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Introduction

1 Introduction
“We are made of star-stuff.”
The Cosmic Connection: An Extraterrestrial Perspective
by Carl Sagan

Chemistry captures a unique place among all sciences in our efforts of understanding
the world we are living in. Organic chemistry, especially, has a high impact. It is the
chemistry of carbon based compounds along with other elements found in nature.
Many text books exist that are dealing with the concepts of organic chemistry and
their molecules. An incredible variety of organic molecules are known and this field is
growing, since chemistry is a science that creates itself with the formation of new
molecules. Elemental carbon is a chemical chameleon and exists predominantly in
two well known modifications: diamond and graphite. The research of recent decades
discovered many more carbon allotropes such as graphene, graphyne, fullerenes,
carbon nanotubes, nanobuds and nanoribbons that are synthetically accessible.The
fullerenes that are the subject of this thesis are only a tiny part of this whole world of
organic molecules.
The exploration of interstellar matter led to the finding of unusual molecules. C60, a
molecule consisting of carbon atoms only, was produced by experimental simulations
of interstellar dust.[1] The spherical shape of C60, named fullerene resembles a nanosoccerball with one carbon atom on every corner. Its structure (Figure 1) consists of
five- and six-membered rings whereby the pentagons are isolated by surrounding
hexagons leading to the most stable structure among its structural isomers.[2, 3] The
sp2-hybridized carbon atoms form a spherical π-system of 60 electrons and
represent an allotropic form of carbon.[4]
C60 is a molecule that offers a versatile system of high scientific potential. Its
hollow cage with an interior diameter of about 7.1 Å[5] can be used for trapping of
reactive molecules or atoms inside the cage and enables the observation of unusual
chemical and physical properties of isolated species surrounded by a cloud of πelectrons.[6] Furthermore, C60 provides a supporting framework to form and explore
unusual chemical structures that could otherwise not exist. Moreover, C60 can serve
as a platform to study the properties of radicals, anions and aromatic substructures in
1
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a different environment than known from classical organic chemistry. After more than
25 years of research on fullerenes, there is still room to explore unexpected chemical
reactions and structures.

1.1 Aromaticity of Fullerenes
Inspired by this huge π-system, containing 60 electrons, the question arises if
fullerenes are aromatic. Fullerenes do not follow the principles of classical aromaticity
and in this sense C60 cannot be considered aromatic, due to its curvature and bond
alternation. The two different bond lengths can be explained with the 1,3,5cyclohexatriene and [5]-radialene substructures of the C60 skeleton (Figure 1). The
double bonds are localized in the hexagons (1.36 Å) and the bond length in the
pentagons (1.47 Å) is shortened (compared to a single bond) as determined by X-ray
crystallography.[5]

1.47

1.

36

1.47

Figure 1: The bond length alternation (bond length in Å) illustrated by the 1,3,5-cyclohexatriene and
[5]-radialene substructures within the C60 skeleton.

1.1.1 The Concept of Spherical Aromaticity
The globular shape of C60 and its accompanied cage strain make the answer about
its aromaticity challenging. The concept of spherical aromaticity was developed by
Hirsch et al. for three-dimensional π-systems to classify the fullerenes.[7,

8]

The π-

electron system is considered as a spherical electron gas that surrounds the surface
of a globular cage molecule. A spherical charge distribution is obtained for fully
occupied π-shells with 2(N+1)2 electrons. For the C60 fullerene, the tenfold positively
charged C6010+ (N = 4, 50 π-electrons, see Figure 2) represents the system with
closed-shell character. The 3He NMR chemical shift inside the fullerene cage can be
considered as a probe for the magnetic shielding and hence for the degree of
2
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aromaticity. The calculated 3He shift for He@C6010+ is -81.4 ppm[7] reflecting its highly
aromatic character, whereas neutral He@C60 shows a comparatively weak upfield
3

He shielding calculated as -8.0 ppm[7] and experimentally determined as -6.3 ppm[9]

due to its incomplete occupation (60 π-electrons) of the next shell accounting for
spherical aromaticity (N = 5, 72 π-electrons). The next higher π-system displaying
spherical aromaticity, would be C6012- anion with its 72 π-electrons. One step into this
direction is marked by the hexaanion of C60[10] (66 π-electrons), generated by filling
C60’s energetically low lying LUMO (compared to benzene), see Figure 2. The
respective calculated and experimental 3He endohedral shift values of -55.6 ppm[7]
and -48.7 ppm[11] for He@C606- display moderate aromaticity.

Figure 2: MO diagram

[12, 13]

10+

of C60

6- [14]

, C60 and C60 .

Recently, a computational investigation by Chen et al. made use of dissected NICS
(nucleus independent chemical shift) values to describe the underlying reason for the
different stages of spherical aromaticity in C6010+, C60 and C606-.[14] Positive NICS
values indicate antiaromaticity and negative values indicate aromaticity.[15] The
occupancy of the hu and t1u orbitals is responsible for either an overall diatropic
(aromatic) or paratropic (antiaromatic) contribution. The subshells with the 50 πelectrons (N = 0-4, Figure 2) have roughly the same highly diatropic contribution for
all three species. The occupation of the HOMO (leading to C 60), which are highly
3
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paratropic, cancel the overall diatropicity of the energetically lower lying 50 πelectrons. Consequently, the spherical aromaticity is completely reduced for C 60.
However, the filling of C60’s HOMO plus the occupation of the LUMO, leading to C606results in a reduced paratropicity of the subshell N = 5 compared to C60. This is the
reason that the overall diatropicitiy of the energetically lower lying MOs with the 50 πelectrons are dominant and thus results in spherical π-aromaticity for the C606system. In conclusion, the authors state that the paratropic contribution of the HOMO
results in a spherically π-antiaromatic character for C60 which is also reflected by
positive NICSπ values of 21.2 ppm for C60 compared to -53.6 ppm for the highly
aromatic C6010+ and -24.4 ppm for the moderately aromatic C606-.[14]

1.1.2 Aromatic Subunits within the Fullerene π-System
Even though C60 does not have an aromatic 60 π-electron system in the classical
sense, aromatic subunits can be formed within the fullerene skeleton simply by the
release of strain through functionalization resulting in the generation of aromatic
fullerene derivatives.[16] For example, eight isolated benzenoid rings are formed
within the fullerene skeleton for C60-hexaadducts (Figure 3, a) using the Bingel
reaction[17,

18]

or by η2 coordination of platinum[19]. A structure with four isolated

benzenoid rings (Figure 3, b) is found for one of the three predominant isomers of
C60H36 under transfer hydrogenation conditions.[20] However, the mixture of C60H36
isomers easily undergoes dehydrogenation at temperatures above 340 °C and
produces solely the most thermodynamically stable isomer of C 60H18 with C3v
symmetry (Figure 3, c) that is a substructure of the tetrahedral (T) structure of C60H36
(Figure 3, b, red dots).[20-22] The structure of this C60H18 isomer is an example of a
fullerene with a fully aromatic benzenoid subunit (marked in blue in Figure 3, c).[22]
C60F18 is isostructural to C60H18 and its X-ray structure reveals an isolated benzene
ring with an invariable bond length of 1.37Å.[23,

24]

The high degree of

functionalization leads to the deformation of the fullerene skeleton likewise explored
for the T-isomer of C60F36 (Figure 3, b).[25] The three planar benzenoid substructures
of C60F36 (Figure 3, b) behave similar to the benzene substructure of C60F18. This
addition pattern seems to be strongly driven by the formation of aromatic subunits.

4
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a)

b)

c)

d)

e)

f)

Figure 3: Schlegel diagrams of selected [60]fullerene addition patterns with their aromatic
substructures are highlighted in blue (addends are marked by dots): a) hexakis adduct of C60 with 8
benzenoid rings, b) the structure of the T-isomer of C60H36 and C60F36 c) the C3v structure of C60H18
and C60F18 with one central planar benzenoid ring, d) 6,9,12,15,18-pentaaryl-1-hydro[60]fullerene as
precursor for cyclopentadienyl-fulleride, e) open-cage oxafulleroid structure with an embedded furan
motif and f) pentaaddition motif of the azafullerenes forming an isolated pyrrole.

Another type of fullerene derivative features a cyclopentadiene substructure within
the fullerene skeleton (Figure 3, d).[26-32] One approach to form these fullerene
structures was achieved with the selective and high-yielding one-step synthesis of
6,9,12,15,18-pentaaryl-1-hydro[60]fullerenes.[31,

33]

Deprotonation produces a cyclo-

pentadienyl moiety decoupled from the remaining 50 π-electron system.[34] The
presence of such aromatic subunits can in turn be studied by the formation of metal
complexes using the aromatic fullerene subunit as ligand.[31, 35-48]
Furthermore, an open-cage oxafulleroid featuring a planar tetrahydrofuran
substructure within the fullerene skeleton (Figure 3, e) could be synthezied from a
fullerene-mixed peroxide.[49] This 6 π-electron furan substructure is confirmed by
single crystal X-ray analysis. However, the oxygen atom of the furan is slightly lifted
out of the furan plane as a result of the close contact to the opposite lactone moiety.
One main difference to the other comparable structures in Figure 3 is the opening of

5
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the fullerene skeleton. Inevitably, one C-C bond had to be broken to insert an oxygen
atom.[49]
The formation of an isolated pyrrole moiety within the fullerene cage is another
example of generating a 6 π-aromatic unit and is probably the driving force for this
kind of addition pattern (Figure 3, f).[50-53] The fluorination of the aza[60]fullerene even
yields C59NF33[54,

55]

, a molecule that is postulated to possess a 10 π-electron

isoindole substructure.[56] The formation of these fullerene structures can be ascribed
in terms of their increased aromaticity compared to the parent system.
Another example of functionalizing the fullerene sphere is the generation of an
uncommon aromatic trannulene substructure.[57] An unusual substitution reaction
takes places when applying the widely used Bingel reaction[17] on fluorinated
fullerenes.[56] Normally, the deprotonated diethylmalonate makes a nucleophilic
attack, leading to cyclopropanated fullerene derivatives.[17,

58]

However, with C60F18

the Bingel reagent displaces three fluorine atoms on the fullerene skeleton. The three
bromodiethylmalonyl groups do not form a cyclopropane ring but are bound with a σbond to an sp3-carbon atom of the fullerene without losing the bromine atom (as it is
the case in the Bingel reaction). This substitution generates a central, fully
delocalized planar hexagonal ring (marked in dark blue, Figure 4) and a 18 πelectron trannulene substructure within the fullerene framework (highlighted in red,
Figure 4).[59]

Figure 4: C60F15(CBr(CO2Et)2)3 features an isolated 18 π-trannulene belt (red) and additionally a
planar benzenoid ring (dark blue) and a bowl shaped triphenylene substructure (light blue). Left:
Schlegel diagram and right: ORTEP representation of the X-ray crystal structure.

[59]
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Cyclic conjugated [18]annulenes are known within the class of porphyrins.[60]
However, [18]trannulenes, in which the C-C double bonds are exclusively in trans
configuration are rare. Their p-orbitals orientation is parallel to the ring plane and this
overlap is termed “in-plane” aromaticity[61,

62]

(due to two independent Hückel

frameworks within one molecule), as is the case for the double aromatic 3,5dehydrophenyl cation C6H3+.[61] The 18-π trannulene fullerene structure shows a low
bond length alternation as verified by X-ray crystallography, indicating a high level of
delocalization.
Two related structures fullerenes, also determined by X-ray crystal analysis, of
such [18]trannulene substructured of fullerenes, are C60Cl30[63], obtained with
chlorinating agents and C60(C(CH3)(CO2Et)2)6[64] that was synthesized from C606-. In
particular, the fullerene framework enabled the isolation of the first example of a
trannulene derivative, theoretically predicted over a decade ago.[65]
An unusual neutral CoS3 ring was found to be a very exotic 6 π-electron aromatic
species that is an exterior four-membered aromatic ring of a fullerene derivative. The
unambiguous cobalt trichalcogenide unit was determined by X-ray crystallography
and was found to have a planar and nearly square structure. Only the bowl-shaped
confined space of a pentaaryl[60]fullerene derivative enabled the formation of such a
unique four-membered aromatic species.[48]
A four-membered ring as part of the fullerene skeleton would imply that a
cyclobutadiene substructure would be present (structure 2, Scheme 1.1). The
generation of a four-membered ring within the fullerene π-system was accomplished
through the incorporation of a C2-fragment by the group of Rubin.[66] This structural
change would lead to a 4 π-electron substructure with potential antiaromatic nature.
The generated strained four-membered ring is expected to be held in place by four
six-membered surrounding rings of the fullerene skeleton.[67] Calculations (B3LYP/631G(d) level) showed that the optimized structure is in favor of the [4]radialene
resonance form of the cyclobutadien structure, despite the introduction of two double
bonds into five-membered rings (marked in blue in Scheme 1.1). Unfortunately, the
promising key precursor C62H2(CO)2 3 was thermally too stable to remove the two
CO units and photochemically too unstable. Thus, the subsequent formation of C62H2
by combination of the two adjacent radicals that would give C62 2 after an expected
facile dehydrogenation did not take place. However, the fullerene derivative C62 2,
intended to contain this square substructure, could be generated from the precursor
7
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C62H2(CO)2 3 by laser-induced pyrolysis and was detected by mass spectrometry.[66]
More stable C62-based derivatives, such as C62Ar2, featuring a cyclobutene ring could
be prepared and studied subsequently.[68]

2 , C62
1 , C60

3
Scheme 1.1: Transformation of C60 to C62 illustrated in the two resonance forms of the cyclobutadiene
and the [4]radialene substructures, showing the intended formation route using the precursor
[66]

C62H2(CO)2 3.
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1.2 Cage Modification Reactions on Fullerenes
Ring opening reactions on the fullerene shell, as already seen for the transformation
of C60 to C62, open up a wide field of cage modification reactions, C-C bond cleaving
reactions and concepts how to restore the fullerene framework again.

