 

aus Nürnberg 

 

  



 

 

 

Als Dissertation genehmigt von der Naturwissenschaftlichen Fakultät 

der Friedrich-Alexander-Universität Erlangen-Nürnberg 

 

 

 

 

 

 

 

 

 

 

 

 

Tag der mündlichen Prüfung:                       24.07.2017 

Vorsitzender der Promotionskommission: 

Gutachter: 

 

Prof. Dr. Georg Kreimer 

Prof. Dr. Andreas Hirsch 

Prof. Dr. Jürgen Schatz 

 

  



Mein besonderer Dank gilt meinem Doktorvater Prof. Dr. Andreas Hirsch für die 

Bereitstellung des interessanten und herausfordernden Themas, seine Förderung, 

die fachliche Unterstützung und das Interesse am Fortgang meiner 

Forschungsarbeit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Die vorliegende Arbeit entstand in der Zeit von November 2012 bis Dezember 2016 

am Lehrstuhl für Organische Chemie II des Departments für Chemie und Pharmazie 

der Friedrich-Alexander-Universität Erlangen-Nürnberg. 

 



Table of Contents 

 

I 
 

1.  

  1.1. 

  1.2. 

  1.3. 

    1.3.1. 

    1.3.2. 

    1.3.3. 

    1.3.4. 

  1.4. 

  1.5. 

    1.5.1. 

    1.5.2. 

    1.5.3. 

    1.5.4. 

    1.5.5. 

      1.5.5.1 

      1.5.5.2. 

  1.6. 

    1.6.1 

    1.6.2. 

    1.6.3. 

    1.6.4. 

 

2.  

 

3.  

  3.1.  

  3.2. 

    3.2.1. 

    3.2.2. 

    3.2.3. 

    3.2.4. 

    3.2.5. 

Introduction 

Discovery of Fullerenes 

Structure of C60 

Physical and Spectroscopic Properties of C60 

Solubility 

Mass Spectrometry 

NMR Spectroscopy 

UV/Vis Spectroscopy 

Electronic Properties and Chemical Reactivity of [60] Fullerene 

Chemical reactivity of Fullerenes 

Endohedral Functionalization of C60 

Fulleride Salts 

Heterofullerenes 

Open-Shell Fullerene Fragments 

Exohedral Functionalization of C60 

Addition of Nucleophiles 

Cycloaddition reactions 

Multiple Exohedral Functionalization 

Introduction to the Nomenclature of Multiple-Adducts 

Selectivity of Multiple Additions 

Regulation of the Regioselectivity of Fullerene Multiple-Adducts 

Highly Symmetrical C60 Hexakisadducts 

 

Proposal 

 

Results and Discussion 

Introduction 

A Novel Concept for the Regioselective Formation of e-Bisadducts 

Synthesis of Protected Fullerene [1:1] e-Bisadducts 47 and 48 

Synthesis of Fullerene [1:4] Pentakisadducts 50 and 52 

Synthesis of Fullerene [2:4] Hexakisadducts 53 and 54 

Synthesis of Fullerene [1:4:1] Hexakisadducts 55 and 56 

Implementation of the novel Fullerene [1:4] Pentakis Addition Pattern 

1 

1 

2 

3 

3 

4 

4 

6 

7 

10 

10 

11 

12 

12 

13 

13 

15 

18 

18 

20 

22 

26 

 

30 

 

31 

31 

36 

37 

43 

51 

55 

59 



Table of Contents 

 

II 
 

      3.2.5.1 

      3.2.5.2. 

 

      3.2.5.3. 

 

      3.2.5.4. 

 

      3.2.5.5. 

 

  3.3.  

 

    3.3.1. 

    3.3.2. 

    3.3.3. 

    3.3.4. 

 

 

4.  

 

5. 

 

6.  

  6.1. 

  6.2. 

  6.3. 

  6.4. 

 

7. 

 

 

Synthesis of an Amphiphilic Fullerene [2:4] Hexakisadduct 57 

Synthesis of a Dumbbell-Shaped Bisfullerene 58 containing one [5:1] 

Hexakisadduct and one [1:4] Pentakisadduct 

Synthesis of a Dumbbell-Shaped Bisfullerene 70 containing one [5:1] 

Hexakisadduct and one [1:4:1] Hexakisadduct 

Synthesis of a Trisfullerene 71 containing two [5:1] Hexakisadducts 

and one [2:4] Hexakisadduct 

Synthesis of a Tetrakisfullerene 73 containing two [5:1] Hexakisadducts 

and two [2:4] Hexakisadducts 

Regioselctive Formation of protected Fullerene [1:1:1] e,e,e 

Trisadducts 74 and 75 

Synthesis of Fullerene [1:1:1:3:1] Hexakisadduct 78 

Synthesis of protected Fullerene [1:1:1:1] e,e,e,e Tetrakisadduct 80 

Synthesis of Fullerene [1:1:1:2:1] Hexakisadduct 83 

Deprotection of protected fullerene [1:1:1] e,e,e Trisadduct 74 and 

[1:1:1:1] e,e,e,e Tetrakisadduct 80 

 

Conclusion 

 

Zusammenfassung 

 

Experimental Section 

General Methods and Considerations 

Technical Equipment 

Experimental Details 

Experimental Procedures 

 

References 

 

 

60 

69 

 

83 

 

86 

 

92 

 

96 

 

108 

115 

117 

125 

 

 

129 

 

132 

 

135 

135 

135 

137 

138 

 

181 

 

 

 



Index of Abbreviations  

 

III 
 

A 

APPI 

ATR 

absorbance 

atmospheric pressure photoionization 

attenuated total reflection 

C60 

CHCl3 

CH2Cl2 

calc. 

COSY 

δ 

[60] fullerene 

chloroform 

dichloromethane 

calculated 

correlation spectroscopy 

chemical shift 

d  doublet 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

dctb 

 

dhb 

DMA 

trans-2-[3-(4-tert-butylphenyl)-2-methyl-

2-propenylidene]malononitril  

2,5-dihydroxybencoic acid 

9,10-dimethylanthracene 

ESI electron spray ionization  

et al. et alii 

EtOAc  ethyl acetate 

eq. equivalent 

h hour 

HOMO 

HPLC 

HR 

hν 

Hz 

highest occupied molecular orbital 

high performance liquid chromatography 

high-resolution 

light 

hertz 

IR 

IUPAC 

infrared  

international union of pure and applied chemistry 

J scalar coupling constant 

λ wavelength 

LUMO lowest unoccupied molecular orbital 

m 

M 

MALDI 

min 

multiplet 

molar mass 

matrix assisted laser desorption ionization 

minute 



Index of Abbreviations  

 

IV 
 

MO molecular orbital 

MS mass spectroscopy 

m/z 

nm 

ratio of mass to charge  

nanometer 

NMR 

NOE 

nuclear magnetic resonance 

nuclear Overhauser effect 

ppm 

R 

ret. time 

parts per million 

substituent 

retention time 

rt room temperature 

s singlet 

sin 

SN2 

sev.  

SiO2 

2 t 

sinapinic acid 

bimolecular nucleophilic substitution 

several  

silica gel   

two triplets 

T 

t-butyl 

TFA 

temperature 

tertiary butyl 

triflouroacetic acid 

THF tetrahydrofuran  

TLC thin layer chromatography  

TOF 

tR 

time of flight 

retention time 

UV/Vis ultraviolet-visible  



1. Introduction 

 

1 
 

1. Introduction 

 

1.1. Discovery of Fullerenes 

The astrophysicists KROTO, SMALLEY and CURL received in 1996 the Nobel Prize in 

chemistry for the structure clarification of fullerenes. [1-3] Although JONES [4] 

considered already in 1966 the possibility of building hollow cage structures and 

OSAWA [5] postulated the spherical Ih-symmetricc structure in1970, they were the first 

scientists who could proof in 1985 the formation of carbon clusters with the molecular 

mass 720 and 840 by evaporating graphite with a laser pulsed beam. KROTO and 

SMALLEY realized that these clusters could be incorporated by C60 and C70. 
[4-7] 

Because of its foodball-like shape and its similarity to geodesic domes of the architect 

BUCKMINSTER FULLER the C60 molecule was named Buckminsterfullerene. [1] 

A further milestone in the chemistry of fullerenes, the third carbon allotrope, was 

made by KRÄTSCHMER and HUFFMAN who developed a method for its macroscopic 

synthesis. [8] This opened the way to a new and very interesting research field for 

scientist, in which gradually progress concerning chemical reactivity and physical 

properties has been achieved. Also interdisciplinary reports concerning applications 

in material and medical science were not been a long time coming. [9-15] 

 

Figure 1: Structure of C60. 
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1.2. Structure of C60 

All fullerenes consist of a closed network of annulated five- and six-membered rings. 

The building principle equates the Euler theorem, which says that for each six-

membered ring in a close spherical frame 12 five-membered rings are necessary. 

The number of the carbon atoms in a fullerene can be calculated with the formula 

2(10+M), whereupon M represents the number of six-membered rings. The smallest 

stable fullerene is the football-like Ih-symmetrical Buckminsterfullerene C60. The 

60 carbon atoms form a capped icosaeder containing 12 five- and 20 six-membered 

rings. [16, 17] This konfiguration is the only possible structure for C60, in agreement to 

the Isolated Pentagon Rule (IPR), according to which fullerene structures with 

isolated five-membered rings are stabilized in comparison to those with associated 

ones. [18, 19] The annulations of two pentagons would lead to anti-aromatic 

pentalensystem (8 π electron system) for which in case of a double bond no 

uncharged structure is possible. Only for C60 12500 KEKULE structures are thinkable, 

but just one can be found either in quantum mechanical calculations or in 

experimental data. [18, 20-23] This unique structure is the one in which the double bonds 

are located between two hexagons ([6,6] bonds) and the single bonds between the 

pentagons and hexagons ([5,6] bonds). Because of this unequal distribution the 

length of the bonds is alternating, what makes the [5,6] bonds with 1.45 Å significant 

longer than the [6,6] bonds with 1.38 Å. [20-24] Because of this, C60 can be described 

as a three dimensional network of 1,3,5 cyclohexatrien and [5]-radialen units, 

connected with each other. 

 

Figure 2: Different bond length of the [6,6] bonds in C60 fullerene 1. 1,3,5 cyclohexatrien and 

[5]-radialen units. 
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1.3. Physical and Spectroscopic Properties of C60 

 

1.3.1. Solubility 

The knowledge about the solubility of C60 is a very important fact regarding chemical 

modification of chromatographic purifications. Plenty of investigations that have been 

done with a variety of solvents, have shown that C60 is almost unsoluble in polar and 

protic solvents like water, THF, acetone or alcohols. Also in non-polar solvents like 

e.g. alkanes only a very low solubility can be achieved, which can be enhanced by an 

increasing number of carbon atoms. Aromatic solvents like toluene, chlorinated 

aromatic solvents, like 1,2-dichloro benzene (ODCB) and carbon disulfide are the 

most suitable. The solvent with the highest solubility, 1-chloro-naphtalene has the 

disadvantage of a very high boiling point, what makes it unsuitable for the use in 

laboratories. [25-29]  

Solvent Solubility 

[mg/mL] 

THF 0.00 

water 1.3 x 10-11 

methanol 3.5 x 10-5 

n-pentane 0.005 

cyclohexane 0.036 

chloroform 0.16 

dichloromethane 0.26 

pyridine 0.89 

toluene 2.80 

1,1,2,2-tetrachloro-ethane 5.30 

carbon disulfide 7.90 

1,2-dichloro-benzene 27.00 

1-chloro-naphtaline 51.00 

 

Table 1: Solubility of C60 in different solvents. 
[28] 
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1.3.2. Mass Spectrometry 

The first method for the characterization of fullerenes was the mass 

spectrometry. [30, 31] All of the common ionization methods show for C60 as well as for 

fullerene derivatives a characteristic fragmentation behavior, which is called shrink-

wrapping. Beside the molecular ion peak, signals of different fragments can be 

observed which can be attributed to a successive mass loss of C2-units. [32,33]  

 

1.3.3. NMR Spectroscopy 

NMR spectroscopy is an important tool for the characterization of fullerene 

derivatives. Because of the Ih-symmetry of C60 only one signal at 143.2 ppm for the 

60 carbon atoms can be observed in the 13C-NMR spectrum. [34] This sp2-carbon area 

plays a major role for the determination of exohedral modified fullerene derivatives. 

Depending on the degree of functionalization the decrease of the symmetry leads to 

a splitting of the signals. Regarding the number, the intensity distribution and the line 

pattern in many cases one can conclude the addition degree and the addition pattern 

of the fullerene derivative. Table 2 shows an exemplary overview of the expected 

number of sp2-carbon signals for different addition patterns and -degrees of fullerene 

adducts 2 with diethylmalonate addends.  
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addition pattern symmetry signal number (intensity) 

bis (trans-1) D2h 14 (4) 

bis (trans-2) C2 28 (2) 

bis (trans-3) C2 28 (2) 

bis (trans-4) Cs 26 (2) / 4 (1) 

bis (e) Cs 26 (2) / 4 (1) 

bis (cis-3) C2 28 (2) 

bis (cis-2) Cs 26 (2) / 4 (1) 

tris  (t3,t3,t3) D3 9 (6) 

tris (t4,t4,t3) Cs 25 (2) / 4 (1) 

tris (t4,t4,t2) C2 25 (2) / 1 (4) 

tris (t4,t4,t4) C3v 8 (6) / 2 (3) 

tris (e,e,e) C3 18 (3) 

tetrakis Cs 25 (2) / 2 (1) 

pentakis C2v 12 (4) / 1 (2) 

hexakis Th 2 
 

Table 2: Expected number of the 
13

C-NMR signals of the sp
2
 carbon atoms of fullerene 2 in 

depencence of the addition pattern and -degree. 
[35] 

 

For derivatives with a low degree of symmetry or C1-symmetry the determination 

becomes more difficult, because a lot of signals can be observed, which partly 

overlap. In these cases absorption spectroscopy (1.3.4.) can be consulted. [35] 
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1.3.4. UV/Vis Spectroscopy 

An important method for the determination of the addition pattern of fullerene 

derivatives is the UV/Vis spectroscopy. Already the color of the solid or the solution of 

a fullerene compound allows drawing conclusions from the addition degree. In case 

of non-fuctionalized C60, the dark violet color in solution results from the weak 

intensity bands in the visible region which are generated by spin-forbidden singlet-

singlet-transitions. The high-intensity transitions at low wavelengths depict the spin-

allowed 1T1u-
1Ag-transitions. [37] The color of the fullerene adducts ranges from 

red-brown for the mono- and bisfunctionalized buckyballs over red for the tris 

adducts, orange for the pentakis adducts to yellow for the hexakis adducts. This is 

due to the fact that every addend makes the π-system of the fullerene framework 

smaller. 

Regarding the determination of the addition pattern, each of the eight possible [6,6] 

bisadducts has a characteristic absorption spectrum in the finger-print region 

(400-800 nm), what offers the possibility to identify each regioisomer clearly, as long 

as the bands of the addends do not lead to an overlap in the mentioned region. [35] In 

the meantime HIRSCH et al. succeeded in the representation of the current addition 

patterns of bisadduct and their classification in UV/Vis spectrometry, what opens the 

way to the determination of the addition pattern of unknown fullerene derivatives. In 

figure 3 the exemplary absorption spectra of the seven different regio isomers of the 

bisadduct 3 are illustrated. Depending on the addition pattern the isomers have 

different colours and with this their absorption spectra also differ in the positions and 

intensities of the absorption bands. [35, 36] 
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Figure 3: UV/Vis Spectra of the different isomers of bisadduct 3. 
 

 

1.4. Electronic Properties and Chemical Reactivity of [60]Fullerenes 

The structure of [60]fullerenes results in three basic properties, which have a 

pronounced influence on their chemical behavior. Firstly, the different length of the 

[6,6]- and the [5,6]-bonds shows that the double bonds are localized in the hexagons. 

This excludes a totally delocalized conjugated π–electron system. Secondly the 

deviant planarity of the carbon atom frame causes aberrancy from the exact 

sp2-hybridization of the carbon atoms. [38] This is why the molecular orbitals of the 

π-bond reach wider over the surface of the network than in the inside of the cage. 

The high reactivity of the fullerene surface is in opposition to the passivity in the 

inside of the fullerene. The fullerenes inside do not build any covalent bond. 

 

 

Figure 4: Shematic representation of the π-bond in the fullerene network. 
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Finally, by having a look at the energy-level diagrams of the molecular orbitals it is 

obvious, that the energy difference between the HOMOs and the threefold 

degenerated LUMOs is considerably lower than that e.g. for benzene. The 

consequence is, that C60 can easily be reduced by receiving six electrons but can 

only hardly be oxidized, what confirms to cyclo-voltammetric analyses. In the anionic 

region six electron reduction steps can be observed.  [16, 39]  

Since the discovery of C60 the question of its aromaticity is controversially discussed. 

This is mainly caused by the continually changing definition of aromaticity in the last 

150 years. Generally aromaticity describes cyclic, planar systems with 

(4n+2)π-electrons, which prefer to undergo substitution reactions under maintenance 

of the π-system. In the modern interpretations of this term it is always emphasized, 

that aromatics have characteristic spectroscopic and magnetic properties like eddy 

current loops in formations.  

Comparing the planar analogon benzene to the three-dimensional [60]fullerene and 

further high symmetrical fullerenes the main difference is that no aromatic 

substitutions under retention of the π-system can be performed because the 

sp2-network of C60 is not saturated with hydrogen atoms. Furthermore the high 

tension, caused by the pyramidalization has to be considered. In a comparison of C60 

with the proto type of a HÜCKEL aromatic benzene the differences and the similarities 

of the structure, the reactivity and the magnetism should be pointed out.   
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Scheme 1: HÜCKEL MO-diagramm of C60
10+

, C60 and benzene. 
[40] 

 

By comparing the HÜCKEL MO diagrams of C60 and benzene a great difference in 

the reactivity can be observed, by using the HOMO-LUMO distance as a qualitative 

scale. In the case of benzene the distance is much bigger than in the case of C60, 

what confirms to the lower reactivity compared to the carbon allotrope. The reason 

for this huge difference is the alternating bond length of the [6,6]- and the [5,6]-bonds 

in the fullerene, what differs from the D6h-symmetrical benzene with six equivalent 

bonds. Charged systems with closed electron shells, like C60
10+ show a less 

pronounced cyclohexatrien structure. [40] 

HIRSCH et al. established a concept of spherical aromaticity, which expands the term 

aromaticity for three-dimensional, polycyclic systems. In this case systems with 

2(n+1)2
 electrons, which offer a spherical charge distribution with completely 

occupied π-shells are regarded as aromatic. [41] 
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1.5. Chemical Reactivity of Fullerenes 

The following scheme illustrates the most important possibilities of the derivatization 

of fullerenes. [38, 42-44] 

 

Scheme 2: C60 and its possibilities of derivatization. 

 

1.5.1. Endohedral Functionalization of C60 

Endohedral fullerene derivatives can be obtained by the inclusion of atoms in the 

fullerene cage. The diameter of C60 is 7.07 Å, thus suitable atoms are for example 

metals, nitrogen or noble gases with a smaller diameter. [45] By heating C60 under high 

helium pressure, SAUNDERS et al. were able to synthesize He@C60 in macroscopic 

amounts. [46, 47] With this, it was possible to use 3He@C60 as a highly sensitive sensor 

for NMR-spectroscopy. [48, 49] Nitrogen was the first reactive atom being inserted in 
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C60, which could be proved as N@C60. 
[50] The highly reactive nitrogen atom is 

existent in atomic 4S3/2 ground state and does not show any charge transitions to the 

fullerene core. [51] The nitrogen atom is located in a completely inert atmosphere 

without quadrupole moment and electric field gradient. This is the evidence that the 

nitrogen atom does not form any covalent interactions with the fullerene core. 

Consequently, it can be determined, that the inner concave fullerene surface is 

extremely inert in opposition to the outer one. This can be supported by quantum 

mechanical investigations. [52]  

 

1.5.2. Fulleride Salts 

Due to its low lying LUMO and the relatively high electronegativity, C60 can form 

easily intercalation compounds by reduction with alkaline metals. The first isolated 

compound was K3C60. Because of the introduced foreign atoms, C60 is limited in its 

rotational freedom, what can be approved by supra conductivity at low temperatures 

(e.g. K3C60, transition temperature 19.3 K). [53, 54] In case of M3C60 compounds the 

conduction band, build by the t1u-orbitals is half filled. Beside the alkaline and the 

earth alkaline metals, which can form fulleride intercalation compounds with different 

stoichiometry, also organic and metal-organic compounds can act as electron 

donors. These compounds have very interesting magnetic properties and can be 

used in material science for further applications. [55, 56] In figure 5 an example for a 

metal-free fulleride is demonstrated. The crystal violet radical, which is formed by the 

reduction of crystal violet with zinc, does not react in any addition reaction to the C60, 

instead it reduces the carbon allotrope to the fullerid radical and forms a metal free 

salt. 

 

Figure 5: Metal-free organic fulleride salt 4. 
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1.5.3. Heterofullerenes 

Heterofullerenes are built by the insertion of a different element to the carbon 

network, like for instance boron or nitrogen. SMALLEY et al. were able to prove the 

formation of C60-nBn (n=1-6) by laser evaporation of boron doped graphite via mass 

spectrometry. [57, 58] Shortly after, further CnBn Cluster and monoboronfullerenes as 

well as metallofullerenes have been published, whereas an isolation and 

characterization was not possible, yet. [59, 60] HIRSCH et al. and MATTAY et al. started 

in 1995 with preparative approaches in heterofullerene chemistry. [61, 62] They 

discovered positively charged C59N
+ (and C69N

+) in gasphase, which acts as 

precursor for the synthesis of azafullerene C59N, that has been isolated in form of its 

dimer (C59N)2 5 by WUDL et al. [63] and HIRSCH et al. [64] Azafullerenes are very 

interesting for photophysical interactions and further applications because of their 

electronic properties, which differ from non-substituted fullerenes. [65-67] 

 

Figure 6: Structure of the azafullerene-dimer (C59N)2 5. 

 

1.5.4. Open-Shell Fullerene Fragments 

Fullerene fragments can be received by removal of one part of the fullerene network. 

This opening of the closed-shell system can be achieved by chemical reactions. 

These reactions are not only of principal interest in chemistry, they open the way to 

the synthesis of endohedral compounds (see chapter 1.5.1.). A small ring opening, 

which can be reached by various reactions is not enough for the insertion of small 

molecules, like H2 or other gases. Thus an enlargement of the hole through further 

reaction steps is necessary. KOMATSU et al. were able to produce an open-shell 

fullerene framework, in which one hydrogen molecule could be encapsulated under 

high pressure. [68, 69] In the 1H-NMR spectrum of the synthesized compound one high 

field shifted signal at 7.25 ppm for the encapsulated H2 can be observed. At room 
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temperature the compound is surprisingly stable and no hydrogen disappears. [69] 

The re-establishment of a closed-shell system, in order to receive H2@C60 could be 

reached by a multi-stage reaction sequence. [70] 

 

1.5.5. Exodedral Functionalization 

The functionalization on the convex, outer surface of C60 depicts the most common 

and variable type of reactions in fullerene chemistry. All carbon atoms are 

quaternary, without any substituents like e.g. hydrogen atoms. That excludes the 

possibility of substitution reactions, which are common for planar aromatic 

compounds. Due to its similarity to an electron poor polyolefine, C60 can easily react 

with nucleophiles and radicals, while they attack at the [6,6] double bonds. 

Furthermore, cycloaddition reactions are possible because of its structure and 

reactivity. The driving-force for all these reactions is the reduction of tension-energy 

in the fullerene network through the formation of tension-free sp3-carbon atoms. In 

doing so, only closed adducts are possible, open adducts would introduce three 

double bonds in the neighboring pentagons. [42, 43, 71] 

 

1.5.5.1. Addition of Nucleophiles 

C60 undergoes easily addition reaction with carbon-, nitrogen-, phosphor or oxygen-

nucleophiles. With the attack of a nucleophile, an anionic intermediate NunC60
n- is 

formed, which is stabilized by the appropriate electrophile in a SNi-type reaction.  

The conversion of C60 with carbon-nucleophiles, like for example GRIGNARD or 

organolithium compounds leads to a fast formation of fullerene ions as primary 

intermediate, which react with protons to the 1-organo-1,2-dihydro[60]fullerenes or 

with alkyl halogenides to the 1,2-diorgano-1,2-dihydro[60]fullerenes. Instead of the 

anionic intermediates, which are manageable only under inert conditions the alkyl 

adducts are stable compounds. [72, 73]  

 
Scheme 3: Reaction of C60 1 with organo-metal-compounds.  
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The stabilization of anionic intermediates RC60
- under formation of dihydrofullerens 

can also take place through an intra-molecular nucleophilic substitution (SNi), if R 

includes a leaving-group. An important example for this issue is the BINGEL reaction, 

which is the most important nucleophilic addition to C60. 
[74] Due to mild reaction 

conditions, high yields and variability it belongs to to most commonly used reactions 

in fullerene functionalization. The cyclopropanation of C60 is accomplished by a 

tandem process starting with an addition of a stabilized α-bromomalonate carbanion, 

giving the anionic fullerene intermediate, followed by intramolecular substitution of 

the bromide. The displacement of the halogen by nucleophilic substitution leads to 

the methanofullerene. In opposition to C60, the methanofullerene is 

thermodynamically stable and due to the rigid cyclopropane ring, the directionality of 

the carbonyl group is well defined. In the original BINGEL reaction, deprotonation of 

the α-bromomalonate is achieved by the base NaH. Because of the difficulty of 

synthesizing complex brominated malonates the group of HIRSCH introduced a 

modified reaction protocol, to prevent this issue by preparing the α-halogenated 

malonate in situ from the corresponding malonate in presence of CBr4 
 [75, 76] or I2 

[77, 78] and the non-nucleophilic base DBU. This modified reaction is called BINGEL-

HIRSCH reaction. [79, 80]  

 
Scheme 4: Schematic representation of cyclopropanation of C60 1 by a) BINGEL and b) BINGEL-

HIRSCH reaction. 
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Furthermore, nitrogen nucleophiles enable many different reactions. Primary and 

secondary amines undergo easily many different reactions with electron poor 

fullerenes. Absorption and ESR spectroscopy of the green to brownish solutions 

proof that the first reaction step is a single electron transfer (SET) from the amine to 

C60 under formation of a fullerene radical anion. In the following step a zwitterion is 

formed by recombination of the radicals. The stabilization occurs either through 

oxidation and subsequent reaction or through proton transfer from the amine to C60 

under formation of monohydroaminated products. 

 

Scheme 5: SET mechanism of the nucleophilic addidtion on C60 1. 

 

The isolation and characterization of defined compounds is very difficult although the 

alkyl amines are highly reactive. This is because complex mixtures of aminoadducts 

are formed. [81, 82] The first isolated hydroamine monoadduct was the 

aza-crown-adduct. [83] Hydoamination products are formed under exclusion of oxygen 

to prevent the formation of dehydrogenated bis- and polyadducts. [83] 

The reaction of C60 with secondary amines mostly leads to dehydrogenated 

1,2-diaminocycloadducts. [84]  

 

1.5.5.2. Cycloaddition Reactions 

Another important possibility for the exohedral modification of C60 depicts the 

cycloaddition reactions, which consist of different types. The first is the PRATO 

reaction, which is the mostly common functionalization reaction beside the BINGEL 

reaction. It is a [3+2] cycloaddition of an aziridine derivative in order to receive 

fullerenopyrrolidines by the addition of in situ generated azomethinylidene to the 

[6, 6] bond. [85, 86] 
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Scheme 6: PRATO-reaction of an aziridine derivative 13 with C60. 

 

The required aziridine derivatives can be easily synthesized, for example by the 

conversion of N-alkylamino acids with formaldehyde.  

Fullerenopyrrolidines offer a great variety of modification possibilities of the side 

chain, like hydrogenation, oxidation reactions, radical reactions or reactions of C60 

with transition metals. Even water soluble compounds are possible by the 

quarternisation of the pyrrolidine-nitrogen. [16, 43, 44] 

A further development is the RETRO-PRATO-reaction through the addition of maleic 

anhydride as dipolarophile and CuTf2 as catalyst under mild reaction conditions. [87] 

A further important [3+2] cycloaddition reaction is the addition of diazocompounds to 

C60, through which a variety of dimethano fullerene compounds is 

accessible. [16, 43, 88, 89] The most common compounds, which are used for this type of 

reaction are diazomethanes [88, 89, 90], diazoamides [91] and diazoacetates [92, 93]. C60 

acts in this case as a 1,3-dipolarophile. [92, 94] The reaction of [60] fullerene with 

diazomethane leads to two different products, the open [5,6] isomer as well as the 

closed [6,6] dihydromethano fullerene. The reaction starts with a [3+2] cycloaddition 

to one [6,6] bond of the fullerene and goes over a pyrazoline derivative to a 

photochemical or thermal introduced nitrogen extrusion and leads to the two named 

products. [95, 96] 
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Scheme 7: Reaction of C60 with diazomethane under formation of the 

1,2-dihydromethano[60]fullerene 17 and the 1,6-methanohomo[60]fullerene 18.  

 

This reaction type enables the synthesis of compounds like [6,6]-phenyl-C61-butyric 

acidmethylester (PCBM), which are of special interest in solar science.  

A further example of 1,3-dipoles are the organic azides, which can form 

[3+2] cycloaddition products with C60. 
[97, 98] The reaction with MEM-azid goes over a 

[6,6]-triazol compound [99], which can be isolated and leads again to the open 

[5,6]1,6-aza-homo fullerene and the closed [6,6]1,2-dihydro-aziridino fullerene, 

depending on the reaction conditions. The [5,6]azahomoadduct is an important 

precursor for the synthesis of monoazahetero fullerenes. [100, 101] 

Due to the strong dienophilic character of the electron poor [6,6] double bonds of C60, 

it undergoes easily DIELS-ALDER reactions ([4+2]-cycloadditions) with a variety of 

substrates. [16, 42-44] The required reaction conditions depend on the reactivity of the 

diene. This becomes obvious by comparing the reaction of C60 with anthracene, a 

high excess of diene and high temperature are necessary, [102, 103] whereas the 

reaction with cyclopentadiene proceeds with equimolar amounts diene and C60 at 

room temperature in good yields. [103, 104] 
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Scheme 8: DIELS-ALDER reaction of C60 1 with anthracene 19 and cyclopentadiene 20. 

 

Most of the DIELS-ALDER reactions are reversible. Depending on the donor quality of 

the diene the cycloreversion reaction of electron rich dienes, like e.g. anthracene 

proceeds already at room temperature. This fact can be used for the synthesis of 

Th-symmetrical hexakisadducts of C60 by reversible template activation with 

9,10-dimethylanthracen (DMA). DMA adds multiple favored to the equatorial 

positions. Due to its easy reversibility, it can be displaced at these positions by 

another addent, like for instance in cyclopropanation reactions and lead finally to the 

desired octahedral compounds. [105, 106] 

 

1.6. Multiple Exohedral Functionalization 

An important scope of duties in fullerene chemistry is the multiple exohedral 

functionalization because it offers a manifold reaction series. In this manner an 

important goal is the synthesis of fullerene-multi-adducts with a well-defined regio- 

and stereochemistry. The controlled variation of the addition degree and the addition 

pattern enables a fine tuning of the chemical properties of the conjugated π-system. 

Highly substituted C60 adducts are interesting for example in medical chemistry or for 

the development of new nano-materials. Furthermore they can act as structurally 

defined building blocks for unique highly symmetrical architectures with various 

different properties. [107]  

 

1.6.1. Introduction to the Nomenclature of Multiple-Adducts 

For further examinations of the regio chemistry a concept for the characterization of 

the multiple-adducts is necessary. Therefore, the outer surface of the fullerene 

framework is divided into two hemispheres and one equator. The equator is 

perpendicular to the C2-axis, which goes through the two polar caps. The four [6,6] 
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bonds lying on the equator are called e´and e´´, depending on their orientation to the 

first addend. In case of identical addends these positions are equal and named just 

e-isomers. The [6,6] bonds in the same hemisphere as the first addend are named 

cis and counted with rising distance (cis-1, cis-2, cis-3). The addends in the opposite 

hemisphere are the so called trans-positions and are counted with reducing distance 

to the first addend (trans-1, trans-2, trans-3, trans-4). [108, 109] 

 

Figure 7: Positions of available double bonds after the first addition. A describes the position of the 

first addend. 
[36]

 

 

This simple nomenclature rules can be used only for [6,6] adducts. In case of [5,6] 

adducts and higher fullerenes a more general method, the TAYLOR nomenclature 

has to be applied, which is proved as more complicated. For this purpose all carbon 

atoms are counted helically in a SCHLEGEL-diagramm. [110, 111] 

 

Figure 8: SCHLEGEL-diagram of C60, left clockwise, right anticlockwise. 
[110] 

 

 



1. Introduction 

 

20 
 

1.6.2. Selectivity of Multiple-Additions 

One of the most important topics of fullerene chemistry is the controlled synthesis of 

stereochemically defined C60 multiple adducts. They are the basis for tailored design 

of a large diversity of functional fullerene derivatives, inclusively those with highly 

symmetrical addition patterns. Higher C60 adducts are for instance promising for 

molecular medicine and can be applied for new nano-materials. The difficulty in 

multiple-functionalization is the selectivity in their formation. C60 contains 30 double 

bonds, what leads to a multiplicity of different possibilities for the addition products. In 

case of a second addition to a [6,6] bond, in principle nine different isomers are 

thinkable. In case of two identical symmetrical addends, eight different regioisomers 

can be found, as the attack to both e’- and e’’-positions leads to the same product 

(figure 9). [16, 35, 108, 112] 

Figure 9: Representation of the eight possible regioisomers of C60 bisadducts with their symmetry. 
[108] 

 

However the amount of each formed isomer is not statistical. In several model 

reactions HIRSCH et al. were able to prove that the product distribution follows 

certain rules. The first addend has a thermodynamic, as well as a kinetic influence on 

the occurrence probability of the second addend. In doing so, it can be observed that 

the formation of several addition patterns is preferred. The trans-3- and the e-isomers 

are the favored reaction products, whereas the cis-1-isomers are formed only by 

using not-sterically hindered addends, like imino addends. In this case the 
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cis-1-isomer is formed as the mean product with 25% relative yield, unlike it is not 

observed by using malonate addends. [16, 35, 108, 112]  

 

 

Figure 10: Relative product distribution of bisadducts 21 and 22.
 [36]  

 

For higher fullerene adducts, the number of possible regioisomers is rising strongly 

with an increasing number of addends. Simultaneously, the experimental 

identification of a specific addition pattern becomes more difficult. For trisadducts 

46 regioisomers are possible in principle. Depending on the given bisadduct isomer, 

which is given as the educt, the number of the received trisadduct isomers varies. In 

case of an e bisadduct as starting material, 14 different trisadduct isomers are 

theoretically thinkable. Nevertheless, for many addends, like in the case of malonates 

the number of preferably formed isomers is smaller, because for example the 

addition to the cis-position can be disregarded. Through successive cyclopropanation 

of trans–n (n=2-4) and e bisadducts with diethylmalonate seven different trisadducts 

could be isolated and characterized by UV/Vis- and NMR-spectroscopy. [113]  

Further cyclopropanation of e,e,e trisadducts leads to the Cs-symmetrical 

tetrakisadduct, the C2v-symmetrical pentakisadduct and the Th-symmetrical 

hexakisadduct. [114] It is remarkable, that despite the Cs-symmetrical tetrakisadduct, 

only one further isomer with C1-symmetry is formed. The regioselectivity is rising with 

the degree of functionalization, the more addends bound, the more regioselective is 

an attack. Thus in case of the pentakis- and the hexakisadduct only one isomer is 

formed. Finally, the regioselectivity for the formation of Th-symmetrical 

hexakisadducts by successive addition is pretty high, considering that theoretically 

316 isomeric hexakisadducts are possible, neglecting the cis-1 relationship. Due to 

the high expenditure of time for the successive cyclopropanation, a lot of hurdle has 
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been done in order to develop new methods for the synthesis of certain addition 

patterns in few steps with high regioselectivity. [16, 114] 

 

 

Figure 11: Tetrakis-, pentakis-, and hexakisadducts of C60 with all-e-addition pattern.  