1.2.1 Ring Opening Reactions
The transformation of the σ-framework of the fullerene core leads to open-cage
fullerenes.[69] The opening of the fullerene core allows studying classical organic
reactions in a different environment. Many well-known organic reactions behave
differently when applied to the fullerene system, leading to unexpected products.
That in turn is of fundamental importance for exploring the principles of chemical
reactions.
The first step towards most open-cage fullerenes is an addition reaction to the
fullerene skeleton followed by pericyclic reactions and consecutive rearrangement
reactions to break σ- and π-bonds in the fullerene skeleton. One photochemically
promoted σ-framework transformation reaction is shown in Scheme 1.2.[70]

4
Scheme 1.2: The [4+4] photocycloaddition followed by a thermally allowed [2+2+2] cycloreversion
afforded a bis-methanofullerene structure 4 with a 8-membered ring orifice.

[70]

If the encapsulation of molecules is intended, the opening of the fullerene core must
be carefully planned so that the resulting hole will be big enough and optionally that
the restoration of the fullerene skeleton will be possible, if intended. Finding effective
and selective methods is challenging. The self-sensitized photooxygenative cleavage
of double bonds of the fullerene cage is a reliable, commonly used method.
Additionally, the orifice can be enlargened by insertion of heteroatoms at its rim. The
most effective method to open the fullerene core (see Scheme 1.3) and encapsulate
helium or molecular hydrogen was achieved by Komatsu and co-workers using
9
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structure 5 that is related to the bis-methanofullerene 4 shown in Scheme 1.2.[71] A
13-membered ring orifice was created by using self-sensitized photooxygenation and
consecutive sulfur insertion into the ring orifice (7, Scheme 1.3). The elemental sulfur
opens up a five-memebered ring into a six-membered one by inserting
regioselectively into a C-C bond of the five-membered ring of structure 6.[71]

5

6

7

[71, 72]

Scheme 1.3: Ring opening and closing reaction of the molecular container C60.

Inserting a He atom or a H2 molecule at the stage of the open-cage fullerene 7 and
then reducing the orifice size allows the trapping of the species inside the fullerene
cage.[72-74] The closure of the molecular container was achieved in a four-step
procedure, including a McMurry coupling, and the original fullerene skeleton could be
fully restored (Scheme 1.3).[72]
Many more ring expansion reactions and open-cage fullerenes exist with different
ring orifice sizes, mostly bearing carbonyl groups, hydrogen addends, imine, amide,
ester and thioether moieties at the rim orifice.[69]
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1.2.2 Open-Cage Fullerenes as Precursors for Heterofullerenes
The first fundamental approach towards open-cage fullerenes resulted from the
cleavage of one σ-bond of the fullerene core by reaction of diazomethane with C 60.[75]
The

obtained

closed-ring

methano[60]fullerenes[75,

76]

1,2-bridged

form

and

open-ring

1,6-bridged

features the same fullerene π-system as their nitrogen

substituted counterparts 9 and 10 in Scheme 1.4.
The [3+2] cycloaddition proceeds via a pyrazoline intermediate that could be
isolated and characterized. Either thermal[75] or photochemical[76] treatment leads to
the decomposition of the formed pyrazoline intermediate due to the loss of nitrogen
yielding the 1,2-bridged and 1,6-bridged methano[60]fullerenes. The 1,6-bridged
isomer has a ring-opened fullerene structure, also called fulleroid, and the fullerene
π-system is fully retained in contrast to the 1,2-bridged structure.[75] The preference
for these two isomers besides the 1,2-open and 1,6-closed structure can be
explained by having the greatest possible number of double bonds in the hexagons.
The experimental findings and theoretical calculations support that the introduction of
double bonds into five-membered rings is energetically unfavorable.[4, 77-81]
Organic azides react in the same fashion[82] with C60 and form a triazoline
intermediate 8 (Scheme 1.4). The formation of the triazoline intermediate 8 in the
reaction of C60 with methoxyethoxymethyl azide (MEM-N3) was supported by the
determination of its X-ray crystal structure[83]. Heating the triazoline intermediate 8
leads to its decomposition with the loss of N2 and the formation of the 1,2-bridged
ring-closed isomer 9 (aziridinofullerene) and its 1,6-bridged ring-opened isomer 10
(azafulleroid). Both isomers can be separated by column chromatography on silica
gel. Their 1H NMR resonances differ only slightly, but the two structures can be
distinguished

easily

by

their

13

C

NMR

spectra.

For

aziridinofullerene

9,

16 resonances with 13 signals having fourfold and 3 having double intensities are
observed in the aromatic region due to its C2v symmetry, while azafulleroid 10 shows
Cs symmetry with 28 resonance signals having double and 4 signals with single
intensities in the

13

C NMR spectrum for the aromatic carbon atoms. The carbon

resonance signal at 145.28 ppm of aziridinofullerene 9 is broadend and must be due
to the four neighbouring carbon atom to the aziridino ring (in β-position, see Scheme
1.4). Most importantly, only aziridinofullerene 9 shows a sp3-carbon signal at
83.00 ppm. For azafulleroid 10, the fullerene π-system is still preserved.
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The enamine moiety of azafulleroid 10 induces another regioselective ring
expansion reaction by a subsequent second azide addition[84], leading to another
opening of a σ-bond of the fullerene skeleton. The obtained bisazafulleroid 11 is
shown in Scheme 1.4. The enamine bond of the azafulleroid 10 is not only reactive
towards a second azide addition but also reacts readily with singlet oxygen. [85] The
fact that fullerenes can produce efficiently singlet oxygen upon illumination with
visible light is a beneficial feature.[86] The self-sensitized addition of singlet oxygen
leads to a dioxetane intermediate 12 that is further transformed to the corresponding
N-MEM-ketolactam 13. The photooxygenative cleavage of one of the two enamine
bonds creates an open-cage fullerene 13 with a chiral 11-membered ring orifice.
Moreover, it was demonstrated that the two enantiomers of the racemic mixture can
be separated with chiral HPLC.[85, 87]

9

8

10

12

13

11
Scheme 1.4: Formation of the open-cage fullerene 13 with an 11-memebered ring orifice.

[82-85]

The formation of N-MEM-ketolactam 13 is a regioselective and efficient method for
the controlled opening of the fullerene core. However, its opening is not large enough
for guest molecules to enter the cage. A second singlet oxygen addition to the
remaining enamine bond of N-MEM-ketolactam 13 that would lead to a ring size
extension of an 15-membered ring orifice,[88] however, was not observed.[85]
Therefore, Hummelen et al. suggested that the removal of the MEM-protection group
12
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would enlarge the already existing hole in the fullerene skeleton.[85] However, the
treatment of N-MEM-ketolactam 13 with the organic acid p-TsOH under an inert
atmosphere produced the azafullerene dimer 14

[89]

, the only heterofullerene that can

be prepared in macroscopic quantities to date.[51, 89, 90]

13

14
Scheme 1.5: Ring closing reaction of open-cage fullerene 13 by an acid-induced fragmentation and
[89, 91, 92]

rearrangement reaction forming the azafullerene that is stable as its dimer 14.

The acidic cleavage of the MEM-protecting group initiates a rearrangement and
fragmentation reaction, whose mechanism is depicted in Scheme 1.5. The loss of
formaldehyde and carbon monoxide produces C59N+ that under the given conditions
is presumably reduced (probably by the alcohol of the cleaved protection group or by
water) to the C59N radical that in turn can be isolated as its dimer 14.[89]
Another synthetic example of an azafullerene derivative 17 is based on the opencage precursor 15 bearing a 10-membered ring opening (Scheme 1.6) developed by
the group of Gan. The three-step synthesis starting from precursor 15 yields an
azafullerene 16 with five addends.[51] Treatment with BBr3, and in a second step with
PPh3 cleaves the four peroxides, leading to hydroazafullerene C59NH 17.[93]
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15

16

17

18
[51, 93-95]

Scheme 1.6: Synthesis of C59NH 17 from open-cage fullerene 15.

Open-cage precursor 15 is available in a three-step reaction from C60.[94,

95]

The

peroxy radical addition reaction to C60 is performed in the presence of a catalytical
amount of Ru(PPh3)Cl2 or lewis acids FeCl3, Fe(NO3)3, RuCl3 to obtain a fullerenemixed peroxide 18.[94]
The synthesis of the azafullerene dimer 14 and hydroazafullerene 17 are two
successful examples of opening the fullerene cage and closing it again by chemical
reactions, while exchanging one carbon atom by a nitrogen atom. To date, these are
the only two reports of the formation of a heterofullerene from an open-cage
precursor.
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1.3 Heterofullerenes
In general, heterofullerenes, are obtained by the exchange of carbon atoms against
heteroatoms. However, since this is a difficult task, most of the heterofullerenes have
only been formed in the gas phase and detected by mass spectrometry. Preferred
elements for the replacement are heteroatoms that are similar to carbon in size and
electronegativity since an insertion into the carbon skeleton should be accomplished.
As a result, nitrogen and boron are the most plausible elements for the formation of
closed-cage heterofullerenes. For example, monoazafullerene is obtained by
substituting one atom of the carbon skeleton of the fullerene core by nitrogen. This is
the only example of the synthetical realization of a heterofullerene.[89,

90]

The

substitution of an odd number of nitrogen atoms leads to C 59N-radicals that are
stabilized by dimer formation, whereas an even number would generate a closedshell system. This replacement can also be seen as a doping process and the
generated azafullerene features an electronic structure that is distinct from its allcarbon precursor C60.[4, 91, 92, 96-98]

1.3.1 Formation of Heterofullerenes in the Gas-Phase
Besides nitrogen, boron is the second most attractive element for the generation of
heterofullerenes. Borafullerenes were produced by laser vaporization of graphite
containing boron nitride[99] or by arc evaporation of boron doped graphite rods [100]
(similar to the soot production to gain C60[101]) and were identified mass
spectrometrically. Another approach to yield borafullerenes was achieved by the gasphase formation of C59B- upon exposure of C60 to boron vapor.[102] Many other
heterofullerenes containing for example oxygen,[103,
107]

104]

phosphorus,[105] silicon,[106,

germanium,[108] arsenic,[108] or even metal atoms[109, 110] are accessible under gas-

phase conditions and only detectable by mass spectrometry.
The synthesis of heterofullerenes with more than one heteroatom was also
attempted. Several studies by the Hirsch group aimed at the well-directed chemical
synthesis of the diaza[60]fullerene C58N2.[111-114] However, in all cases the formation
of diaza[60]fullerene C58N2 could only be provided by fragmentation of the respective
precursors under mass spectrometric conditions.[53, 112, 113] The characterization of the
obtained C58N2 is difficult because various isomers with different N-substitution
patterns are expected to be formed and additionally, the obtained compounds are not
15
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long-term stable as determined by Gmehling et al.[114] Precursors 19[112] and 20 (one
out of several possible isomers)[113] are shown in Figure 5 that were developed for
the formation of diaza[60]fullerene C58N2 by the Hirsch group.

19

20

21

22

23
[53, 93, 112, 113, 115]

Figure 5: Illustration of potential precursors for heterofullerene formation.

In another study, the diaza[60]fullerene C58N2 was produced from precursor 21[53],
only under mass spectrometric conditions by Huang et al. However, precursor 21
could not be well characterized due to its low solubility. The two most plausible
tautomeric structures 21 are proposed to form under the given reaction conditions.
Precursor 21 is expected to produce the C58N2 isomer 24 with the two nitrogen atoms
adjacent to each other based on the structure of the precursor. [53] However,
structure 25 displays the most stable C58N2 isomer as predicted by semiempirical
calculations.[116]

24
25
26
27
Figure 6: Selected hypothetical structures of heterofullerenes containing more than one heteroatom.

A different strategy was used to produce the triaza[60]fullerene C 57N3.[115] A surfacecatalyzed cyclodehydrogenation turns the polyaromatic precursor C57H33N3 22,
placed on a platinum surface, into the triaza[60]fullerene C57N3 upon heating at
470 °C.[115] Supposedly, the formation of C57N3, in this case, would lead to a radical
that must have the structure 26, according to the preorientation of the nitrogen atoms
in the precursor 22.
Moreover, the bromo-modification of precursor 23[49,

94]

, prepared from the

fullerene-mixed peroxide 18 (Scheme 1.6), was found to fragment under mass
spectrometric conditions to the dioxa[60]fullerene C58O2.[93] The most stable isomer
of C58O2 27 (Figure 6), elucidated by theoretical calculations,[117] has two oxole
16
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substructures with an analogous structure to C60, except for one C-C bond that had
to be cleaved to introduce the two oxygen atoms, resulting in an opening of the cage.
However, all these precursors do not give heterofullerenes in macroscopic
quantities and the defined structures of the generated heterofullerenes are often not
known because several isomers are possible. Therefore, the focus of the
heterofullerene chemistry is mainly on the monoazafullerene that is stable as its
dimer.[89, 90]

1.3.2 Synthesis and Structure of Aza[60]fullerene
The first hints of azafullerene formation were obtained by mass spectrometric
investigations. Several aminofullerenes and azafulleroids, such as 28 and 29 (Figure
7) showed mass fragmentation patterns to the C59N+ cation.[89,

118, 119]

Usually,

exohedrally modified C60 adducts show a fragmentation to the C60+ cation, however,
for open-cage ketolactam 13, no fragmentation to C60 was observed by FAB mass
spectrometry. As Hummelen et al. found out, ketolactam 13 instead fragments
efficiently to C59N+, which is isoelectronic to C60 and shows a characteristic shrink
wrapping pattern.[89, 92]

28

29

13

11
+

Figure 7: Representative precursors that show fragmentation to C59N under MS conditions.

Based on these results, further precursors were developed to mimic the gas phase
formation of the aza[60]fullerene.[90,

118, 120]

However, one crucial aspect, regarding

the design of the precursor is that the substituents can be removed easily. This was
achieved for the synthesis of the aza[60]fullerene by using an acid-labile group.
Therefore, the bis-CH2CO2Me substituted azafulleroid analog of 11 did not lead to
successful fragmentation.[118] Finally, the aza[60]fullerene dimer 14 could be
synthesized from precursor 11 bearing the MEM-protective group (Scheme 1.7) by
our group.[90] Bisazafulleroid 11 was first treated with butylamine and DBU at room
temperature and then heated with p-TsOH. The hydroamination adduct 30 produced
upon the reaction with butylamine is a mixture of regioisomers. [118] This approach
17
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yielded both aza[60]dimer in 12-15% and its first derivative the mono adduct 31 in
10% (yields corresponding to the last step). However, the detailed reaction
mechanism is not fully understood. The reaction procedure was also successfully
applied to C70 producing aza[70]fullerene and the respective mono adduct. [90]

11

14

30

31
[90]

Scheme 1.7: Synthetic procedure to (C59N)2 14 using bisazafulleroid 11.

A different synthetic approach for the formation of aza[60]fullerene in bulk quantities
with a yield around 90% (for the last reaction step) was achieved by the group of
Wudl using the precursor 13 (Scheme 1.8).[89] The detailed synthesis and mechanism
(Scheme 1.4 and Scheme 1.5) is already discussed in chapter 1.2.2.

10

13

14

Scheme 1.8: Synthetic approach to (C59N)2 14 using precursor open-cage ketolactam 13.

[85, 89]

According to this synthetic route, the aza[60]fullerene dimer is accessible without the
production of side-products. However, it is important that the conversion from
precursor 13 to the azafullerene dimer is carried out under strict exclusion of oxygen.
Otherwise the N-oxide[91] of the azafullerene dimer is formed, which is not useful for
further functionalization. This synthetic procedure was also applied to C70, resulting in
different isomers of the aza[70]fullerene dimers.[121, 122] The proposed mechanism of
the azafullerene dimer formation (Scheme 1.9) is supported by mass spectrometric
analysis and the successful trapping of side-products with nucleophiles. The
precursor

ketolactam

13

exhibits

a

shrink-wrap

fragmentation

pattern[123],

characteristic of the azafullerenium ion that was observed by mass spectrometry and
is due to first losing a CN fragment and then successively losing two C2 fragments.
Moreover, another fragmentation ion is found at m/z = 780 due to the loss of 218
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methoxyethanol.[89] According to the reaction mechanism, the methylene group that
remains after the loss of 2-methoxyethanol, is crucial for the subsequent
fragmentation and rearrangement reactions. One hint about the fragmentation
reaction is given by the FAB mass spectrum of the ketolactam of bisazafulleroid 11. It
showed fragmentation due to the loss of formaldehyde[89], indicating that ketolactam
13 could fragment in the same manner.

32

33

34

35

31

17

Scheme 1.9: Proposed reaction mechanism of the formation of aza[60]fullerene with isolated trapping
[89-92, 124, 125]

products 31, 35 and 17.

The proposed mechanism for the formation of (C59N)2 was further supported by
trapping experiments. The proposed intermediates 32 and 34 could be trapped by
adding nucleophiles to the reaction of ketolactam 13 to (C59N)2 14. Open-cage
fullerenes 35 that have a similar structure such as ketolactam 13, and the simplest
azafullerene derivative C59NH 17 were produced under these conditions.[91,

124]

Moreover, the azafullerenium cation 33 can be trapped using different nucleophiles
or arenes and it turned out that it is the essential intermediate for further
functionalization.[92,

125]

The formation of mono adduct 31, during the synthesis of

(C59N)2 using bisazafulleroid 11 (Scheme 1.7),[90] must be the result of the
intermediate C59N+ 33.[125]

14

34

33
+

Figure 8: The azafullerene dimer 14 and its structural fragments, the C59N radical 34 and C59N 33.
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The structure of the azafullerene dimer 14 was difficult to determine. Only a weak ion
peak at m/z = 1445 could be obtained by electrospray MS for the azafullerene dimer
next to a strong signal for the C59N+-fragment. This was the only MS technique that
allowed the observation of the dimer-peak. Only the C59N+ ion is detectable using
other MS methods, such as MALDI-TOF MS measurements.[89,

90]

This is probably

due to its weak interdimer bond of 18 kcal/mol, determined by DFT calculations.[126]
The structure verification by

13

C NMR spectroscopy was hampered by the low

solubility of (C59N)2 and the failure to observe the sp3-carbon atom in all initial
spectra. The resonance signal for the sp3-carbon atom was finally detected with a
pulse delay time of 16 seconds.[127] The

13

C MAS NMR spectrum of a solid sample

containing (C59N)2 confirms the chemical shift of the sp3-carbon atom signal.[128]
According to the

13

C NMR spectrum, measured in solution, the azafullerene dimer 14

exhibits a highly symmetric structure (structure 14, Figure 8). The two azafullerene
cages are bound via the two carbon atoms adjacent to the nitrogen atom [89] where
the highest electron densitiy of the C59N radical (structure 34, Figure 8) is located.[129,
130]

The two nitrogens are in trans-configuration, which is probably due to the

minimization of electron pair repulsion.[126] The homolytical cleavage of the
azafullerene dimer can be achieved by photolysis using a laser pulse or xenon
lamp,[131, 132] or thermally (>100 °C) producing the C59N radical.[133] The structure of
the C59N radical 34, which is isoelectronic to the C60•- radical anion, was studied by
EPR spectroscopy. A g-value of 2.001 was found for the C59N radical 34, typical for
fullerenes[134]. The EPR signal consists of three sharp lines due to a

14

N hyperfine

splitting with a hyperfine coupling constant of 3.73 G.[131-133]
Moreover, no X-ray structure determination of the azafullerene dimer or any other
azafullerene mono adduct could be achieved up to date. However, the azafullerene
dimer was studied by synchrotron X-ray powder diffraction.[135]
In contrast, the C59N+ cation 33[118] was successfully characterized by single
crystal X-ray structure analysis (Figure 9) from Reed and co-workers.[136] The
isolation of C59N+ as its carborane salt is a rare example of a carbenium ion obtained
by the oxidation of a σ-bond. In general, the azafullerene dimer, as well as fullerenes,
are hard to oxidize[124,

137]

and usually, most of the strong oxidation agents have

nucleophilic counterions that would subsequently react with the generated C59N+
cation. The low nucleophilicity of the carborane counterion paired with a carbazole
radical cation derivative serving as oxidation agent enables the oxidation of the
20
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(C59N)2 interdimer C-C bond and the isolation of the C59N+ cation. The obtained X-ray
crystal structure shows disorder in the C59N+ cation hampering the determination of
the accurate bond length of the C59N+ cation. However, NMR spectroscopic analysis
compared with DFT calculated spectra revealed that the C59N+ cation is considered
to have iminium ion character (resonance structures 33, Figure 8).[136]

a)

b)

-

+

[C59N ][Ag(CB11H6Cl)2 ]
+

C59N(OOtBu)4Br
+

- [136]

Figure 9: X-ray crystal structure of a) C59N cation as its carborane salt [C59N ][Ag(CB11H6Cl)2 ]
and b) C59N(OOtBu)4Br

[51]

with its 6,9,12,15,18-addition motif.

More recently, a third synthetic approach by the Gan group yielded azafullerene
derivatives not via the azafullerene dimer, but by using a seven-step synthesis
starting from C60. The synthetic procedure depicted in Scheme 1.6 (chapter 1.2.2,
p.14), is more complex in comparison to the three-step synthesis of the azafullerene
dimer. The obtained azafullerene derivative 16 using this synthetic way (Scheme 1.6)
led to the first well-resolved single crystal X-ray structure of an aza[60]fullerene
derivative, illustrated in Figure 9 b.[51]
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1.3.3 Functionalization of the Azafullerene Dimer
The functionalization of the azafullerene dimer 14 is generally achieved by cleaving
the weak interdimer bond of 18 kcal/mol bonding energy[126] homolytically using either
heat or light. Following this step, the C59N radical can be the reactive species (in the
absence of oxygen) or in the presence of oxygen, C59N+ can be the reactive species
obtained upon oxidation (Scheme 1.10).

14

34

33
+

Scheme 1.10: The homolytical bond cleavage leads to the C59N radical or to the C59N cation under
oxidative conditions. Both are reactive species used for further functionalization.

The first report of a radical functionalization of C59N involved the thermal cleavage of
the azafullerene interdimer bond (Scheme 1.11) in the presence of hydroquinone
serving as hydrogen atom source. The produced C59NH 17 can also be obtained via
the photochemical cleavage of the azafullerene dimer.[124]
The thermal treatment of (C59N)2 in the presence of an excess of diphenylmethane
afforded the respective alkylated mono adduct 36 as main product, which is
consistent with a free radical chain mechanism.[138] The photochemical cleavage of
14 in the presence of molecular oxygen, however, is of disadvantage. The formation
of the N-oxide formation of C59NH 17 is reported upon irradiation of (C59N)2 in
ODCB.[91] Moreover, the N-oxide formation of the mono adduct 37[139] and of various
other mono adducts[140] is found by the group of Orfanopoulos using photolytic
conditions in the presence of oxygen. This is why the radical functionalization
reactions by thermal induction are conducted under the strict exclusion of oxygen.
Well defined mono adducts 36 could be obtained by the thermal reaction of (C59N)2
with substituted fluorenes[141], 9,10-dihydroanthracene or xanthene[142]. Arylalkanes
did not produce mono adducts under similar conditions. The free rotation of
22
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substituents sterically hinders the attack of the C59N radical. Therefore, only the
reaction with rigid, planar structures led to mono adducts.[142] Moreover,
benzyltrimethylsilane gives the mono adduct 37 with a benzyl addend, however with
a lower yield than expected. A highly reactive intermediate is probably formed that
can enable multiple addition to the azafullerene core.[139] Additionally, ODCB slowly
reacts with (C59N)2 when heated under the exclusion of air to form the mono adduct
38 which has to be considered for the synthesis of mono adducts via thermal
treatment. Consequently, a short reaction time and low temperature are advisable for
a higher yield and an easier purification procedure.[142]

14

17

34

36

37

38

Scheme 1.11: Thermal cleavage of the (C59N)2 with the subsequent functionalization to mono adducts
[124, 138, 139, 141, 142]

obtained under argon.

Homolytic thermal cleavage in the presence of air, however, produces the C59N+
cation that can be functionalized using nucleophiles (Scheme 1.12). The first
example of this type of reaction is represented by the mono adduct 31 obtained
during the azafullerene synthesis by the Hirsch group (Scheme 1.7, p. 18). However,
this mono adduct is not stable and slowly decomposes to insoluble compounds that
indicate carbonyl groups.[90] A specific experiment concerning the stability of a mono
alcohol azafullerene adduct 39 under acidic HCl conditions confirmed the acid-
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catalyzed hydrolysis of the N,O-acetal moiety leading to an open-cage structure that
propably is in tautomerization with its closed-cage hemiaminal.[98]
The formation of mono adducts using the C59N+ cation as reactive intermediate
has been extensively studied by Hauke et al.[125,

143]

One fundamental

functionalization reaction is the electrophilic aromatic substitution reaction using
C59N+ as electrophile.[144,

145]

Arylated azafullerene mono adducts 40 are obtained

using electron-rich arenes and p-TsOH under the given conditions, usually starting
from the isolated (C59N)2 or from the precursor ketolactam 13, however, resulting in a
lower product yield. The electrophilic aromatic substitution yields the mono
adducts 40 with the aryl addends substituted in para position only.

[144]

The reaction

mechanism was studied based on kinetic isotope effects by Vougioukalakis et al. and
revealed, as expected, a stepwise electrophilic aromatic substitution reaction.[145]
Apart from the reaction with arenes,[125,

139, 144, 146]

alkenes[125] and enolizable

carbonyl compounds[143] can furnish nucleophiles that react with the C59N+ cation.
Aldehydes, ketones, 1,3-diketones, malonate esters as well as α,β-unsaturated
carbonyl compounds serve as suitable enolizable compounds for the formation of
mono adducts such as 41.[143, 147-151]

14

33

39
40
41
42
Scheme 1.12: Selected derivatives of monofunctionalized azafullerenes obtained form the reaction
+

[90, 125, 139, 143, 144, 146-151]

with the C59N cation.

Moreover, attempts concerning the exploration of the oxidation conditions have been
carried out. Beside molecular oxygen, chloranil was used as oxidation agent.
However, it turned out that the reaction conditions are not ideal and the yield of the
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mono adduct was considerably lower compared to the procedure using molecular
oxygen.[125] Another approach included the usage of the strong oxidation agent
ferrocenium hexafluorophosphate. The C59N+ cation was successfully produced from
the azafullerene dimer by oxidation under argon and upon heating. Consequently,
the mono functionalized ferrocenylazafullerene 42 was isolated. However, a diverse
functionalization using ferrocenium hexafluorophosphate together with other
nucleophilic compounds such as aceton and 1,2-dimethoxybenzene could not be
achieved. Only the ferrocenylazafullerene adduct 42 was formed.[98, 152]
One striking characteristic feature of the mono adducts is their sp3- hybridized
carbon atom of the azafullerene core. Its

13

C NMR resonance signal is located

between 92 and 72 ppm, depending on the nature of the addend.[98] The
derivatization of the azafullerene dimer with solubilizing addends facilitates the
detection of this resonance signal by 13C NMR spectroscopy.
The high temperature and acidic reaction conditions of the discussed mono adduct
formation limits the access to an even wider range of mono functionalized
azafullerenes. However, since mono adducts are fairly stable they are good starting
compounds to explore higher addition patterns by further functionalization reactions.