 

 

1.6.3. Controll over the Regiochemistry of Fullerene Multiple-Adducts 

The selective synthesis of certain addition patterns was a great challenge, since the 

reaction cascade via segregated addition, followed by tedious separation of the 

resulting mixtures is very time consuming and leads to very low yields. Especially the 

isolation of isomers, resulting with a low percentage in the product mixture is 

unsatisfactory, since a huge amount of educt is necessary in order to receive the 

desired product. This is for example the case for the trans-1 isomers, which are due 

to their high symmetry interesting building blocks in supramolecular chemistry. This 

synthetic concept is even more inefficient for the production of trisadducts and higher 

fullerene adducts, because the isolation of the regioisomeric pure bisadducts is 

necessary.  

In 1994, DIEDERICH et al. reported a very important approach for this problem, the 

formation of C60 multiple adducts via tether-directed remote functionalization. [115] 

This procedure was developed by BRESLOW [115] and transferred to the fullerenes 

firstly by DIEDERICH. [116] This technique, which allows the synthesis of fullerene 

derivatives with addition patterns that are difficult to obtain is based on the utilization 

of tethers. Due to their rigid structure, the malonate groups can be brought in the 

desired spatial arrangement to each other. [115, 117, 118] Consequently bisadducts can 

be synthesized regioselectively by using tailor-made tether systems. [119-121] 
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Scheme 9: Structures of different regioisomers of C60 bisadducts, synthesized via tether-directed 

remote functionalization.
 [122-128]

 

 

The majority of the shown compounds have been synthesized in the group of 

DIEDERICH. [122-128] All of these adducts have in common, that the malonates are 

linked to each other only on the one side, whereby the outer positions stay available 

for further functionalization. Nevertheless, there are also some disadvantages in the 

tether-directed remote functionalization of C60. The ultimate yields are very low and 

due to the difficulties in the multi-step synthesis of the tether systems, it is not 

possible to scale up the synthesis to macroscopic amounts. Furthermore, an 
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additional kind of isomery is appearing, the in-out-isomery. It describes three 

possibilities for the arrangement of the addend system. [129] 

 

 

Figure 12: The three in-out-isomers 33, 34, 35 using the example of a cis-2-bisadduct. 
[129] 

 

For the synthesis of higher C60 adducts the tether-based synthetic concept is limited, 

despite few examples of highly symmetrical addition patterns. The reason is that the 

synthesis of suitable tether-compounds becomes more and more difficult. If the tether 

systems are not completely pre-organized, the regioselectivity is lowered and the 

advantage compared to the segregated addition gets lost. [125, 126, 130, 131] 

Instead of rigid open-chain tethers, HIRSCH et al. used macrocyclic systems, built of 

flexible alkyl chains. In this case no pre-organization is given and the regioselectivity 

is based on involving the flexible alkyl chains in a cyclic system. If an addend which 

involves two or even more malonate units is used, it can add multiple to C60. Through 

the formation of a macro-cycle, the malonate units can form only those addition 

patterns which lead to a minimal tension of the alkyl chains. This has consequences 

on the symmetry and the received addition pattern. By using macro-cycles with 

identical chain-lengths only rotation symmetrical addition patterns can be obtained. In 

opposite, the utilization of cyclo[n]malonates with different chain lengths, leads to the 

selective formation of mirror-symmetrical addition patterns (Cs). 
[132]   
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Figure 13: Schematic representation of different bisadducts of C60 with macro-cyclic addends. 
[132] 

 

With this concept in hands, it was possible to synthesize the rotation-symmetrical 

trans-4, trans-4, trans-4-addition pattern, which was not accessible via successive 

cyclopropanation. [132,133] Unfortunately, the problem with the in-out-isomery remains 

with the consequence that also a macro-cycle with unequal chain lengths can form a 

rotation symmetrical addition pattern, like for example cis-3. 

The required macro-cycles can be synthesized by esterification under ZIEGLER-

RUGGLI-dilution conditions from malonyl chloride and the appropriate ω-diols.  
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Scheme 10: Synthesis of cyclo-[n]-octylmalonate. 

[132] 

 

The desired products are received after the slow addition of malonyl chloride to a 

highly diluted solution of the alkane diole. By doing this, lots of different macrocycles, 

as well as polymerized material are formed, what makes the required 

chromatographic purification complicated, because of the similar polarities of the 

obtained compounds. Nevertheless, the functionalization of C60 with macro-cyclic 

compounds has one advantage compared to the tether-directed one, because plenty 

of the macro-cycles, which are obtained during the synthesis can be used for multiple 

functionalization of the carbon allotrope. [132, 134]  

 

1.6.4. Highly Symmetrical C60 Hexakisadducts 

In contrast to the bisadducts, the regioselective synthesis of multiple adducts with 

more than two addends is still a challenging task. Because of the high number of 

possible regioisomers and the lack of adequate tether or macro-cyclic systems, only 

little work on the design of higher fullerene adducts has been carried out so far. One 

important exception is the formation of octahedrally substituted hexakisadducts of 

C60, which was firstly accomplished by segregated addition. This procedure is 

obviously not practical for the synthesis of macroscopic amounts. But in doing so, it 

could be found, that the selectivity is rising with increasing number of addends in 

equatorial positions. [107, 108] By using reversible addends like 9,10-

dimethylanthrecene (DMA) an efficient one-pot-synthetic concept for hexakisadducts 
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by reversible DIELS-ALDER reaction was developed. With utilization of an excess of 

DMA, an equilibrium of differently high substituted C60(DMA)n-adducts with partial all-

e addition patterns is formed. [135] Subsequent irreversible in situ cyclopropanation 

leads to hexakisadducts in good yields. [106, 135]  

By means of the template-activated synthesis, despite the [6,0] also mixed 

hexakisadducts with pseudo-octahedral addition patterns could be obtained. 

Therefore, the precursor is not C60 but another adduct with incomplete octahedral 

addition pattern. The isolation of the appropriate fullerene derivatives with all 

addends in an e relationship is followed by DMA activation and further BINGEL 

reactions. In principle three different combination types of mixed hexakisadducts are 

possible by using two different addends, the [5:1]-, the [4,2]- , and the [3,3]-

hexakisadducts. [16, 107, 136, 137]  
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Figure 14: Representation of different octahedral hexakis addition-patterns with one, two and three 

different addend types.
 [107]

 

 

The main hurdle is the regioselective synthesis of the required starting material, the 

fullerene adducts in all e addition pattern. In this field a lot of investigation has to be 

done, in order to increase regioselectivity.  
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Comparing fullerene hexakisadducts with lower substituted adducts, there is a 

considerably difference in the electronic properties. In case of C60, the conjugated 

π-electron system is disturbed over the whole molecule, whereas the 48 remaining 

π-electrons of the Th-symmetrical hexakisadducts are dispersed on a cubic 

cyclophane similar substructure, consisting of eight benzoide hexagons. The bond 

length alternation between the [5,6]- and the [6,6]-bonds is only 3 pm, what is quite 

little compared to the 11 pm of unmodified C60 (figure 15). [135] 

 

Figure 15: Cyclophane similar structure of the remaining π-system of a Th-symmetrical  

hexakisadduct of C60. 
[135]

 

 

The length of the bridge-bonds between two of these benzoide rings is 1.47 Å, what 

resembles the [5,6] bonds in unmodified C60. Due to this assimilation, the 

hexakisadducts have a stronger pronounced aromatic character. Their yellow color is 

a proof for this considerable difference between the π-electron chromophore of C60 

and its hexakisadducts. [135] 
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2. Proposal 

The properties of fullerenes can be varied in a large range by introducing functional 

moieties via cyclopropanation reactions. This makes the exohedral multi-

functionalization of C60 one of the most important and promising topics in fullerene 

chemistry. The insertion of different addends with varying functional moieties is a 

challenging task in this manner. HÖRMANN et al. investigated a reaction cascade for 

the synthesis of octahedral C2v-symmetrical pentakisadducts of C60 via a protection-

deprotection strategy. [136] The fact that the addition to the remaining [6,6] double 

bond proceeds completely regioselective enables the combination of two different 

functional moieties in one unique octahedral [5:1] hexakisadduct. Inspired by this 

synthetic strategy for the regioselective synthesis of C2v symmetrical fullerene [5:0] 

pentakisadducts, within the present work a novel synthetic concept for the 

regioselective introduction of even more different functional groups to the C60 core 

should be investigated. This would open the way to a large field of applications and 

also to the building of giant new fullerene architectures. 

Due to the fact that the BINGEL reaction is not very regioselective concerning the 

second addition to the fullerene, the major hurdle of this thesis was the investigation 

of a synthetic concept for the addition of different malonates to the equatorial 

positions in the C60 core in a protection-deprotection reaction cascade, in order to 

target octahedral products in high yields without the formation of many regioisomers. 

The key-step in this synthesis is the regioselective formation of protected fullerene 

[1:1] e-bisadducts, as necessary precursors. In this regard, a novel synthetic 

approach should be developed, starting with isoxazolino fullerene, which is available 

in gram scale by a cycloaddition reaction to C60, as precursor.  

With protected [1:1] e-bisadducts in hands, complicated architectures with highly 

mixed addition patterns should be synthesized. They could be used as precursors for 

the synthesis of pseudo C2v symmetrical [1:4] pentakisadducts of C60 via a protection-

deprotection sequence, similar to the one by HÖRMANN et al. After the completion of 

the octahedral addition pattern by four-fold cyclopropanation, the photo-induced 

removal of the isoxazolino group should lead to the new mixed [1:4] pentakisadducts. 

Because of their interesting and unique geometry, they should act as important 

building blocks for the regioselective formation of mixed fullerene [2:4] and [1:4:1] 

hexakisadducts. In order to demonstrate the versatility of the novel pseudo C2v-
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symmetrical [1:4] pentakis addition pattern two examples should be synthesized, an 

amphiphilic [2:4] hexakisadduct and a dumbbell-shaped bisfullerene, consisting of 

one [5:1] hexakisadduct and one [1:4] pentakisadduct, with one free octahedral [6:6] 

double bond. Because of its unique structure this bisfullerene should be used as a 

building block for the synthesis of complex architectures, like a trisfullerene 

containing two [5:1] and one [2:4] hexakisadducts and a tetrakisfullerene, consisting 

of two [5:1] hexakisadducts and two [2:4] hexakisadducts.  

Moreover, further regioselective addition steps to the octahedral [6,6] double bonds 

of an e-bisadduct should be carried out in order to synthesize regioselectively 

protected e,e,e [1:1:1] trisadducts and e,e,e,e [1:1:1:1] tetrakisadducts. This novel 

addition patterns should pave the way for the synthesis of even more difficult and 

highly mixed compositions, like a pseudo Th symmetrical [1:1:3:1] hexakisadduct or 

even a [1:1:1:2:1] hexakisadduct. Furthermore, the isoxazolino moiety of the 

protected [1:1:1] e,e,e trisadduct and the [1:1:1:1] e,e,e,e tetrakisadduct should be 

removed by photolytic cleavage in order to prove the reversibility and to obtain the 

unprotected [1:1] e-bisadduct and the [1:1:1] e,e,e trisadduct . 
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3. Results and Discussion 

 

3.1. Introduction 

The synthesis of fullerene adducts with a mixed octahedral addition pattern is a very 

promising field in fullerene chemistry. The great advantage of these compounds is 

that they combine two or even more different functionalities in one molecule. This 

makes them interesting for many applications by varying the functional moieties. 

Mixed fullerene [5:1] hexakisadducts offer the possibility of two different 

functionalities, combined in an unique octahedral geometry. In general, 

hexakisadducts are only poor electron acceptors compared to fullerene adducts with 

a lower functionalization degree. This is because their π-electron system is 

considerably reduced and only a 3D cyclophane with eight benzenoid rings in the 

edges of a cube is remaining. [137] Nevertheless, many of these architectures have 

very interesting properties due to their unique spherical architecture. The possibility 

of the introduction of two different functional moieties enables for example the 

formation of fullerene amphiphiles with interesting qualities. For instance, amphiphilic 

[5:1] hexakisadducts, containing ten alkyl chains and one hydrophilic dendron as a 

sixth addend have a very small critical micelle concentration and form unilamellar 

vesicles with diameters between 100 and 400 nm. [138] Because of their water 

solubility at physiological pH they can be applied as vehicles for the transport of non-

polar drug molecules. By using biofunctional amphiphilic [5:1] hexakisadducts, 

containing of a biotin group intercalation into a dipalmitoyl-sn-glycero-3-

phosphatidylcholine (DPPC) layer can be observed. [139] The possibility of 

biocompatibilization of liposomes is provided by the ability of the biotin group of 

binding to proteins such as avatin and streptavidin. [5:1] Hexakisadducts, containing 

ten pyropheophorbide-a moietys have been functionalized with one antibody as an 

addressing unit. The fullerene core acts as multiplying unit for the enhancement of 

the local concentration of the therapeutic component. [140]  

However, the major hurdle in the synthesis of these interesting mixed [5:1] 

hexakisadducts is the very low yield in the synthesis via a time consuming 

segregated addition cascade. So far, they have been prepared by successive 

cyclopropanation, [141] starting with fullereno triazolines and subsequent removal of 

the triazoline addend, [142] from the dumbbell-shaped dimer C120, 
[143] and by tether-
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directed remote functionalization sequences. [144] The problem of all these protocols 

is the lack of selectivity, the required tedious HPLC purification procedures, or that 

they are based on complex and difficult to access starting materials. As a 

consequence, there are only very few examples for the synthesis of fullerene 

hexakisadducts of C60 starting from C2v-symmetrical pentakisadduct precursors. [142, 

143, 145, 146, 147] HÖRMANN et al. developed a strategy for the efficient synthesis of C2v-

symmetrical C60 pentakisadducts, that involve an octahedral addition pattern. [136] 

These kind of molecules are very appealing building blocks for the synthesis of mixed 

[5:1] fullerene hexakisadducts. Furthermore, they can be used to synthesize complex 

and other difficult to build architectures with a mixed octahedral geometry and local 

Th symmetry, due to the fact that an addition to the remaining octahedral [6,6] double 

bond proceeds completely regioselectively, without the formation of any side 

products. [142, 148] 

 

Scheme 11: Efficient synthesis of C2v symmetrical pentakisadducts of C60 by HÖRMANN et al. 
[136]

 

 

By using a protection-deprotection sequence, this synthetic concept enables the 

synthesis of C2v-symmetrical pentakisadducts of C60 in large quantities and opened 

the way to novel interesting mixed fullerene architectures in bigger scales. Therefore, 

isoxazolino fullerene, which can be prepared from commercially available chemicals 

on gram scale, was used as precursor. The completion of the octahedral addition 

pattern proceeds with reasonable yields between 37 and 53%. Finally, the new 

photo-induced retro-cycloaddition reaction, the removal of the isoxazoline moiety 

proceeds under very mild conditions with yields up to 83%. Semi-empirical 

calculations suggest an electron transfer between the isoxazolino group and the 

fullerene core, which is introduced by the irradiation of light. The biradical, which is 



3. Results and Discussion 

 

33 
 

formed in this way, can recombine and lead to the cleavage of the protective 

group. [136] In so doing, the hexakisadduct synthesis, which is the yield determining 

step can be done in the beginning of the reaction sequence, which reduces the 

consumption of malonate and facilitates the purification. By using C2v-symmetrical 

pentakisadducts of C60 for the synthesis of mixed [5:1] hexakisadducts, the 

advantages of enhanced yields and the easier purification made the efficient and 

straight forward synthesis of bisfullerenes 42 (figure 16) and globular hexakisadducts 

43 (figure 17) possible. [136] 

 

Figure 16: Structure of bisfullerenes 42 by HÖRMANN et al. 
[136]
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Figure 17: Structure of globular hexakisadduct 43 by HÖRMANN et al. 
[136]

 

By means of this protection-deprotection strategy it is possible to introduce two 

different functionalities to a hexakisadduct of C60 with local Th symmetry, which is a 

great advantage for further applications. Beside these [5:1] hexakisadducts also 

mixed fullerene hexakisadducts with other addition motives have been published in 

the past. HIRSCH et al. already reported about the synthesis of [4:2] and [3:3] 

hexakisadducts. [141, 145, 148] As suitable precursor for the formation of [4:2] 

hexakisadducts an e,e,e,e tetrakisadduct was used for the following double 

cyclopropanation with a second generation (G2) FRECHET-dendron bromomalonate. 

The completion to the hexakisadduct could be accomplished with high yields, due to 

the enhanced regioselectivity, which is given for higher fullerene adducts. The 

problem in this synthetic route is the synthesis of the required e e e,e tetrakisadduct. 

By means of segregated addition the yields are very low, due to the formed isomeric 

mixture and the very tedious purification. The inverse [2:4] addition pattern can be 

obtained by successive fourfold cyclopropanation of the e,e bisadduct. Again the 

problem of the regioselectivity of the second addition in the synthesis of the 
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bisadduct remains and furthermore the following additions to the bisadduct proceed 

also without regioselectivity. [145] The same problem is given in the synthesis of [3:3] 

hexakisadducts, where the e,e,e trisadduct is required. In order to overcome these 

obstacles, a method for the regioselective synthesis of the necessitated precursors, 

the e-bisadducts and the e,e,e trisadducts is needed. [145] 

Within this work, a new concept for the regioselective formation of protected 

[1:1] e -bisadducts has been investigated. With this molecule in hands, it is possible 

to design a library of novel addition patterns in good yields. Analogous to the 

protection-deprotection sequence of HÖRMANN et al., now one more functional 

moiety can be added to the fullerene by completion of the octahedral addition pattern 

followed by photolytic cleavage.  

 

Scheme 12: Reaction cascade of the synthesis of [1:4] pentakisadducts 46 via the regioselective 

synthesis of protected e-bisadducts 44 of C60. 

 

The discovery opens the door to very facile access to complex fullerene-based 

architectures that involve a mixed octahedral addition pattern. The obtained fullerene 

[1:4] pentakisadducts can be transferred either to [2:4] or to [1:4:1] hexakisadducts. 

Also further regioselective additions to the protected [1:1] e-bisadduct are possible, in 

order to obtain regioselectively protected [1:1:1] e,e,e trisadducts, or even higher 

fullerene adducts. This opens the way to further addition patterns, like for instance 

[1:1:3] pentakisadducts and [1:1:3:1] hexakisadducts. 

Within this work, all addends should be not bridged with each other, consequently no 

tether-directed approaches or macro-cyclic addends should be used. For this reason 

a novel synthetic concept for the regioselective synthesis of protected [1:1] 

e-bisadducts of C60 has been investigated in order to offer the accessibility of new 

interesting addition patterns. 
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3.2. A Novel Concept for the Regioselective Formation of e-Bisadducts 

The major hurdle in the synthesis of fullerene adducts with different addends, 

involving an octahedral addition pattern is the selectivity of the second addition. 

Starting with a mono-functionalized adduct (containing one symmetric addend) there 

are theoretically eight isomers possible, in case of two identical addends. In order to 

avoid tedious purification steps and to enhance the yield of the desired isomer a 

novel synthetic approach is necessary. For the synthesis of higher functionalized 

fullerene adducts it is required, that the second addend is in an equatorial position to 

the first one. For this, a novel synthetic route for the synthesis of e-bisadducts has 

been investigated. The utilization of the protection-deprotection route, inspired by 

HÖRMANN et al. should open the way to novel fullerene architectures with interesting 

mixed octahedral addition patterns.  

In case of a second addition to an asymmetric fullerene monoadduct with the second 

addend being symmetrical and not equal to the first one, theoretically 29 different 

[6,6] double bonds are available for a second attack. Within this work, the starting 

material is always the isoxazolino protected monoadduct of C60. Because of its C1 

symmetry, it leads to a large number of bisadduct isomers after the second addition 

via a classical non-regioselective BINGEL-HIRSCH reaction. The separation of this 

isomeric mixture is very tedious and time-consuming and does not lead to satisfying 

yields of the desired e isomers. 

Starting with isoxazolino fullerene 39, a one-fold cyclopropanation reaction with a 

chlorinated malonate and phosphazene base is conducted, in order to receive 

e-bisadducts with reasonable yields up to 60%. Various experiments have shown that 

the best regioselectivity and thus the best yields can be achieved by using 1 eq. of 

isoxalonino fullerene, 2 eq. of a chloro-malonate and 1 eq. of phospazene base as a 

non-nucleophilic base, instead of DBU which is commonly used for cyclopropanation 

reactions.  
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Scheme 13: Synthetic route for the regioselective synthesis of e -bisadducts 44. 

 

3.2.1. Synthesis of Protected [1:1] e-Bisadducts 47 and 48 

For the investigation of a novel synthetic route for the regioselective formation of 

e-bisadducts the mono-chlorinated diethyl- and dipropylmalonate have been used as 

simple, symmetric addends. In order to find the reaction conditions, which lead to the 

best regioselectivity and yield a variety of experiments have been performed. First 

attempts with classical BINGEL-HIRSCH reaction conditions led to a mixture of lots of 

isomers, which could be hardly separated by tedious multiple HPLC purifications in 

very small yields. By changing the non-chlorinated malonate to a chlorinated one and 

thus without the addition of CBr4, the regioselectivity could be enhanced. Less 

isomers were formed, but still too many for a easy separation and purification. Finally, 

DBU was exchanged against SCHWESINGER phosphazene base P1-
tBu. This base is 

like DBU a neutral nitrogenbase, but it has a much higher basicity and a reduced 

nucleophilicity. This exchange leads to a considerable improvement of the 

regioselectivity.  
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Scheme 14: Regioselective reaction of isoxazolinofullerene 39 to the e-bisadducts 47 and 48. 

 

After the improvement of the reaction parameters it could be observed via analytical 

HPLC experiments (nucleosil, toluene), that only two peaks can be observed in the 

elugramms of both compounds, what is a small number for the theoretically expected 

29 possible isomers. The second peak has in both cases a much higher intensity 

than the first one. After separation of the two peaks by column chromatography, the 

big peak, which can be related to the e-isomers could be isolated in a much higher 

ratio, over 95% compared to the other one. Because of the asymmetric isoxazolino 

addend four different constitution isomers (figure 18) are possible with the second 

addent in equatorial position to the first one, compounded by two pairs of 

diasteromers. Theoretically, the four isomers could be formed in the same ratio 

because none of them is thermodynamically or sterically preferred compared to the 

others.  
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Figure 18: Four possible e-isomers of bisadduct 47, two pairs of diastereomers (left and right). 

In this manner, isoxazolino fullerene 39 (1 eq.) was dissolved in dry toluene before 

diethyl- or dipropyl-chloromalonate (2 eq.) and SCHWESINGER phosphazene base 

(1 eq.) were added and the solution was stirred for 24 h. After removing the solvent, 

the product could be easily purified by simple column chromatography (SiO2, toluene) 

to receive the desired e-isomers in reasonable yields between 40 and 60% as red-

brownish solids. The isomeric purity was examined by analytical HPLC (nucleosil, 

toluene). In each of both elugrams only one peak can be observed at 2.8 min 

(30 mL/min) for bisadduct 47 and at 4.1 min (25 mL/min) for bisadduct 48. For the 

identification of the obtained isomers UV/Vis-spectroscopy has been consulted. 

Beside the absorption maxima at 218, 224, 252, 318 and 455 nm for 47 and 218, 

223, 250, 310 and 457 nm for 48, which are characteristic for fullerene bisadducts, a 

closer look in the region of the visible light between 400-800 nm is necessary. By 

comparing the spectra with the literature, it can be clearly observed that the UV/Vis 

spectra of the products equate to those for e-bisadducts published by 

DJOJO et al. [35]  
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Figure 19: UV/Vis-spectra of 47 (left) in CH2Cl2 and of bisadducts 3 in literature (right). 
[35]

 

Because of the similarity of the four different e-isomers it was not possible to 

determine which e-isomer exactly was obtained. A definite assignment could only be 

carried out by crystallographic analysis, but unfortunately it was not possible to 

receive a single cristall. For the sake of simplicity, one arbitrary structure of the 

possible ones is drawn in the following.  

The purity of the synthesized compounds 47 and 48 has been proved by NMR-

spectroscopy. In the NMR-spectra of 47 and 48 all signals can be definitely assigned 

to the molecules, beside the ones that derive from solvent residues, like toluene (*). 

Because of the non-symmetric isoxazolino addend the fullerene adducts 47 and 48 

have a low symmetry, what leads to an enhanced splitting of the signals. The 1H-

NMR spectrum of compound 47 is shown in figure 20. The aromatic protons of the 

isoxazolino addend form two doublets at 7.96 ppm for the ortho-substituted and at 

6.72 ppm for the meta-substituted ones, while the two methyl groups form a singlet at 

2.99 ppm. Due to the fact that the two pairs of CH2 protons are diastereotopic and 

have furthermore different spatial environments, they appear in a multiplet between 

4.46 and 4.34 ppm, formed by overlapping quartets and the signal for the 

neighboring CH3 groups results two overlapping triplets at 1.36 ppm.  
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Figure 20: 
1
H-NMR spectrum of compound 47 in CDCl3 (

#
), rt, 400 MHz. 

The isomeric purity, which can be consulted from the analytical HPLC experiments 

and the defined split-up of the signals in the proton NMR spectrum can be reassured 

by NOE-measurements. In the NOE spectrum of compound 47 the stimulation of the 

methyl groups of the isoxazolino addend has not any influence on the malonate 

addend, only an interaction to the aromatic protons of the protective group can be 

observed. An excitation of the malonate addend offers the same result. This means, 

that the two addends have maximum distance to each other, what leads to the 

conclusion that the two theoretically possible e-isomers b and c can be excluded.  

The 13C-NMR spectrum of 47 shows 55 resonances (with one showing double 

intensity) between 148.04 and 136.75 ppm for the 56 sp2-C atoms of the fullerene 

core, thereby reflecting a C1 symmetrical addition pattern. Another evidence for the 

low symmetry is the appearance of two signals for the carbonyl carbon atoms. The 

two carbonyl groups may seem equal, but because of their different spatial 

arrangement to the isoxazolino group they have different chemical shifts and so they 

form two signals at 163.11 and 163.04 ppm. The resonances of the sp3-carbon atoms 

of the isoxazoline ring appear at 103.34 and 79.34 ppm, in addition to two signals for 

the cyclopropanated carbon atoms of the fullerene core at 71.24 and 70.50 ppm. The 
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signals of the methylen-groups of the malonate can be found at 63.28 and 

63.27 ppm, the one of the methyl-groups at 14.13 ppm. The malonate bridge carbon 

atom gives one peak at 50.67 ppm. The remaining signals can be assigned to the 

isoxazolino addend. The signal for the isoxazoline carbon atom can be found at 

158.14 ppm and the aromatic carbon atoms at 151.45 ppm for the ortho- and at 

129.91 ppm for the para-position, at 115.90 ppm for the ipso-, at 111.81 ppm for the 

meta-position. The methyl groups appear at 40.06 ppm. 

In both spectra also the peaks for a residue of toluene solvent can be observed, 

which are labled with (*). 

Figure 21: 
13

C-NMR spectrum of compound 47 in CDCl3 (
#
), rt, 100.5 MHz. 

The NMR-spectra of compound 48 are very similar to those of compound 47. The 

only difference, which can be observed are the additional peaks for the further CH2 

group of the malonate. 

Moreover, the formation of the bisadducts 47 and 48 can be proved by mass 

spectrometry. In the MALDI-TOF spectrum of compound 47 the [M+H]+ peak appears 

at m/z=1040. Furthermore the typical fragmentation behavior for isoxazolino adducts 

can be observed. Two additional peaks can be found at m/z= 1012 and 880. The first 
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one can be assigned to the fragment [M-NO+H]+ and the latter one to 

[M-isoxazoline+H]+. In case of bisadduct 48 the same conclusions can be drawn. In 

the ESI high-resolution mass spectrum of compound 47 the [M+H]+ peak can be 

found at m/z=1041.14581. 

Structural characterization of both compounds 47 and 48 was completed by IR 

spectroscopy. 

 

3.2.2. Synthesis of Fullerene [1:4] Pentakisadducts 50 and 52 

With these molecules in hands, it is possible to create novel addition patterns. In this 

regard, two different mixed [1:4] fullerene pentakisadducts with local C2v symmetry 

have been synthesized. These compounds are very interesting building blocks for the 

synthesis of complex and other difficult to synthesize architectures with a mixed 

octahedral addition pattern, because they already combine two different functional 

moieties in one molecule themselves. Further functionalizations are possible in order 

to receive [1:4:1] or [2:4] hexakisadducts with interesting properties.  

The completion of the octahedral addition pattern of the isolated e-bisadducts 47 and 

48 was accomplished by means of fourfold cyclopropanation with a tenfold excess 

amount of malonate and a 100-fold excess amount of CBr4 in the presence of DBU 

(scheme 15). Despite the fact that less-substituted side products have similar 

polarity, it was possible to isolate the protected hexakisadducts by flash 

chromatography to give 49 and 51 as yellow solids with reasonable yields of 44 % in 

both cases. 

The light-induced retro-cycloaddition, in order to remove the isoxalozino group from 

the protected [1:4:1] hexakisadducts 49 and 51 was achieved by irradiation with a 

halogen flood light at room temperature in degassed toluene. A 30-fold excess 

amount of maleic anhydride was added to trap the nitrile oxide formed during the 

retro-cycloaddition. 

The reaction process can easily be followed by TLC in which one red, less-polar spot 

for the pentakisadduct next to the yellow spot for the hexakisadduct was evolving. 

Purification was again possible by using flash chromatography to give 50 and 52 as 

red solids with good yields over 60%.  
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Scheme 15: Synthesis of fullerene [1:4] pentakisadducts 50 (left) and 52 (right). 
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The yellow color of the protected [1:4:1] hexakisadducts 49 and 51 is typical for 

substituted fullerenes with Th-symmetrical addition pattern. This confirms with the 

UV/Vis spectra of the compounds, in which only very weak absorption bands in the 

visible region can be observed. In figure 22 the absorption spectrum for compound 

49 is illustrated. The one of compound 51 looks equal and will not be discussed 

separately. The typical absorption bands for octahedral hexakisadducts at 313 and 

330 nm are considerably flattened, due to the absorption of the aromatic system of 

the isoxazolino addend. The second characteristic double band for at 268 and 

280 nm is also less pronounced compared to the one of hexakisadducts with six 

equal malonate addends. [105] In general, it can be concluded that the UV/Vis spectra 

of the protected [1:4:1] hexakisadducts look equal to those of protected [5:1] 

hexakisadducts, synthesized by HÖRMANN et al. [136] 

 

Figure 22: UV/Vis-spectrum of 49 in CH2Cl2.  

 

The addition pattern of both protected [1:4:1] fullerene hexakisadducts 49 and 51 is 

composed of three different types of substituents, what leads to a reduction of the 

symmetry, compared to hexakisadducts with six equal addends. The Th symmetry, 

which is common for octahedral hexakisadducts is decreased by the different 

addends and the non-symmetric isoxazolino moiety. The obtained C1 symmetry 

confirms to the NMR-spectra. In the 1H-NMR spectrum of 49 (figure 23), it can be 

observed that the protons of the malonate addends all form multiplets instead of the 

expected splitting. This is due to the fact, that every addend has a different spatial 

environment, what leads to different overlapping signals. Nevertheless, the 
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integration fits well and all signals can be assigned to the functional groups of the 

molecule. In addition to the signals of the diethylmalonate and the isoxazolino 

addend, which can be found in the same regions like for the bisaaduct precursor, 

also an additional multiplet for the dipropylmalonate can be found between 1.79 and 

1.53 ppm for the four protons of the methylengroups in the middle of the chain and 

several overlapping triplets at 0.81 ppm for the six protons of the methyl groups. The 

signal for the methylengroups next to the oxygen atoms overlap with those of the 

diethylmalonate to a multiplet between 4.34 and 4.06 ppm. In the spectrum also a 

peak for a residue of CH2Cl2 solvent can be observed, which is labled with (*). 

Figure 23: 
1
H-NMR spectrum of compound 49 in CDCl3 (

#
), rt, 400 MHz. 

The same conclusion can be drawn by looking at the 13C-NMR spectrum in figure 24. 

For the ten carbonyl C-atoms nine signals can be found between 164.17 and 

163.59 ppm, with one having double intensity. The spectrum of 49 shows 

28 resonances for the 48 sp2-C atoms of the fullerene core in the region from 139.40 

to 146.60 ppm, thereby reflecting a Cs symmetrical hexakisaddition pattern. For the 

ten sp3 carbon atoms eight signals can be found between 69.92 ppm and 67.49 with 

two having double intensity. The signals for the protective group can be found at 

154.53, 151.29, 127.69, 111.59, 101.47 and 79.59 ppm, similar to the precursor. For 
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the diethylmalonate two signals appear at 62.87 ppm for the methylen carbon atoms 

and at 13.99 and 14.09 ppm for the two carbon atoms of the methyl groups. The four 

introduced dipropylmalonate addends cause additional signals at 68.52 and 

68.43 ppm for the methylen groups next to the oxygen atoms, between 21.81 and 

21.67 ppm for the neighboured ones and between 10.38 and 10.14 ppm for the 

eight carbon atoms of the methylgroups. For the five quaternary carbon atoms of the 

malonates three signals can be observed at 45.60, 45.49 and 44.71 ppm. In the 

spectrum also the peaks for a residue of toluene solvent can be observed, which are 

labled with (*). 

Figure 24: 
13

C-NMR spectrum of compound 49 in CDCl3 (
#
), rt, 100.5 MHz. 

The NMR-spectra of compound 51 confirm to those of compound 49.  

The MALDI-TOF spectra of compounds 49 and 51 show the typical composition of 

isoxazolino adducts. In the spectrum of the protected hexakisadduct 49, beside the 

[M]+ peaks at m/z=1784 two further peaks can be observed at m/z= 1754 for the 

[M-NO]+ and at 1623 for the [M-isoxazoline]+ fragment. 

Structural characterization of both compounds 49 and 51 was completed by IR 

spectroscopy.  
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After the photolytic cleavage of the protective group of the mixed hexakisadducts 49 

and 51, the red colored [1:4] pentakisadducts 50 and 52 can be obtained. In figure 25 

the UV/Vis spectrum of compound 50 is shown. Again the spectrum of compound 52 

is equal and will not be discussed separately. In contrast to 49, the absorption bands 

in the visible region are stronger, what confirms to the color of the compounds. 

Furthermore, the bands become more pronounced and are no more flattened after 

the removal of the isoxaxolino moiety. The typical absorption maxima for 

pentakisadducts with local C2v symmetry appear at 246 and 283 ppm, as well as a 

characteristic shoulder at 318 ppm. These results confirm to those of 

pentakisadducts, containing five identical addends. [136] 

 

Figure 25: UV/Vis-spectrum of 50 in CH2Cl2.  

Compared to the precursors, the removal of the isoxazolino protective group leads to 

an enhancement of the symmetry. The obtained [1:4] pentakisadducts consist of a 

pseudo C2v-symmetry, because of not all addends being equal. This can be proved 

by NMR-spectroscopy. In figure 26 the 1H-NMR spectrum of compound 50 is shown. 

Despite of the removal of the signals of the isoxazolino group it can be observed, that 

the signals of the malonates become less splitted and more defined. Between 4.44 

and 4.17 ppm some overlapping multiplets can be found, which can be assigned to 

the methylene groups next to the oxygen atoms of the dipropylmalonate moieties. 

Next to it, a triplet of those of the diethylmalonate is located at 4.12 ppm. The 
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methylene groups next to the methyl groups of the dipropylmalonates form a multiplet 

between 1.81 and 1.54 ppm, due to the overlapping signals caused by the different 

spatial location of the malonate addends. At 1.35 ppm several overlaping triplets of 

the methyl groups of the diethylmalonate can be found, next to the overlaping triplets 

formed by those of the dipropylmalonates at 0.89 ppm.  