1.3.4 Multiple Addition Adducts of Azafullerene Derivatives
Multiple addition to the aza[60]fullerene core leading to defined adducts are rare in
contrast to the well-studied variety of C60 adducts with more than one addend.[4] Only
a few individual examples of multiple adducts of aza[60]fullerene have been explored
to date. Further functionalization of mono adducts 43 was possible using templatemediated Bingel reaction conditions[153] (Scheme 1.13). The fivefold cyclopropanation
with diethyl malonates resulted in a highly regioselective functionalization pattern [154,
155]

comparable to the Th symmetrical hexakisadducts of C60[18]. This reaction allows

the synthesis of [C59N]hexakisadducts 44 with a Cs symmetrical addition pattern,
leading to a π-electron system with eight isolated benzenoid rings.[154, 155]
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43
44

Scheme 1.13: Fivefold cyclopropanation of mono adducts 43 under Bingel reaction conditions. The
Schlegel diagram of 44 displays the eight benzenoid rings of the azafullerene core (R’ red dot,
R’’ green dot).

[154, 155]

The chlorination of monoaryl adducts 40 with iodine monochloride (ICl) produces a
different addition pattern. A pyrrole substructure isolated from the residual 50 πelectron system of the azafullerene cage is formed upon tetrachlorination (structure
46, Figure 10).[50] The formation of an aromatic pyrrole substructure is very likely the
driving force for this 6,9,12,15,18-addition pattern 45.

45

46

47

48

49

Figure 10: Formation of a pyrrole subunit by the 6,9,12,15,18-pentaaddition pattern present in
[50-53, 156, 157]

azafullerene derivatives 46-49.

Penta adducts of azafullerenes 47 with the same addition pattern 45 could be
obtained by a complex synthetic pathway starting from a fullerene-mixed peroxide 18
prepared from C60 (Scheme 1.6, p.14), as already discussed in chapter 1.2.2 and
1.3.2.[51, 53] The 6,9,12,15,18-addition pattern 45 was confirmed for the first time by Xray crystal structure analysis by Zhang et al. The pyrrole moiety is almost completely
planar and shows a dihedral angle of 0.8° (N-C-C-C).[51]
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A similar pentaaddition pattern was also obtained by the group of Boltalina for the
high-temperature thermolysis of (C59N)2 with trifluoromethyl iodide (CF3I) in a sealed
tube.[52] The pentaadduct C59N(CF3)5 48 was formed among other higher adducts
C59N(CF3)n bearing up to 22 CF3-groups. The X-ray structure of 48 confirms the
6,9,12,15,18-addition pattern and reveals a close packing of the azafullerene
derivatives in a columnar head-to-tail manner. The nitrogen atom directs the addition
pattern of the pentatrifluoromethylation since no other isomer of C59N(CF3)5 48 was
found. According to DFT (PBE/TZ2P) calculated energies, the structure with the
isolated pyrrole unit 48 is about 50 kJ/mol more stable than structural isomers
containing ribbon structures such as the C1 symmetrical C60(CF3)6. Even the
comparable structure of the Cs symmetrical C60(CF3)6[158] with an isolated
cyclopentadiene unit is 14 kJ/mol higher in energy.[52]
The fluorination of the azafullerene dimer has been achieved using the transition
metal fluorides MnF3[159] and CeF4 producing C59NF33 as the main reaction
product.[54,

55]

Generally, the fluorination of fullerenes yields a product mixture

containing isomers with various degrees of fluorination since the fluorine atom is
small in size and highly reactive.[4, 54, 56] The fluorinated azafullerene species C59NF33
was only characterized by mass spectrometry and one possible structure could be
the formation of an isolated isoindole substructure within the azafullerene skeleton.
Several mass spectrometric experiments provide evidence for the formation of
C59NH5,[156,

157, 160]

[93, 124]

C59NH

which is one of the rare examples of hydroazafullerenes among

and C59NH(OOtBu)4[51]. The hydrogenation of the C59N radical in situ

demonstrated that the formation of C59NH 17 is an intermediate towards the
formation of C59NH5.[156] Another example of the formation of C59NH5, illustrated by
structure 49 (Figure 10), was generated by in situ hydrogenation of (C59N)2 using
C60H36 as hydrogen source. The Drewello group detected the obtained pentahydro
azafullerene derivative C59NH5 as radical anion C59H5•- by negative ion desorption
chemical ionization mass spectrometry.[157] Since no higher degree of hydrogenation
was observed, it is very likely that C59NH5 is formed highly regioselectively and
exhibits the same 6,9,12,15,18-pentaaddition pattern with an embedded pyrrole
subunit within the azafullerene skeleton (structure 49, Figure 10).
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2 Proposal
Azafullerene derivatives with more than one addend on the azafullerene core have
been prepared only in a few cases in contrast to the rich variety of C60 compounds.
The main goal of this thesis was to develop and investigate new functionalization
methods that lead to pentaaddition adducts of azafullerene derivatives.
Previous work revealed that a pentaarylated azafullerene adduct with a
6,9,12,15,18-addition pattern can be directly obtained from the open-cage precursor
ketolactam 13.[161] However, the unexpected formation of this fivefold arylated
azafullerene raised the question about the pathway of this entire conversion.
Consequently, the mechanism behind this pentaarylation reaction should be
investigated and ideally, possible intermediates should be trapped, isolated and
characterized in detail.
Moreover, the scope of the pentaarylation reaction and its limitations should be
explored. One part concerns the investigation of the pentaarylation reaction starting
from the open-cage precursor ketolactam 13. In a second part, the reaction should
be conducted starting from the monoarylated azafullerene. C 59N-monoadducts are
well-known reaction products and can be produced directly either from the
ketolactam 13 or azafullerene dimer 14. Hence, the synthesis of the monoarylated
azafullerene adduct has to be modified to gain the maximum yield.
Another important topic concerns the reactivity and stability under ambient
conditions of the azafullerene adducts with this pentaaddition pattern. Chemical and
electrochemical properties will therefore be investigated.
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3 Results and Discussion
3.1 The Pentaarylation Reaction
The optimized synthetic procedure depicted in Scheme 3.1 for synthesis of the opencage precursor ketolactam 13 has been followed.[85, 112] Ketolactam 13 leads to the
azafullerene dimer 14[89] (Scheme 3.1, b) or directly to monoarylated azafullerenes
40 (Scheme 3.1, a), however with considerably lower yields.[144] Nevertheless,
heating ketolactam 13 with 20 equivalents of p-TsOH between 150 and 180 °C for
several hours in ODCB with an excess of the respective aromatic compound in the
presence of air (herein refered to as pentaarylation reaction conditions) leads to the
formation of pentaarylated azafullerene derivatives 50.[161,

162]

To shine light on this

pentaarylation reaction, experiments regarding the mechanism elucidation were
conducted and are described in the following sections.

1

10

50

14

13

40

Scheme 3.1: Synthesis overview of pentaaryl azafullerene adduct 50 and its precursors.

[85, 89, 144, 162]

The fivefold arylation reaction on an azafullerene core yields the product 50 in up to
30% yield (Scheme 3.1, c) compared to a single arylation on (C59N)2 with 67% yield
starting from ketolactam 13 (for R = OCH3). Additionally, it was found that the
monoarylated azafullerene derivative 40 could be transformed into pentaaryl
azafullerene 50 (Scheme 3.1, d) offering a unique 6,9,12,15,18-addition motif. The
pentaarylation reaction (Scheme 3.1, c) is discussed in the following chapter 3.1.1.
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3.1.1 Synthesis and Characterization of Pentaaryl Adducts
The following reaction procedure was developed to yield the pentaarylated
azafullerenes in one step starting from ketolactam 13 (Scheme 3.2).

50

13

a: R = OCH3

(30%)

b: R = CH3

(16%)

c: R = Ph

(16%)

d: R = OPh

(26%)

e: R = OC7H15

(21%)

Scheme 3.2: Synthesis of pentaarylated azafullerene derivatives 50a-e with the pentaarylation
reaction conditions.

A series of pentaaryl adducts was synthesized using the pentaarylation reaction
conditions (Scheme 3.2). Ketolactam 13 was dissolved in a mixture of the respective
aromatic compound and ODCB (1:5), and heated with 20 equivalents of p-TsOH
between 150 and 180 °C for several hours (6-22 h), depending on the reactivity of
the aromatic compound while, passing a stream of air over the solution. Electron-rich
aromatic compounds gave the best results while toluene and biphenyl produced
pentaaryl adducts with only 16% yield after longer reaction times with up to 22 h (for
50c). In addition, the substitutents of the arenes are para directing and the
pentaarylation reaction only yields derivatives with the R groups in para position to
the azafullerene. The formation of pentaaryl adducts was monitored by TLC and
thereby orange colored intermediates can be observed. After work-up by column
chromatography, the pentaaryl adducts were obtained as red solids.
The pentaaryl adducts 50a-e were characterized by 1H,

13

C NMR spectroscopy,

MS, HRMS, as well as by IR and UV/Vis spectroscopy. All pentaaryl adducts were
detected as molecular radical cation [M]•+ or [MH]+-species with a MALDI-TOF mass
spectrometer and as well by high-resolution APPI-MS.
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50a

50b

50c

50d

50e

1

Figure 11: Comparison of the H NMR spectra (400 MHz, CS2/CDCl3, RT) illustrates the characteristic
resonance signals in ortho (o) and meta (m) position to the C59N core for pentaaryl adducts 50a-e.
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The Cs symmetry of the pentaaryl adducts 50a-e is already recognizable in the 1H
NMR spectra (Figure 11). The aromatic protons ortho to the C59N core of the five
addends appear at about 7.6 ppm as three resolved multiplets that are typical for a
1,4-disubstituted aromatic compound having an AA’BB’-spin system and the coupling
constants were obtained by simulation in the range of 3JAB = 8.5 Hz, 4JAA’ = 2.7 Hz
and 5JAB’ = 0.5 Hz (due to a spectrum of higher order). These three multiplets show
an integration ratio of 2:1:2, approving the Cs symmetry. The aromatic protons in
meta position show a resonance signal shifted upfield. Compound 50b shows a
particulary well resolved splitting pattern for the protons in meta position. Three
overlapping multiplets typical for a 1,4-disubstitution pattern of aromatic compounds
at 6.99, 6.98 and 6.95 ppm can be observed with the expected integration ratio of
1:2:2, respectively. Additionally, the methyl groups of 50b also show the same
pattern of 1:2:2 for the three singlets at 2.35, 2.34 and 2.33 ppm, respectively, due to
the Cs symmetry. For compound 50a, however, two of the three signals for the
methoxy groups resonate together at 3.78 ppm and the other singlet for the residual
two methoxy groups is found at 3.77 ppm.

50a

13

Figure 12: The C NMR spectrum (100 MHz, CS2/CDCl3, RT) of pentaaryl adduct 50a shows
2

exemplarily the Cs symmetry with the 26 signals between 155 and 140 ppm of the 50-sp signals from
the azafullerene core and the two pyrrolic signals of the pyrrol subunit (α and β).
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The

13

C NMR spectra of pentaaryl adducts 50a-e additionally verify their Cs

symmetry. A total of 26 signals are observed between 155 and 140 ppm for the 50
sp2-hybridized carbon atoms of the azafullerene skeleton, with 24 signals having
double and 2 having single intensities (Figure 12). This signal pattern is observed for
every pentaaryl derivative (Figure 13).
The sp3-hybridized carbon atoms of the C59N skeleton are the most characteristic
signals and can be found at 74, 60 and 58 ppm with respective signal intensities of
1:2:2 for all five azafullerene derivatives (Figure 13). Theoretical calculations at
B3LYP/6-31 G(d) level reveal that the

13

C NMR signals (Table 1, p. 35) at 60 ppm

belong to the depicted β’-carbon atoms (C-atoms 15, Figure 13) and the resonance
signal at 58 ppm to the α’-carbon atoms (C-atoms 12, Figure 13). Supplementary, the
13

C NMR spectrum of pentaaryl adduct 50b shows a splitting of the signal for the

methyl groups into three separated signals at 21.10, 21.07 and 21.05 ppm with an
intensity ratio of 1:2:2. The aromatic carbon signals of the addends of all five
derivatives 50a-e show as well the characteristic intensity ratios of 1:2:2 due to the
Cs symmetric fivefold addition pattern. Additionally, the pyrrolic carbon atoms can be
assigned to the

13

C NMR signals at around 136 ppm (for the two β-carbon atoms)

and at 128 ppm (for the two α-carbon atoms) by comparing the

13

C NMR spectra of

all pentaaryl derivatives. This finding is also supported by the calculated

13

C NMR

spectra (Table 1, p. 35). The deviation between the signals of the α- and β-pyrrolic
carbon atoms was done on the basis of the calculated

13

C NMR spectrum.
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50a

50b

50c

50d

50e

13

3

Figure 13: The C NMR spectra (400 MHz, CS2/CDCl3, RT) display the pyrrolic and sp -hybridized
carbon atoms (highlighted in color) of pentaaryl adducts 50a-e.
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Furthermore, the

13

C NMR data of pentaaryl derivative 50a was compared to a

monofunctionalized azafullerene adduct, namely 1-(hydroazafullerenyl)propanon 41,
prepared and analyzed by Hauke.[98, 143] The shifting of the discussed sp3 and pyrrolic
C-atom signals was explored in more detail.