Figure 26: 
1
H-NMR spectrum of compound 50 in CDCl3 (

#
), rt, 400 MHz. 

The 13C-NMR spectrum of compound 50 is shown in figure 27. Compared to the 

spectrum of the compound 49, much less signals for the sp2 carbon atoms in the 

region between 148.60 and 139.81 and can be observed. The 50 sp2 carbon atoms 

split in 18 signals with different intensities, which is a hint for the 

pseudo-C2v-symmetry of the pentakisadduct. In case of a C2v symmetrical 

pentakisadduct with five identical addends twelve signals with fourfould intensity and 

one signal with double intensity would be expected. Despite the symmetry of the 

fullerene core, there are two different types of addends, which have all a different 

spatial environment, what leads to three different signals for the carbonyl carbon 
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atoms at 163.38, 163.90 and 164.02 ppm. For the ten sp3 carbon atoms five signals 

can be found between 70.00 and 69.24 ppm. The signals for the diethylmalonate can 

be found at 62.96 and 14.07 ppm, like in case of the unprotected precursor. Those 

for the dipropylmalonate are splited at 68.51 and 68.29 ppm, between 22.68 and 

21.71 ppm and between 10.41 and 10.27 ppm, demonstrating again the difference in 

the chemical environment of the addends. At 54.11 ppm one signal for the 

quaternary carbon atom of diethylmalonate and at 45.82 and 45.72 ppm two signals 

for those of the dipropylmalonate addends can be found. This difference in the 

chemical shift can also be observed for C2v symmetrical pentakisadducts with five 

identical addends. [136] In both spectra also the peaks for a residue of toluene solvent 

can be observed, which are labled with (*). 

Figure 27: 
13

C-NMR spectrum of compound 50 in CDCl3 (
#
), rt, 100.5 MHz. 

The NMR-spectra of compound 52 confirm to those of compound 50.  

By the removal of the isoxazolino addend, the fragmentation behavior of compounds 

50 and 52 in the MALDI-TOF spectra changed in comparison to their precursors 49 

and 51. In both cases only one peak is appearing. The spectrum of pentakisadduct 
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50 shows the [M]+ peak at m/z 1623. In the ESI high resolution mass spectrum the 

[M]+ peak can be assigned at 1622.415610. 

Structural characterization of both compounds 50 and 52 was completed by IR 

spectroscopy. 

The discovery of the regioselective synthesis of mixed [1:4] pentakisadducts in good 

yields opens now the way to very facile access to complex fullerene-based 

architectures that involve a complicated mixed octahedral addition pattern.  

 

3.2.3. Synthesis of Fullerene [2:4] Hexakisadducts 53 and 54 

Due to the high regioselectivity of an addition to the remaining octahedral [6:6] bond 

of a fullerene pentakisadduct [148] now the way is paved for a simple approach 

towards mixed fullerene [2:4] hexakisadducts in overall good yields. With the mixed 

[1:4] fullerene pentakisadducts 50 and 52 in hands, the completion of the octahedral 

addition pattern via a BINGEL-HIRSCH reaction in order to receive the mixed [2:4] 

hexakisadducts 53 and 54 proceeds in excellent yields over 90% without the 

formation of any side products. Within one hour after the addition of an excess of 

malonate, CBr4 and DBU to the orange fullerene pentakisadduct solution, the color 

turns to yellow. After the easy purification by flash column chromatography the 

products 53 and 54 can be obtained as yellow solids in excellent yields between 72% 

and 92%. 
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Scheme 16: Synthesis of fullerene [2:4] hexakisadducts 53 (left) and 54 (right). 

 

The yellow color of the protected [2:4] hexakisadducts 53 and 54 matches to an 

octahedral addition pattern for fullerene hexakisadducts, what can be seen in the 

UV/Vis spectra of the compounds, in which only very weak absorption bands in the 

visible region can be observed. In figure 28 the absorption spectrum for compound 

53 is shown, which looks similar to those of fullerene hexakisadducts containing six 

equal addends. The one of compound 54 conforms to this and will not be discussed 

separately. The typically absorption band for octahedral hexakisadducts at 313 and 

330 nm are less pronounced than in case of C66(COOEt)12, instead a small maximum 
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can be found at 350 nm. The second characteristic double band at 248 and 283 nm 

resembles the one of hexakisadducts with six equal addends. [105]  

 

Figure 28: UV/Vis-spectrum of 53 in CH2Cl2. 

 

Through the addition of a sixth addend, being equal to the first one and the resulting 

completion of the octahedral addition pattern, the symmetry of the obtained [2:4] 

hexakisadducts 53 and 54 is strongly enhanced compared to their precursors. This 

can be proofed by the NMR-spectroscopy. By comparing the 1H-NMR spectrum of 

compound 53, shown in figure 29 with the one of its precursor the [1:4] 

pentakisadduct 50 it can be observed, that all peaks are at the same positions but 

now they have very defined split-ups, due to the high symmetry of the molecule. The 

integration of the protons fits with the additional diethylmalonate moiety.  
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Figure 29: 
1
H-NMR spectrum of compound 53 in CDCl3 (

#
), rt, 400 MHz. 

In general fullerene [2:4] hexakisadducts contain either of a Cs or a D2h symmetry, 

depending of the arrangement of the two different addend types. Because of the 

similarity of the diethylmalonate- and the dipropylmalonate addends of the mixed 

hexakisadducts 53 and 54 a local Th symmetry of the fullerene core is obtained, what 

can be proved by 13C-NMR spectroscopy. In the signal-poor spectrum of compound 

53, illustrated in figure 30, only two peaks at 145.73 and 141.14 ppm for the sp2-

carbon atoms of the fullerene can be found, depicting the high symmetry degree. 

Also the two signals for the carbonyl C-atoms at 163.80 and 163.94 and the two 

signals of the sp3-carbon atoms of the fullerene at 69.11 and 68.39 and confirm to 

that.  
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Figure 30: 
13

C-NMR spectrum of compound 53 in CDCl3 (
#
), rt, 100.5 MHz. 

The NMR-spectra of compound 54 are similar to those of compound 53.  

The MALDI-TOF mass spectrum of compound 53 shows the [M]+ peak at m/z= 1781, 

a [M+Na]+ peak is observed at m/z= 1804 and a [M+K]+ peak at m/z= 1820. In the 

ESI high resolution mass spectrum of hexakisadduct 53 the [M]+ peak can be found 

at m/z= 1780.4764. 

Structural characterization of both compounds 53 and 54 was completed by IR 

spectroscopy. 

 

3.2.4. Synthesis of Fullerene [1:4:1] Hexakisadducts 55 and 56 

Instead of completing the octahedral addition pattern of the novel mixed [1:4] 

fullerene pentakisadducts with the last addend being the same like the first one, also 

a third different addend can be introduced to give [1:4:1] fullerene hexakisadducts. In 

this case, the addition pattern is compounded by three different types of addends. 

The BINGEL-HIRSCH reaction to the remaining octahedral [6,6] bond of the [1:4] 

pentakisadduct 50 proceeds again in good yield, without the formation of side 
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products. An excess of malonate, CBr4 and DBU were added to the orange fullerene 

pentakisadduct solution. Within one hour after the addition of the color turns to 

yellow. After the easy purification by flash column chromatography the mixed [1:4:1] 

hexakisadducts 55 and 56 could be obtained as yellow solids with good yields of 

54% in case of 55 and 88% in case of 56. 

 

Scheme 17: Synthesis of fullerene [1:4:1] hexakisadducts 55 (left) and 56 (right). 

 

Through the addition of a sixth addend and the resulting completion of the octahedral 

addition pattern, the symmetry of the obtained [1:4:1] hexakisadducts 55 and 56 is 

strongly enhanced compared to its precursors. Similar to the [2:4] hexakisadducts 

they have a pseudo-Th-symmetry, but in contrast to them, 55 and 56 have three 

different addends. This can be distinct from NMR-spectroscopy. By comparing the 

1H-NMR spectrum of compound 55, shown in figure 31 with the one of its precursor, 

the [1:4] pentakisadduct 50 it can be observed that all peaks are at the same 
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positions but now they have very defined split-ups, due to the high symmetry of the 

fullerene adduct. Additionally, two overlapping septets between 5.12 and 5.18 ppm 

for the two secondary protons of the diisopropylmalonate addends can be found. The 

signals of its methyl groups overlap to a multiplet between 1.23 and 1.31 ppm with 

the one of the methyl protons of the diethylmalonates. This peak indicates also some 

impurity, because its integration is much higher than expected. 

Figure 31: 
1
H-NMR spectrum of compound 55 in CDCl3 (

#
), rt, 400 MHz. 

Because of the three different addend types the mixed [1:4:1] fullerene 

hexakisadduct 55 is C1 symmetrical. Nevertheless, the 13C-NMR spectrum of 

compound 55 indicates an octahedral pseudo-Th-symmetry for the fullerene core. 

The signals for the sp2-carbon atoms of the fullerene form two blocks between 

141.27-141.01 ppm and between 145.83-145.67 ppm, depicting the high symmetry 

degree of the obtained hexakisadduct. However, for the twelve carbonyl C-atoms 

seven signals can be found between 163.97 and 163.27, with four having double 

intensity, depicting the globular symmetry and the difference of the periphery. The 

seven signals of the twelve sp3-carbon atoms of the fullerene between 69.20 and 
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69.05 ppm confirm to that, as well as the five signals between 45.51 and 45.47 ppm, 

including one with double intensity for the six quaternary carbon atoms of the 

malonates. The remaining peaks can be assigned to the malonate addends.  

Figure 32: 
13

C-NMR spectrum of compound 55 in CDCl3 (
#
), rt, 100.5 MHz. 

Additionaly, MALDI-TOF mass spectrometry measurements prove the molecular 

composition of hexakisadduct 55 with the detection of the [M+H]+ peak at m/z=1809. 

ESI high resolution mass spectrometry detected the [M]+ peak at 1808.503745. 

In case of hexakisadduct 56, additionally to the [M]+ peak at m/z= 1904 two further 

peaks at 1927 and 1943 for the [M+Na]+ and the [M+K]+ can be observed in the 

MALDI-TOF spectrum.  

The UV/Vis spectra of both compounds 55 and 56 look very similar to those of the 

[2:4] fullerene hexakisadducts 53 and 54 as well as to simple fullerene 

hexakisadducts with six equal addends.  

Characterization of both compounds was completed by IR spectroscopy. 
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3.2.5. Implementation of the novel [1:4] fullerene pentakisadduct addition 

pattern 

To demonstrate the versatility of the novel pseudo C2v-symmetrical [1:4] 

pentakisadducts as very suitable building blocks for the construction of complex 

hexakisadduct architectures with highly mixed octahedral addition patterns, two 

examples will be presented. With the mixed novel [1:4] pentakisadducts in hands it is 

possible to synthesize an amphiphilic [2:4] hexakisadduct 57. This compound 

contains two dihexylmalonates and four dendritic malonates with first generation 

NEWKOME dendrimers. After deprotection of the t-butyl groups of the dendrimers, the 

fullerene desirable becomes water soluble. 

 

Figure 33: Water soluble fullerene amphiphile 57. 

 

Another example of the advantage of using mixed [1:4] fullerene pentakisadducts for 

a “convergent” reaction is the synthesis of bisfullerenes, containing one [5:1] 

hexakisadduct and one [1:4] pentakisadduct. This dumbbell-shaped molecule 58 has 



3. Results and Discussion 

 

60 
 

one free octahedral [6:6] bond, what makes it beside of its unique structure a very 

interesting building block for complicate architectures.  

 

Figure 34: Fullerene dimer 58 containing one [5:1] hexakisadduct and one [1:4] pentakisadduct of C60. 

Remaining octahedral [6,6] bond highlighted in red. 

 

3.2.5.1. Synthesis of Amphiphilic [2:4] Hexakisadduct 57 

Amphiphilic compounds or amphiphiles contain hydrophilic and hydrophobic 

properties at the same time. This advantage forms the basis for a number of areas of 

research in chemistry and biochemistry, especially that of lipid polymorphism. In 

order to obtain amphiphilic properties, the structure has to consist of two different 

functional moieties. The hydrophobic group is in most cases a large hydrocarbon 

moiety, such as long saturated or polyunsaturated alkyl chains. The hydrophilic group 

can be for example charged groups, such as anionic groups (carboxylates, sulfates, 

sulfonates, phosphates) or cationic groups (ammonium and pyridinium salts). 

Besides, polar, uncharged groups, such as polyalcohols or polyethers as well as 

amphoteric groups also consist of hydrophilic behavior. Amphiphiles have the 

characteristic to form aggregates for example in form of micelles, depending of their 

structure and further parameters. Micelles are in most cases almost spherical 

aggregates, which are formed spontaneously by reaching the critical micelle 

concentration (cmc).  

C60 suits excellently for the formation of amphiphiles, by acting as structure building 

core, which can be systematicly functionalized with identical or different addends in 

order to shape uniform or mixed adducts.  

The HIRSCH group succeeded in the past in the synthesis of a broad variety of 

amphiphilic C60 derivatives, which differ in the number and the addition pattern of the 
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attached functional groups. Exemplary representatives of these derivatives are for 

instance mixed octahedral [5:1] hexakisadducts, containing a NEWKOME-type amide 

dendron as a hydrophilic addend and five didodecyl malonates as lipophilic addends. 

This globular amphiphile dissolves in water, forming unilamellar vesicles with 

diameters typically between 100 and 400 nm, and reveals a very small critical micelle 

concentration (cmc). [138, 148, 149] The synthetic concept for the regioselective formation 

of C2v symmetrical fullerene pentakisadducts by HÖRMANN et al. published in 2012, 

facilates the access of this interesting compound and other similar amphiphilic 

architectures. [136]  

Fullerene amphiphiles are very interesting compounds for different applications. By 

changing their constitution their properties can be tuned. The water solubility at 

physiological pH of some of these interesting architectures can make them for 

example suitable vesicles for the delivery of non-polar drug molecules. (chapter 3 

introduction). Furthermore they are interesting building-blocks for opto-electronical 

devices.  

With the new synthetic concept for the regioselective synthesis of mixed [1:4] pseudo 

C2v symmetrical fullerene pentakisadducts in hands, it is possible to design a novel 

amphiphilic, octahedral fullerene [2:4] hexakisadduct.  

The synthesis of the amphiphilic [2:4] hexakisadduct 57 was performed according to 

the developed procedure for the synthesis of mixed octahedral [1:4] pentakisadducts 

followed by a BINGEL-HIRSCH reaction, in order to receive the mixed [2:4] 

hexakisadduct 64, which can easily be deprotected to receive the amphiphilic 

character.  

The key-step of the synthesis is the regioselective formation of the e-bisadduct 60. 

This was achieved by using the developed procedure, like in case of 47 and 48. The 

necessitated chlorinated malonate 59 can be obtained by chlorination of the 

commercially available dihexylmalonate with sulfuryl chloride. This was accomplished 

by heating the equimolar amount of malonate suspended in chloroform and the 

chlorination reagent to reflux for 12 h. The amount of solvent was kept as low as 

possible. The purification of the product was performed by column chromatography, 

to receive the colorless oil in 71% yield. 
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Scheme 18: Regioselective synthesis of e-bisadduct 60. 

 

For the synthesis of the required e-bisadduct 60, a two-fold excess of malonate and 

one equivalent of the SCHWESINGER phosphazene base were added to the violet 

solution of isoxazolino fullerene in toluene. After 24 h stirring at room temperature the 

product was purified by column chromatography. The e-bisadduct 60 could be 

obtained as brown solid with a yield of 30 %. Like in case of bisadducts 47 and 48 it 

can not definetly be said, which of the which possible isomers is obtained. For the 

sake of simplicity, one arbitrary structure of the possible ones is drawn in the 

following.  

With the e-bisadduct 60 in hands, the completion of the octahedral addition pattern 

was accomplished by four-fold cyclopropanation with a 15-fold excess amount of the 

dendritic malonate 61, which was synthesized in a multi-step reaction cascade 

according to literature [150] and 100-fold excess amount of CBr4 in presence of DBU. 

The reaction progress was monitored by TLC, where a yellow spot for the product 

runs faster than the orange and red spots for lower adducts and the last brown spot 

of the educt. After 72 h the reaction was stoped and the product was purified by 

column chromatography in order to obtain the yellow solid 62 in 37% yield. 
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Scheme 19: Synthesis of the mixed protected [1:1:4] fullerene hexakisadduct 62. 

 

In order to receive the [1:4] pentakisadduct 63 the protective group has to be 

removed. For the photolytic cleavage of the isoxazolino moiety, compound 62 was 

desolved in degassed toluene and irradiated by a halogen flood light for 24 h in 

presence of a 30-fold excess amount of maleic anhydride. The product was purified 

by column chromatography in order to obtain the red solid with 45% yield.  

Scheme 20: Synthesis of the mixed [1:4] fullerene pentakisadduct 63 by photolytic cleavage of the 

protective group. 

 

The obtained [1:4] fullerene pentakisadduct 63 contains one free octahedral [6,6] 

double bond, which can be attacked regioselectively in a further addition. In this 
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manner, for the completion of the octahedral addition pattern one more 

dihexylmalonate was added in order to receive the [2:4] hexakisadduct 64. For this, a 

two-fold excess amount of dihexylmalonate and CBr4 were added to the red solution 

before DBU was slowly dropped in, too. Within one hour, the color of the solution 

turned to yellow what means that the reaction is accomplished. After purification by 

column chromatography, the product could be obtained as yellow solid with 

31% yield. 

Scheme 21: Synthesis of the mixed [2:4] fullerene hexakisadduct 64.  

 

The 1H-NMR spectrum of compound 64 which is demonstrated in figure 35, shows 

only multiplets with undefined split-ups. Nethertheless, all signals can be assigned to 

the molecule and the integration fits to the protons of the malonate addends. The 

broad signal of the amino-protons can be found between 6.05 and 5.91 ppm. The 

24 protons of the methylenegroups next to the carbonylgroups of the malonates 

appear in a multiplet between 4.25 and 4.22 ppm, the methylen groups between 2.20 

and 2.11 ppm. The signals between 1.96 and 1.91 ppm and between 1.68 and 

1.62 ppm can be assigned to the protons of the methylene groups next to the amide 

groups. The singlet with the highest intensity, which is formed by several overlapping 

singlets at 1.40 ppm belongs to the 216 protons of the methyl groups of the t-butyl 

groups and is formed by singlets which are lying over each other. The next multiplet 

between 1.35 and 1.18 ppm can be assigned to the remaining 40 methylene protons 

of the dihexylmalonate chains. The multiplet of the twelve protons of the 

methylgroups of the dihexylmalonates can be found between 0.88 and 0.84 ppm.  
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Figure 35: 
1
H-NMR spectrum of compound 64 in CDCl3 (

#
), rt, 400 MHz. 

The yellow color of the hexakisadduct is characteristic for substituted fullerenes, 

containing a pseudo-Th-symmetrical addition pattern. In case of the mixed fullerene 

[2:4] hexakisadduct 64, the addition pattern is compounded by two different types of 

subtituents. This can be proved by the 13C-NMR spectrum of compound 64, 

illustrated in figure 36. For the 48 sp2-carbon atoms of the fullerene two signals at 

145.73 and 141.02 ppm can be found and for the twelve sp3-carbon atoms only one 

signal at 69.10, depicting the high symmetry degree. The four different types or 

carbonyl groups appear in different signals: The carbonyl groups of the t-butyl groups 

can be found the most lowfield at 172.89 and 172.77 ppm with the highest intensity, 

next to those of the amide groups of the dendritic malonates at 172.12 ppm. The 

carbonyl C-atoms next to the cyclopropanated rings of the dendritic malonates 

appear at 166.62 ppm and those of the dihexylmalonates at 163.72 ppm. The signals 

for the t-butyl groups can be found at 80.64, 80.47 and at 28.07 ppm. Between 67.10 

and 65.32 ppm the signals for the twelve methylene groups next to the carbonyl 

groups of the malonates appear in five signals. The sharp signal at 57.30 ppm can be 

assigned to the tertiary carbon atoms of the dendrons. The α-carbon atoms of the 

malonates appear at 41.52 ppm for the dihexylmalonates and at 37.21 and 

36.93 ppm for the dendritic malonates. The signals for the remaining methylene 
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groups can be found at 31.36 ppm for those next to the amide group, at 29.96, 29.74, 

22.67 and 22.48 ppm for those of the dendrons and at 28.40, 28.33, 25.57, 25.51 

and 25.25 ppm for those of the hexylchains. Finally, the peaks for the methyl groups 

of the dihexylmalonates appear between 14.01 and 13.96 ppm. 

Figure 36: 
13

C-NMR spectrum of compound 64 in CDCl3 (
#
), rt, 100.5 MHz. 

The ESI high resolution spectrum of compound 64 shows the twofold charged 

[M+2Na]2+ peak at 2902.56778.  

Characterization was completed by IR- and UV/Vis spectroscopy.  

The last step is the deprotection of the t-butyl groups in order to receive the free acid 

groups of the dendrimers, which lead to an amphiphilic character of the mixed 

octahedral [2:4] fullerene hexakisadduct. In doing so, the mixed fullerene adduct 64 

was dissolved in formic acid and stirred over night. After removing the formic acid the 

product was multiply washed with toluene, in order to receive the product as yellow 

solid with almost quantitative yield of 93%.  
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Scheme 22: Synthesis of the mixed [2:4] fullerene hexakisadduct 57. 

 

Because of the solubility the NMR spectra of compound 57 can not be recorded in 

CDCl3 any more but rather in CD3OD. In the 1H-NMR spectrum of the amphiphile 

mostly broad and undefined bands can be observed. Nethertheless, all the signals 

can be assigned to the molecule and the integration almost fits to the protons of the 

malonate addends. The deprotection of the dendrons can be proved by the missing 

signals of the t-butyl groups 

In figure 37, the 13C-NMR spectrum of compound 57 is shown. Comparing to the 

precursor molecule it is obviously, that the intensive peaks at about 80 ppm for the 

24 methyl groups and at 28 ppm for the tertiary carbon atoms of the t-butyl-units are 

missing. The signal for the 24 carbon atoms of the obtained carboxyl groups can be 

observed at 177.69 ppm. Furthermore, all signals can be found with allmost the same 

chemical shifts.   



3. Results and Discussion 

 

68 
 

Figure 37: 
13

C-NMR spectrum of compound 57 in CD3OD (
#
), rt, 100.5 MHz. 

The fullerene amphiphile 57 could be further characterized by IR- and UV/Vis 

spectroscopy.  

The hexakisadduct 57 shows good water solubility in slightly alcalic medium between 

pH=7-9. At physiological conditions (pH=7.2) a decreased solubility in water can be 

observed under formation of an opaleszent solution can be observed because the 

solution proceeds more slowly. Under acidic conditions (pH=4) the product 57 is no 

more soluble in water because of the protonated carboxyl groups under these 

conditions.  
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3.2.5.2. Synthesis of Dumbbell-Shaped Bisfullerene 58 containing one 

[5:1] Hexakisadduct and one [1:4] Pentakisadduct of C60 

Dumbbell-shaped molecules, consisting of two equal or two different fullerene [5:1] 

hexakisadducts have already been presented in the HIRSCH group. The most recent 

results were presented by HÖRMANN et al., where the synthesis of a bolaamphiphilic 

bisfullerene was accomplished in good yields via the protection-deprotection 

cascade, [136] instead of a divergent reaction route, which leads to low yields and 

tedious HPLC purification steps after each hexakisadduct synthesis. [151, 152] These 

fullerene architectures are interesting because of their shape and also further 

applications are thinkable by using the adequate functional moieties in the periphery. 

With the mixed novel [1:4] pentakisadducts in hands it is possible to synthesize a 

bisfullerene 58, containing one [5:1] hexakisadduct and one [1:4] pentakisadduct. 

With one fullerene having an incomplete octahedral addition pattern, it is possible to 

introduce another addend to the dumbbell-shaped molecule, in order to tune its 

properties. Besides, further fullerenes can be added via cyclo-propanation reaction 

with an cyclo[2]malonate spacer, in order to receive trisfullerenes and 

tetrakisfullerenes.  

The synthesis of the bisfullerene 58 was conducted with the developed reaction 

cascade for the synthesis of [1:4] fullerene pentakisadduts. The key-step, the 

synthesis of the e-bisfullerene bisadduct, was achieved by the addition of the 

fullerene functionalized chlorinated cyclo[2]octylmalonate 65 to isoxazolino fullerene 

39 in order to receive a bisfullerene 66, containing one [5:1] fullerene hexakisadduct 

and one protected [1:1] bisadduct. The completion of the octahedral addition pattern 

of the bisadduct was accomplished by fourfold cyclopropanation to receive the 

protected bisfullerene 67. After the photolytic removal of the protective group, the 

desired bisfullerene 58, with one free octahedral [6,6] bond can be obtained in good 

yield. 
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Scheme 23: Synthesis of bisfullerene 58 containing one [5:1] hexakisadduct and one 

[1:4] pentakisadduct of C60. 
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For the regioselective formation of the bisfullerene 66, containing one e-bisadduct a 

chlorinated malonate is required. Therefore the fullerene [5:1] hexakisadduct 65, 

containing one chlorinated cyclo[2]octylmalonate moiety has to be synthesized. In 

this manner the C2v symmetrical pentakisadduct 69 was prepared according to 

literature. [152] The necessitated dicloro-cyclo[2]octylmalonate 68 was synthesized via 

a modified reaction protocol for the mono-chlorination of bismalonates by 

WASSERTHAL et al. [153] 

For this purpose cyclo[2]octylmalonate 36 had to be mono-chlorinated on both sides, 

which was accomplished by heating it to reflux in the presence of a 1.8 fold amount 

of sulfuryl dichloride for 12 h, in order to prevent further chlorination The amount of 

chloroform solvent was kept as low as possible. The purification of the product was 

performed by column chromatography, while efficient separation required the use of 

relatively dilute solutions of the product mixtures. The cyclo[2]octylmalonate mono-

chlorinated on both sides 68 could be obtained as white needles in reasonable yields 

about 30% and 60% based on recovered starting material. 

 

Scheme 24: Synthesis of cyclo[2]octylmalonate mono-chlorinated on both sides 68.  

 

The obtained bis-chlorinated cyclo[2]octylmalonate 68 can be added to the remaining 

octahedral [6,6] bond of a C2v symmetrical pentakisadduct 69 in order to receive the 

required fullerene [5:1] pentakisadduct 65, containing one chlorinated malonate 

moiety. Therefore, to the red pentakisadduct 69 solution a six-fold excess of 

malonate and DBU were added. After 24 h stirring the color of the solution turned to 

yellow what is a hint for the completion of the octahedral addition pattern. The 

addition reaction proceeds regioselectively, without the formation of any side 

products with excellent yield over 90 %. After facile purification by flash column 

chromatography the product can be obtained as yellow solid.  



3. Results and Discussion 

 

72 
 

Scheme 25: Synthesis of fullerene [5:1] pentakisadduct 65 containing one chloro-malonate moiety. 

 

In figure 38 the 1H-NMR spectrum of compound 65 is shown. The singlet for the one 

proton at the chlorinated carbon atom can be found most low-field shifted at 

4.84 ppm. The overlapping quartets between 4.45 and 4.28 ppm can be assigned to 

the 20 methylene protons of the diethylmalonate units. The protons of the methylene 

groups next to the oxygen atoms of the cyclic malonate appear in a multiplet between 

4.26 and 4.10 ppm and the ones of the methylene group next to them between 1.73 

and 1.58 ppm. The signals for the remaining methylene groups of the 

cyclo[2]octylmalonate overlap together with the 30 methyl protons of the 

diethylmalonates to a multiplet between 1.33 and 1.28 ppm.  

Figure 38: 
1
H-NMR spectrum of compound 65 in CDCl3 (

#
), rt, 400 MHz. 
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The typical yellow color of the hexakisadduct 65 indicates a pseudo-octahedral 

Th-symmetrical addition pattern, which can be proved by 13C-NMR spectroscopy. The 

two signals for the twelve carbonyl carbon atoms point the global symmetry, which is 

also provided by the two signal blocks between 145.80 and 141.05 ppm for the 

48 sp2 carbon atoms of the fullerene. For the twelve sp3 carbon atoms one signal can 

be found at 69.06 ppm. The signal at 55.93 ppm can be attributed to the chlorinated 

carbon atom. The remaining signals can be assigned to the malonate addends.  

Figure 39: 
13

C-NMR spectrum of compound 65 in CDCl3 (
#
), rt, 100.5 MHz. 

In the MALDI-TOF spectrum of hexkisadduct 65 a peak at m/z= 1971 can be 

observed, which can be assigned to the [M]+. 

Structural characterization was completed by UV/Vis- and IR spectroscopy. 

Upon receipt of the fullerenated chloro-malonate 65 the key-step of the reaction 

sequence, the synthesis of the bisfullerene e-bisadduct 66 can be conducted. To this 

effect, a two-fold excess of chlorinated malonate and SCHWESINGER phosphazene 

base were added to the isoxazolino fullerene solution. After 24 h stirring, the product 

was purified by column chromatography in order to receive the product as brown 
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solid with 15% yield. The reaction proceeds regioselectively. Again, only two isomers 

are formed, whereas one isomer captures more than 90% of the formed products.  

The bisfullerene 66 consists of two C60 moieties with different addition degrees, one 

[5:1] hexakisadduct and one [1:1] bisadduct. The isomeric purity of the product can 

be proved by analytical HPLC (nucleosil, toluene:EtOAc, 95:5), where one peak can 

be observed at a retention time of 10.1 min (25 mL/min). In the UV/Vis spectrum of 

compound 66, shown in figure 40 the typical absorption band of an octahedral 

hexakisadduct can be found at 315 and 330 nm, which are all well pronounced. The 

second characteristic double band at 245 and 268 nm is also well distinct and not 

flattened due to the absorption of the aromatic system of isoxazoline. This shows the 

complete octahedral hexakis addition pattern of the one fullerene. By looking more 

precisely at the visible region of the spectrum, in order to determine the addition 

pattern of the bisadduct part of the molecule, it can be observed, that the bands are 

considerable flattened and not really pronounced. An e-addition pattern is slightly 

indicated, but can not be identified definitely.  

Like in case of bisadducts 47, 48 and 60 it can not be identified definetly which of the 

possible isomers is obtained, without a single cristall. For the sake of simplicity, one 

arbitrary structure of the possible ones is drawn.  

 

Figure 40: UV/Vis-spectrum of 66 in CH2Cl2, rt. 
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In figure 41, the 1H-NMR spectrum of bisfullerene 66 is presented. Two multiplets 

between 7.97 and 7.95 ppm and between 6.72 and 6.70 ppm for the aromatic 

protons and a singlet for the methyl groups of the isoxazolino group at 2.98 ppm can 

be found. The overlappind quartets at 4.32 ppm and the several triplets at 1.31 ppm 

can be assigned to the methylene and methyl protons of the five diethylmalonate 

addends of the fullerene [5:1] hexakisaddukt moiety. Finally, the signals for the 

cyclo[2]octylmalonate spacer unit can be found in multiplets between 4.11 and 

4.09 ppm, from 1.76 to 1.60 ppm and between 1.44 and 1.21 ppm. 

Figure 41: 
1
H-NMR spectrum of compound 66 in CDCl3 (

#
), rt, 400 MHz. 

The 13C-NMR spectrum of bisfullerene 66 reflects the two different addition patterns 

of the two fullerene moieties of the compound. In the 13C-NMR spectrum of the mixed 

bisfullerene 66 the signals for the sp2 carbon atoms have a very interesting split-up. 

The 48 sp2 carbon atoms of the hexakisaduct moiety appear in two signal blocks 

between 145.93 and 141.11 ppm, demonstrating the pseudo-Th-symmetry for 

octahedral hexakisadducts of the molecule unit. The further 56 sp2 carbon atoms of 

the fullerene bisadduct moiety form plenty of signals between 148.48 and 

137.06 ppm, depicting the low symmetry degree of the asymmetric protected 

bisadduct unit of the molecule. For the sp3 carbon atoms of the fullerene bisadduct 
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unit two signals at 67.35 and 66.99 ppm can be found, for those of the hexakisadduct 

unit two signals at 69.10 and 69.05 ppm, with one having double intensity. The 

quaternary carbon atoms of the malonates form three signals at 45.29, 45.27 and 

45.24 ppm. The further signals can be assigned to the further carbon atoms of the 

malonates and of the isoxazolino protective group.  

Figure 42: 
13

C-NMR spectrum of compound 66 in CDCl3 (
#
), rt, 100.5 MHz. 

MALDI-TOF mass spectroscopy measurements prove the molecular composition of 

bisfullerene 66 with the detection of the protonated molecular cation [M+H]+ at 

m/z= 2818 as well as the fragments [M-NO]+ at m/z= 2778 and [M-isoxazoline]+ at 

m/z= 2656, showing the typical fragmentation behavior for isoxazolino adducts. High 

resolution ESI mass spectrometry detected the molecular cation [M]+ at 

m/z= 2816.57651. 

Structural characterization was completed by IR spectroscopy. 

The completion of the octahedral addition pattern of the bisadduct moiety of the 

bisfullerene 66 was achieved by means of fourfold cyclopropanation with a tenfold 

excess amount of diethylmalonate and a 100-fold excess amount of CBr4 in presence 

of DBU. Despite the similar polarity of less-substituted adducts, the isolation of the 
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mixed bisfullerene 67 containing one [5:1] hexakisadduct and one [1:1:4] protected 

hexakisadduct was possible by flash column chromatography. The product could be 

obtained as yellow solid with 24% yield.  

Comparing the UV/Vis spectrum of compound 67 with the one of compound 66 it can 

be observed that the typical absorption bands between 315 and 330 nm are 

considerably flattened due to the absorption of the aromatic system of the isoxazolino 

group, in contrast to the second absorption bands at 227 and 266 nm, which became 

more separated from each other. The weak absorption in the visible regions depict 

the yellow color of the bisfullerene. 

 

Figure 43: UV/Vis-spectra of 67 in CH2Cl2, rt. 

The 1H-NMR spectrum of bisfullerene 67 (figure 44), shows the same signals at 

almost the same position like the one of its precursor 66. The only difference is the 

higher intensity and the larger integrals of the malonate signals compared to those of 

the isoxazolino group.  
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Figure 44: 
1
H-NMR spectrum of compound 67 in CDCl3 (

#
), rt, 400 MHz. 

After the completion of the octahedral addition pattern, the bisfullerene 67 contains of 

two fullerene hexakisadducts, what leads to an enhancement of the symmetry. Both 

fullerene-units the [5:1] hekasisadduct as well as the protected [1:1:4] hexakisadduct 

contain a pseudo Th symmetry for the fullerene core instead of the expected 

C2v symmetry for [5:1] hexakisadducts and C1 symmetry for [1:1:4] hexakisadducts. 

This can be proved by 13C-NMR spectroscopy. In figure 45, the 13C-NMR spectrum of 

bisfullerene 67 is illustrated. For the carbonyl carbon atoms two signals can be found 

at 163.81 and 162.36 ppm, with the first one having double intensity. The 

96 sp2 carbon atoms of the two C60 units form two signal blocks, each consisting of 

two signals at 145.76 and 145.29 ppm and at 141.11 and 141.06 ppm, depicting the 

high symmetry degree of the molecule. A further evidence, are two signals for the 

22 sp3 carbon atoms, which can be found at 69.09 and at 69.03 ppm. The remaining 

signals can be assigned to the malonates and the isoxazolino moiety.  
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Figure 45: 
13

C-NMR spectrum of compound 67 in CDCl3 (
#
), rt, 100.5 MHz. 

The ESI high resolution mass spectrum of bisfullerene 67 shows the [M]+ peak at 

m/z= 3349.82455. 

Structural characterization was completed by IR spectroscopy. 

The last step in the formation of a bisfullerene 58 containing one pseudo 

Th-symmetrical [5:1] hexakisadduct and one pseudo C2v-symmetrical [1:4] 

pentakisadduct is the removal of the protective group (scheme 23). This was 

achieved by irradiation with a halogen flood light at room temperature in degassed 

toluene. 30-fold excess amount of maleic anhydride was added to trap the nitrile 

oxide formed during the retro-cycloaddition reaction. Purification was possible by 

flash column chromatography to give 58 as orange solid with 19% yield. 

The composition of the bisfullerene 58, consisting of two C60 units with different 

addition patterns can be depicted in the UV/Vis spectrum (figure 46). For the 

hexakisadduct the typical octahedral band at 266 and 278 nm can be observed. The 

second characteristic band for hexakisadducts is flattened due to the absorption of 

the pentakisadduct at 350 nm. 
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Figure 46: UV/Vis spectrum of 58 in CH2Cl2, rt. 

The 1H-NMR spectrum, illustrated in figure 47 shows all signals of the malonate 

addends and also the loss of the protective group, by the absence of the signals of 

the isoxazolino moiety.  
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Figure 47: 
1
H-NMR spectrum of compound 58 in CDCl3 (

#
), rt, 400 MHz. 

The unique and very interesting novel symmetry of the bisfullerene 58 containing one 

[5:1] hexakisadduct and one [1:4] pentakisadduct of C60 can be proved by 13C-NMR 

spectroscopy. Actually, the bisfullerene is C1 symmetrical because of the different 

addend types and the different addition patterns of the two fullerene moieties. 

However, in the region for the sp2 carbon atoms of the fullerenes between 148.60 

and 139.79 ppm two signals at 145.76 ppm and a splitted one at 141.06 and 

141.11 ppm with high intensity for the hexakisadduct and twelve signals with lower 

intensity for the pentakisadduct can be observed, depicting the local Th-symmetry of 

the hexakisadduct and local C2v-symmetry of the pentakisadduct moiety. The 

carbonyl C-atoms form three signals at 163.91 ppm for those of the pentakisadduct, 

at 163.80 ppm with the highest intensity for those of the hexakisadduct and at 

163.26 ppm with the lowest intensity for those of the spacer. For the sp3 carbon 

atoms four signals can be found, between 69.91 and 69.04 ppm for the 

cyclo[2]octylmalonate spacer unit, at 69.17 ppm for the diethylmalonates of the 

pentakisadduct and at 69.04 ppm with the highest intensity for the diethylmalonates 

of the hexakisadduct. The same split-up can be observed for quaternary carbon 
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atoms, which form again three signals at 45.68, 45.33 and 45.01 ppm. The remaining 

signals can be assigned to the methylene- and the methylgroups of the malonates.  

Figure 48: 
13

C-NMR spectrum of compound 58 in CDCl3 (
#
), rt, 100.5 MHz. 

The ESI high resolution mass spectrum confirms the successful formation of 

bisfullerene 58, as its [M]+ peak is observed at m/z= 3286.733635. 

Structural characterization was completed by IR spectroscopy. 

Beside its unique and interesting architecture, the bisfullerene 58 which contains one 

pseudo Th symmetrical [5:1] hexakisadduct unit and one pseudo C2v symmetrical 

[1:4] pentakisadduct unit is an important building block for novel complicated 

fullerene constructions with mixed octahedral addition pattern.  
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3.2.5.3. Synthesis of Dumbbell-Shaped Bisfullerene 70 containing one 

[5:1] Hexakisadduct and one [1:4:1] Hexakisadduct of C60 

The mixed bisfullerene 58 contains one free octahedral [6,6] double bond. Due to the 

advantage that an attack to this remaining bond proceeds regioselectively, it is 

possible to introduce easily a further functional group in order to receive new 

geometries with a novel [1:4:1] hexakis addition pattern for the one C60 unit of the 

bisfullerene and a [5:1] hexakisadduct for the second unit. 

The completion of the octahedral addition pattern proceeds by cyclopropanation of 

the bisfullerene 58 with a 20-fold excess amount of dibenzylmalonate and CBr4 in 

presence of DBU. Within one hour the color change from orange to yellow can be 

observed. The mixture was stirred over night in order to guarantee the conversion. 

The product could be purified by flash column chromatography in order to receive the 

yellow solid with 54% yield.  

 

Scheme 26: Synthesis of bisfullerene 70. 

The successful completion of the octahedral addition pattern can be regarded as a 

further proof for the existence of the mixed bisfullerene 58 with incomplete octahedral 

addition pattern.  

In the 1H-NMR spectrum of bisfullerene 70 (figure 49) the additional peaks of the 

introduced dibenzylmalonate moiety, a multiplet between 7.35 and 7.26 ppm  for the 

aromatic protons and a singlet at 4.83 mm for the four benzylic protons can be 

detected. 

 



3. Results and Discussion 

 

84 
 

Figure 49: 
1
H-NMR spectrum of compound 58 in CDCl3 (

#
), rt, 400 MHz. 

The 13C-NMR spectrum of compound 70 (figure 50) is an evidence for the succeded 

hexakisadduct synthesis. The signal poor spectrum shows only two signals at 145.76 

and a splitted one at 141.11 and 141.06 ppm for the sp2 carbon atoms of the two 

fullerene cores, depicting the high symmetry caused by the pseudo Th symmetrical 

hexakis addition pattern. For the sp3 carbon atoms also two peaks can be found at 

69.11 and 69.04 ppm. The 22 carbonyl C-atoms appear in two signals at 163.87 and 

at 163.81 ppm. A further evidence for the effective synthesis is the signal block 

between 145.76 and 141.06 which can be assigned to the aromatic carbon atoms of 

the introduced dibenzylmalonate as well as the signal at 68.27 ppm for the benzylic 

methylene carbon atoms. The signals for the methylene groups next to the carbonyl 

groups can be found at 67.03 ppm for the cyclo[2] octylmalonate spacer and at 62.85 

ppm for the 18 carbon atoms of the diethylmalonate units. For the quaternary carbon 

atoms one peak at 45.32 ppm can be found. The signals at 29.70 and 29.51 ppm, at 

28.52 ppm and at 26.03 ppm can be related to the methylenegroups of the spacer. 

Finally, the signal for the 18 methyl carbon atoms is located at 14.05 ppm. 
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Figure 50: 
13

C-NMR spectrum of compound 70 in CDCl3 (
#
), rt, 100.5 MHz. 

The product was further characterized by UV/Vis- and IR-spectroscopy.  
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3.2.5.4. Synthesis of Trisfullerene 71 containing two [5:1] Hexakisadducts and 

one [2:4:] Hexakisadduct of C60 

With the bisfullerene 58 in hands it is possible to synthesize a trisfullerene by addition 

of a further cyclo[2]octylmalonate spacer linked fullerene [5:1] hexakisadduct to the 

remaining octahedral [6,6] bond. This opens the way to a novel fullerene architecture 

with an interesting mixed addition pattern. The three C60 units, which form the 

trisfullerene are composed of two [5:1] hexakisadducts and one [2:4] hexakisadduct. 

In this manner, two different synthetic pathways have been tried in order to find the 

appropriate reaction conditions. At first, it was tested to synthesize the desired 

trisfullerene in a one pot synthesis by the addition of the fullerene [5:1] hexakisadduct 

65 containing already the chlorinated spacer moiety to the bisfullerene 58 with the 

free octahedral [6,6] double bond. In doing so, a six-fold excess of compound 65 was 

used in presence of DBU, in order to guarantee the addition. The mixture was stirred 

over one week, whereas the reaction process was followed by TLC, which one red, 

less polar spot for the bisfullerene 58 next to the yellow spot for the mixed fullerene 

hexakisadduct 65 was evolving. Gradually, a further yellow spot appeared which was 

supposed to be the product.  

 

Scheme 27: Synthetic way 1 for the synthesis of trisfullerene 71. 

Unfortunatelly, after purification and isolation of the new yellow spot it was 

determined, that it was not the desired product. The reaction was also performed with 

SCHWESINGER phosphazene base instead of DBU, which also was not successful. 

The problem in this synthetic pathway could be the steric hindrance of the 
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bisfullerene and the fullerinated malonate to each other, what might lead to longer 

necessitated reaction times. In order to prevent this obstacle a second synthetic route 

was investigated. Here, it was tried to first add the dichlorinated malonate 68 to the 

bisfullerene 58 and in a second reaction step the third fullerene should be introduced. 

For the first step, bisfullerene 58 was dissolved in toluene with a six-fold excess 

amount of dichlorocyclo[2]octylmalonate 68 in presence of DBU. The purification of 

the intermediate product 72 proceeded by flash column chromatography in order to 

receive the yellow solid product with 40% yield. Subsequently, the obtained product 

was added in three-fold excess amount to a solution of a fullerene pentakisadduct 69 

with one free octahedral [6,6] double bond in presence of DBU. The mixture was 

stirred over one week, before it was purified by flash column chromatography, in 

order to obtain the product as yellow solid with 26% yield. 

Scheme 28: Synthetic way 2 for the synthesis of trisfullerene 71. 

The addition of the chlorinated cyclo[2]octylmalonate spacer can be proved by 

NMR-spectroscopy. In the 1H-NMR spectrum of compound 72 (figure 51), the singlet 

for the proton at the chlorinated carbon atom can be observed at 4.84 ppm. The 
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further signals are similar to those of its precursor compound 58. At 4.32 ppm a 

quartet, formed by several overlapping ones of the methylene groups of the 

diethylmalonates can be found, next to the multiplet between 4.28 and 4.20 ppm, 

which can be assigned to the methylene groups next to the carbonylgroups of the 

cyclo[2]octylmalonate spacer units. The signal between 1.70 and 1.62 ppm can be 

attributed to the methylene groups next to them. The further CH2-groups of the 

spacer appear in a multiplet between 1.39 and 1.34 ppm. The methyl groups of the 

diethylmalonates form a triplet at 1.26 ppm, which is built up by several smaller 

triplets. Integration of the peaks confirms with the amount of protons of the methylene 

groups of the additional introduced cyclo[2]octylmalonate unit.  

Figure 51: 
1
H-NMR spectrum of compound 72 in CDCl3 (

#
), rt, 400 MHz. 

In figure 52 the 13C-NMR spectrum of compound 72 is illustrated. Compared to the 

spectrum of the bisfullerene 58, containing one fullerene hexakisadduct and one 

pentakisadduct with the free [6,6] bond it can be observed, that the splitting of the sp2 

carbon atoms changed, what indicates a different addition pattern. For the 96 sp2 

carbon atoms only two slightly spitted signals at 145.76 and 145.73 ppm and at 
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141.08 and 141.00 ppm can be observed, the twelve smaller signals disappeared. 

This characteristic split-up shows that both fullerene units have an octahedral 

hexakisadduct addition pattern. For the carbonyl carbon atoms two additional signals 

to the former three at 164.39, 163.82 and 163.78 ppm appear at 165.87 and 

162.36 ppm for the two carbonyl carbon atoms next to the chlorinated C-atom. The 

signal at 72.27 ppm can be assigned to the two carbon atoms of the methylene 

groups, which are neighboured to the chlorinated carbon atom. The 24 sp3 carbon 

atoms of the fullerenes appear in one splitted signal at 69.11 and 69.05 ppm. The 

signals for the carbon atoms of the further methylene groups next to the 

carbonylgroups of the two cyclo[2]octylmalonate addends appear in four signals 

between 67.19 and 66.54 ppm. At 62.82 and 62.70 ppm the signals for the 

methylene groups of the diethylmalonates can be found. The signal for the 

chlorinated carbon atom can be observed at 55.90 ppm. The twelve quaternary 

carbon atoms of the malonates form one signal at 45.28 ppm. The signals between 

29.65 and 25.75 ppm can be assigned to the remaining methylene groups of the 

cyclo[2]octylmalonates. Finally, the 18 carbon atoms of the methylgroups of the 

diethylmalonates lead to two signals at 14.02 and 13.89 ppm.  

Figure 52: 
13

C-NMR spectrum of compound 72 in CDCl3 (#)
 
, rt, 100.5 MHz. 
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The product was further characterized by UV/Vis- and IR-spectroscopy.  

The second step of the synthesis, the addition of the third fullerene core can also be 

evidenced by NMR-spectroscopy. In figure 53 the 1H-NMR spectrum of compound 71 

is shown. It can be observed that the signal of the proton at the chlorinated carbon 

atom which could be observed in the spectrum of its precursor disappeared. The 

remaining signals can be assigned to the malonates. Due to the addition of one 

further hexakisadduct the molecule becomes D2h symmetrical, beside the local Th 

symmetry of the single fullerene cores, what becomes obvious by the more defined 

split-ups of the signals. At 4.30 ppm overlapping quartets caused by the 56 methylen 

protons of the diethylmalonates can be observed. Next to it, a triplet for the methylen 

protons of the cyclo[2]octylmalonate spacer units can be found at 4.22 ppm. The 

further methylen groups appear in two multiplets between 1.72 and 1.62 ppm and 

between 1.37 and 1.32 ppm. The methylgroups form a triplet at 1.27 ppm, which is 

build up by several smaller triplets because of the different chemical environment of 

the single groups. 

Figure 53: 
1
H-NMR spectrum of compound 71 in CDCl3 (

#
), rt, 400 MHz. 



3. Results and Discussion 

 

91 
 

The addition of the third fullerene to the asymmetric bisfullerene 72 can also be 

approved by the 13C-NMR spectrum of compound 71, which is shown in figure 54. 

The most significant difference to the precursor is the missing signal of the 

chlorinated carbon atom. Furthermore, for the carbonyl carbon atoms only one 

slightly splitted signal can be observed at 163.81 ppm. The sp2 carbon atoms of the 

fullerenes again appear in two splitted signals at 145.81 and 145.77 ppm and at 

141.11 and 141.05 ppm, depicting the octahedral hexakisaddition pattern. In 

agreement to this, two signals for the sp3 carbon atoms at 69.02 and 69.10 ppm can 

be found. The further signals can be assigned to the malonates and have almost the 

same chemical shifts like in case of the precursor molecule. 

Figure 54: 
13

C-NMR spectrum of compound 71 in CDCl3 (
#
), rt, 100.5 MHz. 

The product was further characterized by UV/Vis- and IR-spectroscopy.  

The synthesis of trisfullerene 71 is an evidence that the developed reaction cascade 

is a very suitable method for the formation of unpresedented fullerene geometries. Its 

unique structure makes it an interesting building block for further applications. 

 



3. Results and Discussion 

 

92 
 

3.2.5.5. Synthesis of a tetrakisfullerene 73 containing two [5:1] hexakisadducts 

and two [2:4:] hexakisadducts of C60 

The facile accessibility of the mixed bisfullerene 58 with one free octahedral [6,6] 

double bond enables also the synthesis of a tetrakisfullerene 73. This opens the way 

to a novel fullerene architecture with an interesting mixed addition pattern. The four 

C60 units, which form the tetrakisfullerene consist of two [5:1] hexakisadducts and two 

[2:4] hexakisadducts.  

Similar to the synthesis of the trisfullerene 71, the bisfullerene 58 with the free [6,6] 

double bond was functionalized firstly with one more cyclo[2]octylmalonate spacer 

unit in order to receive the asymmetric bisfullerene 72. This chlorinated malonate, 

containing the two fullerene units was added to a red solution of the bisfullerene 58, 

consisting of one [5:1] hexakisadduct and one [1:4] pentakisadduct in presence of 

DBU. The mixture was stirred over one week before it was purified by flash column 

chromatography. The product was obtained as a yellow solid with 35% yield.  
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Scheme 29: Synthetic way for the synthesis of tetrakisfullerene 73. 

 

The addition of the bisfullerene 72, containing one free chlorinated malonate spacer 

unit, to the bisfullerene 58 with one free octahedral [6,6] double bond can be proved 

by NMR-spectroscopy. The NMR-spectra of the tetrakisfullerene 73 look very similar 

to those of the trisfullerene 71. In figure 55 the 1H-NMR spectrum is shown. 

Compared to the spectrum of its precursor compound 72 it is obvious that the singlet 

for the proton at the chlorinated carbon atom disappeared. The further signals of the 

diethylmalonates as well as the cyclo[2]octylmalonates resemble those of the two 

precursor coumpounds 58 and 72, only the integration proportion to each other 

changed.  
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Figure 55: 
1
H-NMR spectrum of compound 73 in CDCl3 (

#
), rt, 400 MHz. 

The 13C-NMR spectrum of compound 73 shows significant changes compared to the 

spectra of the two precursor molecules 58 and 72. The tetrakisfullerene 73 consists 

of four C60 units with completed octahedral addition pattern. The two [5:1] 

hexakisadduct- and the two [2:4] hexakisadduct units have all a pseudo Th-symmetry, 

what can be proved by the 13C-NMR spectrum (figure 56). In contast to the spectrum 

of bisfullerene 58, where the sp2 carbon atoms form 12 small signals for the pseudo 

C2v symmetrical pentakisadduct and two big signals for the pseudo Th symmetrical 

hexakisadduct, the spectrum of the tetrakisfullerene 73 shows only two signal blocks 

at 145.80 and 145.77 ppm and at 141.13 and 141.08 ppm, reflecting the new 

obtained symmetry. A further evidence for a successful conversion is the missing 

signal for the chlorinated carbon atom compared to the spectrum of compound 72. 

The carbonyl carbon atoms form two signals at 163.84 and 163.21 ppm, the one with 

much higher intensity is slightly splitted and can be assigned to the diethylmalonates, 

the smaller one to the carbonyl groups of the three spacer malonate units. Between 

69.13 and 68.80 ppm three signals for the sp3 carbon atoms of the four fullerene 

cores can be found, again one small signal for the cyclo[2]octylmalonates and one 
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bigger, slightly splitted signal for the diethylmalonates. The further signals can be 

assigned to the malonates.  

Figure 56: 
13

C-NMR spectrum of compound 73 in CDCl3 (
#
), rt, 100.5 MHz. 

The product was further characterized by UV/Vis- and IR-spectroscopy.  

Without the novel synthetic concept for the synthesis of [1:4] pentakisadducts the 

formation of tetrakisfullerene 73 with its unique geometry and its unpresidented 

structure would not be realizable. The regioselective formation of protected 

e-bisadducts paves the way for such novel interesting architectures. 
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3.3. Regioselective Formation of e,e,e Trisadducts 76 and 77 

In principle there are 46 regioisomers possible for a conventional synthesis of 

trisadducts. Starting with a given e-bisadduct the number sinks to 14 different 

theoretically possible isomers, whereas only 10 of them form “allowed” addition 

patterns. Nervertheless, the separation of these regioisomers is in most cases very 

tedious or even impossible. [135] Approaches via a tether-directed regioselective 

synthesis or via using cyclo[n]malonates are more promising for a regioselective 

synthesis, but they have the disadvantage of a required multi-step synthesis of the 

tethers and the polycycles, what leads to time-consuming reactions with overall not 

satisfying yields. Furthermore, it is not possible to introduce different functionalities to 

one e,e,e trisadduct by these means and the choice of possible addends is limited.  

With the concept for a regioselective synthesis of protected e-bisadducts in hands, 

instead of a completion of the octahedral addition pattern by fourfold 

cyclopropanation it is also of current interest to perform one further regioselective 

addition to an octahedral double bond in order to receive protected e,e,e trisadducts. 

This kind of molecules open the way to novel interesting addition patterns and can be 

used as building blocks for complicated fullerene architectures with a highly mixed 

octahedral addition design.  

Starting with the obtained e-bisadduct 47, a one-fold cyclopropanation reaction with a 

chlorinated malonate and phosphazene base is conducted, in order to receive 

e,e,e trisadducts with reasonable yields up to 55%. Various experiments have shown 

that the best regioselectivity and thus the best yields can be achieved by using the 

same conditions like in the regioselective synthesis of the e-bisadducts. In this 

manner, two different trisadducts have been prepared, the trisadduct 76 containing of 

one diisopropylmalonate and the trisadduct 77, containing one dibenzylmalonate as 

third addend. The required chlorinated malonates were synthesized before in a 

chlorination reaction under the same conditions like in case of 59. In this manner, 

diisopopylmalonate and dibenzylmalonate were suspended separately in a small 

amount of chloroform. After the addition of an equimolar amout of sulfuryl chloride, 

the mixtures were stirred under reflux for 24 h. Subsequently, they were purified by 

column chromatography in order to receive diisopropyl-chloromalonate as colorless 

oil with 51% yield and dibenzyl-chloromalonate as white solid with 60 % yield.  
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Scheme 30: Chlorination of diisopropylmalonate (left) and dibenzylmalonate (right). 

 

In doing so, in both cases 1 eq. of the bisadduct was dissolved in toluene before 

2 eq. of a chloro-malonate and 1 eq. of SCHWESINGER phospazene base were 

added. After stirring the mixtures for 24 h at room temperature, the products could be 

purified by column chromatography. 

Scheme 31: Regioselective reaction of e-bisadduct 47 to the e,e,e trisadducts 76 and 77. 
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In case of both trisadducts 76 and 77 two different trisadduct isomers could be 

obtained for each compound, which could be easily separated by HPLC. The red 

solids could be received with 38 and 55% yield for compound 76 and 25 and 33% 

yield for trisadduct 77. The isomeric purity of the obtained isomers could be proved 

by analytical HPLC (nucleosil, toluene:EtOAc, 94:6), where in both cases one peak 

can be observed at a retention time of 3.5 min (25 mL/min) for isomer one and of 

3.7 min (25 mL/min) for isomer 2. In order to determine the different formed isomers 

they were analyzed by UV/Vis- and NMR-spectroscopy. The UV/Vis spectra of both 

isomers look equal. In figure 57, the absorbtion spectrum of isomer 1 is illustrated. 

Beside the typical absorption bands at 255 and 269 nm a small maximum in the 

region of the visible light at 459 nm can be found. In case of both isomers the spectra 

similate to those of the e-bisadduct 47 in the finger print area between 400 and 

800 nm, is a hint for the obtained e,e,e addition pattern. 

 

Figure 57: UV/Vis spectrum of protected [1:1:1] trisadduct 76 in CH2Cl2, rt. 

 

A definite assignment which of the three possible e-isomers is formed, could only be 

carried out by crystallographic analysis, but unfortunately it was not possible to 

receive a single cristall. For the sake of simplicity, one arbitrary structure of the 

possible ones is drawn in the following.  
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In figure 58 the 1H-NMR spectra of the two isomers of compound 76 are shown. By 

comparing both spectra with each other, it becomes obvious that all signals have 

almost the same chemical shifts but differ in their split-ups. Two doublets for the 

aromatic protons in ortho- and meta-position can be found in both spectra, at 

7.93 and 6.72 ppm for isomer 1 and at 7.94 and 6.74 ppm for isomer 2. The signals 

for the two CH-protons of the diisopropylmalonate addends of the two different 

isomers disagree. In case of isomer 2 two separate doublets of quartets can be found 

between 5.27 and 5.16 ppm and between 5.10 and 5.01 ppm, whereas they overlap 

in case of isomer 1 between 5.23 and 5.14 ppm. The same can be found for the 

signals of the methylene groups of the diethylmalonates, for isomer 1 a multiplet can 

be found between 4.37 and 4.26 ppm, while in the multiplet between 4.43 and 

4.22 ppm for those of isomer 2, a quartet can be distinguished. The singlet at 

2.99 ppm in both spectra can be assigned to the six methyl protons of the isoxazolino 

group. In both cases this signal is slightly repeated by a further small singlet, what 

indicates that not all of the six protons have the same chemical environment. For 

both isomers a multiplet for the two methylgroups of the diethylmalonates can be 

found between 1.35 and 1.22 ppm for the second isomer and between 1.33 and 

1.23 ppm for the first isomer, while this signal is overlapping with the multiplet of the 

methyl groups of the diisopropylmalonate addend. Here, again a difference in the 

split-up can be observed: The six protons of isomer 2 form a doublet of doublet 

between 1.21 and 1.18 ppm. The further six protons of the methyl groups of the 

diisopropylmalonate overlap with those of the diethylmalonate in the multiplet, which 

was already mentioned. The assignment of the signals is in agreement with the 

recorded COSY spectrum. In both spectra peaks for residue of toluene solvent can 

be found, which are labled with (*). 
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Figure 58: 
1
H-NMR spectra of compound 76 in CDCl3 (

#
), rt, 400 MHz:  

isomer 1 (down) and isomer 2 (above). 

The different splitting of the signals of the two isomers agrees to the results of 

operated NOE-experiments. The NOE-spectra of the two isomers differ obviously 

from each other. In case of isomer 1, a stimulation of the methyl groups of the 

isoxazolino addend has not any influence on the two malonate addends, only an 

interaction to the aromatic protons of the protective group can be observed. This 

means that the isoxazolino group in this isomer has no close proximity to the other 

addends. An excitation of the other addends leads to the same result, with the 

consequence that all addends have a maximum distance to each other. In contrast, 

the NOE spectrum of the second isomer shows an interaction between the 

isoxazolino addend and the diisopropylmalonate addend after stimulation of the 

methyl groups of the protective group. However, the diethylmalonate addend does 

not interact to the further groups. This leads to the consequence, that the first 

addend, the isoxazolino group and the second addend, the diethylmalonate addend 
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have maximal spatial distance to each other, while the third addend, the 

diisopropylmalonate addend is located closer to the first one.  

The difference of the two obtained isomers can also be proved by 13C-NMR 

spectroscopy. The 13C-NMR spectra of trisadduct 76 are shown in figure 59. For both 

isomers four signals for the carbonyl carbon atoms can be found between 163.00 

and 162.53 ppm in case of isomer 1 and between 163.10 and 162.41 for isomer 2. In 

both cases 48 signals for the sp2 carbon atoms of the fullerene can be observed, 

between 149.19 and 139.64 ppm for isomer 1 and between 148.48 and 137.90 ppm 

for isomer 2, what is due to the low symmetry of the protected [1:1:1] trisadduct 76. In 

case of C3 symmetrical e,e,e trisadducts with three identical, symmetrical addends 

18 signals would be expected, in opposition to the obtained C1 symmerical 

trisadducts 76 with 54 expected signals for the 54 sp2 carbon atoms of the fullerene. 

For the sp3 carbon atoms four signals can be found for each isomer, at 70.48, 70.18, 

69.92 and 69.20 ppm for isomer 1 and at 70.14, 69.21, 69.08 and 68.32 ppm for 

isomer 2, depicting again the difference of the addends. A distinction between the 

two isomers can be found in the signals of the quaternary carbon atoms of the 

malonates: In case of the first isomer two signals can be found at 53.02 and 

52.29 ppm, whereas for the second isomer only one signal at 52.20 ppm can be 

found. The further signals, which are similar for both isomers can be assigned to the 

malonates and to the isoxazolino addend. In the spectrum of isomer 2 peaks for 

residue of toluene solvent can be found, which are labled with (*). 
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Figure 59: 
13

C-NMR spectra of compound 76 in CDCl3 (
#
), rt, 100.5 MHz: 

 isomer 1 (down) and isomer 2 (above). 

For both isomers the same fragmentation can be observed in the MALDI mass 

spectra. In both cases two peaks can be found, one at m/z=1226 for the molecular 

cation [M]+ and one at m/z=1064, which can be assigned to the fragment 

[M-isoxazoline]+. 
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The characterization of the two obtained isomers was completed by IR spectroscopy.  

The same can be observed in case of trisadduct 77. The isomeric purity of the 

obtained isomers could be proved by analytical HPLC (nucleosil, toluene:EtOAc, 

94:6), where in both cases one peak can be observed at a retention time of 4.1 min 

(25 mL/min) for isomer one and of 4.3 min (25 mL/min) for isomer 2. The UV/Vis 

spectra of both isomers look exactly the same. In figure 60, the absorbtion spectrum 

of the first isomer is illustrated. Like in case of the protected trisadduct 76, the typical 

absorption bands at 250 and 276 nm can be found, as well as a small maximum in 

the region of the visible light at 459 nm can be found. In case of both isomers the 

spectra similate to those of the e,e bisadduct 47 in the finger print area between 400 

and 800 nm, is a hint for the obtained e,e,e addition pattern.   

 

Figure 60: UV/Vis spectrum of protected [1:1:1] trisadduct 77 in CH2Cl2, rt. 

In figure 61 the 1H-NMR spectra of the two isomers of compound 77 are shown. By 

comparing both spectra, it becomes obvious that all signals have almost the same 

chemical shifts but differ in their split-ups. Two doublets for the aromatic protons in 

para- and meta-position can be found in both spectra, at 7.92 ppm and at 6.71 ppm 

for isomer 1 and at 7.94 and at 6.63 ppm for isomer 2. Between 7.42 and 7.27 ppm 

(isomer 1) and 7.34-7.26 ppm (isomer 2) the multiplets for the aromatic protons of the 

benzyl moieties can be found. The signals for the four protons in the benzylic positios 
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of the two different isomers disagree. In case of isomer 1 a multiplet between 5.37 

and 5.17 ppm is formed, whereas in case of isomer 2 two quartets, separate from 

each other can be found at 5.27 ppm and at 5.11 ppm. A different splitting can also 

be found for the signals of the methylene groups of the diethylmalonates, for isomer 1 

two quartets can be observed between 4.39 and 4.27 ppm and a quartet at 

4.26 ppm, while in case of isomer 2 a quartet at 4.34 ppm and two further 

overlapping quartets at 4.25 ppm can be found. For both isomers the reason for the 

two different resulting signals for the two equal methylene groups of the 

diethylmalonate as well as the dibenzylmalonate is the difference in the spatial 

environment, caused by the unequal addends and the fact that the isoxazolino 

addend is non-symmetric. Because of this the protons are diastereotopic and lead to 

varying chemical shifts and splittings. The singlet at 2.99 ppm in the spectrum of 

isomer 1 and at 2.91 ppm in the one of isomer 2 can be assigned to the six methyl 

protons of the isoxazolino group. For both isomers two triplets for the two 

methylgroups of the diethylmalonates can be found at 1.31 and 1.25 ppm for the first 

isomer and at 1.31 and 1.25 ppm for the second isomer. In both spectra peaks for 

remaining toluene solvent can be found, which are labled with (*).  
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Figure 61: 
1
H-NMR spectra of compound 77 in CDCl3 (

#
), rt, 400 MHz: 

ISOMER 1 (down) and ISOMER 2 (above). 

In case of trisadduct 77 the different splitting of the signals of the two isomers agrees 

also to the results of NOE-experiments, like in case of trisadduct 76. The NOE-

spectra of the two isomers are definitely different. In case of isomer 1, a stimulation of 

the methyl groups of the isoxazolino addend has not any influence on the two 

malonate addends, only an interaction to the aromatic protons of the protective group 

can be observed. This means that the isoxazolino group in this isomer has no close 

proximity to the other addends. An excitation of the other addends leads to the same 

result, with the consequence that all addends have a maximum distance to each 

other, like it is also the case for trisadduct 76. In contrast, the NOE spectrum of the 

second isomer shows an interaction between the isoxazolino addend and the 

dibenzylmalonate addend after stimulation of the methyl groups of the protective 

group. However, the diethylmalonate addend does not interact to the further groups. 
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This leads to the consequence, that the first addend, the isoxazolino group and the 

second addend, the diethylmalonate have maximal spatial distance to each other, 

while the third addend, the dibenzylmalonate is located closer to the first one.  

These results are in agreement to those for the protected [1:1:1] trisadduct 76, what 

leads to the conclusion that a further addition to one of the four free octahedral [6,6] 

bonds of a protected [1:1] e-bisadduct always leads to two different isomers. One of 

these obtained isomers is the e,e,e isomer, in which all addends have maximum 

spatial distance from each other. The second isomer is one e,e,e´ isomer, where the 

second added malonate has close proximity to the isoxazolino protective group, but 

not to the first added malonate.  

The difference of the two obtained isomers can also be proved by 13C-NMR 

spectroscopy. The 13C-NMR spectra of trisadduct 77 are shown in figure 62. For both 

isomers three signals for the carbonyl carbon atoms can be found, with one having 

double intensity at 163.03, 162.88 and 162.75 ppm in case of isomer 1 and at 

163.08, 162.98 and 162.86 ppm for isomer. In in case of isomer 1 49 signals for the 

sp2 carbon atoms of the fullerene can be observed, between 148.99 and 139.58 ppm 

45 signals and between 149.40 and 139.55 ppm for the second isomer, what is due 

to the low symmetry of the protected [1:1:1] trisadduct. In case of C3 symmetrical 

e,e,e trisadducts with three identical, symmetrical addends 18 signals would be 

expected, in opposition to the obtained C1 symmerical trisadducts 77 with 54 

expected signals for the 54 sp2 carbon atoms of the fullerene. For the sp3 carbon 

atoms in case of both isomers four signals can be found at 70.55, 70.24, 69.53 and 

68.85 ppm for isomer 1 and at 70.45, 70.18, 68.76 and 68.65 ppm for isomer 2. For 

the quaternary carbon atoms of the malonates, in case of the first isomer two signals 

can be found at 53.37 and 52.34 ppm, with the second one having triple intensity 

compared to the first one, whereas for the second isomer two signals with the same 

intensity at 52.25 and 51.57 ppm can be found. The further signals, which are similar 

for both isomers can be assigned to the malonates and to the isoxazolino addend.  
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Figure 62: 
13

C-NMR spectra of compound 77 in CDCl3 (
#
), rt, 100.5 MHz: 

ISOMER 1 (down) and ISOMER 2 (above). 

The determination of the signals is in agreement to the recorded HMQC- and HMBC-

spectra. 

The MALDI TOF spectra of both isomers show the typical fragmentation behavior of 

isoxazolino adducts. Besides its [M+H]+ peak which can be found at m/z= 1232, the 

peaks for the fragments [M-NO]+ and [M-isoxazoline-Na]+ can be observed at 

m/z= 1292 and 1183. Furthermore, in case of both isomers the [M+Na]+ peaks can 

be assigned at m/z= 1346. The APPI high resolution mass spectrum of isomer 1 

shows the molecular ion peak at m/z= 1322.6853. 

Structural characterization was completed by IR spectroscopy. 
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3.3.1. Synthesis of a [1:1:3:1] Hexakisadduct 80 

The completion of the octahedral addition pattern of the trisadduct 76 can be 

regarded as a further evidence for the existence of its e,e,e addition pattern, because 

by using any different addition pattern as precursor it would not be possible to obtain 

an octahedral hexakisadduct. Furthermore, with the new e,e,e [1:1:1] trisadduct in 

hands it is possible to synthesize fullerene adducts with novel interesting addition 

patterns, like for example [1:1:3:1] hexakisadducts. These novel kinds of molecules 

contain a pseudo octahedral Th symmetry and are compounded by four different 

types of malonates, whereas three of them occur once and the fourth type threefold. 

In order to obtain the highly mixed [1:1:3:1] hexakisadduct 80, the completion of the 

octahedral addition pattern of the e,e,e trisadduct 76 was achieved by triple addition 

of dibenzylmalonate to the three remaining octahedral [6,6] double bonds. In this 

manner a 100-fold excess amount of CBr4 and a sixfold excess amount of malonate 

are added to the red solution in presence of DBU. While stirring the mixture over 

night the colour of the solution turns to yellow, what is a hint for the completion of the 

reaction. The product was purified by flash column chromatography in order to 

receive the protected [1:1:3:1] hexakisadduct 80 as a yellow solid with reasonable 

yield of 52%. The protective group could easily be removed by irradiation with a 

halogen flood light under the already known conditions. For this, the yellow protected 

hexakisadduct 78 was dissolved together with a 30-fold excess amount of maleic 

anhydride in degassed toluene exposed to light for 24 h. The colour of the solution 

turned to orange. The purification was achieved by flash column chromatography, 

whereby the [1:1:3] pentakisadduct 79 could be obtained as orange solid with 18% 

yield.  

This interesting highly mixed pentakisadduct contains one free octahedral [6,6] 

double bond, which can be attacked by a further addend completely regioselectively, 

what makes it a very interesting building block for the synthesis of complicated 

architectures, but also unique by itself because of its mixed octahedral geometry. 
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Scheme 32: Synthetic route for the formation of the [1:1:3] pentakisadduct 79. 