50a

41

3

Figure 14: The Schlegeldiagramm depicts the C59N skeleton with the characteristic sp (marked in
blue) and pyrrolic C-atoms (marked in red) of pentaaryl derivative 50a.

Hauke and Chen assigned the experimentally observed chemical shifts to the
azafullerene skeleton using the calculated

13

C NMR chemical shifts (B3LYP/6-

31 G(d), referenced to the chemical shift of C60) of an azafullerene mono adduct.[98]

Table 1: Selected

13

[98]

C NMR data for pentaaryl adduct 50a and mono adduct 41

. Pentaaryl adduct

50a was geometry optimized and a frequency calculation was conducted at B3LYP/6-31G(d) level
using Gaussian 09 to state the minimum structure.

13

C NMR values were calculated at the same

B3LYP/6-31G(d) level of theorie and calibrated with the chemical shift of C60.

atom
number

pentaaryl adduct 50a
exp. δ (ppm)
(100 MHz, CS2/CDCl3)

pentaaryl adduct 50a
calc. δ (ppm)
(calibrated with C60)

mono adduct 41
exp. δ (ppm)
(100 MHz, CS2/CDCl3)

6/12 (α’)

57.98

65.44

124.81

18/15 (β’)

59.26

66.82

144.10

9

73.65

80.82

78.68

3/4 (β)

127.96

131.15

137.43

5/2 (α)

136.24

138.55

155.04
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The chemical shifts of mono adduct 1-(hydroazafullerenyl)propanon 41[98] for the
carbon atoms 6, 9, 12, 15 and 18, as well as for 2, 3, 4 and 5 are displayed in Table
1 and compared to the respective signals of the pentaaryl azafullerene 50a. The two
signals for the carbon atoms 6/12 (α’-C) and 18/15 (β’-C) are shifted from the sp2- to
the sp3-region for adduct 50a and the two resonance signals for the carbon atoms 5/2
(α-C) and 3/4 (β-C) are shifted to higher field about 20 and 10 ppm, respectively,
indicating their pyrrolic nature (for comparison:

13

C NMR δ (ppm) for N-methylpyrrole

= 121.1 (α-C) and 107.8 (β-C) in CDCl3[163]). The remarkable difference of about
7 ppm between the calculated and measured

13

C NMR data for the sp3-signals of

50a is also observed for mono adduct 41 (difference of 10 ppm between
experimental and theoretical sp3-13C NMR shift)[98]. The signals of the sp2-region give
a much better estimation of the absolute values compared with the experimental
obtained 13C NMR shift values.[98] The 13C NMR data for the pentaaryl adduct 50a are
calculated in the gas phase and for a distinct geometry without considering the
rotation of the aryl addends. Hence, a deviation of the sp3-signals is plausible.
However, the calculated values show a constant difference to the experimental shift
and therefore, not the absolute value but the trend of the

13

C NMR chemical shifts is

used for discussing and comparing the chemical shifts.

3.1.2 X-Ray Structure Analysis of Pentaaryl Adducts
The structure of the pentaaryl azafullerene derivatives was studied by single crystal
X-ray diffraction analysis of compound 50a. Structure determination was performed
on two single crystals, one grown from toluene and the other one obtained from a
CDCl3/CS2 solution. Both X-ray structure analysis show similar results, except for the
co-crystallized solvent, and therefore the structure referring to compound 50a
obtained from toluene is discussed. The crystal structure of 50a (Figure 15, a)
confirms the 6,9,12,15,18-addition pattern that is already deduced from the 1H and
13

C NMR spectra.
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a)

b)

c)

Figure 15: Single crystal structure of 50a: a) ORTEP representation with ellipsoids at the 50%
probability level (C gray, N blue, O red, hydrogens are omitted for clarity), b) space-filling
representation of the dimeric packing motif (the disordered toluene molecule inside the cavity is
omitted for clarity) and single crystal structure of 50b: c) stick representation of the packing motif with
a CDCl3 molecule inside the cavity (C red/gray, N blue, hydrogens are omitted).

The unit cell features two azafullerene molecules with a triclinic crystal system and
the space group P-1. The N atom is disordered over the five equivalent positions of
the pyrrole substructure. This behavior was also observed for the single crystal
structure of C59N(CF3)5.[52] The pyrrole subunit exhibits with a dihedral angle (N-C-CC) of 0.6 °C an almost planar arrangement within the azafullerene skeleton.
Moreover, pentaaryl adduct 50a shows an interdigitated dimer packing motif in the
crystal (Figure 15, b). Two molecules face each other and a cavity is formed which is
occupied by a slightly disordered toluene molecule for the structure of 50a
crystallized from toluene. The crystal structure of 50a obtained from CDCl3/CS2
shows the same packing behavior, however with an empty cavity.
Additionally, the X-ray crystal structure of pentaaryl adduct 50b, grown from a
CDCl3/CS2 solution, shows the same crystal packing behavior as observed for the
two structures of 50a. In this case, the formed cavity is filled with a disordered CDCl3
molecule (Figure 15, c). Structure 50b could only be refined to exhibit an R-factor of
12.1% and therefore is not discussed further in detail. This interesting dimeric, cavity
forming packing motif formation was also observed for the related 6,9,12,15,18pentaaryl-1-hydro[60]fullerene structures (p. 5, Figure 3, d). In conclusion, the crystal
packing motif of such pentaarylated fullerene structures is mainly depending on the
nature of the addends and the solvent used for crystallization. [164]
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3.2 Isolation of Stable Intermediates during Pentaarylation
Intermediates were observed by MALDI-MS when the pentaarylation reaction
conditions were applied as described in chapter 3.1.1 (p. 29) to a sample of (C59N)2.
The color of the reaction mixture changed from dark green to red within 10 min,
indicating the formation of red colored adducts with the characteristic pentaaddition
pattern. After one hour of reaction time the crude mixture revealed MALDI-MS peaks
at m/z 830, 938, 1044, 1151 and 1257 (Figure 16). The base peak at m/z 722 for
C59N+ must be due to fragmentation of the higher adducts because (C59N)2 is fully
consumed. The TLC shows one pale orange spot (diaryl adduct) and then three main
spots with increasing polarity for triaryl, tetraaryl and pentaaryl adducts, respectively.
As it turned out, the unambiguous structure assignment of the triaryldihydro and the
tetraarylhydro adducts could be achieved and this is described in the following two
chapters.

Figure 16: MALDI-MS spectrum (matrix: dith) of the crude pentaarylation reaction mixture reveals
sequential formation of higher adducts with up to five anisyl addends.

The observation of these intermediates by mass spectrometry led to the conclusion
that the higher adducts may be sequentially formed. One of these intermediates is
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the monoaryl adduct 40a (m/z 830) and hence, it was used as starting material for
further investigations of the pentaarylation reaction.

3.2.1 Modified Monoadduct Synthesis
A modified synthesis of monoarylated azafullerene adduct 40a was developed
(Scheme 3.3) to use it as precursor for the pentaarylation reaction. The literature
procedure describes the formation of mono adduct 40a starting from ketolactam 13
(Scheme 3.1, p. 29, route a), mentioning the lower yield of 38%[144] compared to the
synthetic route using (C59N)2 14 with a maximum yield of 67% (Scheme 3.1, p. 29,
route b) corresponding to ketolactam 13.[112, 144]
14

32

13

51

40a
43%

33

52
19%

53
24%

54
9%

50a
Scheme 3.3: The formation of side products can be explained by trapping postulated intermediates.

Using the pentaarylation reaction conditions but with a less amount of p-TsOH (5 eq),
side products next to the desired main product could be isolated and characterized
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(Scheme 3.3). Thereby, the formation of the two side products 52 and 53 was
observed by Roubelakis et al. using an excess of TFA instead of p-TsOH.[165] It is
reported that the separation of these two isomers was unsuccessful. Isomers 52 and
53 are trapping products of the carbocation 32 (Scheme 3.3). However, during the
synthesis of monoaryl adduct 40a shown in Scheme 3.3, both isomers 52 and 53
could be separated by column chromatography on silica gel. Isomer 52 was obtained
as a pure compound and isomer 53 could be isolated containing a minimum amount
of isomer 52. The characterization details of both isomers are very similar. The 1H
NMR spectra differ due to the ortho and para substitution of the anisyl addend while
the

13

C NMR spectrum shows a similar signal pattern for the fullerene skeleton. The

characteristic two doublets of the diastereotopic protons of the methylene group can
be found at 5.57 and 6.12 ppm for 52 and at 5.35 and 6.34 ppm for 53 with a 2J
coupling constant of around 14.7 Hz. Both isomers show a MALDI-MS peak m/z at
887 for [M]•-.
Additionally, a third side product 54 could be observed under the described
reaction conditions (Scheme 3.3) and it was isolated pure after a second column
chromatography. It contains a lactam moiety, one anisyl, one MEM and one
hydrogen addend according to mass spectrometry. The 1H NMR spectrum shows the
two singlets for the methoxy groups at 3.38 and 3.96 ppm, the multiplets of the
methylene groups at 3.56 and 4.42 ppm and the two multiplets of the anisyl addend
at 7.21 and 8.24 ppm indicating the para-subsitution pattern of the methoxy group to
the C59N core. The singlet at 7.13 ppm corresponds to the hydrogen addend. The 13C
NMR spectrum clearly shows the C1 symmetry of side product 54 with two resonance
signals at 76.29 and 77.64 ppm for the sp3 carbon atoms bearing the anisyl- and the
MEM-addends. The signal for the sp3 carbon with the hydrogen addend is found at
53.28 ppm and also confirmed by the DEPT spectrum. The resonance signal for the
lactam carbon atom appears at 170.36 ppm. No signal for a ketone moiety can be
found compared to N-MEM-[60]ketolactam 13 and the side products 52 and 53 with
the ketone signal at around 197 ppm and the lactam signal at around 162 ppm.
Moreover, the FT-IR spectrum of 54 shows only one strong C=O stretching band at
1735 cm-1 due to the lactam carbonyl group. A similar C=O stretching band for a
fullerene-lactam was also observed by Zhang et al. at 1773 cm-1.[51] For comparison,
the carbonyl stretching band of the lactam moiety for ketolactam 13, 52 and 53 is
located between 1679-1693 cm-1 and the carbonyl stretching band of the ketone
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appears at around 1725 cm-1. The shift of the lactam C=O stretching band to higher
frequencies for compound 54 is probably due to the missing of the ketone group
resulting in a less strained fullerene cage with the consequence of a stronger C=O
bond. Vibrational frequency calculations at B3LYP/6-31 G(d) level predict a lactam
C=O stretching at 1772 cm-1 for compound 54. In comparison, the fullerene-lactam
synthesized by Zhang et al. exhibits a calculated lactam C=O stretching at 1774 cm-1.
These three side products 52, 53 and 54 are trapping products from proposed
intermediates during the synthesis of the azafullerene dimer 14 (Scheme 3.3). As
already mentioned, isomers 52 and 53 are both trapping products of the carbocation
32. The interception of carbocation 32 by nucleophiles has already been shown.[124]
The formation of mono azafullerene adducts for example with aromatic compounds
(leading to 40a) can be seen as trapping of the intermediate C59N+ 33.[125, 145] Lactam
54 must originate from the intermediate 51 due to the remaining lactam moiety. This
finding confirms the proposed structure of 51[91] for the first time. However, it is
unclear which nucleophilic compound, the anisole or 2-methoxyethanol, reacts first
with 51. Moreover, the location of the addends is difficult to determine without X-ray
crystallographic analysis and therefore, the connection of the addends of structure 54
could not be finally determined.
With this insight about the formation of the side products and their origin, a
procedure was developed to yield the desired monoaryl adduct 40a with up to 66%
isolated yield starting directly from ketolactam 13 (Scheme 3.4). The concentration of
p-TsOH and anisole was varied. The usage of 10 equivalents of p-TsOH and
10 equivalents of anisole, strictly controlling the reaction time and subsequently workup maintained the optimized yield for mono adduct 40a and reduced the formation of
the side products 52, 53 and 54.

13

40a
66%

Scheme 3.4: Optimized reaction conditions for synthesis of monoaryl adduct 40a starting from
precursor 13.

41

Results and Discussion
The analytical data of compound 40a are in agreement with the literature[144] showing
two typical multiplets for the aromatic protons of the aryl addend with a coupling
pattern typical for an AA’BB’-spin system with simulated coupling constants in the
range of 3JAB = 8.5 Hz, 4JAA’ = 2.7 Hz and 5JAB’ = 0.5 Hz for a spectrum of higher
order. The residual characterization details can be found in the experimental section.
Thus, with this procedure the reaction (Scheme 3.4) can be carried out without the
necessity of isolating (C59N)2 and still yielding an appropriate amount of 40a.
Moreover, if the synthesis of 40a via isolation of (C59N)2 is intended, the reaction
time needs to be chosen carefully because the formation of another side product
occurs for longer reaction times as identified by further studies. This side product is a
triaryldihydro adduct (its formation and characterization is discussed in chapter 3.2.3
and 3.2.4) and it can be isolated as intermediate of the pentaarylation reaction. The
formation of the triaryldihydro addcuts during the synthesis of monoaryl adduct
additionally lowers the yield of 40a.

Interestingly, all three side products 52, 53 and 54 can be converted to pentaaryl
adduct 50a upon applying the described pentaarylation conditions (Scheme 3.3).
However, harsher reaction conditions (up to 200 eq p-TsOH and longer reaction
times) are necessary. The formation of pentaaryl adduct 50a from all three side
products was verified by TLC and mass spectrometry.
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3.2.2 Experimental

Observations

Concerning

the

Pentaarylation

Reaction
Monoaryl adduct 40a was used as starting material for the synthesis of the respective
pentaaryl adduct 50a. The reaction can be divided into two parts: a) the formation of
triaryldihydro adducts under argon and b) the formation of pentaaryl adducts in the
presence of air (Scheme 3.5), whereby the 6,9,12,15,18-addition pattern forms the
basis for the triaryldihydro regioisomers and is retained for the following
tetraarylhydro and pentaaryl adducts (only one enantiomer of the intermediates 56,
59, 60 and 61 is presented in Scheme 3.5).

a)

40a

56

57

58

59

b)

50a

61

60

Scheme 3.5: Pentaarylation reaction starting from monoaryl adduct: a) formation of triaryl dihydro
adducts under exclusion of oxygen and b) formation of tetraaryl hydro and pentaaryl adducts with air.

Experiments showed that p-TsOH is crucial for both reaction parts. Without p-TsOH
no triaryldihydro adduct is formed starting from monoaryl adduct 40a and no penta
adduct 50a is formed starting from triaryldihydro adducts. Usually, p-TsOH is used for
the synthesis of the azafullerene dimer (for cleaving the MEM-group of the
ketolactam 13) and as well, for the formation of monoadducts with (C59N)2 as
precursor. In case of the formation of (C59N)2, the organic acid is needed to cleave
the MEM-group to initiate the rearrangement reaction as shown in Scheme 3.3.
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However, the usage of p-TsOH during the monoaryl adduct synthesis is not clear.
The theoretic proof for the formation of monoaryl adducts by the electrophilic
aromatic substitution reaction with C59N+ as electrophile has been studied.[145]
Assumingly, the triaryldihydroadducts are obtained by two sequenced electrophilic
aromatic substitution reactions on the monoadduct. No oxygen is needed for this part
of the reaction and the experimental observations approve this (Scheme 3.5, a). In
conlusion, the triaryldihydro adducts are very likely formed via electrophilic aromatic
substitution

reactions.

Additionally,

intermediate

structures on

the

way to

triaryldihydro adducts with a composition of diarylhydro azafullerene adducts were
detected by MALDI-MS (Figure 16, p. 38). Fractions containing azafullerene
derivatives with this composition were separated and analyzed (details can be found
in chapter 3.2.3, p. 46), however, they could not be selectively synthezised. The
conversion of the diarylhydro adducts to pentaaryl adduct 50a was observed as well.
The product formation of the oxygen-free part of the reaction a) (Scheme 3.5) is
further discussed in chapter 3.2.3.
Adding air to the reaction mixture containing triaryldihydro adducts leads to the
formation of tetraarylhydro and pentaaryl adducts immediately (Scheme 3.5, b). The
isolation and selective synthesis of tetraarylhydro adducts is discussed in chapter
3.3. Both parts of the overall pentaarylation reaction take place in the dark. This
observation is especially of interest for the oxygen mediated part b) (Scheme 3.5).
This leads to the assumption that the reactive oxidative species is not singlet oxygen
but triplet oxygen as diradical. Consequently, the reaction of part b) probably
proceeds via a radical mechanism. Formally, a hydride (H-) must be abstracted to
enable another arylation. A likewise dehydrogenative alkylation was also observed by
the addition reaction of ketene silyl acetals to C60.[166] Accordingly, the oxidative
dehydrogenation of the triaryldihydro or tetraarylmonohydro adducts activates the
fullerene core for another subsequent arylation sequence of the azafullerene core.
Additionally, experimental observations showed that for both parts a) and b) (Scheme
3.5) p-TsOH is needed. It probably lowers the reduction potential by protonation and
it limits the pentaarylation reaction to the use of electron-rich aromatic compounds
that are stable under acidic conditions.
Another aspect is the use of DMSO for pentaadditon reactions. DMSO is known to
stabilize polarized fullerene species in solution.[167] In this regard, the use of DMSO
was crucial for the pentaaddition reaction of enol silyl ethers to C 60.[166] However, the
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usage of DMSO with and without p-TsOH under the pentaarylation reaction
conditions did not produce any higher azafullerene adducts. No reaction was
observed at 150 °C using either mono adduct 40a or triaryldihydro adduct mixture 5659 with a solvent mixture of 80% ODCB and 20% DMSO (volume percentage). Using
DMSO instead of p-TsOH did not produce any other azafullerene adducts. Even
adding p-TsOH and saturating the mono adduct 40a in ODCB/DMSO solution with
oxygen did not lead to any reaction. In conclusion, p-TsOH is crucial for the
pentaarylation reaction and in this case the acid probably protonates DMSO
preventing the formation of higher addition adduct.
In contrast, C60 does not show any reaction under the described pentaarylation
reaction conditions. Therefore, the azafullerene provides a special activation due to
the nitrogen atom under these reaction conditions.
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3.2.3 The Formation of Diarylhydro and Triaryldihydro Adducts
The oxygen-free part of the stepwise pentaarylation reaction (Scheme 3.5, a). is
discussed in this section.

56

57

58

59

55
40a

Scheme 3.6: The formation of diarylhydro adducts 55 as intermediate side-products.

Stopping the reaction after three to four hours of heating under the given pentaarylation conditions but under argon, the main products triaryldihydro adducts 56-59
could be isolated next to a small amount of diarylhydro adducts 55 (Scheme 3.6).
The diarylhydro adducts 55 are slightly less polar than the higher adducts and could
be separated by column chromatography from the mixture of the triaryldihydro
adducts 56-59. However, diarylhydro adducts 55 could not be produced exclusively
and therefore, the characterization of the obtained isomers was not intended. The 1H
NMR spectra of the fractions containing a mixture of diarylhydro isomers did not give
any useful clue about their structure. Nevertheless, the obtained fraction of
diarylhydro adducts 55 was analyzed by MS and HRMS and a m/z-peak at 938 for
[MH]+ indicated the formation of an azafullerene adduct with one additional addend
and one hydrogen atom compared to monoaryl adduct 40a. In addition, the isolated
diarylhydro adducts 55 mixture produces triaryldihydro, tetraarylhydro and pentaaryl
adducts as well under the same pentaarylation conditions (Scheme 3.7), concluding
that they must be reactive intermediates during the pentaarylation reaction.
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55

56-59

50a

Scheme 3.7: Overview of the pentaarylation reaction with diarylhydro adducts 55 as intermediates.

The reaction between monoaryl adduct 40a and 40 eq anisole dissolved in ODCB
with 20 equivalents of p-TsOH proceeded smoothly to produce triaaryldihydro
adducts 56-59 as main product (Scheme 3.8). A mixture of all four possible
triaryldihydro adducts 56-59 was isolated with 50% yield from the reaction mixture
after 3 hours of heating at 150 °C under an argon atmosphere.

40a
56

57

58

59

isolated yield

11%

8%

5%

7%

determined by HPLC

36%

23%

16%

25%

Scheme 3.8: The reaction of monoaryl adduct 40a with 40 eq anisole and p-TsOH under argon
produces triaryldihydro adducts 56, 57, 58 and 59 with the relative yields obtained from the HPLC
elugramm.

The separation of the four regioisomers 56, 57, 58 and 59 was carried out afterwards
by repetitive preparative HPLC on a Microsorb 100-5 Si column with toluene as
eluent. The elugram is shown Figure 17. The regioisomers elute after a retention time
of 7.59 min showing three peaks of which the middle one exhibits a shoulder. The
fraction is directly pumped over the same column again and after another cycle, the
peak in the middle starts to separate into two peaks. After the fifth cycle isomer 56
and 59 were isolated from the column while the other two remaining isomers were
separated after the seventh cycle. All four regioisomer were obtained with isolated
yields of 11% for 56, 8% for 57, 5% for 58 and 7% for 59 (corresponding to monoaryl
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adduct 40a). The yield determined by HPLC is 36% of regioisomer 56, 23% of isomer
57, 16% of isomer 58 and 25% of isomer 59 (Scheme 3.8). Triaryldihydro adducts 56
and 59 supposably contain a mixture of the two enantiomers, whereas triaryldihydro
adducts 57 and 58 can form only one respective isomer. For clarity only one of the
two enantiomers is always shown in the depicted figures or schemes.

56
57 59
58

Figure 17: HPLC chromatogramm containing the four isomers of triaryldihydro adducts (detection
wavelength 300 nm, Microsorb 100-5 Si column, solvent: toluene).

The usage of an excess of anisole (anisole/ODCB 1:5) for the production of
triaryldihydro adducts, however, made the separation of regioisomer 57 and 58
impossible. In this case, isomer 58 could only be obtained as a mixture of isomer 57
and 58 after separation of a pure fraction of regioisomer 57. Even more cycles (up to
36 cycles) on the preparative HPLC column did not lead to an effective separation.
Supposedly, a lower amount of regioisomer 58 is formed that hampered the
successful separation by repetitive preparative HPLC.
Moreover, it is important to note that the reaction mixture needs to be oxygen free
and saturated with argon while it is heated. Otherwise the reaction proceeds further
and the higher arylated tetraarylhydro and pentaaryl adducts are obtained. The
formation of a small quantity of tetraaryl adducts was observed in most cases during
the triarylhydro adducts synthesis which might be due to residual oxygen.
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3.2.4 Characterization of Triaryldihydro Adducts
Mass spectrometry reveals for every regioisomer 56, 57, 58 and 59 a MALDI-TOF
MS-peak at m/z 1045 for the radical cation [M]·+ confirming the correct molecular
composition. High-resolution APPI mass spectrometry confirmed furthermore the
correct molecular composition for C80H23NO3. The noticeable fragmentation pattern
obtained for the high-resolution mass spectrum is further discussed in chapter 3.8.1
(Figure 36, page 88). The addition pattern of the four triaryldihydro regioisomers was
assigned by NMR spectroscopy in combination with NOE experiments. The
associated point group of each compound is also reflected by its 1H NMR spectrum
(Figure 18). The C1-symmetrical regioisomers 56 and 59 show three sets of
multiplets for the protons in ortho- and for the protons in meta-position (except for
compound 59: the two multiplets of the ortho-protons overlap) in the 1H NMR spectra.
Additionally, three singlets for each methoxy group appear around 3.8 ppm. In
contrast, the Cs symmetry of the regioisomers 57 and 58 is evident in the 1H NMR
spectra. The two multiplets due to the protons of the anisyl addends show an integral
ratio of 1:2 (for compound 57) or 2:1 (for compound 58). The same pattern is
observable for the two singlets of the methoxy groups. The most remarkable feature
of these triaryldihydro regioisomers are their hydrogen addends attached to the
azafullerene core. They resonate for all compounds around 5.6 ppm. The
unsymmetrical substituted regioisomer 56 reveals two singlets at 5.61 and 5.57 ppm,
whereas the symmetrical substituted regioisomers 57 and 58 present one singlet at
5.62 and 5.63 ppm, respectively. The 1H NMR spectrum of isomer 58, displayed in
Figure 18, contains a small residual amount of isomer 57 that could not be separated
by repetitive preparative HPLC. Regioisomer 59 presents two doublets with a
characteristic 5JA,B coupling constant of 4.8 Hz. Due to the relatively high coupling
constant, the “roof effect” of a second-order pattern for this AB-spin system is
observed. The chemical shifts and coupling constant are typical for hydrogen
addends directly attached to the fullerene core.[168-170]
The

here

presented

triaryldihydro

azafullerenes

are

rare

examples

of

hydroazafullerenes next to C59NH[93, 124] and C59NH(OOtBu)4[51].
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56

57

57

58
57

57

57 57

57

57

59

1

Figure 18: H NMR spectra (400 MHz, CS2/CDCl3 or CDCl3, RT) for the regioisomers 56, 57, 58 and
59. The hydrogen addends resonate around 5.6 ppm and isomer 59 exhibits two doublets with a
5

J coupling constant of 4.8 Hz. Isomer 58 contains a small amount of isomer 57 after purification by
HPLC.

50

Results and Discussion
The set of signals in the

13

C NMR spectra confirm the symmetry of the isomers as

already deduced from the 1H NMR spectra. The assignment of the pyrrolic and sp3signals to the respective carbon atoms is supported by theoretical calculated

13

C

NMR spectra and an overview is given in Table 2 (p. 53). The two unsymmetrical
isomers 56 and 59 exhibit a similar pattern for the resonance signals in the

13

C NMR

3

spectra. The two signals of the sp -carbon atoms bearing the hydrogen addends
appear at around 45 ppm.

56
C1

57
Cs

Figure 19: Comparison of the

13

C NMR spectra (125 MHz, CS2/CDCl3 (top), 100 MHz, CDCl3

(bottom), RT) of one unsymmetrical (56) and one symmetrical (57) triaryldihydro isomer.