 

The addition of three dibenzylmalonates and the following removal of the protective 

group can be proved by NMR-spectroscopy. The 1H-NMR spectrum of the [1:1:3] 

pentakisadduct 79 is shown in figure 63. Compared to the spectrum of the protected 

hexakisadduct 78 the signals for the isoxazolino group are missing and the further 

signals can be found with almost the same chemical shifts. A multiplet for the 

30 aromatic protons of the six benzyl moieties can be observed between 7.31 and 

7.25 ppm. The signal for the twelve methylene protons at the benzylic positions 

overlaps with the multiplet of the two protons of the CH-groups of the 

diisopropylmalonate between 5.43 and 5.11 ppm. The four methylene protons of the 

diethylmalonate form also a multiplet between 4.44 and 4.32 ppm and its six 

methylprotons between 1.38 and 1.29 ppm. The doublet at 1.19 ppm can be 

assigned to the six protons of the methyl groups of the diisopropylmalonate.  
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Figure 63: 
1
H-NMR spectrum of compound 79 in CDCl3 (

#
), rt, 400 MHz. 

The mixed fullerene [1:1:3] pentakisadduct 79 is pseudo C2v symmetrical. Due to the 

three different types of addends, of which it is constructed the symmetry is highly 

decreased, what can be proved by the 13C-NMR spectrum (figure 64). Between 

163.93 and 163.15 ppm ten signals for the ten carbonyl carbon atoms can be found. 

Allthough the three dibenzylmalonates are of the same kind, their chemical 

environment varies, what leads to different signals for each of them. For the 50 sp2 

carbon atoms of the fullerene 49 signals appear between 145.53 and 139.40 ppm, 

which are quite more than the twelve expected ones for C2v symmetrical [5:0] 

pentakisadducts with five equal addends. The signals between 134.54 and 

128.45 ppm can be assigned to the aromatic carbon atoms of the dibenzylmalonate 

moieties. The four signals between 71.06 and 70.90 ppm belong to the secondary 

carbon atoms of the diisopropylmalonate moiety. The ten signals of the ten sp3 

carbon atoms of the fullerene can be found between 69.74 and 69.02 ppm, depecting 

again the difference of the addends and their spatial environment. For the six carbon 

atoms at the benzylic positions three signals can be found at 69.62, 69.57 and 68.39 

ppm. The two carbon atoms of the methylene groups of the diethylmalonate form two 

signals at 64.43 and 62.94 ppm. For the five quaternary carbon atoms five signals 

can be found between 45.93 and 44.66 ppm. Finally, the methylgroups of the 
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diisopropylmalonate appear in one signal at 25.36 ppm and those of the 

diethylmalonate in two signals at 14.12 and 14.09 ppm. In both spectra the peaks for 

residues of toluene solvent are labled with (*). 

Figure 64: 
13

C-NMR spectrum of compound 79 in CDCl3 (
#
), rt, 100.5 MHz. 

The MALDI TOF spectrum confirms the successful formation of 79, as its [M]+ peak is 

observed at m/z= 1910. 

The UV/Vis spectrum of compound 79 confirms the obtained octahedral pentakis 

addition pattern, while the characteristic absorption maxima at 267 and 279 nm are 

flatterned due to the absorption of the aromatic dibenzylmalonate addends. The 

characterization was completed by IR-spectroscopy. 

With its free octahedral [6,6] double bond the obtained mixed fullerene [1:1:3] 

pentakisadduct 79 can be transformed into a highly mixed [1:1:3:1] hexakisadduct by 

completion of the octahedral addition pattern. The synthesis was performed under 

BINGEL-HIRSCH reaction conditions. For this a tenfold excess amount of CBr4 and a 

sixfold excess amount of dihexylmalonate were added to the orange solution under 

presence of DBU. After stirring the mixture for three hours the reaction was 
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completed, what was indicated by the colour-change. The product could be purified 

by flash column chromatography in order to obtain the yellow solid with 69% yield.  

Scheme 33: Synthesis of the [1:1:3:1] hexakisadduct 80. 

 

The highly mixed fullerene [1:1:3:1] hexakisaddduct 80 consists of four different 

addend types, whereupon one of them occurs threefold and the further three ones 

only once. This fullerene adduct with a novel highly mixed octahedral addition pattern 

contains of a pseudo Th symmetry, what is confirmed by NMR-spectroscopy. 

In figure 65 the 1H-NMR spectrum of compound 80 is illustrated. Additional to all 

signals for the first three malonate types, which can already be found in the spectrum 

of the precursor, the mixed [1:1:3] fullerene pentakisadduct, new peaks for the fourth 

addend, the dihexylmalonate can be assigned. Next to the quartet formed by the 

methylene groups of the diethylmalonate a multiplet between 4.27 and 4.18 ppm is 

formed by the methylene groups next to the carboxylic groups of the 

dihexylmalonate. The CH2-groups next to them appear in a further multiplet between 

1.71 and 1.61 ppm. The remaining methylene groups of the sixth addend overlap in a 

multiplet between 1.38 and 1.25 with the methyl groups of the diethylmalonate and 

the diisopropylmalonate. The six protons of the methylgroups of the dihexylmalonate 

form several overlapping triplets at 0.87 ppm.  
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Figure 65: 
1
H-NMR spectrum of compound 80 in CDCl3 (

#
), rt, 400 MHz. 

Compared to its precursor the mixed fullerene [1:1:3] pentakisadduct 79 the 

symmetry of the [1:1:3:1] hexakisadduct 80 is increased through the completion of 

the octahedral addition pattern through the addition of a sixth malonate addend. The 

13C-NMR spectrum of compound 80 (figure 66) is an evidence for this local symmetry 

enhancement, with the two signal blocks between 145.77 and 145.62 ppm and 

between 141.19 and 140.73 ppm for the sp2 carbon atoms of the fullerene, depicting 

the octahedral pseudo Th addition pattern of the molecule. Nethertheless, the four 

different addend types lead to differences in the spatial environment of the malonates 

with the consequence that the signals are splitted. In case of the carbon atoms of the 

twelve carbonylgroups seven signals can be found between 163.97 and 163.23 ppm. 

For the sp3 carbon atoms of the fullerene six signals between 69.15 and 68.81 ppm 

can be observed. The signals for the additional dihexylmalonate addend can be 

found at 66.96 ppm for the methylengroups next to the oxygen atoms, at 31.33, 

29.67, 28.37 and 22.50 for the further methylene groups and at 14.01 ppm for the 

two carbon atoms methyl groups.  
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Figure 66: 
13

C-NMR spectrum of compound 80 in CDCl3 (
#
), rt, 100.5 MHz.. 

The yellow colour of the hexakisadduct 80 confirms to the UV/Vis spectrum, where 

only weak absorption bands in the visible light region can be found. The typical 

absorbion bands for fullerene hexakisadducts can be detected at 267 and 279 nm, 

although they are flattened due to the absorption of the aromatic rings of the 

dibenzylmalonate moieties.  

The product was further characterized by IR-spectroscopy.  

 

  



3. Results and Discussion 

 

115 
 

3.3.2. Regioselective Synthesis of a Protected [1:1:1:1] e,e,e,e Tetrakis-

adduct 81 

In order to underline the regioselectivity of the modified successive addition of 

malonate addends to the octahedral [6,6] bonds of an isoxazolino fullerene adduct, a 

fourth addend, a dibenzylmalonate was introduced to the e,e,e trisadduct 76. As it is 

already known, the regioselectivity is rising with an increasing number of addends. [16] 

In order to obtain a protected [1:1:1:1] tetrakisadduct, the third malonate addition step 

proceeds again under the developed synthetic conditions. In this manner, one 

equivalent of the e,e,e isomer of the trisadduct 76 (isomer 2) was dissolved in toluene 

before two eqivalents of dibenzyl-chloro-malonate 75 and SCHWESINGER 

phosphazene base were added. After strirring the mixture for 24 h at room 

temperature, the product was purified by column chromatography, in order to receive 

a red solid with 68% yield.  

 

Scheme 34: Regioselective addition of dibenzylchloromalonate 75 to the e,e,e-trisadducts 76. 

By using analytical HPLC (nucleosil, toluene:EtOAc, 98:2) the isomeric purity of the 

obtained product could be proved, with the appearance of one single peak at a 

retention time of 4.8 min (25 mL/min), what confirms to NMR measurements. A 

definite assignment which of the three possible e-isomers is formed, could only be 

carried out by crystallographic analysis, but unfortunately it was not possible to 

receive a single cristall. For the sake of simplicity, one arbitrary structure of the 

possible ones is drawn in the following.  

In figure 67 the 1H-NMR spectrum of the protected [1:1:1:1] tetrakisadduct 81 is 

shown. Compared to the spectrum of its precursor the protected [1:1:1] trisadduct 76 

(isomer 2) the signals have similar chemical shifts and the same split-up. The only 

differences are the additional signals for the introduced dibenzylmalonate: The 
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multiplet between 7.36 and 7.26 ppm can be assigned to the aromatic protons. For 

the four protons of the methylene groups in benzylic positions two singlets can be 

found at 5.24 and 5.18 ppm. Furthermore, peaks for toluene solvent residue can be 

found, which are labled with (*). 

Figure 67: 
1
H-NMR spectrum of compound 81 in CDCl3 (

#
), rt, 400 MHz. 

The addition of a forth addend to one of the three remaining octahedral [6,6] double 

bonds can be proved furthermore by 13C-NMR spectroscopy. Comparing the 

13C-NMR spectrum of compound 81 (figure 68) with the one of its precursor 76 

(isomer 2) (figure 59) significant differences can be found. For the carbonyl carbon 

atoms six signals can be found between 163.63 and 162.29 ppm, one for each 

carbonyl group instead to the four signals of the protected trisadduct 76. The 

42 signals for the 52 sp2 carbon atoms of the fullerene between 147.01 and 

137.15 ppm are less than in case of starting material. Furthermore, six signals for the 

sp3 carbon atoms of the fullerene can be found between 69.19 and 68.54 ppm, 

showing the two additional functionalized carbon atoms. Moreover, the signals for the 

aromatic protons of the dibenzylmalonate addends can be found at 134.42 ppm and 

between 129.55 and 128.60 ppm, those of its benzylic methylene groups at 68.77 

and 68.66 ppm. A further evidence for the successful synthesis of one protected 
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[1:1:1:1] tetrakisadduct 81 are the three signals at 52.21, 44.94 and 44.63 ppm, 

which can be assigned to the three different types of quaternary carbon atoms of the 

malonates. 

Figure 68: 
13

C-NMR spectrum of compound 81 in CDCl3 (
#
), rt, 100.5 MHz. 

In the MALDI TOF mass spectrum of compound 81 the [M+H]+ peak appears at 

m/z= 1509, in agreement to the ESI high resolution mass spectrum, where the 

molecular ion peak can be found at m/z= 1508.3144. 

The fullerene e,e,e,e tetrakisadduct 81 could be further characterized by UV/Vis- and 

IR-spectroscopy. 
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3.3.3. Synthesis of Fullerene [1:1:1:2:1] Hexakisadduct 84 

The existence of an e,e,e,e addition pattern in the obtained tetrakisadduct 81 can 

also be proved indirectly by the completion of the octahedral addition pattern. A two-

fold addition to the two remaining octahedral [6,6] double bonds in order to receive a 

mixed fullerene hexakisadduct can only proceed, if all of the four addends are in 

equatorial position to each other. In this manner the [1:1:1:1:2] fullerene 

hexakisadduct was synthesized by a double BINGEL-HIRSCH reaction of the 

e,e,e,e tetrakisadduct 81 with dihexylmalonate. Therefore, four equivalents of CBr4 

and two equivalents of the malonate were added to the red solution of compound 81, 

before the mixture was stirred over night. The colour of the solution changed to 

yellow. The purification proceeded by flash column chromatography in order to obtain 

the protected fullerene [1:1:1:1:2] hexakisadduct 82 as yellow solid with 46% yield.  

Scheme 35: Synthesis of the protected [1:1:1:1:2] hexakisadduct 82. 

The yellow colour of the obtained mixed protected [1:1:1:1:2] fullerene hexakisadduct 

82 agrees to an octahedral hexakis addition pattern, which in this case is composed 

by five different addend types. Thereby one addend, the dihexylmalonate moiety 

occurs twice, whereas all other addends are only once introduced. The amount of 

different addends and the fact, that the isoxazolino moiety is also non-symmetric by 

itselve lowers the symmetry of compound 82 dramaticlly compared to other fullerene 

hexakisadducts, what can be proved by NMR-spectroscopy. Instead of a high Th 

symmetry of octahedral fullerene hexakisaddducts with six equal symmetrical 

addends, the obtained mixed adduct 82 is just C1 symmetrical. In figure 69 the 13C-

NMR spectrum of the mixed protected [1:1:1:1:2] fullerene hexakisadduct 82 is 

shown. In most cases a high splitting of the signals can be observed. For the 

carbonyl barbon atoms eight signals can be found between 164.20 and 162.95 ppm, 

one for each carbonyl group. Instead of the two expected signals for octahedral non-
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mixed fullerene hexakisadducts, 23 signals can be found between 146.73 and 

139.49 ppm for the 48 sp2 carbon atoms of the fullerene, depicting the lowered 

symmetry. For the sp3 carbon atoms eight signals can be assigned between 70.07 

and 68.58 ppm. The five signals between 45.61 and 42.12 ppm can be attached to 

the five different quaternary carbonatoms of the linked malonate addends. The 

signals for the two introduced dihexylmalonate moieties can be found at 67.23 and 

67.16 ppm for the four carbon atoms of the methylene groups next to the oxygen 

atoms and at 31.48, 28.53, 28.50, 21.81, 21.64 and 21.62 ppm for the carbon atoms 

of the further methylene groups. The signal for the four carbon atoms of the methyl 

groups of the dihexylmalonates appears at 14.04 ppm. The remaining signals can be 

assigned to the further addends, like in the precursor molecules.  

Figure 69: 
13

C-NMR spectrum of compound 82 in CDCl3 (
#
), rt, 100.5 MHz. 

The high resolution APPI mass spectrum of compound 82 shows the [M+H]+ peak at 

m/z = 2048.6821 what approves the formation of the mixed hexakisadduct.  

The product was further characterized by UV/Vis- and IR spectroscopy. 
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By removal of the protective group the [1:1:1:2] pentakisadduct 83 could be obtained. 

The photo-induced retro-cycloaddition reaction was achieved by addition of a 30-fold 

excess amount of maleic anhydride to the yellow solution of the protected 

hexakisadduct 82 in degassed toluene and irradiation of the mixture by a halogen 

flood light for 24 h. In the meanwhile, the colour of the solution turns to orange. The 

product was purified by flash column chromatography, in order to receive the orange 

solid with 94% yield.  

 

Scheme 36: Synthesis of the fullerene [1:1:1:2] pentakisadduct 83. 

The highly mixed fullerene pentakisadduct 83 consists of four different types of 

malonate addends, while one of them occurs twice. Due to the octahedral 

pentakisaddition design, the molecule with the novel addition pattern 83 contains a 

pseudo C2v symmetry, which is decreased by the different addends and the different 

spatial environment caused by them. This confirms to the 13C-NMR spectrum, which 

is presented in figure 70. Firstly, it can be observed that the signals for the 

isoxazolino protective group are missing. Like in the spectrum of the precursor, the 

protected mixed hexakisadduct 82, eight signals for the carbonyl groups can be 

found between 163.88 and 163.24 ppm. The 19 signals between 146.79 and 

139.49 ppm can be assigned to the sp2 carbon atoms of the fullerene, while again 

like in case of its precursor more signals appear than the expected twelve ones for 

C2v symmetrical [5:0] pentakisadducts. Between 69.43 and 69.12 ppm four signals 

can be found, which can be attached to the sp3 carbon atoms of the fullerene and 

can be explained by the four different types of malonates. For the quaternary carbon 

atoms of the addends one signal at 54.06 ppm and four signals between 45.58 and 
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45.12 ppm can be observed, underlining the obtained addition motive. The same 

splitting of the signals can be found for C2v symmetrical pentakisadducts five with 

equal addends. [152] The further signals can be assigned to the malonates, like in 

case of the precursor. 

 

Figure 70: 
13

C-NMR spectrum of compound 83 in CDCl3 (
#
), rt, 100.5 MHz. 

The MALDI mass- and APPI high resolution mass spectra confirm the removal of the 

protective group with the appearance of the [M+H]+ peaks at m/z= 1887 in the 

MALDI-and at m/z= 1886.6016 in the APPI spectrum. 

The product could be further characterized by UV/Vis and IR-spectroscopy. 

The mixed fullerene [1:1:1:2] pentakisadduct 83 contains, similar to the other 

obtained pentakisadducts of C60 one free octahedral [6,6] double bond, which can be 

attacked regioselectively by a sixth addend. By the introduction of a fifth different 

malonate a highly mixed [1:1:1.2:1] fullerene hexakisadduct 84 can be constructed. 

This molecule contains a novel and unique octahedral addition pattern what makes it 

to a very interesting geometry. In this manner, the last addition step was 

accomplished under BINGEL-HIRSCH reaction conditions to yield the yellow solid with 
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61%. Therefore, the orange solid was dissolved in toluene together with a 20-fold 

excess amount of CBr4 and dimethylmalonate in presence of DBU. Within one hour 

the colour of the solution turns to yellow. The purification of the product was achieved 

by flash column chromatography.  

 

Scheme 37: Synthesis of the fullerene [1:1:1:2:1] hexakisadduct 84. 

The obtained C1 symmetrical fullerene [1:1:1:2:1] hexakisadduct 84 contains a 

pseudo Th symmetry, which is lowered in the periphery by the five different addend 

types. The different malonates lead to a difference in the spatial environment, 

although the fullerene core consists of an octahedral addition pattern. These mixed 

symmetry properties can be underlined by NMR-spectroscopy. The 1H-NMR 

spectrum of compound 84 is illustrated in figure 71. The signal between 7.38 and 

7.27 ppm can be assigned to the aromatic protons, while the four benzylic protons of 

the dibenzylmalonate moiety appear in two overlapping singlets at 5.20 and 

5.19 ppm, which slightly overlap with the overlaying quartets for the methyl protons of 

the diisopropylmalonate at 5.14 ppm. The multiplet for the four methylene protons of 

the diethylmalonate can be found next to the one of the eight methylene protons next 

to the oxygen atom of the dihexylmalonate moieties between 4.34 and 4.17 ppm. The 

introduced dimethylmalonate leads to two singlets at 3.85 and 3.83 ppm. The 

multiplet between 1.71 and 1.62 ppm can be assigned to methylene protons of the 

dihexylmalonate, while the remaining methylen protons overlap in a multiplet 

between 1.33 and 1.27 ppm with the six methyl protons of the diethylmalonate and 

the twelve ones of the diisopropylmalonate. The methyl protons of the 
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dihexylmalonates appear in the most high field shiftet triplet at 0.87 ppm, which is 

formed by several smaller overlaying triplets.  

Figure 71: 
1
H-NMR spectrum of compound 84 in CDCl3 (

#
), rt, 400 MHz. 

The 13C-NMR spectrum of the compound 84 (figure 72) reflects the octahedral 

addition pattern and is in agreement to the yellow colour of the obtained product. For 

the 48 sp2 carbon atoms of the fullerene two signal blocks can be observed between 

145.66 and 145.35 ppm and between 141.00 and 140.54 ppm, depicting the pseudo-

octahedral addition pattern. The twelve different signals of the carbonyl carbon atoms 

between 162.32 and 163.98 ppm are an evidence for the different spatial 

environment of the six malonates, as well as the six signals for the sp3 carbon atoms 

of the fullerene between 68.67 and 68.89 ppm. For the six quaternary carbon atoms 

of the malonates seven signals between 44.77 and 53.30 ppm can be observed. The 

signals for the dibenzylmalonate addend can be found at 134.32 ppm, between 

128.46 and 128.21 ppm and at 68.17 ppm. For the diisopropylmalonate the signals at 

70.55 ppm and at 25.17 and 25.19 ppm can be assigned. The diethylmalonate 

appear in the signals at 62.50 and 13.12 ppm. Finally the remaining signals at 66.66 
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and 66.70 ppm as well as at 31.04, 28.11, 28.09, 23.19, 21.37 and 13.72 ppm can be 

related to the dihexylmalonates.  

Figure 72: 
13

C-NMR spectrum of compound 84 in CDCl3 (
#
), rt, 100.5 MHz. 

A further evidence for the successful formation of the mixed hexakisadduct 84 is the 

MALDI mass spectrum, where the [M+H]+ peak can be observed at m/z= 2017. The 

APPI high resolution mass spectrum shows the [M+H]+ peak at m/z= 2016.6307. 

The product could be further characterized by UV/Vis and IR-spectroscopy. 
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3.3.4. Deprotection of the Protected e,e,e Trisadduct 76 and 

e,e,e,e Tetrakisadduct 81 

Instead of further additions to the very interesting protected e,e,e trisadduct and 

e,e,e,e tetrakisadduct building blocks, it is also of current interest to remove the 

protective group in order to obtain fullerene [1:1] e-bisadducts with pseudo 

Cs-symmetry and [1:1:1] e,e,e trisadducts with pseudo C3-symmetry. Up to now, their 

access was only possible by classical segregated addition means, which lead to 

mixtures of lots of isomers, tedious purification steps and low yields of the desired 

addition pattern, like it is described in chapter 1.6.2. With the protected compounds 

76 and 81 in hands, it it possible to obtain the desired e-bisadduct and 

e,e,e trisadduct regioselectively in good yields by photolytic cleavage of the 

isoxazolino group. In this manner the red solids were dissolved in degassed toluene 

before a 30-fold excess amount of maleic anhydride was added. The mixtures were 

irradiated by a halogen flood light for 24 h. In case of the protected e,e,e trisadduct 

76 the colour of the solution turned to red-brown, the one of compound 81 remained 

red. The purification of the products was achieved by flash column chromatography. 

The [1:1] e-bisadduct 84 could be received as red-brown solid with 77% yield and the 

e,e,e [1:1:1] trisadduct 85 as red solid with 18% yield. 
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Scheme 38: Deprotection of the protected fullerene e,e,e [1:1:1] trisadduct 76 (left) and the protected 

e,e,e,e [1:1:1:1] tetrakisadduct 81 (right). 

 

The removal of the protective group can be proved in both cases by NMR-

spectroscopy. In figure 73 the 13C-NMR spectrum of the obtained e-bisadduct 85 is 

shown, depicting the C1 symmetry of the molecule, caused by the different addends. 

The [1:1] e-bisadduct 85 consists of two different types of addends, what should lead 

to a decrease of the symmetry and the appearance of more signals in the carbon 

NMR spectrum, but because of the similarity of the diethylmalonate- and the 

diisopropyladdend the influence to the fullerene core is evanescent slight. Between 

138.65 and 147.77 ppm 22 signals for the sp2 carbon atoms of the fullerene can be 

found. The difference of the malonates can be observed in the signals of the 

functional groups. The four carbon atoms of the carbonyl groups appear in two 

signals at 163.68 and 163.06 ppm for the two different malonate addends. For the 

four sp3 carbon atoms of the fullerene also two signals can be found at 71.79 and 
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71.54 ppm. The low intensity signals at 43.40 ppm can be assigned to the two 

quaternary carbon atoms of the two malonates. The signals for the diethylmalonate 

appear at 63.21 and at 14.08 and 14.18 ppm. The diisopropylmalonate leads to the 

signals at 71.33 and 21.75 ppm. 

Figure 73: 
13

C-NMR spectrum of compound 85 in CDCl3 (
#
), rt, 100.5 MHz. 

The removal of the isoxazolino addend can be demonstrated with the appearance of 

the [M+Na]+ peak at m/z= 1087 in the MALDI mass spectrum of the obtained 

bisadduct 85. The ESI high resolution mass spectrum shows the [M]+ peak at 

1064.14652. 

The product could be further characterized by UV/Vis and IR spectroscopy. 

The same behavior can be observed in the 13C-NMR spectrum of the [1:1:1] 

e,e,e trisadduct 86, which is shown in figure 74. Allthough the mixed trisadducts 

consists of three different addend types, it contains of a local C3 symmetry, which is 

typical for fullerene e,e,e trisadducts. Between 145.39 and 140.79 ppm 12 signals for 

the sp2 carbon atoms of the fullerene can be observed, with two of them having 

double and one of them triple intensity. For a e,e,e trisadduct with three identical 

addends 18 signals with triple intensity would be expected. The three different 
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addends lead to differences in the spatial environment, what can be underlined by 

the six appearing signals for the six carbon atoms of the carbonyl groups between 

164.31 and 163.53 ppm. The sp3 carbon atoms form two signals at 69.83 and 

69.95 ppm. The signals at 43.79, 46.43 and 46.64 ppm can be assigned to the three 

quaternary carbon atoms of the malonates. The remaining signals can be attached to 

the malonate addends, like in case of the deprotected precursor molecule.  

Figure 74: 
13

C-NMR spectrum of compound 86 in CDCl3 (
#
), rt, 100.5 MHz. 

The successful formation of 86 is verified by high resultion APPI mass spectrometry. 

In the spectrum, the [M]+ peak of 86 is detected at m/z= 1346.2367. 

The characterization of the trisadduct 86 was completed by UV/Vis and IR 

spectroscopy.  
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4. Conclusion 

The exohedral multi-functionalization of C60 is one of the most important and 

promising topics in fullerene chemistry. The introduction of different addends with 

varying functional moieties is a challenging task in this manner. 

Inspired by the protection-deprotection strategy for the regioselective synthesis of C2v 

symmetrical fullerene [5:0] pentakisadducts, developed by HÖRMANN et al., [136] 

within the present work a novel synthetic concept for the regioselective introduction of 

different functional groups to a C60 core has been investigated. The first step, which is 

the key-step in the synthesis is the regioselective formation of protected 

e-bisadducts. In this regard, a novel synthetic approach has been developed. 

Starting with isoxazolino fullerene 39, which is available in gram scale by a 

cycloaddition reaction to C60, it could be found out that the addition to one of the five 

remaining octahedral [6,6] double bonds proceeds regioselectively under certain 

conditions: The addition of two equivalents of a chlorinated malonate and one 

equivalent of SCHWESINGER phosphazene base, instead of the commonly used non-

nucleophilic base for cyclopropanation reactions, DBU to a solution of isoxazolino 

fullerene in toluene leads generally to the formation of only one isomer, the e-isomer 

in good yields. 

With this knowledge in hands different protected e-bisadducts 47, 48 and 60, which 

have been synthesized could be used as building blocks for novel, complicated 

architectures with highly mixed addition patterns. They offer the accessibility of 

pseudo C2v symmetrical [1:4] pentakisadducts of C60 via a protection-deprotection 

sequence. After the completion of the octahedral addition pattern by four-fold 

cyclopropanation, the photo-induced removal of the isoxazolino group leads to the 

unprecedented mixed [1:4] pentakisadducts 50 and 52. Because of their interesting 

and unique geometry, they can be used as important building blocks for the 

regioselective formation of mixed fullerene [2:4] and [1:4:1] hexakisadducts and other 

difficult to synthesize structures. In this manner, the mixed fullerene [2:4] 

hexakisadducts 53 and 54 and the [1:4:1] hexakisadducts 55 and 56 could be 

obtained in good yields. In order to demonstrate the versatility of the novel pseudo 

C2v-symmetrical [1:4] pentakisadducts as suitable building blocks for the construction 

of complex hexakisadduct architectures with highly mixed octahedral addition 

patterns, two examples have been synthesized, the amphiphilic [2:4] hexakisadduct 
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57 and the dumbbell-shaped bisfullerene 58. The amphiphilic C60 adduct 57 contains 

two dihexylmalonates and four dendritic malonates with first generation NEWKOME 

dendrimers. After deprotection of the t-butyl groups of the dendrimers, the fullerene 

adduct becomes water soluble. The mixed bisfullerene 58 consists of one [5:1] 

hexakisadduct and one [1:4] pentakisadduct, with one free octahedral [6:6] double 

bond, what makes it beside of its unique structure a very interesting building block for 

complicate architectures. Beside the completion of the octahedral addition pattern by 

a different addent in order to receive a mixed dumbbell shaped bisfullerene 70 

containing one [5:1] and one [1:4:1] hexakisadduct, it was also possible to indroduce 

more fullerene moieties and to recieve a trisfullerene 71, containing two [5:1] and one 

[2:4] hexakisadducts and a tetrakisfullerene 43, consisting of two 

[5:1] hexakisadducts and two [2:4] hexakisadducts. These unique geometries were 

not realizable before. 

Furthermore, the regioselective addition to the octahedral [6,6] double bonds of an 

isoxazolino fullerene adduct was expanded by the addition of another malonate 

addend to the e-bisadduct 47, in order to receive regioselectively the protected e,e,e 

[1:1:1] trisadducts 74 and 75. In both cases two different isomers with all addends in 

equatorial positions could be obtained, which could be separated by preparative 

HPLC. The novel obtained addition pattern paved the way for the synthesis of even 

more difficult and highly mixed compositions, like the [1:1:3:1] hexakisadduct 78, 

which could be obtained via a protection-deprotection sequence in good yields. 

In order to underline the regioselectivity of the modified successive addition of 

malonate addends to an isoxazolino fullerene adduct, a fourth addend, 

a dibenzylmalonate was introduced under the developed reaction conditions and with 

this the protected [1:1:1:1] tetrakisadduct 80 could be formed regioselectively. After 

completion of the octahedral addition pattern by two-fold cyclopropanation reaction, 

followed by the removel of the protective group a highly mixed fullerene 

[1:1:1:2] pentakisadduct 82 could be obtained. Beside the fact, that an octahedral 

fullerene pentakisadduct with four different addend types is unprecedented, it can 

also be regarded as a building block for the synthesis of the even more highly mixed 

pseudo Th symmetrical fullerene [1:1:1:2:1] hexakisadduct 83, which is the first 

octahedral hexakisadduct of C60, containing five different addend types.  
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Moreover, it was shown that the isoxazolino moiety of the protected [1:1:1] 

e,e,e trisadduct 76 and the [1:1:1:1] e,e,e,e tetrakisadduct 80 can be easily removed 

by photolytic cleavage in order to obtain the unprotected [1:1] e-bisadduct 84 and the 

[1:1:1] e,e,e trisadduct 85. 

With the obtained library of highly mixed fullerene adducts it could be proved, that the 

novel synthetic concept of a successive but regioselective addition of different 

addends to a C60 core via a protection-deprotection sequence is suitable for the 

formation of fullerene adducts with novel addition patterns and complicated 

architectures.  
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5. Zusammenfassung 

Die exohedrale Mehrfachfunktionalisierung von C60 ist eines der wichtigsten und 

vielversprechendsten Themen der Fullerenchemie. Die Einführung verschiedener 

Addenden mit unterschiedlichen funktionalen Gruppen ist in diesem Zusammenhang 

eine anspruchsvolle Aufgabe. 

Inspiriert durch die Schützungs-Entschützungs-Strategie bei der regioselektiven 

Synthese C2v symmetrischer Fulleren [5:0] Pentakisadduke, entwickelt von 

HÖRMANN et al., [136] wurde im Rahmen dieser Arbeit ein neues Synthesekonzept für 

die regioselektive Einführung verschiedener funktioneller Gruppen an einen C60 Kern 

entwickelt. 

Der erste Schritt, welcher den Schlüssel-Schritt der Synthese darstellt ist die 

regioselektive Bildung des geschützten e-Bisaddukts. In diesem Zusammenhang 

wurde eine neue synthetische Vorgehensweise entwickelt. Ausgehend von 

Isoxazolino-Fullerene 39, welches im Grammaßstab mittels einer 

Cycloadditionsreaktion an C60 darstellbar ist, konnte herausgefunden werden, dass 

die Addition an eine der fünf verbleibenden oktaedrischen [6,6] Doppelbindungen 

unter bestimmten Bedingungen regioselektiv verläuft. Die Addition von zwei 

Equivalenten eines chlorierten Malonats und einem Equivalent SCHWESINGER 

Phosphazenbase, anstatt der üblicherweise verwendeten nicht-nukleophilen Base für 

Cyclopropanierungsreaktionen, DBU zu einer Lösung von Isoxazolino Fulleren in 

Toluol führt grundsätzlich zur Ausbildung eines einzigen Isomers, dem e-Isomer mit 

guten Ausbeuten. 

Mit Hilfe dieser Erkenntnis konnten verschiedene synthetisierte geschützte 

e,e Bisaddukte 47, 48 und 60 als Bausteine für neue, komplizierte Architekturen mit 

hoch gemischten Additionsmustern eingesetzt werden. Diese machen pseudo 

C2v symmetrsche [1:4] Pentakisaddukte von C60 mittels einer Schützung-

Entschützungsabfolge zugänglich. Nach der Vervollständigung des oktaedrischen 

Additionsmusters, führt die licht-induzierte Abspaltung der Isoxazolino-Gruppe zu den 

noch nie dagewesenen, gemischten [1:4] Fulleren Pentakisaddukten 50 und 52. 

Dank ihrer interessanten und einzigartigen Geometrie, können sie als wichtige 

Bausteine für die regioselektive Bildung von gemischten Fulleren [2:4] und [1:4:1] 

Hexakisaddukten und anderen schwer herstellbaren Strukturen eingesetzt werden. 
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Auf diese Weise konnten die gemischten [2:4] Hexakisaddukte 53 and 54 und die 

[1:4:1] Hexakisaddukte 55 and 56 in guten Ausbeuten dargestellt werden. Um die 

Vielseitigkeit der neuartigen pseudo C2v-symmetrischen [1:4] Pentakisaddukte als 

sehr geeignete Bausteine für die Konstruktion komplexer Hexakisaddukt 

Architekturen aufzuzeigen, wurden zwei Beispiele synthetisiert, das amphiphile [2:4] 

Hexakisaddukt 57 und das hantelförmige Bisfulleren 58. Das amphiphile C60 Addukt 

57 verfügt über zwei Dihexylmalonate und vier dendritische Malonate mit NEWKOME 

Dendrimeren erster Generation. Nach der Entschützung der t-Butyl Estergruppen der 

Dendrimere wird das Fulleren-Addukt wasserlöslich. 

Das gemischte Bisfulleren 58 besteht aus einem [5:1] Hexakisaddukt und einem [1:4] 

Pentakisaddukt, mit einer freien oktaedrischen [6,6] Doppelbindung, was es neben 

seiner einzigartigen Struktur auch zu einem interessanten Baustein für komplizierte 

Architekturen macht. Neben der Vervollständigung des oktaedrischen 

Additionsmusters mit einem unterschiedlichen Addenden, zum Erhalt des gemischten 

hantelförmigen Bisfullerens 70, bestehend aus einem [5:1] und einem [1:4:1] 

Hexakisaddukt, war es außerdem auch möglich weitere Fullerene einzuführen um 

das Trisfulleren 71, bestehend aus zwei [5:1] und einem [2:4] Hexakisaddukten und 

das Tetrakisfulleren 73, bestehend aus zwei [5:1] Hexakisaddukten und zwei [2:4] 

Hexakisaddukten darzustellen. Diese einzigartigen Geometrien waren zuvor nicht 

realisierbar.  

Des Weiteren wurde die regioselektive Addition an die oktaedrischen [6,6] 

Doppelbindungen eines Isoxazolinofulleren Adduktes ausgeweitet durch die Addition 

eines weiteren Malonats an das e-Bisaddukt 47, um regioselektiv die geschützten 

e,e,e [1:1:1] Trisaddukte 76 und 77 darzustellen. In beiden Fällen wurden je zwei 

verschiedene Isomere mit allen Addenden in äquatorialen Positionen erhalten, 

welche mittels präparativer HPLC voneinander getrennt werden konnten. Das neue 

erhaltene Additionsmuster ebnet den Weg für die Synthese neuer komplizierterer und 

noch stärker gemischter Zusammensetzungen, wie dem [1:1:3:1] Hexakisaddukt 78, 

welches mittels einer Schützungs-Entschützungs-Abfolge in guten Ausbeuten 

erhalten werden konnte.  

Um die Regioselektivität der modifizierten sukzessiven Addition von 

Malonataddenden an Isozazolinofullerene Addukte zu untermauern, wurde ein vierter 

Addend, ein Dibenzylmalonat unter den entwickelten Reaktionsbedingungen 
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eingeführt und somit konnte das geschützte [1:1:1:1] Tetrakisaddukt 80 regioselektiv 

gebildet werden. 

Nach der Vollendung des oktaedrischen Additionsmusters durch eine zweifache 

Cyclopropanierungsreaktion, gefolgt von der Abspaltung der Schutzgruppe konnte 

ein höchst durchmischtes Fulleren [1:1:1:2] Pentakisaddukt 82 dargestellt werden. 

Neben der Tatsache, dass ein oktaedrisches Fulleren Pentakisaddukt mit vier 

unterschiedlichen Addenden-Typen noch nie dagewesen ist, kann es auch als 

Baustein für die Synthese eines noch ausgeprägter gemischten pseudo Th 

symmetrischen Fulleren [1:1:1:2:1] Hexakisaddukts 83 betrachtet werden, welches 

das erste oktaedrische Hexakisaddukt von C60, bestehend aus fünf verschiedenen 

Addendenarten ist.  

Weiterhin wurde gezeigt, dass die Isoxazolino-Einheit des geschützten [1:1:1] e,e,e 

Trisadduktes 76 und des [1:1:1:1] e,e,e,e Tetrakisaddukts 80 einfach photolytisch 

abgespalten werden kann um das ungeschützte [1:1] Bisaddukt 84 und das [1:1:1] 

e,e,e Trisaddukt 85 zu erhalten. 

Mit Hilfe der erhalteten Bibliothek an hochgradig durchmischten Fulleren Addukten 

konnte bewiesen werden, dass das neuartige synthetische Konzept einer 

sukzessiven, jedoch regioselektiven Addition verschiedener Addenden an einen C60 

Kern über eine Schützungs-Entschützungs-Sequenz gut geeignet ist für die Bildung 

von Fulleren Addukten mit neuen Additionsmuster und komplizierten Geometrien.  
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6. Experimental Section 

 

6.1. General Methods and Considerations 

All chemicals used for syntheses were purchased from commercial sources (Sigma 

Aldrich, Acros, Fisher Scientific, Fluka) and were used without further purification. All 

solvents were purified by distillation using rotary evaporation (CH2Cl2 and EtOAc over 

K2CO3). HPLC-grade solvents were obtained from VWR, deuterated solvents from 

Deutero or Eurisotop. C60 (99%) was provided by io li tec nanomaterials. Reactions 

were monitored by TLC-chromatography on aluminum carrier foils coated with silica 

gel (MERCK, silica gel 60 F254, 20 x 20 cm, film thickness 0.2 mm). The detection 

occurred with a UV lamp (254 or 366 nm), development in an aqueous potassium 

permanganate solution. Products were isolated by column chromatography using 

MACHERY-NAGEL silica gel 60 M (grain size: 40 - 63 μm, less activated). All 

products were dried in fine-vacuum (10-3 mbar). Yields are given in percentage 

corresponding to the reactant that was used in one equivalent. 

 

6.2. Technical Equipment 

 

Nuclear Magnetic Resonance (NMR):  

NMR spectroscopy was measured using Jeol EX 400, Jeol Alpha 500, Bruker 

Avance 300 and Bruker Avance 400 spectrometers. All spectra were recorded at 

room temperature (300 K). All chemical shifts are given in the δ-scale in ppm and 

refer to the non-deuterized proportion of the solvent. All data was analyzed with 

MestReC. Coupling constants are given in Hertz [Hz], without consideration of the 

sign. To characterize the multipliticities of the signals, the following abbreviations are 

used: s (singlet), d (doublet), t (triplet), q (quartet), br (broad signal) and m (multiplet). 

All 13C-NMR-spectra were recorded broad-band decoupled.  

 

Infrared (IR):  

IR Spectroscopy was measured using a Bruker Tensor 27 spectrometer. All spectra 

were recorded in the ATR-mode (diamond) directly in substance. Absorptions (ṽ) 

were given in wavenumbers [cm-1].  
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Mass spectrometry (MS): 

Mass spectrometry was performed on Shimadzu AXIMA Confidence spectrometer. 

MALDI-TOF mass spectra were recorded using t-2-(3-(4-t-Butyl-phenyl)-2-methyl-2-

propenylidene)malononitrile (dctb) or sinapinic acid (sin) as a matrix. High resolution 

mass spectra were measured by an UHR-TOF Bruker maxis 4G spectrometer using 

electrospray ionization (ESI) or atmospheric pressure photo ionization (APPI). Mass 

spectra were measured in positive mode. 

 

UV/Vis-Spectroscopy (UV/Vis):  

UV/Vis spectroscopy was carried out with a Varian Cary 5000 UV-Vis-NIR 

spectrophotometer. The UV/VIS spectra were recorded in HPLC-grade CH2Cl2 at 

room temperature in quartz cuvettes (1 cm path length). Baseline correction took 

place prior to measurement.  

 

Automated flash chromatography: 

Automated flash chromatography was carried out using a Biotage Isolera One 

system with Interchim colums HP silica 15 µm and 30 µm (4 g, 15 g, 25 g). 

 

Analytical and Preparative High Performance Liquid Chromatography 

Analytical and preparative High Performance Liquid Chromatography was performed 

on a Shimadzu Corporation with Preparative Liquid Chromatograph LC-8A, 

Autoinjector SIL-10A, UV/Vis Detector SPD-10A and Fraction Collector FRC-10A 

with a Nucleosil column (SP250/21 Nucleosil 100-5) from Macherey-Nagel. 

Preparative HPLC separations were conducted on a recycling mode system. 

Solvents were purchased from VWR in HPLC quality.  

 

Halogen flood light 

Irradiation reactions were performed with a portable halogen flood light HL400S 

(400 W, 8800 lumen) from ELRO.  
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6.3. Experimental Details 

The compound names agree with IUPAC nomenclature rules as far as possible. 

Names proposed by ChemBioDraw 13 were imported. In cases where the use of 

IUPAC names would be impractical, logical abbreviations were used.  

The following substances with their preliminaries were synthesized according to 

literature procedures listened below. 

 

     ● isoxazolino fullerene [154] 

     ● protected fullerene [5:1] hexakisadduct [136] 

     ● fullerene [5:0] pentakisadduct [136] 

     ● cylco-[2]-octylmalonate [153] 

     ● NEWKOME dendrimer [G-1] [155, 156] 

     ● bis(6-(tert-butoxy)-6-oxohexyl) malonate [150] 

     ● 6,6'-(malonylbis(oxy))dihexanoic acid [150] 

     ● tetra-tert-butyl 4,4'-((6,6'-(malonylbis(oxy))bis(hexanoyl))bis(azanediyl))bis(4-(3-

(tert-butoxy)-3-oxopropyl)heptanedioate) (Dendrimer-Malonate) [150] 

 

In the following section, the experimental procedures for all remaining compounds 

are described as carried out. If syntheses of intermediate products- which are already 

documented in literature- vary from initial proceedings (e.g. reaction conditions, 

purification, characterization) or were optimized from the original references are 

additionally given in brackets. 

If not separately mentioned, all reactions have been carried out under inert condition 

(N2-athmosphere) and room temperature.  
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6.4. Experimental Procedures 

 

Protected Fullerene [1,1] e-Bisadduct 47 

Isoxazolino fullerene 39 (200 mg, 0.226 mmol, 1 eq.) was 

dissolved in dry toluene (480 mL) under exclusion of light. 

Diethyl-2-chloromalonate (88 mg, 73 µL, 0.453 mmol, 

2 eq.) and SCHWESINGER phosphazene base (53 mg, 

57 µL, 0.226 mmol, 1 eq.) were added and the solution 

was stirred over night. The solvent was removed and the 

product was purified by column chromatography (SiO2, 

toluene). TLC (toluene): Rf= 0.33. 

Yield: 140 mg, 60%. 

Analytical HPLC (nucleosil, toluene, 30 mL/min): ret. time= 2.8 min. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.36 (2 t, 3J= 7.1 Hz, 6 H, CH3), 2.99 (s, 

6 H, N(CH3)2), 4.34-4.46 (m, 4 H, CH2), 6.72 (d, 3J= 2.2 Hz, 2 H, Hmeta), 7.96 (d, 3J= 

2.1 Hz, 2 H, Hpara). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.13 (2 C, CH3), 40.06 (2 C, N(CH3)2), 

50.67 (1 C, OCCCO), 63.27, 63.28 (2 C, CH2), 70.50, 71.24 (2 C, C60-sp3), 79.34 

(1 C, C60-sp3(C-C=N)), 103.34 (1 C, C60-sp3(C-O)), 111.81 (2 C, Cmeta), 115.90 (1 C, 

Cipso), 129.91 (2 C, Cortho), 136.75, 136.97, 137.45, 137.86, 140.64, 140.92, 141.23, 

141.27, 141.73, 141.78, 142.03, 142.18, 142.21, 142.24, 142.36, 142.59, 142.91, 

143.65, 143.74, 144.04, 144.11, 144.18, 144.35, 144.38, 144.42, 144.44, 144.51, 

144.59, 144.61, 144.63, 144.67, 144.84, 144.93, 144.99, 145.05, 145.08, 145.10, 

145.47, 145.51, 146.22, 146.27, 146.36, 146.52, 146.74, 147.23, 147.26, 147.48, 

147. 51, 147.55, 148.00, 148.14, 148.17, 148.41, 148.84, 148.89, 148.04 (56 C, 

C60-sp2), 151.45 (1 C, Cpara), 153.14 (1 C, Cisoxazoline), 163.04, 163.11(2 C, C=O). 

MS (MALDI-TOF, sin): m/z= 1040 [M]+, 1012 [M-NO+H]+, 880 [M-isoxazoline+H]+. 

HRMS (ESI, ACN, toluene): m/z calc. for C76O5N2H21 [M+H]+: 1041.14450, found: 

1041.14581. 

IR (ATR): ν = 611, 702, 742, 770, 813, 866, 910, 937, 969, 1061, 1103, 1196, 1231, 

1267, 1306, 1364, 1560, 1636, 1740, 2847, 2897, 2974 cm-1. 
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UV/Vis (CH2Cl2, RT): λmax = 218, 224, 252, 318 nm. 

Protected Fullerene [1:1:4] Hexakisadduct 49 

47 (49 mg, 0.047 mmol, 1 eq.) was dissolved 

together with CBr4 (1.56 g, 4.7 mmol, 100 eq.) and 

dipropylmalonate (88 mg, 88 µL, 0.47 mmol, 10 eq.) 

in dry toluene (120 mL). The solution was stirred 30 

min before a solution of DBU (143 mg, 140 µL, 0.94 

mmol, 20 eq.) in toluene (10 mL) was added 

dropwise over 10 min. After stirring the mixture for 

72 h, the solvent was removed and the product was 

purified by flash column chromatography (SiO2, 

toluene→toluene:EtOAc, 94:6). TLC 

(toluene:EtOAc, 94:6): Rf=  0.36. 

Yield: 36 mg, 44%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.81 (sev. t, 3J= 7.4 Hz, 3 H, CH2CH2CH3), 

0.87-0.97 (m, 21 H, CH2CH2CH3), 1.27 (sev. t, 3J= 7.1 Hz, 6 H, CH2CH2CH3), 1.53-

1.79 (m, 16 H, CH2CH2CH3), 2.95 (s, 6 H, N(CH3)2), 4.06-4.34 (m, 20 H, OCH2CH3, 

OCH2CH2CH3), 6.66 (d, 3J= 8.8 Hz, 2 H, Hmeta), 7.83-7.86 (m, 2 H, Hortho). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 10.14, 10.26, 10.29, 10.33, 10.38 (8 C, 

CH2CH2CH3), 13.99, 14.09 (2 C, CH2CH3), 21.67, 21.77, 21.81 (8 C, CH2CH2CH3), 

40.03 (2C, N(CH3)2), 44.71 (1 C, OCCCO), 45.49, 45.60 (4 C, OCCCO), 62.87 (2 C, 

OCH2CH3), 67.49, 68.01, 68.09, 69.20, 69.26, 69.65, 69.88, 69.92 (10 C, C60-sp3), 

68.43, 68.52 (8 C, CH2CH2CH3), 79.59 (1 C, C60-sp3(C-C=N)), 101.47 (1 C, C60-

sp3(C-O)), 111.59 (2 C, Cmeta), 116.60 (1 C, Cipso), 129.81(2 C, Cortho), 139.40, 

139.54, 139.61, 139.74, 140.51, 141.30, 141.34, 141.87, 141.90, 141.97, 142.27, 

142.33, 143.79, 144.13, 145.31, 145.36, 145.39, 145.47, 145.54, 145.66, 146.03, 

146.08, 146.34, 146.39, 146.62, 146.69, 146.84, 146.90 (48 C, C60-sp2), 151.29 (1 C, 

Cpara), 154.53 (1 C, Cisoxazoline), 163.59, 163.65, 163.69, 163.71, 163.76, 163.82, 

164.02, 164.11, 164.17 (2 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1784 [M]+, 1754 [M-NO]+,1623 [M-isoxazoline]+. 

IR (ATR): ν = 667, 712, 817, 858, 1014, 1070, 1212, 1367, 1390, 1444, 1464, 1525, 

1609, 1739, 2932, 2975 cm-1. 
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UV/Vis (CH2Cl2, RT): λmax = 220, 224, 245, 268, 280, 297, 313, 330 nm. 

Fullerene [1:4] Pentakisadduct 50 

49 (36 mg, 0.020 mmol, 1 eq.) was dissolved 

together with maleic anhydride (59 mg, 0.60 mmol, 

30 eq.) in dry toluene (15mL) under nitrogen 

atmosphere. The reaction mixture was irradiated 

with a halogen flood light (400 W) while being cooled 

by a water bath to 15 °C for 24 h. The mixture was 

filtered through a silica gel plug toluene→ 

toluene:EtOAc, 94:6. The solution was concentrated 

and the product was purified by flash column 

chromatography (SiO2, toluene→ toluene:EtOAc, 

94:6). TLC (toluene:EtOAc, 94:6): Rf=  0.48. 

Yield: 20 mg, 60%. 

1H-NMR (400 MHz, CDl3, r.t.): δ [ppm]: 0.89 (sev. t, 3J= 7.15 Hz, 24 H, CH2CH2CH3), 

1.35 (sev. t, 3J= 7.14 Hz, 6 H, CH2CH3), 1.54-1.81 (m, 16 H, CH2CH2CH3), 4.12 (t, 

3J= 6.71 Hz, 4 H, OCH2CH2CH3), 4.17-4.44 (m, 16 H, OCH2CH3, OCH2CH2CH3). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 10.27, 10.35, 10.41 (8 C, CH2CH2CH3), 

14.07 (2 C, CH2CH3), 21.71, 21.81, 21.83, 21.89, 22.68 (8 C, CH2CH2CH3), 45.17, 

45.72, 45.83 (4 C, OCCCO), 54.11 (1 C, OCCCO), 62.96 (2 C, OCH2CH3), 68.29, 

68.51 (8 C, CH2CH2CH3), 69.24, 69.40, 69.46, 69.56, 70.00 (10 C, C60-sp3), 139.81, 

139.82, 139.91, 142.47, 143.19, 144.15, 144.17, 144.30, 144.32, 144.63, 144.65, 

145.12, 145.76, 145.78, 146.15, 146.97, 146.98, 148.60 (50 C, C60-sp2), 163.38, 

163.90, 164.02 (2 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1623 [M]+. 

HRMS (ESI, ACN, toluene): m/z calc. for C103O20H66 [M]+: 1622.414196, found: 

1622.415610. 

IR (ATR): ν = 668, 710, 734, 908, 983, 1053, 1076, 1208, 1252, 1388, 1457, 1740, 

2854, 2938, 2968 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 217, 223, 225, 246, 283, 318, 330 nm. 
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Fullerene [2:4] Hexakisadduct 53 

50 (10 mg, 0.006 mmol, 1 eq.) was dissolved in dry 

CH2Cl2 together with CBr4 (20 mg, 0.061 mmol, 

1 eq.) and diethylmalonate (20 mg, 19 µL, 

0.123 mmol, 20 eq.). DBU (1.2 mg, 2, µL, 

0.012 mmol, 2 eq.) dissolved in CH2Cl2 (0.5 mL) 

was added slowly. The mixture was stirred for 1 h. 

The solvent was removed and the product was 

purified by flash column chromatography (SiO2, 

CH2Cl2). TLC (CH2Cl2): Rf=  0.60. 

Yield: 8 mg, 72%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.92 (sev. t, 3J= 7.38 Hz, 24 H, 

CH2CH2CH3), 1.23-1.35 (m, 12 H, CH2CH3), 1.65-1.74 (dt, 3J= 14.1, 10.3, 4.2 Hz, 

16 H, CH2CH2CH3), 4.19 (t, 3J= 6.71 Hz, 16 H, CH2CH2CH3), 4.31 (q, 3J= 7.12 Hz, 

8 H, OCH2CH3). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 10.33 (8 C, CH2CH2CH3), 14.04 (4 C, 

CH2CH3), 21.79 (8 C, CH2CH2CH3), 45.35 (2 C, OCCCO), 45.46 (4 C, OCCCO), 

61.51 (2 C, OCH2CH3), 62.82 (8 C, CH2CH2CH3), 68.39, 69.11 (12 C, C60-sp3), 

141.14, 145.73 (48 C, C60-sp2), 163.80, 163.94 (2 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1781[M]+, 1804 [M+Na]+, 1820 [M+K]+. 

HRMS (ESI, ACN, toluene): m/z calc. for C110O24H76 [M]+: 1780.4720, found: 

1780.4764. 

IR (ATR): ν = 662, 714, 671, 826, 855, 910, 933, 991, 1017, 1041, 1055, 1079, 1160, 

1203, 1261, 1350, 1366, 1390, 1462, 1735, 2851, 2881, 2968 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 228, 266, 274, 330 nm. 
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Protected Fullerene [1,1] e-Bisadduct 48 

 

Isoxazolinfullerene 39 (200 mg, 0.226 mmol, 1 eq.) was 

dissolved in dry toluene (480 mL) under exclusion of 

light. Dipropyl-2-chloromalonate (101 mg, 0.453 mmol, 

2 eq.) and SCHWESINGER phosphazenbase (53 mg, 

57 µL, 0.226 mmol, 1 eq.) were added and the solution 

was stirred over night. The solvent was removed and 

the product was purified by column chromatography 

(SiO2, toluene). TLC (toluene): Rf= 0.19. 

Yield: 91 mg, 40%. 

Analytical HPLC (nucleosil, toluene, 25 mL/min): ret. time= 4.1 min. 

1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 0.93-1.12 (2 t, 3J= 7.4 Hz, 6 H, 

CH2CH2CH3), 1.69-1.82 (m, 4 H, CH2CH2CH3), 2.98 (s, 6 H, N-(CH3)2), 4.25-4.33 (m, 

4 H, OCH2CH2CH3), 6.68-6.72 (d, 3J= 9.1 Hz 2 H, Hmeta), 7.93-7.97 (d, 3J= 9.1 Hz, 

2 H, Hortho). 

13C-NMR (100.50 MHz, CDCl3, r.t.): δ [ppm]: 10.34, 10.37 (2 C, CH3), 21.88 (2 C, 

CH2CH3), 40.06 (2C, N-(CH3)2), 50.82 (1 C, OCCCO), 68.77, 68.79 (2 C, OCH2), 

70.56, 71.29 (2 C, C60-sp3), 79.35 (1 C, C60-sp3(C-C=N)), 103.34 (1 C, C60-sp3(C-O)), 

111.80, 111.97 (2 C, Cmeta), 115.90 (1 C, Cipso), 129.91 (2 C, Cortho), 136.81, 137.03, 

137.51, 137.93, 139.13, 139.42, 140.71, 140.97, 141.29, 141.33, 141.51, 141.79, 

141.84, 142.20, 142.26, 142.28, 142.34, 142.47, 142.61, 142.98, 143.73, 143.81, 

144.11, 144.24, 144.27, 144.42, 144.45, 144.48, 144.51, 144.52, 144.67, 144.70, 

144.77, 144.91, 145.00, 145.06, 145.13, 145.14, 145.17, 145.34, 145.59, 146.27, 

146.34, 146.43, 146.59, 146.82, 147.30, 147.34, 147.56, 148.08, 148.21, 148.25, 

148.48, 148.96, 148.99, 149.02 (56 C, C60-sp2), 151.44 (1 C, Cpara), 153.15 (1 C, 

Cisoxazoline), 163.16, 163.23 (2 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1068 [M]+, 1038 [M-NO]+, 906 [M-isoxazoline]+. 

HRMS (APPI, ACN, toluene): m/z calc. for C78O5N2H24 [M]+: 1068.167973, found: 

1068.168059. 

IR (ATR): ν = 612, 702, 722, 738, 813, 864, 970, 1060, 1103, 1366, 1460, 1526, 

1606, 1701, 1744, 2852, 2921, 2955 cm-1. 
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UV/Vis (CH2Cl2, RT): λmax = 218, 221, 223, 226, 250, 310, 457 nm. 

Protected Fullerene [1:1:4] Hexakisadduct 51 

48 (63 mg, 0.059 mmol, 1 eq.) was dissolved 

together with CBr4 (1.95 g, 5.89 mmol, 100 eq.) and 

diethylmalonate (94 mg, 89 µL, 0.589 mmol, 10 eq.) 

in dry toluene (150 mL). The solution was stirred 

30 min before a solution of DBU (180 mg, 176 µL, 

1.18 mmol, 20 eq.) in toluene (10 mL) was added 

dropwise over 10 min. After stirring the mixture for 

72 h, the solvent was removed and the product was 

purified by flash column chromatography (SiO2, 

toluene→toluene:EtOAc, 94:6). TLC (toluene:EtOAc, 

94:6): Rf=  0.13. 

Yield: 36 mg, 44%. 

1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 0.91 (2 t, 3J= 7.3 Hz, 6 H, CH2CH2CH3), 

1.18 (t, 3J= 7.1 Hz, 6 H, CH2CH3), 1.23-1.36 (m, 18 H, CH2CH3), 1.61-1.72 (m, 4 H, 

CH2CH2CH3), 2.94 (s, 6 H, N-(CH3)2), 4.14-4.39 (m, 20 H, OCH2CH3, OCH2CH2CH3), 

6.66 (d, 3J= 9.1 Hz 2 H, Hmeta), 7.84 (d, 3J= 9.0 Hz, 2 H, Hortho). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 10.25, 10.28 (2 C, CH2CH2CH3), 14.01, 

14.05 (8 C, CH2CH3), 21.74 (2 C, CH2CH2CH3), 40.02 (2 C, N-(CH3)2), 41.85 (1 C, 

OCCCO), 45.45 (4 C, OCCCO), 62.42 (2 C, OCH2CH2CH3), 62.88, 62.95 (8 C, 

OCH2CH3), 67.40, 68.01, 68.43, 69.18, 69.24, 69.58, 69.85, 69.91 (10 C, C60-sp3),  

79.60 (1 C, C60-sp3(C-C=N)), 101.50 (1 C, C60-sp3(C-O)), 111.57 (2 C, Cmeta), 116.57 

(1 C, Cipso), 129.54 (2 C, Cortho), 139.78, 139.80, 139.89, 142.40, 143.17, 144.10, 

144.12, 144.27, 144.29, 144.32, 144.33, 144.65, 145.13, 145.15, 145.76, 145.78, 

146.12, 146.13, 146.96, 146.97, 148.59 (48 C, C60-sp2), 151.29 (1 C, Cpara), 154.54 

(1 C, Cisoxazoline), 163.47, 163.50, 163.56, 163.70, 163.77, 163.85, 163.92 (10 C, 

C=O). 

MS (MALDI-TOF, dctb): m/z= 1700 [M]+, 1670 [M-NO]+,1538 [M-isoxazoline]+. 

HRMS (APPI, ACN, toluene): m/z calc. for C106O21N2H64 [M]+: 1700.399609, found: 

1700.398032. 
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IR (ATR): ν = 655, 712, 758, 817, 858, 1013, 1070, 1213, 1254, 1367, 1395, 1444, 

1465, 1523, 1608, 1740, 2852, 2932, 2976 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 223, 225, 245, 269, 313 nm. 

 

Fullerene [1:4] Pentakisadduct 52 

51 (56 mg, 0.033 mmol, 1 eq.) was dissolved together 

with maleic anhydride (97 mg, 0.99 mmol, 30 eq.) in dry 

toluene (25 mL) under nitrogen atmosphere. The 

reaction mixture was irradiated with a halogen flood 

light (400 W) while being cooled by a water bath to 

15 °C for 24 h. The mixture was filtered through a silica 

gel plug toluene→ toluene:EtOAc, 94:6. The solution 

was concentrated and the product was purified by flash 

column chromatography (SiO2, toluene→toluene: 

EtOAc, 94:6). TLC (toluene:EtOAc, 94:6): Rf=  0.36. 

Yield: 31 mg, 62%. 

1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 0.96 (2 t, 3J= 7.4 Hz, 6 H, CH2CH2CH3), 

1.24 (t, 3J= 7.1 Hz, 6 H, CH2CH3), 1.31-1.39 (m, 18 H, CH2CH3), 1.68-1.80 (2 t, 

3J=7.0 Hz, 4 H, CH2CH2CH3), 4.19-4.45 (m, 20 H, OCH2CH3, OCH2CH2CH3).  

13C-NMR (100.50 MHz, CDCl3, r.t.): δ [ppm]: 10.34 (2 C, CH2CH2CH3), 13.95, 14.07, 

14.13 (8 C, CH2CH3), 21.82 (2 C, CH2CH2CH3), 45.01, 45.68, 45.80 (4 C, OCCCO), 

53.95 (1 C, OCCCO), 62.72 (2 C, OCH2CH2CH3), 62.96 (8 C, OCH2CH3), 68.52, 

69.16, 69.38, 69.46, 69.49, 69.55, 69.92 (10 C, C60-sp3), 139.70, 139.72, 139.81, 

142.32, 143.09, 144.03, 144.21, 144.24, 144.56, 145.06, 145.67, 145.68, 146.04, 

146.88, 148.49 (50 C, C60-sp2), 163.25, 163.78, 163.89, 164.023 (10 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1540 [M+H]+. 

IR (ATR): ν = 668, 711, 752, 821, 857, 1013, 1093, 1209, 1251, 1295, 1366, 1388, 

1437, 1465, 1735, 2938, 2978. 

UV/Vis (CH2Cl2, RT): λmax = 219, 225, 246, 283, 350 nm. 
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Fullerene [2:4] Hexakisadduct 54 

52 (10 mg, 0.007 mmol, 1 eq.) was dissolved in 

dry CH2Cl2 together with CBr4 (22 mg, 

0.065 mmol, 1 eq.) and dipropylmalonate (25 mg, 

24 µL, 0.130 mmol, 20 eq.). DBU (2 mg, 2, µL, 

0.013 mmol, 2 eq.) dissolved in CH2Cl2 (0.5 mL) 

was added slowly. The mixture was stirred 1 h. 

The solvent was removed and the product was 

purified by flash column chromatography (SiO2, 

CH2Cl2). TLC (CH2Cl2): Rf=  0.64. 

Yield: 8 mg, 92%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.92 (sev. t, 3J= 7.38 Hz, 12 H, 

CH2CH2CH3), 1.29 (sev. t, 3J= 7.14 Hz, 24 H, CH2CH3), 1.61-1.74 (m, 8H, 

CH2CH2CH3), 4.20 (sev. t, 3J= 6.71 Hz, 8 H, OCH2CH2CH3), 4.33 (q, 3J= 7.12 Hz, 

6 H, OCH2CH3). 

13C-NMR (100.50 MHz, CDCl3, r.t.): δ [ppm]: 10.34 (4 C, CH2CH2CH3), 14.04 (8 C, 

CH2CH3), 21.79 (4 C, CH2CH2CH3), 45.33 (4 C, OCCCO), 45.45 (2 C, OCCCO), 

62.83 (12 C, OCH2CH3, OCH2CH2CH3), 68.39, 69.11 (12 C, C60-sp3), 141.11, 145.75 

(48 C, C60-sp2), 163.81, 163.94 (12 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1725 [M+H]+. 

HRMS (ESI, ACN): m/z calc. for C106O24H68 [M]+: 1724.40950, found: 1724.40850. 

IR (ATR): ν = 616, 714, 1015, 1042, 1078, 1209, 1238, 1261, 1735, 2849, 2922, 

2971 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 217, 219, 266, 274, 350 nm. 
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Fullerene [1:4:1] Hexakisadduct 55 

50 (30 mg, 0.018 mmol, 1 eq.) was dissolved in 

dry CH2Cl2 ( 20 mL) together with CBr4 (123 mg, 

0.369 mmol, 20 eq.) and diisopropylmalonate 

(70 mg, 70 µL, 0.694 mmol, 20 eq.).DBU (14 mg, 

14 µL, 0.092 mmol, 5 eq.) dissolved in CH2Cl2 

(1mL) was added slowly. The mixture was stirred 

1 h. The solvent was removed and the product 

was purified by flash column chromatography 

(SiO2, toluene→toluene:EtOAc, 94:6). TLC 

(toluene:EtOAc, 94:6): Rf=  0.49. 

Yield: 18 mg, 54%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.90-0.94 (sev. t, 3J= 7.44 Hz, 24 H, 

CH2CH2CH3), 1.23-1.31 (m, 16 H, CH2CH3, CH(CH3)2), 1.65-1.73 (m, 16 H, 

CH2CH2CH3), 4.18-4.23 (m, 16 H, CH2CH2CH3), 4.31 (q, 3J= 7.12 Hz, 8 H, 

OCH2CH3), 5.15 (2 sep, 3J= 6.27 Hz, 2 H, CH(CH3)2). 

13C-NMR (100.50 MHz, CDCl3, r.t.): δ [ppm]: 10.33 (8 C, CH2CH2CH3), 14.03 (4 C, 

CH2CH3), 14.10, 14.16 (4 C, CH(CH3)2), 21.63, 21.64 (8 C, CH2CH2CH3), 45.47, 

45.48, 45.49, 45.50, 45.51 (6 C, OCCCO), 62.78, 62.79 (2 C, OCH2CH3), 68.35, 

68.36, 68.37, 68.38 (8 C, CH2CH2CH3), 69.10, 69.11 (2 C, CH(CH3)2), 69.05, 69.08, 

69.09, 69.10, 69.11, 69.14, 69.19 (12 C, C60-sp3), 141.08, 141.10, 141.12, 141.14, 

141.20, 141.22, 141.27, 145.67, 145.68, 145.69, 145.71, 145.73, 145.74, 145.75, 

145.76, 145.78, 145.83, 145.83 (48 C, C60-sp2), 163.27, 163.28, 163.81, 163.83, 

163.93, 163.94, 163.97 (12 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1809 [M+H]+. 

HRMS (ESI, ACN, toluene, MeOH): m/z calc. for C112O24H80 [M] +: 1808.503405, 

found: 1808.503745. 

IR (ATR): ν = 668, 714, 761, 907, 985, 1054, 1078, 1103, 1208, 1261, 1476, 1735, 

1740 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 210, 220, 244, 267, 279, 350 nm. 
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Fullerene [1:4:1] Hexakisadduct 56 

50 (25 mg, 0.015 mmol, 1 eq.) was dissolved 

in dry CH2Cl2 (15 mL) together with CBr4 

(102 mg, 0.308 mmol, 20 eq.) and 

dibenzylmalonate (88 mg, 77 µL, 0.308 

mmol, 20 eq.). DBU (12 mg, 11 µL, 

0.077 mmol, 5 eq.) dissolved in CH2Cl2 (3mL) 

was added slowly. The mixture was stirred 

3 h. The solvent was removed and the 

product was purified by flash column 

chromatography (SiO2, 

toluene→toluene:EtOAc, 94:6). TLC 

(toluene:EtOAc, 94:6): Rf=  0.64. 

Yield: 26 mg, 88%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.90-0.96 (m, 24 H, CH2CH2CH3), 1.31 

(sev. t, 3J= 7.10 Hz, 66 H, CH2CH3), 1.64-1.75 (m, 16 H, CH2CH2CH3), 4.17-4.23 (m, 

16 H, CH2CH2CH3), 4.33 (q, 3J= 7.14 Hz, 6 H, OCH2CH3), 5.19 (s, 4 H, CH2benzyl), 

7.26-7.32 (m, 10 H, CH(benzyl)). 

13C-NMR (100.50 MHz, CDCl3, r.t.): δ [ppm]: 10.32 (8 C, CH2CH2CH3), 14.05 (2 C, 

CH2CH3), 21.78 (8 C, CH2CH2CH3), 45.00, 45.32, 45.47 (6 C, OCCCO), 62.80 (10 C, 

OCH2CH2, OCH2CH3), 68.15, 68.24, 68.37, 68.96, 68.99, 69.04, 69.07 (12 C, 

C60-sp3),  68.47 (2 C, CH2benzyl), 128.31, 128.48, 128.58, 128.61, 128.64, 128.70, 

128.84, (10 C, CH(benzyl)), 134.33, 134.56 (10 C, CH2C(CH)2), 140.95, 140.96, 

141.14, 141.17, 141.19, 141.21, 141.22, 145.76, 145.77, 145.78, 145.79, 145.80, 

145.82, 145.85, 145.87 (48 C, C60-sp2), 163.65, 163.78, 163.86, 163.90 (12 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1904 [M]+, 1927 [M+Na]+, 1943 [M+K]+. 

HRMS (APPI, toluene): m/z calc. for C120O24H80 [M] +: 1904.503405, found: 

1904.504266. 

IR (ATR): ν = 668, 697, 713, 1053, 1078, 1204, 1259, 1459, 1730, 2971 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 212, 220, 244, 267, 279, 350 nm. 
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Dihexyl-chloromalonate 59 

Dihexylmalonate (2 g, 2.11 mL, 7.34 mmol, 

1 eq.) was dissolved in CHCl3. Sulfuryl 

dichloride (991 mg, 593 µL, 7.34 mmol, 

1 eq.) was added and the mixture was 

heated to 70 °C for 24 h. The resultant 

mixture was diluted with dichloromethane (200 mL) and chromatographically purified 

very slowly (SiO2, Hex: CH2Cl2, 2:1→ Hex: CH2Cl2, 1:2). TLC (Hex: CH2Cl2, 2.1): Rf= 

0.12. 

Yield: 1.6 g, 71%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.83-0.91 (m, 10 H, CH3, CH2CH3), 1.22-

1.39 (m, 8 H, CH2CH2CH3, CH2CH2CH2CH3), 1.60-1.69 (m, 4 H, OCH2CH2), 4.18-

4.22 (t, 3J= 6.6 Hz, 4 H, OCH2), 4.82 (s, 1 H, OCCHClCO). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.89 (2 C, CH3), 22.43 (2 C, CH2CH3), 

25.26 (2 C, CH2CH2CH3), 28.25 (2 C, CH2CH2CH2CH3), 31.25 (2 C, CH2CH2O), 

55.50 (1 C, OCCHClCO), 67.19 (2 C, OCH2CH2), 164.52 (2 C, C=O). 

HRMS (ESI, CH2Cl2, ACN): m/z calc. for C15O4ClH28 [M+H]+: 307.167063, found: 

307.166351. 

IR (ATR): ν = 675, 726, 798, 835, 906, 995, 1038, 1156, 1247, 1290, 1380, 1467, 

1747, 1771, 2860, 2931, 2957 cm-1. 
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Protected Fullerene [1,1] e-Bisadduct 60 

Isoxazolino fullerene 39 (226 mg, 0.256 mmol, 

1 eq.) was dissolved in dry toluene (500 mL) under 

exclusion of light. Dihexyl-2-chloromalonate 59 

(157 mg, 0.512 mmol, 2 eq.) and SCHWESINGER 

phosphazenbase (60 mg, 65 µL, 0.256 mmol, 

1 eq.) were added and the solution was stirred 

over night. The solvent was removed and the 

product was purified by column chromatography 

(SiO2, toluene). TLC (toluene): Rf= 0.28. 