The resonance signals of the residual three sp3-carbon atoms appear at around 58,
60 and 74 ppm with signal intensities of 1:1:1. The four signals of the pyrrolic carbon
atoms can be found in the region between 138-123 ppm. The quaternary carbon
atoms of the anisyl addends (C-5) resonate in the same region and a differentiation
could be achieved with the help of the respective HMBC spectra. The signals of the
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residual 50 sp2-carbon atoms are found between 156 and 142 ppm. The

13

C NMR

spectra of the unsymmetrical isomer 56 and of the symmetrical isomer 59 are
exemplarily displayed in Figure 19.
In contrast, the

13

C NMR spectra of the two symmetrical isomers 57 and 58 show

due to their Cs symmetry a total of 26 signals between 156 and 142 ppm with 24
signals having double and 2 having single intensities. The two signals for the pyrrolic
carbon atoms are located in the region between 137 and 124 ppm. Additionally, the
signals for the three sp3-carbon atoms connected with the anisyl addend are found
around 74 and 59 ppm with the typical intensity ratio of 1:2, respectively. The carbon
atoms with the hydrogen addends give one resonance signal around 45 ppm. The
poor solubility of especially triaryldihydro adduct 58 makes the characterization
difficult. The

13

C NMR spectrum of compound 58 was therefore measured in ODCB-

d4 and the assignment of the quaternary C-atoms in position 5 was done on the basis
of the other regioisomers. The most characteristic

13

C NMR signals are summarized

in Table 2 and compared to the respective calculated shift values.
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Table 2: Selected

13

C experimental and calculated (B3LYP/6-31G(d) level and calibrated with the
3

chemical shift of C60) chemical shifts for the triaryldihydro adducts. The sp -carbon atoms with the
hydrogen addends are marked in green and with the aryl addends in blue.

atom
number

56
exp. δ calc. δ
(ppm)
125 MHz
CS2/CDCl3

57
exp. δ calc. δ
(ppm)
100 MHz
CDCl3

58
exp. δ calc. δ
(ppm)
100 MHz
ODCB-d4

59
exp. δ calc. δ
(ppm)
125 MHz
CS2/CDCl3

6

45.32 50.57

57.31 65.10

12

58.04 65.19

44.32 49.86

58.64 65.36

44.73 50.10

15

44.18 49.97

59.74 66.70

46.17 51.09

45.89 51.37

18

59.62 66.91

9

73.53 80.07

β

124.72 127.73

β

127.11 129.23

127.78 129.17

124.01 127.40

127.92 130.63

α

132.99 134.44

133.74 134.48

136.85 135.85

132.13 133.30

α

136.33 134.75

59.26 66.38
73.90 79.85

74.09 80.34

73.53 80.88
123.87 127.09

137.14 139.40

All calculated shifts for the sp3-C atoms bearing the aryl addends differ about 7 ppm
to the experimentally obtained

13

C NMR shifts and the sp3-signals with the hydrogen

addends differ about 5 ppm. This offset of about 7 ppm, which was as well observed
for the pentaaryl adduct 50a, is due to the calibration of the calculated chemical shift
values to the sp2-region of C60.
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3.2.5 X-Ray Structure Analysis of Triaryldihydro Adducts
The single crystal X-ray diffraction analysis of triaryldihydro adducts 57 and 59
represent the first crystallographic characterization of hydroazafullerene derivatives.
Single crystals of compound 57 were obtained from a mixture containing regioisomer
57 and 58, and additionally, from a solution containing pure compound 57 in CDCl3.
The X-ray crystal structure of 57 with both hydrogen addends in α’-position is shown
in Figure 20, a). The crystal structure features a monoclinic crystal system with a
P21/n space group. The compound crystallized with one CDCl3 per formula unit and
this solvent molecule was disordered and two preferred orientations were refined.

a)

b)

c)

d)

57

59

Figure 20: Single crystal structure of 57: a) ORTEP representation with ellipsoids at the 50%
probability level (C gray, N blue, O red, H white spheres, hydrogen atoms of the addends are omitted),
b) space-filling representation of the packing motif; single crystal structure of 59: c) ORTEP
representation with ellipsoids at the 50% probability level (C gray, N blue, O red, H white spheres,
hydrogen atoms of the addends are omitted) and d) space-filling representation of the packing motif.
Solvent molecules are omitted for clarity.
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Single crystals of compound 59 were grown at -30 °C from a mixture of CDCl3 and
CS2. The crystal structure has a triclinic crystal system with a P 1 space group. The
two enantiomers form the unit cell and Figure 20, c) shows one of the two
enantiomers. The enantiomers are statistically distributed and the N-atom is
disordered between the two equivalent positions. The two sp3-C atoms bearing the
hydrogen addends are clearly visible.
Contrary to the dimeric packing motif of pentaaryladducts 50a and 50b, both
triaryladducts 57 and 59 form columnar stacks in the crystal due to stacking of the
molecules along the unit cell direction b. Regioisomer 57 crystallized in a straightstacking motif (Figure 20, b) and the co-crystallized CDCl3 solvent molecules (omitted
for clarity in Figure 20, b) are confined to channels along the stacking axis. The
shortest distance between two fullerene cores along the stacking axis is 3.5 Å.
Regioisomer

59,

however,

presents

a

partially

stacked,

“addend-in-cavity”

arrangement (Figure 20, d) comparable to the “feather-in-cavity” stacking of
6,9,12,15,18-pentaaryl-1-hydro[60]fullerenes.[164] The azafullerene cores of 59 are
twice as far apart (7.0 Å), measured along the stacking axis, compared to structure
57. The packing behaviour of the discussed structures clearly shows that the cavity
formed by five anisyl addends is too narrow for an adjacent azafullerene core to
interact with. In contrast, three instead of five aryl addends offer more space.
However, for triaryldihydro isomer 59, a partially stacked, “addend-in-cavity”
arrangement is favored due to π-π interactions between the aryl addends and the
azafullerene core (closest distance of 3.2 Å). Structure 57 benefits even more from
the missing of two anisyl addends and creates a cavity so that the ball-shaped core
of another azafullerene molecule can nestle into it. The steric hindrance of five anisyl
addends is probably responsible that no formation of columnar stacks were observed
for the crystal structures of pentaaryl adducts 50a and 50b.
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3.3 Selective Synthesis of Tetraarylhydro Adducts
The substitution of one hydrogen addend of the triaryldihydro adducts by another aryl
addend leads to tetraarylhydro adducts, which are intermediates on the way to the
pentaaryl adducts (see Scheme 3.5, p.43). Two regioisomers are possible, the α’and the β’-isomer with the hydrogen addend in α’- or in β’-position, respectively.
Every regioisomer consists of two enantiomers, however, again only one enantiomer
is always shown for simplification.

3.3.1 Isolation and Characterization of β’-Tetraarylhydro Adducts
Surprisingly, the pentaarylation reaction procedure, as described above (chapter
3.1.1, p. 30), leads to the isolation of only one of the two possible tetraarylhydro
adducts, the β’-regioisomer 60 (Scheme 3.9).

13

60

50

d: R = OPh; 8%

26%

e: R = OC7H15; 4%

21%

Scheme 3.9: Isolation of the β’-H-tetraaryl adduct 60 under the applied pentaarylation conditions.

It turned out that the β’-H-isomers 60d,e could be isolated as side products during
the pentaarylation reaction and could be separated by column chromatography on
silica gel from the respective pentaaryl adducts. In general, the tetraarylhydro
adducts are reactive intermediates as shown by mass spectrometry (Figure 16,
p. 38). Therefore only small quantities of the respective tetraaryl adduct could be
isolated. In conclusion, there must be a difference in reactivity between the α’- and
the β’-isomer towards another arylation reaction.
The β’-H-tetraaryl adducts were successfully isolated for the azafullerene
derivatives with phenoxyphenyl and heptyloxyphenyl addends. MALDI-TOF mass
spectrometry measurements prove the molecular composition for 60d and 60e with
the detection of the radical cation [M]•+ at m/z 1399 of 60d and the protonated
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molecular cation [MH]+ m/z 1488 for 60e. High-resolution APPI mass spectrometry
detected the [MH]+-peak for both derivatives 60d and 60e at m/z 1400.280 and m/z
1488.591, respectively and further confirmed the molecular composition of the
tetraarylhydro adducts.

60d

60e

1

Figure 21: The illustration of the H NMR spectra (400 MHz, CDCl3, RT) of β’-H-tetraaryl adducts 60d
and 60e displays the characteristic pattern of the resonance signals in ortho- and meta-position to the
C59N core and the singlet at 5.7 ppm for the hydrogen addend.

The 1H NMR spectra of both β’-H-tetraaryl adducts 60d and 60e are displayed in
Figure 21. The hydrogen addend gives a resonance signal around 5.7 ppm for both
isomers. The pattern of the resonance signal for the ortho-protons is characteristic for
the β’-H-isomer and it will be refered back to this in the next chapter. Additionally, for
compound 60e the four methylene groups in position 7 resonate at different chemical
shifts. Two of the triplets slightly overlap each other at around 3.97 and 3.96 ppm and
the other two triplets appear as one triplet at 3.88 ppm with a 3J coupling constant of
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6.6 Hz. Furtheron, four singlets are observed for the four carbon atoms in position 7
in the

13

C NMR spectrum. This behavior is also observed for the residual signals of

the alkyl chain in the

13

C NMR spectrum. The

13

C NMR spectra prove the C1

symmetry for both tetraarylhydro adducts 60d and 60e with the signals of the 50 sp2C atoms in the aromatic region between 156 and 143 ppm. The four signals of the
pyrrolic carbon atoms appear between 137 and 124 ppm. However, the most
characteristic signals of the azafullerene core are found between 74 and 45 ppm.
Theoretical

13

C NMR calculations (B3LYP/6-31 G(d) level) predict a distinct pattern

for the signals of the sp3-carbon atoms bearing the aryl addends for either the β’-Hisomer 60 or the α’-H-isomer 61. The signal pattern of the experimental measured
spectra of the β’-H-regioisomers 60d,e were compared to the calculated

13

C NMR

spectra of the two possible regioisomers 60d and 61d (Figure 22). The signal pattern
of β’-H-regioisomer 60d is in agreement with its theoretical calculated

13

C NMR

spectrum. The key resonance signals in the sp3-region are shown in Figure 22.
Additionally, tetraarylhydro adduct 60e offers the same sp3-signal pattern for the β’(C-atoms 15, Figure 22) and α’-carbon atoms (C-atoms 6 and 12, Figure 22)
implicating that the β’-H-isomer is as well present for adduct 60e.
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61d

60d

60d

60e

60e

Figure 22: Theoretical (B3LYP/6-31 G(d)) and experimental (100 MHz (60d) and 150 MHz (60e),
CDCl3, RT)

13

C NMR spectra of tetraarylhydro adducts.
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Additionally, the differentiation between the signals of the pyrrolic and quaternary (C11) C-atoms of compound 60e could be achieved with the HMBC spectrum. The four
signals of the pyrrolic carbon atoms of 60d were identified by comparing the

13

C

NMR spectra of both β’-H-isomers 60d and 60e (Figure 23). The pyrrolic C-atoms
were assigned to α and β according to theoretical calculated 13C NMR shifts.

60d

60e

13

Figure 23: The C NMR spectra (100 MHz (top), 150 MHz (bottom), CDCl3, RT; * unknown impurity)
of β’-H-isomers 60d and 60e between 161 and 122 ppm showing the four signals of the pyrrolic
carbon atoms (α and β).

The isolation of the anisyl derivative 60a, formed during the pentaarylation reaction,
was also intended but was only partly successful. When either ketolactam or mono
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adduct was used as starting material and the pentarylation reaction conditions were
applied, β’-H-tetraaryl adduct 60a could only be isolated with a considerable amout of
an impurity. Solely, the reaction using the mixture of triaryldihydro adducts produced
60a in a small quantity with an acceptable purity next to pentaaryl adduct.
Attempts to explore the formation and the structure of this by-product failed. It has
the same polarity on the TLC as the tetraarylhydro adducts, however no signals for
hydrogen addends are observed in the 1H NMR spectrum. MS and HRMS spectra
show a [M]+-peak at m/z 1150 for the molecular composition an azafullerene
derivative with four anisyl addends. In contrast, β’-H-tetraaryl adduct 60a produces a
molecular radical cation peak at m/z 1151. A dimer formation could explain this mass
spectrum, however, HPLC analysis show a retention time on the cosmosil column of
4.47 min compared to the retention time of the azafullerene dimer (C 59N)2 which is
15.6 min. In conclusion, there is no final evidence for the structure of this by-product.

3.3.2 The Diverse Reactivity of the α’- and β’-Tetraarylhydro Adducts
However, β’-H-tetraaryl adduct 60a could be selectively isolated by applying the
pentaarylation conditions to a mixture containing both tetraarylhydro regioisomers
(Scheme 3.10). Thereby, all of α’-isomer 61a was converted to pentaaryl adduct 50a
and pure β’-isomer 60a could be recoverd from the reaction mixture.

61 a

60a

60a

50a

22%

30%

Scheme 3.10: Selective conversion of α’-H-tetraaryl adduct 61a to pentaaryl adduct 50a whereas β’H-tetraaryl adduct 60a was recovered from the reaction mixture.

The reaction time had to be chosen carefully and after one hour the reaction was
stopped by cooling down the reaction mixture and directly followed by column
chromatography work-up. β’-H-tetraaryl adduct 60a and pentaaryl adduct 50a were
isolated with 22% and 30% yield, respectively.
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The mixture of both regioisomers 60a and 61a was obtained from the synthesis of
triaryldihydro adducts (chapter 3.2.3) and they can be distinguished by their chemical
shifts of the hydrogen addend in the 1H NMR spectra. The measured 1H NMR
spectrum before and after the reaction showed the total conversion of α’-H-tetraaryl
adduct 61a. Figure 24 a) clearly shows the presence of the two isomers before the
reaction. The singlet at 5.70 ppm belongs to the α’-H of tetraaryl adduct 61a and the
singlet at 5.68 ppm is due to the β’-H of tetraaryl adduct 60a. The signal pattern in
the aromatic region around 7.5 ppm for 60a is very similar to the pattern displayed for
the β’-H-isomers 60d,e in Figure 21 (p. 57).

a) mixture before the reaction

b) isolated 60a after the reaction

61a + 60a

60a

Figure 24: 1H NMR spectra (400 MHz, CDCl3, RT) of a) the mixture of both regioisomers before the
reaction and b) the isolated β’-H-tetraaryl adduct 60a after the reaction.