Yield: 90 mg, 30%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.85 (m, 6 H, CH3), 1.18-1.36 (m, 12 H, 

CH3CH2CH2CH2), 1.70-1.73 (m, 4 H, CH2CH2O), 2.98 (s, 6 H, N(CH3)2), 4.30-4.35 

(m, 4 H, CH2CO), 6.70 (m, 2 H, Hmeta), 7.95 (m, 2 H, Hpara).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.99 (2 C, CH3), 22.53 (2 C, CH2CH3), 

25.53 (2 C, CH2CH2CH3), 28.41 (2 C, CH2CH2CH2CH3), 31.29 (2 C, CH2CH2O), 

40.04 (2 C, N(CH3)2), 50.85 (1 C, OCCCO), 67.32 (2 C, OCH2CH2), 70.56, 71.29 

(2 C, C60-sp3), 79.32 (1 C, C60-sp3(C-O)), 103.32 (1 C, C60-sp3(C-C=N)), 111.79 (2 C, 

Cmeta), 115.88 (1 C, Cipso), 129.88 (2 C, Cortho), 136.79, 137.49, 137.90, 140.68, 

140.97, 141.27, 141.49, 141.78, 141.83, 142.16, 142.32, 142.62, 142.96, 143.71, 

143.79, 144.10, 144.14, 144.27, 144.41, 144.43, 144.48, 144.50, 144.65, 144.68, 

144.72, 144.89, 144.99, 145.04, 145.13, 145.14, 145.32, 145.57, 146.27, 146.32, 

146.42, 146.57, 146.80. (56 C, C60-sp2), 151.40 (1 C, Cpara), 153.07 (1 C, Cisoxazoline), 

163.12, 163.18 (2 C, C=O). 

HRMS (ESI, ACN): m/z calc. for C84O5N2H37 [M+H]+: 1153.26970, found: 

1153.26687. 

IR (ATR): ν = 612, 703, 742, 771, 814, 1061, 1102, 1197, 1230, 1266, 1309, 1365, 

1462, 1525, 1607, 1743, 2850, 2920, 2957 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 213, 217, 220, 228, 266, 274, 350, 461 nm. 
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Protected Fullerene [1:1:4] Hexakisadduct 62 

 

 

60 (28mg, 0.024 mmol, 1 eq.) was dissolved together with CBr4 (796 mg, 2.40 mmol, 

100 eq.) and 61 (411 mg, 0.364 mmol, 15 eq.) in dry toluene (50 mL). The solution 

was stirred 30 min before a solution of DBU (73 mg, 72 µL, 0.48 mmol, 20 eq.) in 

toluene (10 mL) was added dropwise over 10 min. After stirring the mixture for 72 h, 

the solvent was removed and the product was purified by flash column 

chromatography (SiO2, CH2Cl2→ CH2Cl2:EtOAc, 1:1). TLC (CH2Cl2:EtOAc, 2:1): 

Rf= 0.72. 

Yield: 50 mg, 37%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.81-0.84 (m, 6 H, CH3), 1.20-1.30 (m, 

28 H, CH2CH3, CH2CH2CH3, CH2CH2CH2CH3), 1.38-1.40 (m, 216 H, CCH3), 1.55-

1.62 (m, 16 H, NHC=OCH2CH2), 1.93-1.94 (m, 80 H, CCH2CH2, NHC=OCH2), 2.08-

2.24 (m, 62 H, NHCCH2, OCH2CH2, CH2CH2CH2CH2CH3), 2.95 (s, 6 H, N(CH3)2), 
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3.96-4.38 (m, 20 H, OCH2), 5.98-6.05 (m, 8 H, NH), 6.64 (d, 3J= 9.28 Hz, 2 H, Hmeta), 

7.82 (d, 3J= 9.03 Hz, 2 H, Hpara).  

13C-NMR (100.50 MHz, CDCl3, r.t.): δ [ppm]: 13.97 (2 C, CH2CH3), 22.43 (24 C, 

NHCCH2), 24.47 (2 C, CH2CH3), 24.99 (2 C, CH2CH2CH3), 25.19 (8 C, 

NHC=OCH2CH2), 25.40 (8 C, NHC=OCH2CH2CH2), 25.45 (2 C, CH2CH2CH2CH3), 

28.03 (72 C, CCH3), 28.21, 28.27 (10 C, OCH2CH2), 29.69, 29.90 (24 C, CCH2CH2), 

31.20 (8 C, NHC=OCH2), 40.00 (2 C, N(CH3)2), 36.92, 44.51, 45.43, 45.61 (5 C, 

OCCCO), 57.27 (8 C, NHC(CH2)3), 66.85, 67.13, 67.43, 67.96, 68.02, 69.22 (10 C, 

OCH2CH2), 69.57, 69.81, 69.86, 69.88 (10 C, C60-sp3), 80.35 (24 C, OC(CH3)3), 

80.61 (1 C, C60-sp3(C-O)), 101.34 (1 C, C60-sp3(C-C=N)), 111.58 (2 C, Cmeta), 116.28 

(1 C, Cipso), 128.15, 128.96 (2 C, Cortho), 137.86, 139.30, 139.44, 139.66, 139.86, 

140.33, 140.46, 141.17, 141.27, 141.80, 141.84, 142.25, 142.34, 143.19, 143.67, 

144.15, 145.24, 145.32, 145.63, 146.03, 146.10, 146.13, 146.51, 146.71, 146.91 

(48 C, C60-sp2), 151.31 (1 C, Cpara), 154.55 (1 C, Cisoxazoline), 163.30, 163.41, 163.47, 

163.57, 163.69, 163.82 (10 C, C=OCH2), 172.11, 172.35, 172.74, 172.81 (32 C, 

C=ONH, C=OCCH3). 

HRMS (ESI, ACN, MeOH): m/z calc. for C320O77N10H436Na [M+Na]+: 5674.04010, 

found: 5674.05980. 

IR (ATR): ν = 714, 757, 847, 948, 1102, 1147, 1216, 1248, 1366, 1457, 1534, 1653, 

1576, 1724, 2871, 2932, 2976, 3326 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 210, 220, 244, 267, 279, 350 nm. 
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Fullerene [1:4] Pentakisadduct 63 

 

62 (50 mg, 0.009 mmol, 1 eq.) was dissolved together with maleic anhydride (26 mg, 

0.265 mmol, 30 eq.) in dry toluene (25 mL) under nitrogen atmosphere. The reaction 

mixture was irradiated with a halogen flood light (400 W) while being cooled by a 

water bath to 15 °C for 24 h. The solvent was removed in vacuo and the product was 

purified by column chromatography (SiO2, CH2Cl2: EtOAc, 2:1). TLC (CH2Cl2: EtOAc, 

2:1): Rf=  0.80. 

Yield: 22 mg, 45%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.83-0.87 (m, 6 H, CH3), 1.19-1.30 (m, 

28 H, CH2CH3, CH2CH2CH3, CH2CH2CH2CH3), 1.40-1.41 (m, 216 H, CCH3), 1.62-

1.70 (m, 16 H, NHC=OCH2CH2), 1.92-1.96 (m, 80 H, CCH2CH2, NHC=OCH2), 2.10-

2.19 (m, 62 H, NHCCH2,OCH2CH2, CH2CH2CH2CH2CH3), 4.13-4.31 (m, 20 H, 

OCH2), 5.94-6.04 (m, 8 H, NH). 
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13C-NMR (100.50 MHz, CDCl3, r.t.): δ [ppm]: 14.04 (2 C, CH2CH3), 22.52 (24 C, 

NHCCH2), 25.40 (8 C, CH2CH3, CH2CH2CH3), 25.34 (16 C, NHC=OCH2CH2, 

NHC=OCH2CH2CH2), 25.50 (4 C, CH2CH2CH2CH3), 28.04, 28.06 (72 C, CCH3), 

28.21, 28.28, 28.34 (12 C, OCH2CH2), 29.72, 29.79, 29.94 (24 C, CCH2CH2), 31.34, 

31.89 (8 C, NHC=OCH2), 36.93, 37.21 (5 C, OCCCO), 57.32 (8 C, NHC(CH2)3), 

66.92, 67.25, 68.44 (10 C, OCH2CH2), 69.23, 69.93 (10 C, C60-sp3),  80.52, 80.60 

(24 C, OC(CH3)3), 137.93, 139.77, 139.81, 142.49, 144.21, 144.25, 144.37, 144.63, 

145.09, 145.11, 145.70, 145.93, 145.98, 146.23, 146.93 (50 C, C60-sp2), 163.30, 

163.41, 163.47, 163.57, 163.19, 163.70 (10 C, C=OCH2), 172.16, 172.80, 172.86, 

172.91 (32 C, C=ONH, C=OCCH3). 

HRMS (ESI, ACN, toluene, MeOH): m/z calc. for C311O76N8H426Na2 [M+2Na]2+: 

2767.47500, found: 2767.48967, calc. for C311O76N8H426Na [M+Na]+: 5511.96079, 

found: 5511.97014. 

IR (ATR): ν = 606, 668, 763, 1154, 1368, 1540, 1653, 1733, 2345, 2359, 2880, 

2925 cm-1.  

UV/Vis (CH2Cl2, RT): λmax = 210, 220, 227, 267, 276, 350 nm. 
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Fullerene [2:4] Hexakisadduct 64 

 

63 (22 mg, 0.004 mmol, 1 eq.) was dissolved in dry CH2Cl2 (5 mL) together with CBr4 

(2.7 mg, 0.008 mmol, 2 eq.) and dihexylmalonate (2.2 mg, 0.008 mmol, 2 eq.). DBU 

(1.2 mg, 1.2 µL, 0.008 mmol, 2 eq.) dissolved in CH2Cl2 (0.5 mL) was added slowly. 

The mixture was stirred for 1 h. The solvent was removed and the product was 

purified by flash column chromatography (SiO2, CH2Cl2:EtOAc, 2:1→ CH2Cl2:EtOAc, 

9:1).  

Yield: 7 mg, 31%.  

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.84-0.88 (m, 12 H, CH3), 1.18-1.35 (m, 

40 H, CH2CH3, CH2CH2CH3, CH2CH2CH2CH3), 1.40 (sev. s, 216 H, CCH3), 1.62-1.68 

(m, 16 H, NHC=OCH2CH2), 1.91-1.96 (m, 80 H, CCH2CH2, NHC=OCH2), 2.11-2.20 

(m, 66 H, NHCCH2,OCH2CH2, CH2CH2CH2CH2CH3), 4.22-4.25 (m, 24 H, OCH2CH2), 

5.91-6.05 (br, 8 H, NH). 
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13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.96-14.01 (4 C, CH2CH3), 22.48, 22.67 

(24 C, NHCCH2), 25.25 (4 C, CH2CH3, CH2CH2CH3), 25.51 (16 C, NHC=OCH2CH2, 

NHC=OCH2CH2CH2), 25.57 (2 C, CH2CH2CH2CH3), 28.07 (72 C, CCH3), 28.33, 

28.40 (10 C, OCH2CH2), 29.74, 29.96 (24 C, CCH2CH2), 31.36 (8 C, NHC=OCH2), 

36.93, 37.21, 41.52 (6 C, OCCCO), 57.30 (8 C, NHC(CH2)3), 65.32, 65.49, 65.82 

66.80, 67.10 (12 C, OCH2CH2), 69.10 (12 C, C60-sp3), 80.47, 80.64 (24 C, 

OC(CH3)3), 141.02, 145.73 (48 C, C60-sp2), 163.72, 166.62, (12 C, C=OCH2), 172.12, 

172.77, 172.89 (32 C, C=ONH, C=OCCH3). 

HRMS (ESI, ACN, toluene, MeOH): m/z calc. for C326O80N8H452Na2 [M+2Na]2+: 

2902.56656, found: 2902.56778. 

IR (ATR): ν = 606, 848, 1105, 1152, 1217, 1248, 1368, 1456, 1539, 1653, 1733, 

2340, 2366, 2853, 2929, 2969 cm-1.  

UV/Vis (CH2Cl2, RT): λmax = 208, 220, 227, 266, 274, 350 nm. 
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Amphiphilic Fullerene [2:4] Hexakisadduct 57 

 

64 (7 mg, 0.001 mmol, 1 eq.) was dissolved in formic acid (2 mL) and stirred over 

night. Then the formic acid was removed in vacuo and the product was washed with 

toluene (5 times).  

Yield: 5 mg, 93%. 

1H-NMR (400 MHz, MeOD, r.t.): δ [ppm]: 0.87-0.94 (m, 12 H, CH3), 1.18-1.35 (m, 

40 H, CH2CH3, CH2CH2CH3, CH2CH2CH2CH3), 1.60-1.69 (m, 16 H, NHC=OCH2CH2), 

1.99, 2.01, 2.02 (m, 80 H, CCH2CH2, NHC=OCH2), 2.17-2.36 (m, 66 H, 

NHCCH2,OCH2CH2, CH2CH2CH2CH2CH3), 3.86 (m, 8 H, NH), 4.14-4.15 (sev. t, 3J= 

6.47 Hz, 24 H, OCH2), 4.31 (m, 24 H, OH). 

13C-NMR (100.5 MHz, MeOD, r.t.): δ [ppm]: 14.37, 14.43, 14.54 (4 C, CH2CH3), 

23.67, 23.72 (24 C, NHCCH2), 26.63 (4 C, CH2CH3, CH2CH2CH3), 26.71 (16 C, 

NHC=OCH2CH2, NHC=OCH2CH2CH2), 26.77 (2 C, CH2CH2CH2CH3), 29.25, 29.34 
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(10 C, OCH2CH2), 29.55, 29.68, 30.70 (24 C, CCH2CH2), 33.29, 33.57 (8 C, 

NHC=OCH2), 37.51, 37.62, 44.66 (6 C, OCCCO), 58.63, 58.71 (8 C, NHC(CH2)3), 

65.02, 65.80 66.43, 68.53 (12 C, OCH2CH2), 70.61 (12 C, C60-sp3),  142.75, 146.66 

(48 C, C60-sp2), 168.59 (12 C, C=OCH2), 175.65 (8 C, C=ONH), 177.69 (24 C, 

C=OOH). 

 

IR (ATR): ν = 668, 715, 909, 1102, 1262, 1540, 1560, 1653, 1696, 1701, 1719, 2852, 

2924, 3358 cm-1.  

UV/Vis (H2O, RT): λmax = 204, 265, 350 nm. 

 

Cyclo[2]dichloro-malonate 68 [153] 

To cyclo-[2]-octylmalonate 36 (1.00 g, 2.33 mmol, 

1 eq) suspended in chloroform (1.8 mL) sulfuryl 

dichloride (566 mg, 339 µL, 4.19 mmol, 1.8 eq.) was 

added and the mixture was heated to 70 °C for 24 h. 

The resultant mixture was diluted with 

dichloromethane (200 mL) and chromatographically purified very slowly over a 

200 mL bed-volume plug (SiO2, CH2Cl2). TLC (CH2Cl2): Rf= 0.35. Unreacted starting 

material can be recovered by washing the plug with dichloromethane/ethyl 

acetate, 1:1. 

Yield: 348 mg, 30%, (696 mg, 60% regarding recycled educt). 

1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 1.21-1.35 (m, 16 H, OCH2CH2CH2CH2, 

OCH2CH2CH2), 1.56-1.69 (m, 8 H, OCH2CH2), 4.09-4.30 (m, 8 H, OCH2CH2), 4.83 (s, 

2 H, OCCHClCO). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 25.74 (4 C, OCH2CH2CH2CH2), 28.39 

(4 C, OCH2CH2CH2), 29.22 (4 C, OCH2CH2), 55.87 (2 C, OCCHClCO), 67.13 (4 C, 

OCH2), 164.41 (4 C, C=O) 

HRMS (ESI, ACN): m/z calc. for C22O8Cl2H38 [M]+: 514.196899, found: 514.19028. 

IR (ATR): ν = 725, 937, 983, 1161, 1177, 1204, 1244, 1302, 1318, 1467, 1742, 1753, 

2853, 2923, 2963 cm-1. 
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Fullerene [5:1] Hexakisadduct 65 

69 (76 mg, 0.050 mmol, 1 eq.) was 

dissolved in dry CH2Cl2 (7 mL) before 

68 (149 mg, 0.30 mmol, 6 eq.) and 

DBU (46 mg, 45 µL, 6 eq.) were 

added. The mixture was stirred 24 h. 

The solvent was removed and the 

product was purified by flash column 

chromatography (SiO2, toluene→ 

toluene:EtOAc, 8:2). TLC (toluene: 

EtOAc, 8:2): Rf=  0.65. 

Yield: 90 mg, 91%. 

1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 1.28-1.33 (m, 46 H, OCH2CH2CH2CH2, 

OCH2CH2CH2, CH3), 1.58-1.73 (m, 8 H, OCH2CH2), 4.10-4.26 (m, 8 H, OCH2CH2), 

4.28-4.45 (sev. q, 3J= 7.1 Hz, 20 H, OCH2CH3), 4.84 (s, 1 H, OCCHClCO). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.05 (10 C, CH3), 25.84 25.95 (4 C, 

OCH2CH2CH2CH2), 28.44 (4 C, OCH2CH2CH2), 29.35, 29.39 (4 C, OCH2CH2), 45.35 

(6 C, OCCCO), 55.93 (1 C, OCCHClCO), 62.85 (10 C, OCH2CH3), 66.96, 67.16, 

67.22 (4 C, OCH2CH2), 69.06 (12 C, C60-sp3), 141.05, 141.13, 145.76, 145.80 (48 C, 

C60-sp2), 163.81, 163.85, (12 C, C=O), 164.42 (2 C, ClCC=O). 

MS (MALDI-TOF, dctb): m/z= 1971 [M]+. 

IR (ATR): ν = 612, 715, 809, 857, 1019, 1219, 1368, 1464, 1619, 1725, 2857, 2929, 

2980. 

UV/Vis (CH2Cl2, RT): λmax = 212, 220, 244, 267, 279, 350 nm. 
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Bisfullerene 66 

 

Isoxazolinofullerene 39 (7 mg, 0.008 mmol, 1 eq.) was dissolved in toluene (12mL) 

before 65 (33 mg, 0.017 mmol, 2 eq.), and SCHWESINGER phosphazenbase (2 mg, 

2.1 µL, 0.008 mmol, 1 eq.) were added. The mixture was stirred for 24 h. The solvent 

was removed and the product was purified by column chromatography (SiO2, 

toluene→toluene:EtOAc, 8:2). TLC (toluene:EtOAc, 8:2): Rf=  0.64. 

Yield: 7 mg, 15%. 

Analytical HPLC (nucleosil, toluene:EtOAC, 95:5, 25 mL/min): ret. time= 

10.1 min. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.21-1.44 (m, 16 H, OCH2CH2CH2CH2, 

OCH2CH2CH2), 1.31 (sev. t, 3J= 6.90 Hz, 30 H, CH3), 1.60-1.76 (m, 8 H, OCH2CH2), 

2.98 (s, 6 H, N-(CH3)2), 4.09-4.11 (m, 8 H, OCH2CH2), 4.32 (sev. q, 3J= 7.12 Hz, 

20 H, CH2CH3), 6.70-6.72 (m, 2 H, Hmeta), 7.95-7.97 (m, 2 H, Hpara). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.05 (10 C, CH3), 25.35 (4 C, 

OCH2CH2CH2CH2), 26.01 (4 C, OCH2CH2CH2), 28.53, 29.47, 29.69 (4 C, OCH2CH2), 

40.07 (2C, N-(CH3)2), 45.24, 45.27, 45.29 (7 C, OCCCO), 62.85 (10 C, OCH2CH3), 

64.44 (4 C, OCH2CH2), 66.99, 67.35, 69.05, 69.10, (12 C, C60-sp3), 79.34 (1 C, C60-

sp3(C-C=N)), 101.50 (1 C, C60-sp3(C-O)), 111.80 (3 C, Cmeta, Cipso), 129.20 (2 C, 

Cortho), 137.06, 137.53, 141.11, 141.14, 141.20, 141.53, 141.83, 141.86, 142.21, 

142.34, 142.36, 142.51, 142.78, 142.21, 142.34, 142.51, 142.78, 143.01, 143.77, 

143.83, 144.13, 144.27, 144.48, 144.50, 144.69, 144.72, 144.74, 145.01, 145.14, 

145.21, 145.37, 145.61, 145.82, 145.84, 145.88, 145.89, 145.90, 145.93, 145.96, 

146.43, 147.43, 147.36, 147.47, 147.57, 147.64, 148.09, 148.23, 148.48 (104 C, 
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C60-sp2), 150.29 (1 C, Cpara), 151.44 (1 C, Cisoxazoline), 163.47, 163.50, 163.56, 163.70, 

163.77, 163.85, 163.92 (10 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 2818 [M+H]+, 2778 [M-NO]+, 2656 [M-isoxazoline]+. 

HRMS (APPI, toluene): m/z calc. for C186O29N2H92 [M]+: 2816.57803, found: 

2816.57651. 

IR (ATR): ν = 721, 859, 1019, 1198, 1240, 1466, 1608, 1733, 2853, 2923 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 210, 213, 218, 245, 268, 315, 330 nm. 

 

Bisfullerene 67 

 

 

 

66 (69 mg, 0.0245 mmol, 1 eq.) and CBr4 (813 mg, 2.45 mmol, 100 eq.) were 

dissolved in dry toluene (30mL) before diethyl malonate (39 mg, 37 µL, 0.245 mmol, 

10 eq.) was added. DBU (75 mg, 73 µL, 0.49 mmol, 20 eq.) dissolved in toluene 

(20mL) was dropped to the mixture within 30 min and the mixture was stirred for 

72 h. The solvent was removed and the product was purified by flash column 

chromatography (SiO2, toluene:EtOAc, 9:1→toluene:EtOAc, 7:3). TLC 

(toluene:EtOAc, 7:3): Rf=  0.52. 

Yield: 20 mg, 24%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.21-1.38 (m, 70 H, CH3, 

OCH2CH2CH2CH2), 1.69 (m, 8 H, OCH2CH2), 2.94 (s, 6 H, N-(CH3)2), 4.28-4.34 (m, 

44 H, OCH2CH2, OCH2CH3), 6.98 (m, 2 H, Hmeta), 7.67 (m, 2 H, Hpara).  
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13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.80 (18 C, CH3), 26.00 

(4 C,OCH2CH2CH2CH2), 28.50 (4 C, OCH2CH2), 29.49 (4 C, OCH2CH2), 40.10 (2C, 

N-(CH3)2), 45.32 (11 C, OCCCO), 62.56 (8 C, CH2CH3), 62.85 (10 C, CH2CH3), 67.01 

(4 C, OCH2CH2), 69.03, 69.09 (22 C, C60-sp3), 77.21 (2 C, C60-sp3(C-O), C60-

sp3(C-C=N)), 111.60 (3 C, Cmeta, Cipso), 129.30 (2 C, Cortho), 141.06, 141.11, 145.29, 

145.76 (96 C, C60-sp2), 150.29 (1 C, Cpara), 151.44 (1 C, Cisoxazoline), 162.36, 163.81 

(22 C, C=O). 

HRMS (ESI, ACN): m/z calc. for C214O45N2H133 [M]+: 3449.81749, found: 3349.82455. 

IR (ATR): ν = 668, 713, 809, 856, 1014, 1078, 1093, 1211, 1250, 1295, 1367, 1390, 

1444, 1464, 1739, 2852, 2952, 2921 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 215, 220, 228, 266, 274, 350 nm. 

 

Bisfullerene 58 

 

 

67 (60mg, 0.017 mmol, 1 eq.) was dissolved together with maleic anhydride (51 mg, 

5.20 mmol, 30 eq.) in dry toluene (40 mL) under nitrogen atmosphere. The reaction 

mixture was irradiated with a halogen flood light (500 W) while being cooled by a 

water bath to 15 °C for 24 h. The solution was concentrated and the product was 

purified by flash column chromatography (SiO2, toluene→ toluene:EtOAc, 93:7). TLC 

(toluene:EtOAc, 93:7): Rf=  0.14. 

Yield: 11 mg, 19%. 
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1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 1.21-1.38 (m, 70 H, CH3, 

CH2CH2CH2CH2O), 1.68 (m, 8 H, CH2CH2O), 4.21-4.39 (m, 44 H, CH2CH2CO, 

CH3CH2CO). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.94, 14.05, 14.15 (18 C, CH3), 26.02 

(4 C, CH2CH2CH2CH2O), 28.55 (4 C, CH2CH2CH2O), 29.51, 29.69 (4 C, CH2CH2O), 

45.01, 45.33, 45.68 (11 C, OCCCO), 62.75, 62.84, 62.99 (18 C, CH2CH3), 62.85 

(10 C, CH2CH3), 67.01, 67.17 (4 C, OCH2CH2), 69.04, 69.17, 69.40, 69.91 (16 C, 

C60-sp3), 139.71, 139.83, 141.06, 141.11, 142.33, 143.09, 144.03, 144.14, 144.26, 

144.58, 145.06, 145.76, 146.07, 146.90, 148.51 (98 C, C60-sp2), 163.26, 163.80, 

163.91 (22 C, C=O). 

HRMS (ESI, toluene): m/z calc. for C205O44H122 [M]+: 3286.730349, found: 

3286.733635. 

IR (ATR): ν = 668, 716, 1018, 1042, 1080, 1094, 1219, 1262, 1367, 1464, 1744, 

2337, 2363, 2854, 2926 cm-1.  

UV/Vis (CH2Cl2, RT): λmax = 219, 227, 266, 278, 350 nm. 

 

Bisfullerene 70 

 

58 (17 mg, 0.005 mmol, 1 eq.) was dissolved in dry toluene (9 mL). 

Dibenzylmalonate (29 mg, 0.1 mmol, 20 eq.) and CBr4 (34 mg, 0.1 mmol, 20 eq.) 

were added before a solution of DBU (7.8 mg, 7.7 µL, 0.050 mmol, 10 eq.) was 

dropped in slowly. The mixture was stirred over night. The solvent was removed and 
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the product was purified by flash column chromatography (SiO2, CH2Cl2:EtOAc, 2:1→ 

CH2Cl2:EtOAc, 9:1). TLC (toluene:EtOAc, 8:2): Rf=  0.41. 

Yield: 10 mg, 54%. 

1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 1.17-1.31 (m, 70 H, CH3, 

OCH2CH2CH2CH2, OCH2CH2CH2CH2), 1.62-1.71 (m, 8 H, OCH2CH2CH2CH2), 3.97-

4.06 (m, 8 H, OCH2CH2), 4.17-4.32 (m, 36 H, OCH2CH3), 4.83 (s, 4 H, CH2benzyl), 

7.26-7.35 (m, 10 H, CH(benzyl)). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.05 (18 C, CH3), 26.03 (4 C, 

OCH2CH2CH2CH2), 28.52 (4 C, OCH2CH2CH2CH2), 29.51, 29.70 (4 C, OCH2CH2), 

45.32 (12 C, OCCCO), 62.85 (18 C, CH2CH3), 67.03 (4 C, OCH2CH2), 68.27 (2 C, 

CH2benzyl), 69.04, 69.11 (24 C, C60-sp3), 128.44, 128.52, 128.57, 128.78 (10 C, 

CH(benzyl)), 134.24 (2 C, CH2C(CH)2), 141.06, 141.11, 145.76 (96 C, C60-sp2), 

163.81, 163.87 (22 C, C=O). 

IR (ATR): ν = 730, 855, 1016, 1041, 1078, 1206, 1261, 1367, 1463, 1739, 2850, 

2920, 2956 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 214, 219, 228, 266, 274, 350 nm. 

 

Bisfullerene 72 
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58 (42 mg, 0.013 mmol, 1 eq.) was dissolved in toluene (20mL). 68 (38 mg, 

0.077 mmol, 6 eq.) and DBU (12 mg, 11 µL, 0.077 mmol, 6 eq.) were added and the 

mixture was stirred for 72 h. The solution was concentrated and the product was 

purified by flash column chromatography (SiO2, toluene→ toluene:EtOAc, 9:1 → 

85:15). TLC (toluene:EtOAc, 93:7): Rf=  0.28. 

Yield: 19 mg, 40%. 

1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 1.26 (sev. t, 3J= 7.20 Hz, 54 H, CH3) 

1.34-1.39 (m, 16 H, OCH2CH2CH2CH2, OCH2CH2CH2CH2), 1.62-1.70 (m, 16 H, 

OCH2CH2CH2CH2), 4.14-4.27 (m, 16 H, OCH2CH2), 4.32 (sev. q, 3J= 7.11 Hz, 36 H, 

OCH2CH3), 4.84 (s, 1 H, OCCHClCO). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.89, 14.02 (18 C, CH3), 25.75, 25.81, 

25.87, 25.93 (8 C, OCH2CH2CH2CH2), 28.32, 28.41, 28.44 (8 C, OCH2CH2CH2CH2), 

29.27, 29.33, 29.39, 29.65 (8 C, OCH2CH2), 45.28 (12 C, OCCCO), 55.90 (1 C, 

OCCClCO), 62.70, 62.82 (18 C, CH2CH3), 66.54, 66.93, 67.14, 67.19 (6 C, 

OCH2CH2), 69.00, 69.05 (24 C, C60-sp3), 72.27 (2 C, ClCO2CH2), 141.00, 141.08, 

145.73, 145.76 (96 C, C60-sp2), 162.36, 163.78, 163.82, 164.39, 165.87 (26 C, C=O). 

IR (ATR): ν = 671, 714, 760, 807, 857, 1016, 1041, 1078, 1214, 1368, 1387, 1464, 

1733, 1739, 2853, 2926 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 210, 220, 244, 267, 279, 350 nm. 
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Trisfullerene 71 

 

69 (5 mg, 0.0032 mmol, 1 eq.) was dissolved in toluene (7 mL) before 72 (10 mg, 

0.0027 mmol, 0.8 eq.) and DBU (3 mg, 2.9 µL, 0.019 mmol, 6 eq.) were added. The 

mixture was stirred for 72 h. The solution was concentrated and the product was 

purified by flash column chromatography (SiO2, toluene→ toluene:EtOAc, 93:7). TLC 

(toluene:EtOAc, 93:7): Rf=  0.26. 

Yield: 4 mg, 26%. 

1H-NMR (300 MHz, CDCl3, r.t.): δ [ppm]: 1.27 (sev. t, 3J= 7.1 Hz, 84 H, CH3), 1.32-

1.37 (m, 32 H, OCH2CH2CH2CH2, OCH2CH2CH2CH2), 1.62-1.72 (m, 16 H, 

OCH2CH2CH2CH2), 4.22 (sev. t, 3J= 7.1 Hz, 16 H, OCH2CH2), 4.30 (sev. q, 

3J= 6.5 Hz, 56 H, OCH2CH3). 

13C-NMR (125.65 MHz, CDCl3, r.t.): δ [ppm]: 14.05 (28 C, CH3), 25.85, 25.97 (8 C, 

OCH2CH2CH2CH2), 28.49 (8 C, OCH2CH2CH2), 29.42, 29.70 (8 C, OCH2CH2), 45.35 

(12 C, OCCCO), 62.84 (28 C, CH2CH3), 66.66 (8 C, OCH2CH2), 69.02, 69.10 (36 C, 

C60-sp3),  141.05, 141.14, 145.77, 145.81 (144 C, C60-sp2), 163.81 (26 C, C=O). 
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IR (ATR): ν = 669, 713, 759, 805, 856, 1014, 1041, 1078, 1205, 1260, 1367, 1465, 

1735, 1740, 2922. 

UV/Vis (CH2Cl2, RT): λmax = 212, 218, 228, 266, 274, 350 nm. 

 

Tetrakisfullerene 73 

 

58 (11 mg, 0.0033 mmol, 1 eq.) was dissolved in toluene (10 mL) before 72 (12 mg, 

0.0033 mmol, 1 eq.) and DBU (3 mg, 3 µL, 0.020 mmol, 6 eq.) were added. The 

mixture was stirred for 72 h. The solution was concentrated and the product was 

purified by flash column chromatography (SiO2, toluene→ toluene:EtOAc, 93:7). TLC 

(toluene:EtOAc, 93:7): Rf=  0.28. 

Yield: 8 mg, 35%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.31 (sev. t, 3J= 7.14 Hz, 108 H, CH3), 1.30-

1.40 (m, 48 H, OCH2CH2CH2CH2, OCH2CH2CH2), 1.69-1.72 (m, 24 H, OCH2CH2), 

4.20-4.28 (m, 24 H, OCH2CH2), 4.32 (sev. q, 3J= 7.47 Hz, 72 H, OCH2CH3). 
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13C-NMR (75.47 MHz, CDCl3, r.t.): δ [ppm]: 14.05 (36 C, CH3), 25.76, 26.3 (12 C, 

OCH2CH2CH2CH2), 28.37, 28.53 (12 C, OCH2CH2CH2), 29.29, 29.38 (12 C, 

OCH2CH2), 45.34, 45.36 (24 C, OCCCO), 62.84, 62.98 (36 C, OCH2CH3), 67.03 

(12 C, OCH2CH2), 68.80, 69.07, 69.13 (48 C, C60-sp3), 141.08, 141.13, 145.77, 

145.80 (192 C, C60-sp2), 163.21, 163.81, 163.84 (22 C, C=O). 

IR (ATR): ν = 660, 715, 759, 815, 854, 1016, 1043, 1079, 1214, 1261, 1352, 1442, 

1464, 1738, 2850, 2920 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 212, 220, 244, 267, 279, 350 nm. 

 

Protected Fullerene [1,1,1] e,e,e Trisadduct 76 

47 (245 mg, 0.235 mmol, 1 eq.) was dissolved in dry 

toluene (250 mL) under exclusion of light. Diisopropyl-2-

chloromalonate (105 mg, 0.470 mmol, 2 eq.) and 

SCHWESINGER phosphazenbase (55 mg, 60 µL, 

0.235 mmol, 1 eq.) were added and the solution was 

stirred over night. The solvent was removed and the 

product was purified by column chromatography (SiO2, 

toluene→toluene:EtOAc, 94:6). TLC (toluene:EtOAc, 

94:6): Rf= 0.39, Rf= 0.35. 

Yield: Isomer 1: 110 mg, 38%. Isomer 2: 160 mg, 55 %. 

Isomer 1: 

Analytical HPLC (nucleosil, toluene:EtOAC, 94:6, 25 mL/min): ret. time= 3.5 min. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.23-1.33 (m, 18 H, CH(CH3)2, CH2CH3), 

2.99 (s, 6 H, N-(CH3)2), 4.26-4.37 (m, 4 H, OCH2CH3), 5.14-5.23 (2 dq, 3J= 5.7, 

12.1 Hz, 2 H, CH(CH3)2), 6.71 (d, 3J= 9.62 Hz, 2 H, Hmeta), 7.92 (d, 3J= 8.91 Hz, 2 H, 

Hortho).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.96, 14.08 (2 C, CH2CH3), 21.63, 

21.65, 21.76 (4 C, CH(CH3)2), 40.33 (2 C, N-(CH3)2), 52.29, 53.02 (2 C, OCCCO), 

63.06, 63.31 (2 C, OCH2CH3), 69.20, 69.92, 70.18, 70.48 (4 C, C60-sp3), 71.15, 71.25 

(2 C, CH(CH3)2), 78.07 (1 C, C60-sp3(C-C=N)), 102.32 (1 C, C60-sp3(C-O)), 112.13 (3 
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C, Cmeta, Cipso), 129.75 (2C, Cortho), 139.64, 140.10, 140.16, 140.53, 140.70, 140.70, 

140.92, 141.41, 141.70, 141.81, 141.92, 142.03, 142.53, 142.69, 142.72, 143.07, 

143.16. 143.53, 143.79, 153.87, 144.09, 144.16, 144.20, 144.25, 144.87, 144.89, 

144.93, 145.04, 144.39, 144.59, 144.69, 144.86, 146.17, 146.48, 146.62, 146.66, 

146.68, 146.76, 146.80, 146.90, 146.93, 147.23, 147.32, 147.52, 147.66, 147.78, 

147.95, 147.99, 148.15, 148.53, 148.92, 149.09, 149.19 (54 C, C60-sp2), 151.12 (1 C, 

Cpara ), 152.69 (1 C, Cisoxazoline), 162.53, 162.76, 162.91, 163.00 (4 C, C=O). 

MS (MALDI-TOF, sin): m/z= 1064 [M-isoxazoline]+, 1226 [M]+. 

IR (ATR): ν = 695, 746, 816, 862, 905, 946, 970, 1002, 1062, 1104, 1197, 1229, 

1366, 1455, 1524, 1607, 1740, 2852, 2866 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 227, 239, 255, 269, 350, 459 nm. 

 

Isomer 2: 

Analytical HPLC (nucleosil, toluene:EtOAC, 94:6, 25 mL/min): ret. time= 3.7 min. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.20 (t, 3J= 6.47 Hz, 6 H, CH2CH3), 1.22-

1.35 (m, 12 H, CH(CH3)2), 2.99 (s, 6 H, N-(CH3)2), 4.22-4.43 (m, 4 H, OCH2CH3), 

5.01-5.10 (2 dq, 3J= 6.1, 12.5 Hz, 1 H, CH(CH3)2), 5.16-5.27 (m, 1 H, CH(CH3)2), 6.68 

(d, 3J= 9.03 Hz, 2 H, Hmeta), 7.94 (d, 3J= 8.91 Hz, 2 H, Hortho).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.96, 14.07 (2 C, CH2CH3), 21.43, 

21.49, 21.51, 21.58, 21.67 (4 C, CH(CH3)2), 39.97, 40.04 (2 C, N-(CH3)2), 52.20 (2 C, 

OCCCO), 63.04, 63.10 (2 C, OCH2CH3), 68.32, 69.08, 69.21, 70.14 (4 C, C60-sp3), 

70.97, 71.18 (2 C, CH(CH3)2), 78.68 (1 C, C60-sp3(C-C=N)), 101.66 (1 C, C60-sp3(C-

O)), 111.67 (2 C, Cmeta) 116.14 (1 C, Cipso), 129.60 (2C, Cortho), 137.90, 139.48, 

140.08, 140.45, 140.58, 141.10, 141.48, 141.90, 142.07, 142.09, 142.73, 142.77, 

142.94, 143.45.143.57, 143.59, 144.02, 144.21, 144.43, 144.67, 144.80, 145.06, 

145.34, 145.43, 145.55, 145.63, 145.70, 145.90, 146.12, 146.22, 146.27, 146.64, 

146.68, 146.75, 146.83, 146.86, 146.91, 147.00, 147.09, 147.15, 147.23, 147.25, 

147.31, 147.71, 147.77, 148.20, 148.54, 148.82, 149.46, 149.48 (54 C, C60-sp2), 

151.38 (1 C, Cpara ), 153.02 (1 C, Cisoxazoline), 162.41, 162.77, 162.97, 163.10 (4 C, 

C=O). 

MS (MALDI-TOF, dctb): m/z= 1064 [M-isoxazoline]+, 1226 [M]+. 
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IR (ATR): ν = 695, 746, 816, 862, 905, 946, 970, 1002, 1062, 1104, 1197, 1229, 

1366, 1455, 1524, 1607, 1740, 2852, 2866 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 227, 239, 255, 269, 350, 459 nm. 

 

Protected Fullerene [1,1,1] e,e,e Trisadduct 77 

47 (120 mg, 0.115 mmol, 1 eq.) was dissolved in 

dry toluene (120 mL) under exclusion of light. 

Dibenzyl-2-chloromalonate (74 mg, 0.130 mmol, 2 

eq.) and SCHWESINGER phosphazenbase (27 mg, 

29 µL, 0.115 mmol, 1 eq.) were added and the 

solution was stirred over night. The solvent was 

removed and the product was purified by column 

chromatography (SiO2, toluene→toluene:EtOAc, 

94:6). TLC (toluene: EtOAc, 94:6): Rf= 0.74, Rf= 0.67. 

Yield: Isomer 1: 38 mg, 25%. Isomer 2: 50 mg, 33 %. 

Isomer 1: 

Analytical HPLC (nucleosil, toluene:EtOAC, 94:6, 20 mL/min): ret. time= 4.1 min. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.26 (t, 3J= 7.14 Hz, 3 H, CH2CH3), 1.31 (t, 

3J= 7.08 Hz, 3 H, CH2CH3), 2.99 (s, 6 H, N-(CH3)2), 4.26 (q, 3J= 6.9 Hz, 2 H, 

OCH2CH3), 4.27-4.39 (2 q, 3J= 6.9 Hz, 2 H, OCH2CH3), 5.17-5.37 (m, 4 H, 

CH2benzyl), 6.71 (d, 3J= 9.03 Hz, 2 H, Hmeta), 7.27-7.42 (m, 10 H, CH(benzyl)), 7.92 

(d, 3J= 8.91 Hz, 2 H, Hortho).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.00, 14.08 (2 C, CH2CH3), 40.07 (2 C, 

N-(CH3)2), 52.34, 52.37 (2 C, OCCCO), 63.07 (2 C, OCH2CH3), 68.65, 68.72 (2 C, 

CH2benzyl), 68.85, 69.53, 70.24, 70.55 (4 C, C60-sp3), 78.15 (1 C, C60-sp3(C-O)), 

102.24 (1 C, C60-sp3(C-C=N)), 111.77 (2 C, Cmeta), 116.02 (1 C, Cipso), 128.59 (2C, 

Cortho), 128.59, 128.67, 128.74, 128.76, 128.129.79, 128.80, 128.89 (10 C, 

CH(benzyl)), 134.32, 134.47 (CH2C(CH)2), 139.58, 139.98, 140.11, 140.42, 140.59, 

140.65, 141.39, 141.73, 141.73, 141.91, 142.18, 142.52, 142.57, 142.63, 142.69, 

143.16, 143.45, 143.73, 143.84, 143.95, 144.14, 144.16, 144.16, 144.48, 144.77, 
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144.84, 145.21. 145.37, 145.52, 145.79, 146.09, 146.46, 146.59, 146.64, 146.67, 

146.81, 146.84, 146.89, 147.06, 147.25, 147.44, 147.56, 147.64, 147.82, 147.94, 

148.18, 148.45, 148.75, 148.99 (54 C, C60-sp2), 151.44 (1 C, Cpara ), 153.70 (1 C, 

Cisoxazoline), 162.75, 162.88, 163.03 (4 C, C=O). 

MS (MALDI-TOF, sin): m/z= 1160 [M-isoxazoline]+, 1183 [M-isoxazoline+ Na]+, 1292 

[M-NO]+, 1323 [M+H]+, 1346 [M+Na]+. 

HRMS (APPI, toluene): m/z calc. for C93O9N2H34 [M]+: 1322.225882, found: 

13.226853. 

IR (ATR): ν = 695, 746, 816, 862, 905, 946, 970, 1002, 1062, 1104, 1197, 1229, 

1366, 1455, 1524, 1607, 1740, 2852, 2866 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 227, 240, 250, 276, 350, 459 nm. 

 

Isomer 2: 

Analytical HPLC (nucleosil, toluene:EtOAC, 94:6, 25 mL/min): ret. time= 4.3 min. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.26 (t, 3J= 7.14 Hz, 3 H, CH2CH3), 1.31 (t, 

3J= 7.14 Hz, 3 H, CH2CH3), 2.91 (s, 6 H, N-(CH3)2), 4.25 (2 q, 3J= 4.0, 7.1 Hz, 2 H, 

OCH2CH3), 4.34 (q, 3J= 7.12 Hz, 2 H, OCH2CH3), 5.11 (q, 3J= 7.08 Hz, 11.96 Hz, 

2 H, CH2benzyl), 5.27 (q, 3J= 10.25 Hz, 11.96 Hz, 2 H, CH2benzyl), 6.63 (d, 3J= 

6.96 Hz, 2 H, Hmeta), 7.26-7.34 (m, 10 H, benzyl), 7.94 (d, 3J= 9.89 Hz, 2 H, Hortho).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.99, 14.01, 14.13 (2 C, CH2CH3), 

39.96, 40.06 (2 C, N-(CH3)2), 51.57, 52.25 (2 C, OCCCO), 63.06, 63.09 (2 C, 

OCH2CH3), 68.04, 68.27 (2 C, CH2benzyl), 68.65, 68.76, 70.18, 70.45 (4 C, C60-sp3), 

78.70 (1 C, C60-sp3(C-O)), 101.67 (1 C, C60-sp3(C-C=N)), 111.68 (2 C, Cmeta), 116.07 

(1 C, Cipso), 128.36 (2C, Cortho), 128..43, 128.63, 128.71, 128.81, 128.88, 129.72 (10 

C, CH(benzyl)), 134.38, 134.45 (2 C, CH2C(CH)2), 139.55, 139.62, 140.11, 140.23, 

140.80, 141.15, 141.46, 141.87, 142.06, 142.28, 142.39, 142.61, 142.90, 142.97, 

143.44, 143.51, 143.60, 144.03, 144.22, 144.43, 143.56, 144.76, 145.01, 145.23, 

145.38, 145.44, 145.51, 145.58, 145.66, 145.95, 146.18, 146.36, 146.67, 146.78, 

146.86, 146.94, 147.03, 147.28, 147.68, 147.80, 148.23, 148.56, 148.77, 148.86, 

149.40 (54 C, C60-sp2), 162.86, 162.98, 163.08 (4 C, C=O). 
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MS (MALDI-TOF, sin): m/z= 1160 [M-isoxazoline]+, 1183 [M-isoxazoline+ Na]+, 1292 

[M-NO]+, 1323 [M+H]+, 1346 [M+Na]+. 

IR (ATR): ν = 695, 746, 816, 862, 905, 946, 970, 1002, 1062, 1104, 1197, 1229, 

1366, 1455, 1524, 1607, 1740, 2852, 2866 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 227, 240, 250, 276, 350, 459 nm. 

 

Protected Fullerene [1:1:1:3] Hexakisadduct 78 

76 (17 mg, 0.014 mmol, 1 eq.) was dissolved in 

dry toluene (10 mL) together with CBr4 (459 mg, 

1.385 mmol, 100 eq.) and dibenzyl-malonate 

(24 mg, 21 µL, 0.083 mmol, 6 eq.). DBU (25 mg, 

25 µL, 0.166 mmol, 12 eq.) dissolved in toluene 

(2 mL) was added slowly. The mixture was stirred 

over night. The solvent was removed and the 

product was purified by flash column 

chromatography (SiO2, toluene→toluene:EtOAc, 

94:6). TLC (toluene:EtOAc, 94:6): Rf=  0.46. 

Yield: 15 mg, 52%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.13-1.53 (m, 18 H, CH(CH3)2, CH2CH3), 

2.87 (s, 3H, N(CH3)2 ), 2.96 (s, 3 H, N-(CH3)2 ), 4.26-4.32 (m, 4 H, OCH2CH3), 5.07-

5.32 (m, 14 H, CH(CH2)2, CH2benzyl), 6.60-6.68 (m, 2 H, Hmeta), 7.26-7.32 (m, 30 H, 

benzyl), 7.81-7.92 (m, 2 H, Hortho).  

13C-NMR (125.7 MHz, CDCl3, r.t.): δ [ppm]: 14.02, 14.04 (2 C, CH2CH3), 21.53, 

21.65, 21.69 (4 C, CH(CH3)2 ), 40.06, 41.47 (2 C, N-(CH3)2), 44.36, 44.84, 45.01, 

45.09, 45.41 (5 C, OCCCO), 62.85 (2 C, OCH2CH3), 67.34, 67.48, 67.86, 68.15, 

69.4, 69.13, 69.43, 69.64, 69.79, 69.92 (10 C, C60-sp3), 68.48, 68.64 (2 C, 

CH(CH3)2), 70.83, 70.90, 70.94, 71.00 (2 C, CH2benzyl), 78.70 (1 C, C60-sp3(C-

O=N)), 101.67 (1 C, C60-sp3(C-C)), 111.65 (2 C, Cmeta), 116.07 (1 C, Cipso), 128.39 

(2C, Cortho), 128.39, 128.51, 128.56, 128.64, 128.80, 128.85, 128.94, 129.56, 134.40, 

134.51, 134.56 (30 C, CH(benzyl)), 134.40, 134.51, 134.56 (6 C, CH2C(CH)2), 

139.32, 139.53, 140.11, 140.90, 141.72, 141.80, 142.00, 143.99, 144.03, 145.22, 
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145.28, 145.36, 145.45, 145.51, 145.80, 146.10, 146.63 (48 C, C60-sp2), 162.80, 

162.97, 163.28, 163.39, 163.45, 163.56, 163.63, 163.78, 163.82 (10 C, C=O). 

MS (MALDI-TOF, sin): m/z= 1934 [M-isoxazoline+Na]+, 2043 [M-NO]+, 2073 [M]+, 

2097 [M+Na]+. 

IR (ATR): ν = 612, 715, 809, 857, 1019, 1219, 1368, 1464, 1619, 1743, 2857, 2929, 

2980 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 210, 230, 244, 280, 313, 350 nm. 

 

Fullerene [1:1:3] Pentakisadduct 79 

 

78 (60 mg, 0.029 mmol, 1 eq.) was dissolved 

together with maleic anhydride (85 mg, 

0.868 mmol, 30 eq.) in dry toluene (30 mL) under 

nitrogen atmosphere. The reaction mixture was 

irradiated with a halogen flood light (400 W) while 

being cooled by a water bath to 15 °C for 24 h. 

The solution was concentrated and the product 

was purified by flash column chromatography 

(SiO2, toluene→ toluene: EtOAc, 94:6). TLC 

(toluene:EtOAc, 94:6): Rf= 0.47. 

Yield: 10 mg, 18%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.19 (sev. d, 3J= 10.25 Hz, 12 H, 

CH(CH3)2), 1.29-1.38 (m, 6 H, CH2CH3), 4.32-4.44 (m, 4 H, OCH2CH3), 5.11-5.34 (m, 

14 H, CH(CH2)2, CH2benzyl), 7.25-7.31 (m, 30 H, CH(benzyl)).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.09, 14.12 (2 C, CH2CH3), 25.36 (4 C, 

CH(CH3)2 ), 44.66, 45.27, 45.29, 45.66, 45.93 (5 C, OCCCO), 62.94, 64.43 (2 C, 

OCH2CH3), 68.39, 68.57, 69.62 (2 C, CH2benzyl), 69.02, 69.07, 69.28, 69.32, 69.39, 

69,47, 69.53, 69.59, 69.68, 69.74 (10 C, C60-sp3), 70.90, 70.96, 71.01, 71.06 (2 C, 

CH(CH3)2), 128.45, 128.52, 128.56, 128.60, 128.62, 128.68, 128.70, 128.74, 128.76, 

128.80, 128.85, 129.03 (30 C, CH(benzyl)), 134.46, 134.51, 134.59, 134.54 (6 C, 

CH2C(CH)2), 139.40, 139.49, 139.53, 139.63, 139.69, 139.80, 139.85, 141.96, 

141.98, 142.39, 142.46, 143.03, 143.62, 143.65, 143.74, 143.75, 143.80, 143.93, 
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144.04, 144.13, 144.17, 144.18, 144.20, 144.23, 144.26, 144.34, 144.36, 144.43, 

144.58, 144.67, 144.70, 144.87, 145.08, 145.14, 145.20, 145.58, 145.64, 145.73, 

145.78, 145.85, 145.93, 146.02, 146.07, 146.80, 146.82, 146.85, 146.86, 148.43, 

148.53 (50 C, C60-sp2), 163.15, 163,17, 163.26, 163.28, 163.30, 163.43, 163.61, 

163.75, 163.82, 163.93 (10 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1910 [M]+. 

IR (ATR): ν = 697, 750, 905, 1075, 1104, 1213, 1257, 1733, 2850, 2922 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 210, 220, 244, 267, 279, 350 nm. 

 

Fullerene [1:1:3:1] Hexakisadduct 80 

 

79 (10 mg, 0.005 mmol, 1 eq.) was dissolved 

in dry CH2Cl2 (5 mL) together with CBr4 

(17 mg, 0.052 mmol, 10 eq.) and 

dihexylmalonate (9 mg, 9 µL, 0.031 mmol, 

6 eq.). DBU (5 mg, 5 µL, 0.031 mmol, 6 eq.) 

dissolved in CH2Cl2 (1mL) was added slowly. 

The mixture was stirred for 3 h. The solvent 

was removed and the product was purified by 

flash column chromatography (SiO2, 

toluene→toluene: EtOAc, 94:6). TLC 

(toluene:EtOAc, 94:6): Rf=  0.51. 

Yield: 8 mg, 69%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.87 (sev. t, 3J= 6.74 Hz, 6 H, CH2CH2CH3), 

1.25-1.38 (m, 30 H, CH2CH2CH3, CH2CH2CH3, CH2CH2CH2CH3, CH(CH3)2, CH2CH3), 

1.61-1.71 (m, 4 H, OCH2CH2), 4.18-4.27 (m, 4 H, OCH2CH2), 4.32 (sev. q, 3J= 

2.45 Hz, 3.86 Hz, 6.97 Hz, 4 H, OCH2CH3), 5.18 (m, 14 H, CH(CH2)2, CH2benzyl), 

7.26-7.30 (m, 30 H, benzyl).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.01, 14.05 (4 C, CH2CH3, 

CH2CH2CH3), 22.50 (2 C, CH2CH2CH3), 25.47 (4 C, CH(CH3)2 ), 28.37 (2 C, 

CH2CH2CH3), 29.67 (2 C, CH2CH2CH2CH3), 31.33 (2 C, OCH2CH2), 45.51 (6 C, 

OCCCO), 62.77 (2 C, OCH2CH3), 66.96 (2 C, OCH2CH2), 68.46 (2 C, CH2benzyl), 
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68.81, 68.38, 68.93, 68.98, 69.07, 69.15 (12 C, C60-sp3), 70.73, 70.77, 70.81 (2 C, 

CH(CH3)2), 128.21, 128.48, 128.54, 128.75 128.81, 128.85, 129.02 (30 C, 

CH(Bingel)), 134.51, 134.59 (6 C, CH2C(CH)2), 140.73, 140.83, 141.08, 141.13, 

141.19, 145.62, 145.64, 145.67, 145.77 (48 C, C60-sp2), 163.23, 163.28, 163.65, 

163.79, 163.79, 163.91, 163.97 (12 C, C=O). 

IR (ATR): ν = 696, 714, 751, 801, 905, 1016, 1040, 1075, 1102, 1203, 1260, 1374, 

1455, 1739, 2869, 2927, 2959 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 210, 220, 244, 267, 279, 350 nm. 

 

Protected Fullerene [1,1,1,1] e,e,e,e Tetrakisadduct 81 

76 (59 mg, 0.048 mmol, 1 eq.) was dissolved in 

dry toluene (45 mL) under exclusion of light. 

Dibenzyl-2-chloromalonate (30 mg, 0.096 mmol, 

2 eq.) and SCHWESINGER phosphazenbase 

(11 mg, 12 µL, 0.115 mmol, 1 eq.) were added and 

the solution was stirred over night. The solvent 

was removed and the product was purified by 

column chromatography (SiO2, toluene→ 

toluene:EtOAc, 94:6). TLC (toluene:EtOAc, 94:6): 

Rf= 0.38. 

Yield: 48 mg, 68%. 

Analytical HPLC (nucleosil, toluene:EtOAc, 98:2, 25mL/min): ret. time= 4.8 min. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.19 (2 t, 3J= 5.90 Hz, 6 H, CH2CH3), 1.22-

1.43 (m, 12 H, CH(CH3)2), 2.88 (s, 6 H, N-(CH3)2), 4.24-4.40 (m, 4 H, OCH2CH3), 

5.08-5.18 (m, 2 H, CH(CH3)2), 5.18 (s, 2 H, CH2benzyl), 5.24 (s, 2 H, CH2benzyl), 

6.63 (d, 3J= 8.91 Hz, 2 H, Hmeta), 7.26-7.36 (m, 10 H, benzyl), 7.80 (d, 3J= 8.91 Hz, 2 

H, Hortho).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.04, 14.14 (2 C, CH2CH3), 21.48, 

21.68 (4 C, CH(CH3)2), 40.02 (2 C, N-(CH3)2), 44.63, 44.95, 52.21 (3 C, OCCCO), 

63.14 (2 C, OCH2CH2), 68.66, 68.77 (2 C, CH2benzyl), 68.54, 68.55, 68.88, 68.99, 

69.07, 69.19 (6 C, C60-sp3), 70.65, 71.06 (2 C, CH(CH3)2), 78.38 (1 C, 
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C60 sp3(C-C=N)), 101.30 (1 C, C60-sp3(C-O)), 111.61 (2 C, Cmeta), 118.05 (1 C, Cipso), 

128.60, 128.63, 128.70, 128.88, 129.55 (10 C, CH(benzyl)), 128.80 (2 C, Cortho), 

134.42 (CH2C(CH)2), 137.15, 137.38, 138.48, 138.76, 140.05, 140.08, 141.79, 

141.85, 142.00, 12, 142.86, 142.89, 142.91, 143.41, 143.55, 143.58, 143.98, 144.03, 

144.10, 144.41, 144.51, 144.85, 144.91, 145.34, 145.38, 145.91, 145.96, 146.03, 

146.05, 146. 09, 146.19, 146.29, 146.30, 146.38, 146.45, 146.45, 146.49, 146.68, 

146.73, 146.74, 146.78, 146.89, 147.01 (52 C, C60-sp2), 151.18 (1 C, Cpara), 153.04 

(1 C, Cisoxazoline), 162.29, 162.78, 163.29, 163.41, 163.49, 163.63 (6 C, C=O). 

MS (MALDI-TOF, dctb): m/z= 1509 [M+H]+. 

HRMS (ESI, ACN, toluene, MeOH): m/z calc. for C102O13N2H48 [M] +: 1508.3151, 

found: 1508.3144. 

IR (ATR): ν = 668, 714, 761, 907, 985, 1054, 1078, 1103, 1208, 1261, 1476, 1735, 

1740 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 210, 220, 244, 267, 279, 350 nm. 

 

Protected Fullerene [1:1:1:1:2] Hexakisadduct 82 

 

81 (42 mg, 0.028 mmol, 1 eq.) was dissolved in 

dry toluene (25 mL) together with CBr4 (37 mg, 

0.111 mmol, 4 eq.) and dihexylmalonate 

(15 mg, 0.056 mmol, 2 eq.). DBU (9 mg, 8 µL, 

0.056 mmol, 2 eq.) dissolved in toluene (1mL) 

was added slowly. The mixture was stirred over 

night. The solvent was removed and the 

product was purified by flash column 

chromatography (SiO2, toluene→toluene: 

EtOAc, 94:6). TLC (toluene:EtOAc, 94:6): 

Rf= 0.54. 

Yield: 23 mg, 46%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.87-0.89 (m, 12 H, CH2CH2CH3), 1.17 (t, 

3J= 5.4 Hz, 6 H, CH2CH3), 1.23-1.42 (m, 30 H, CH(CH3)2, CH2CH3, CH2CH2CH2CH3, 
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CH2CH2CH2CH3, CH2CH2CH2CH3), 1.58-1.74 (m, 8 H, OCH2CH2), 3.00 (s, 6 H, 

N-(CH3)2), 4.25-4.33 (m, 12 H, OCH2CH2, OCH2CH3), 5.05-5.23 (m, 6 H, CH(CH3)2, 

CH2benzyl), 6.69 (d, 3J= 9. Hz, 2 H, Hmeta), 7.25-7.31 (m, 10 H, benzyl), 7.84 (d, 3J= 

9.0 Hz, 2 H, Hpara).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.04 (4 C, CH2CH2CH3), 21.62, 21.64, 

21.82 (2 C, CH2CH3), 25.61, 25.66 (4 C, CH(CH3)2), 28.50, 28.53 (6 C, CH2CH2CH3, 

CH2CH2CH3), 31.48 (8 C,OCH2CH2, OCH2CH2CH2), 40.02 (2 C, N-(CH3)2), 42.12, 

44.98, 45.24, 45.53, 45.61 (5 C, OCCCO), 67.16, 67.23 (4 C, OCH2CH2), 67.62, 

67.64 (2 C, CH2benzyl), 68.16 (2 C, OCH2CH3), 68.58, 68.65, 69.29, 69.30, 69.76, 

69.86, 69.98, 70.07 (10 C, C60-sp3), 70.57, 71.14 (2 C, CH(CH3)2), 78.01 (1 C, C60-

sp3(C-C=N)), 101.83 (1 C, C60-sp3(C-O)), 111.75 (2 C, Cmeta), 115.88 (1 C, Cipso), 

128.65, 128.67, 128.76, 128.86, 129.67 (14 C, CH(benzyl), Cipso, Cortho), 134.58, 

134.64 (CH2C(CH)2), 139.49, 139.57, 139.62, 139.69, 140.50, 140.52, 141.34, 

141.37, 141.91, 141.99, 142.24, 142.73, 144.15, 144.17, 145.39, 145.42, 145.52, 

145.78, 146.05, 146.52, 146.60, 146.67, 146.73 (48 C, C60-sp2), 151.44 (1 C, Cpara), 

154.80 (1 C, Cisoxazoline), 162.95, 163.43, 163.53, 163.58, 163.77, 164.01, 164,14, 

164.20, (10 C, C=O). 

HRMS (APPI, toluene): m/z calc. for C132O21N2H100 [M+H]+: 2048.6813, found: 

2048.6821. 

IR (ATR): ν = 697, 712, 752, 817, 1071, 1102, 1213, 1261, 1364, 1457, 1526, 1607, 

1735, 2852, 2921 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 211, 215, 217, 227, 266, 274, 350 nm. 
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Fullerene [1:1:1:2] Pentakisadduct 83 

 

82 (23 mg, 0.011 mmol, 1 eq.) was dissolved 

together with maleic anhydride (33 mg, 

0.337 mmol, 30 eq.) in dry toluene (8 mL) 

under nitrogen atmosphere. The reaction 

mixture was irradiated with a halogen flood 

light (400 W) while being cooled by a water 

bath to 15 °C for 24 h. The solution was 

concentrated and the product was purified by 

flash column chromatography (SiO2, toluene→ 

toluene: EtOAc, 94:6). TLC (toluene:EtOAc, 

94:6): Rf= 0.65. 

Yield: 20 mg, 94%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.83-0.88 (m, 12 H, CH2CH2CH3), 1.24-

1.37 (m, 42 H, CH2CH3, CH(CH3)2, CH2CH3, CH2CH2CH2CH3, CH2CH2CH2CH3, 

CH2CH2CH2CH3), 1.53-1.59 (m, 4 H, OCH2CH2), 1.61-1.76 (m, 4 H, OCH2CH2), 4.13-

4.16 (m, 4 H, OCH2CH2), 4.26-4.42 (m, 8 H, OCH2CH2, OCH2CH3), 5.16-5.32 (m, 

6 H, CH(CH3)2, CH2benzyl), 7.25-7.34 (m, 10 H, CH(benzyl)).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.92, 13.94, 13.97, 14.01 (4 C, 

CH2CH2CH3), 21.63, 21.68 (2 C, CH2CH3), 22.41, 22.46, 22.50 (4 C, CH(CH3), 25.30, 

25.35, 25.44, 25.53 (4 C, CH(CH3)2), 28.24, 28.35, 28.43 (8 C, CH2CH2CH3, 

CH2CH2CH3), 31.23, 31.29, 31.31 (8 C, OCH2CH2, OCH2CH2CH2), 45.12, 45.20, 

45.28, 45.58, 54.06 (5 C, OCCCO), 62.88 (4 C, OCH2CH2), 66.80, 67.04 (2 C, 

CH2benzyl), 68.54 (2 C, OCH2CH3), 69.12, 69.25, 69.32, 69.43 (10 C, C60 -sp3), 

128.52, 128.53, 128.58, 128.66, 128.72 (10 C, CH(benzyl)), 134.52 (CH2C(CH)2), 

139.49, 139.72; 139.76, 139.80, 142.27, 142.34, 142.39, 142.99, 144.00, 144.04, 

144.10, 144.13, 144.21, 144.64, 144.98, 145.59, 146.04, 146.12, 146.79 (50 C, 

C60-sp2), 163.24, 163.27, 163.33, 163.63, 163.71, 163.79, 163.82, 163.88 (10 C, 

C=O). 

MS (MALDI-TOF, dctb): m/z= 1887 [M+H]+. 

HRMS (APPI, toluene): m/z calc. for C123O20H90 [M+H] +: 1886.6020, found: 

1886.6016. 
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IR (ATR): ν = 717, 1076, 1106, 1216, 1255, 1458, 1609, 1743, 2853, 2924 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 214, 218, 226, 266, 279, 350 nm. 

 

Fullerene [1:1:1:2:1] Hexakisadduct 84 

83 (23 mg, 0.012 mmol, 1 eq.) was dissolved in 

dry toluene (10 mL) together with CBr4 (81 mg, 

0.244 mmol, 20 eq.) and dimethylmalonate 

(32 mg, 28 µL, 0.244 mmol, 20 eq.). DBU 

(19 mg, 18 µL, 0.122 mmol, 10 eq.) dissolved 

in toluene (1mL) was added slowly. The 

mixture was stirred 1 h. The solvent was 

removed and the product was purified by flash 

column chromatography (SiO2, toluene→ 

toluene:EtOAc, 94:6). TLC (toluene:EtOAc, 

94:6): Rf=  0.23. 

Yield: 15 mg, 61%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 0.87 (sev. t, 3J= 5.96 Hz 12 H, 

CH2CH2CH3), 1.27-1.33 (m, 42 H, CH2CH3, CH(CH3)2, CH2CH3, CH2CH2CH2CH3, 

CH2CH2CH2CH3, CH2CH2CH2CH3), 1.62-1.71 (m, 8 H, OCH2CH2), 3.83, 3.85 (s, 6 H, 

OCH3), 4.17-4.34 (m, 12 H, OCH2CH2, OCH2CH3), 5.14 (sev. q, 3J= 6.27 Hz, 2 H, 

CH(CH3)2), 5.19, 5.20 (s, 4 H, CH2benzyl), 7.27-7.38 (m, 10 H, CH(benzyl)).  

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 13.72 (6 C, CH2CH3, CH2CH2CH3), 

21.37 (4 C, CH2CH2CH3), 23.19 (4 C, CH2CH2CH3), 25.17, 25.19 (4 C, CH(CH3)2), 

28.09, 28.11 (CH2CH2CH2CH3), 31.04 (4 C, OCH2CH2), 44.77, 44.92, 45.02, 45.26, 

45.36, 53.07, 53.30 (6 C, OCCCO), 62.50 (4 C, OCH2CH3), 66.66, 66.70 (2 C, 

OCH2CH2), 68.17 (2 C, CH2benzyl), 68.67, 68.70, 68.76, 68.80, 68.83, 68.89 (12 C, 

C60-sp3), 70.55 (2 C, CH(CH3)2), 128.21, 128.23, 128.40, 128.46 (10 C, CH), 134.32 

(2 C, CH2C(CH)2), 140.54, 140.56, 140.67, 140.70, 140.73, 140.79, 140.88, 140.92, 

140.94, 141.00, 145.35, 145.40, 145.43, 145.49, 145.52, 145.58, 145.61, 145.66 

(48 C, C60-sp2), 162.32, 162.95, 162.96, 163.39, 163.37, 163.44, 163.52, 163.55, 

163.60, 163.75, 163.93, 163.98 (12 C, C=O). 
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MS (MALDI-TOF, dctb): m/z= 2017 [M+H]+. 

HRMS (APPI, toluene): m/z calc. for C128O24H96 [M+H]+: 2016.6286, found: 

2016.6307. 

IR (ATR): ν = 715, 759, 906, 1043, 1079, 1104, 1218, 1263, 1436, 1456, 1743, 2336, 

2363, 2955 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 212, 219, 228, 266, 274, 350 nm. 

 

Fullerene [1,1] e-Bisadduct 85 

76 (30 mg, 0.024 mmol, 1 eq.) was dissolved together with 

maleic anhydride (72 mg, 0.734 mmol, 30 eq.) in dry toluene 

(15 mL) under nitrogen atmosphere. The reaction mixture was 

irradiated with a halogen flood light (500 W) while being cooled 

by a water bath to 15 °C for 24 h. The solution was 

concentrated and the product was purified by flash column 

chromatography (SiO2, toluene→ toluene:EtOAc, 94:6). TLC 

(toluene:EtOAc, 94:6): Rf= 0.74. 

Yield: 20 mg, 77%.  

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.24-1.48 (m, 18 H, CH(CH3)2, CH2CH3), 

4.42-4.51 (m, 4 H, OCH2CH3), 5.28-5.33 (m, 2 H, CH(CH3)2). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.08, 4.18 (2 C, CH2CH3), 21.75 (4 C, 

CH(CH3)2), 43.40 (2 C, OCCCO), 63.21 (2 C, OCH2CH2), 71.33 (2 C, CH(CH3)2, 

71.54, 71.79 (4 C, C60-sp3), 138.65, 138.70, 141.55, 141.66, 141.84, 142.36, 142.87, 

143.35, 143.79, 144.01, 144.38, 144.50, 144.59, 144.68, 145.18, 145.35, 145.55, 

146.05, 146.24, 146.45, 147.22, 147.77 (56 C, C60-sp2), 163.06, 163.68 (6 C, C=O). 

MS (MALDI-TOF, om): m/z= 1087 [M+Na]+. 

HRMS (ESI, ACN, toluene, MeOH): m/z calc. for C76O8H24 [M] +: 1064.14657, found: 

1064.14652. 

IR (ATR): ν = 718, 1022, 1061, 1095, 1212, 1239, 1373, 1464, 1741, 2849, 

2917 cm-1. 

UV/Vis (CH2Cl2, RT): λmax = 215, 221, 227, 266, 273, 350 nm. 
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Fullerene [1,1,1] e,e,e Trisadduct 86 

81 (12 mg, 0.008 mmol, 1 eq.) was dissolved together with 

maleic anhydride (23 mg, 0.239 mmol, 30 eq.) in dry 

toluene (6 mL) under nitrogen atmosphere. The reaction 

mixture was irradiated with a halogen flood light (400 W) 

while being cooled by a water bath to 15 °C for 24 h. The 

solution was concentrated and the product was purified by 

flashcolumn chromatography (SiO2, toluene→ 

toluene:EtOAc, 94:6). TLC (toluene:EtOAc, 94:6): Rf= 0.54. 

Yield: 8 mg, 74%. 

1H-NMR (400 MHz, CDCl3, r.t.): δ [ppm]: 1.40-1.45 (m, 18 H, CH(CH3)2, CH2CH3), 

4.50 (q, 3J= 7.08 Hz, 4 H, OCH2CH3), 5.29-5.40 (m, 6 H, CH2benzyl, CH(CH3)2), 7.26-

7.37 (m, 10 H, CH(benzyl)). 

13C-NMR (100.5 MHz, CDCl3, r.t.): δ [ppm]: 14.15 (2 C, CH2CH3), 21.79 (4 C, 

CH(CH3)2), 43.79, 46.37, 46.64 (3 C, OCCCO), 63.15 (2 C, OCH2CH2), 68.73, 68.80 

(2 C, CH2benzyl), 71.02, 71.11 (6 C, C60-sp3),  71.26 (2 C, CH(CH3)2), 128.22, 

128.61, 128.64, 128.69, 128.74, 128.90 (10 C, CH(benzyl)), 134.60 (2 C, 

CH2C(CH)2), 140.79, 141.78, 141.87, 142.07, 142.26, 142.44, 142.51, 142.77, 

142.86, 144.27, 144, 37, 145.39 (54 C, C60-sp2), 163.53, 163.78, 164.09, 164.14, 

164.20, 164.31 (6 C, C=O). 

HRMS (APPI, toluene): m/z calc. for C93O12H38 [M] +: 1346.2358, found: 1346.2367. 

IR (ATR): ν = 611, 711, 839, 1024, 1105, 1214, 1246, 1375, 1419, 1457, 1472, 1617, 

1742, 2850, 2940. 

UV/Vis (CH2Cl2, RT): λmax = 209, 217, 228, 266, 273, 350 nm. 
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