Additionally, MALDI-TOF mass spectrometry measurements prove the molecular
composition of 60a with the detection of the radical cation [M]•+ at m/z 1151. Highresolution APPI mass spectrometry detected the [M]•+-peak at m/z 1151.209 and
further confirmed the molecular composition of the tetraarylhydro adducts. The
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structure of the β’-H-tetraaryl adduct 60a is confirmed by its

13

C NMR spectrum and

is discussed in the following chapter in more detail.
In conclusion, regioisomer α’-H-tetraaryl adduct 61a is more reactive towards
further arylation yielding pentaaryl adduct. The β’-H-tetraaryl adduct 60a is not so
reactive and therefore can be easier isolated and characterized by NMR (Figure
24, b). This finding explains why the β’-H-tetraaryl adduct 60 was isolated under the
pentaarylation reaction conditions as described in chapter 3.3.1.

3.3.3 Selective Synthesis and Characterization of α’-Tetraarylhydro
Adduct
The pentaarylation reaction conditions were applied to triaryldihydro adduct 57 with
the intention to yield α’-H-tetraaryl adduct 61a, which is highly reactive as described
in the previous chapter. Moreover, the conversion of triaryldihydro adduct 57 can only
form one regioisomer, the α’-H-tetraaryl adduct 61a. The formation of the β’-Htetraaryl adduct 60a should not be possible by using triaryldihydro adduct 57 as
starting material.

57

57

61a

50a

7%

15%

28%

Scheme 3.11: Selective synthesis of α’-H-tetraaryl adduct 61a by using triaryldihydro adduct 57 as
starting material.

The reaction was stopped after 1.5 h and the products were subsequently separated
by column chromatography on silica gel. This reaction shows that the tetraarylhydro
adduct is a reactive intermediate during the pentaarylation reaction because starting
material and pentaaryl adduct are isolated next to the desired tetraarylhydro adduct.
Consequently, the reaction can not be directed to solely produce α’-H-tetraaryl
adduct 61a as the main product, however pure α’-H-tetraaryl adduct 61a could be
isolated with 15% yield (respective to starting material 57) and characterized.
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The composition of α’-H-tetraaryl adduct 61a is confirmed by MS with a m/z-peak
at 1151 for the radical cation and additionally the high-resolution mass spectrum
proves its molecular composition with the detection of the radical cationic species at
m/z 1151.206. Moreover, the 1H NMR spectrum of α’-H-tetraaryl adduct 61a is
compared to the 1H NMR spectrum of β’-H-tetraaryl adduct 60a in Figure 25. The
singlet of the hydrogen addend of 61a appears at 5.71 ppm. This verifies the
presence of both isomers in the mixture depicted in Figure 24.

61a

61a

60a

60a

1

Figure 25: The two tetraarylhydro derivatives 61a and 60a can be distinguished by their H NMR
(400 MHz, CDCl3, RT, * impurity) resonance signal for the hydrogen addends.

The

13

C NMR spectra of both regioisomers are compared in Figure 26. Due to the

signals for the 50 sp2-carbon atoms between 157 and 142 ppm, both

13

C NMR

spectra confirm the C1 symmetry for each regioisomer. Additionally, the pyrrolic
carbon atoms give four resonance signals in the region between 137-124 ppm. The
assignment of the pyrrolic and quaternary C-atoms (C-5) for 60a was done according
to 60e. The pyrrolic chemical shift values of the pyrrolic carbon atoms of β’-Htetraaryl adduct 60a are comparable to the chemical shifts found for β’-H-tetraaryl
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adducts 60d and 60e (see Figure 23). Interestingly, two signals in this region
between 137 and 124 ppm of α’-H-tetraaryl adduct 61a overlap at 133.06 ppm
(Figure 26). Processing the NMR data with a Gaussian function reveals two peaks at
133.06 ppm. In consequence, eight signals are found in this region for the altogether
four pyrrolic and four quaternary C-5 atoms, as expected. However, the final
assignment of the pyrrolic signals could not be achieved for 61a due to the low
amount of substance.

61a

60a

13

Figure 26: The C NMR spectra (100 MHz CDCl3, RT) between 160 and 110 ppm of the two
regioisomers 61a and 60a with the depicted signals for the pyrrolic C-atoms.

Additionally, the signals for the four aryl addends are present in the

13

C NMR spectra

1

as well as in the H NMR spectrum. However, the most important characteristics for
the differentiation between the α’-H-isomer and the β’-H-isomer are the

13

C NMR

chemical shifts of the sp3-carbon atoms attached to the aryl addends (Figure 27).
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61a

60a

Figure 27: Experimental (100 MHz CDCl3, RT) and calculated (B3LYP/6-31 G(d))

13

C NMR spectra of

3

the two regioisomers 61a and 60a with the characteristic chemical shifts of the sp -carbon atoms
bearing the addends.

The pattern of the sp3-carbon resonance signals of α’-H-isomer 61a are in agreement
with the calculated

13

C NMR shifts. The β’-H-tetraaryl adduct 60a shows the reversed

pattern for its resonance signals of the sp3-carbon atoms numbered with 15, 6 and
12.
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3.3.4 X-Ray Structure Analysis of β’-H-tetraaryl Adduct
The final proof of the regioisomeric structure motif 60 was determined by the X-ray
crystal structure analysis of the β’-H-tetraaryl adduct 60d (Figure 28). Single crystals
were grown from a solution of toluene. The unit cell contains two tetraarylhydro
azafullerene molecules in a triclinic crystal system with a P 1 space group. The
compound crystallized with one toluene molecule per formula unit. One of the
phenoxyphenyl addends is disordered and two preferred orientations were refined.
Furthermore, the N atom is disordered and changes its position with the adjacent
carbon atom resulting in the two arrrangements for the two enantiomers. Both
enantiomers are statistically distributed. Figure 28 shows the two enantiomers in the
unit cell with the refined site occupancies of the disordered N- and adjacent C-atom
of 56% for this arrangement.

60d

Figure 28: Single crystal structure of 60d in ORTEP representation with ellipsoids at the 50%
probability level (C gray, N blue, O red, H white spheres, hydrogen atoms of the addends are omitted).

β’-H-tetraaryl adduct 60d forms columnar stacks in the crystal as shown in Figure 29
with one enantiomer colored in yellow and the other one in red. The stacking axis is
in direction c of the unit cell. The four aryl addends form a cavity that is occupied by a
toluene molecule (Figure 29). Non-covalent intermolecular interaction between one
phenyl ring and an adjacent azafullerene core can be observed that might be an
additional aspect that the addends did not arrange in a way to form a cavity to host
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the next azafullerene molecule. The distance (colored in green in Figure 29 on the
right) of this π-π interaction in the crystal ranges between 3.4 and 4.2 Å.

Figure 29: Illustration of the packing motif of the single crystal structure of 60d (C yellow/light red, N
blue, O red, H white and toluene in gray). On the left: space-filling representation without solvent
molecules, in the middle: space-filling representation with solvent molecules inside the cavity and on
the right: stick representation with the visualized interaction between the two aromatic units (green
doted line).
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3.4 Usage of Lewis Acid Cataysts for the Pentaarylation Reaction
An AlCl3-mediated arylation reaction is reported for C60 to yield mono-, di- and
trihydroaryl adducts.[168] According to these results, AlCl3 and FeCl3 were tested as
Lewis acid catalysts instead of p-TsOH.
a)

b)

40a

61a

59%

50a
9%

Scheme 3.12: Monoaryl adduct 40a forms a) diarylhydro adducts with AlCl3 and b) with FeCl3 α’-Htetraaryl adduct 61a and pentaaryl adduct 50a are formed.

Monoaryl 40a adduct reacted immediately at room temperature with AlCl3 as lewis
acid catalyst and anisole in the presence of air (Scheme 3.12, a) to orange colored
higher adducts. Mass spectrometry showed that the main products are diarylhydro
adducts with a [MH]+-peak at m/z 938 for the molecular composition of azafullerene
derivatives with two anisyl and one hydrogen addend. Additionally, with APPI-HRMS,
a molecular ion peak for the radical cation [M]•+ could be detected at m/z 937.108
and overlaps with the [MH]+-peak at m/z 938.116. Purification by column
chromatography on silica gel yielded diarylhydro adducts in 59% yield. HPLCanalysis of the isolated compound revealed a complex mixture of diarylhydro
adducts. Even heating the reaction mixture with AlCl3 in the presence of air did not
produce pentaaryl adducts.
However, using FeCl3 as lewis acid catalyst, pentaaryl adduct 50a was formed at
room temperature (Scheme 3.12, b). The reaction proceeded immediately at room
temperature and a color change from green to orange could be observed. The
reaction mixture was separated by column chromatography on silica gel after 30 min
of stirring and pentaaryl adduct 50a was obtained in 9% yield. Performing the
reaction under argon gave the same results as under air conditions. Thereby, α’-Htetraaryl adduct 61a was isolated as a minor product and not the β’-H-tetraaryl
adduct 60a, as previously described under the pentaarylation conditions using pTsOH. Diarylhydro and triaryldihydro adducts are formed as well under these
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conditions. However, the reaction mixture including FeCl3 is not stable and this
assumedly explains the lower yield of 9% in contrast to the isolated yield of 30%
under the pentaarylation reaction using p-TsOH.
In contrast to the previously described pentaarylation reaction conditions, the lewis
acids catalyse the formation of higher adducts already at room temperature and no
temperature activation of 150 °C is necessary. Supposedly, a different reaction
mechanism seems to take place with FeCl3 due to the isolation of α’-H-tetraaryl
adduct 61a. This pathway could also offer the access to the α’-H-tetraaryl adduct 61
directly starting from monoaryl adduct.
Additionally, using ketolactam 13 as starting material instead of monoaryl adduct
40a under the reaction conditions described in Scheme 3.12 does not lead to
pentaaryl adducts. The usage of AlCl3 does not show any reactivity at room
temperature but after heating at 150 °C for 1 h the starting material was consumed.
In constrast, the reaction of ketolactam 13 with FeCl3 already proceeded at room
temperature. However, in both cases using either AlCl3 or FeCl3, no higher arylation
products could be detected by mass spectrometry. The reason might be that the
MEM-group is not cleaved under these conditions. In consequence, the
fragmentation and rearrangement reaction to the C59N-core does not take place.
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3.5 Electrochemical Properties of Azafullerene Structures with the
6,9,12,15,18-Addition Motif
According to the UV/Vis spectra of triaryldihydro, tetraarylhydro and pentaaryl
adducts similar absorptions due to their pentaaddition motif are found at 238, 260,
276, 357, 444, 478, 533 nm. The fullerene core itself does not change and similar
absorption spectra are obtained. Figure 30 displays the spectra of all four
triaryldihydro regioisomers 56, 57, 58 and 59, the two tetraarylhydro adducts 60a and
61a in comparison to the pentaaryl adduct 50a.

56
57
58
59
60a
61a
50a

Figure 30: UV/Vis spectra (CH2Cl2, RT) of triaryldihydro, tetraarylhydro and pentaaryl adducts. Due to
the insufficient solubility of regiosomer 58 in CH2Cl2, arbitary units (a.u.) apply for 58.

Moreover, the influence of the 6,9,12,15,18-addition motif on the electrochemical
properties was investigated. Therefore, triaryldihydro adducts and pentaaryl adducts
50a-d were characterized by cyclic voltammetry (CV) in ODCB solution with
tetrabutylammonium

tetraﬂuoroborate

(Bu4NBF4)

as

supporting

electrolyte.

Triarylhydro adducts as well as pentaaryl azafullerene compounds showed two
reversible reduction waves at -1.49 V (E1red) and -1.95 V (E2red) versus the Fc/Fc+ redox
couple (Figure 31). Pentaaryl[60]fullerene derivatives exhibit also two reversible
reduction waves[34] due their similar alteration of the fullerene π-sytem. In comparison
to

the

pentaaryl[60]fullerene

derivatives

with

biphenyl

and

phenoxyphenyl
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addends[171], the redox potentials of azafullerene derivatives are slightly lower (about
10 mV) reflecting the electronegative influence of the nitrogen atom of the C 59N
skeleton.

50a
50b
50c
50d

56-59
50a

Figure 31: Cyclic voltammograms (ODCB, 0.1 M Bu4NBF4, scan rate 0.1V/s) referenced to Fc/Fc

+

(0V) left: of the triaryldihydro adduct mixture and pentaaryl adduct 50a and right: pentaaryl adducts
50a-d in comparison to C60.

The CV measurements of the mixture containing triaryldihydro adducts 56-59 (Figure
31) additionally showed an oxidation peak at 0.97 V (referenced against Fc/Fc+
couple). For pentaaryl adducts 50a-d also a weak, partly reversible oxidation peak
between 1.11 and 1.23 V was observed in the studied range (-2.5 to +2 V versus
Fc/Fc+). The results are summarized in Table 3.

Table 3: Redox potentials of azafullerene derivatives containing the 6,9,12,15,18-addition motif in
+

comparison to C60, determined by Ered = (Epc + Epa)/2 versus Fc/Fc in ODCB with Bu4NBF4 as
supporting electrolyte and a scan rate of 100 mV/s. Reference electrode: Ag wire; working electrode:
glassy carbon or Pt; counterelectrode: Pt wire.

56-59

50a

50b

50c

50d

C60

E1red (V)

-1.50

-1.49

-1.47

-1.49

-1.49

-1.10

E2red (V)

-1.95

-1.95

-1.92

-1.95

-1.95

-1.51

The functionalization of C60 usually does not preserve the 60 π-electron system (58
instead of 60 π-electrons for mono cyclopropanated adducts) and in consequence
leads to a higer LUMO energy level. The same trend is observed for the discussed
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azafullerene compounds which have a connected π-system of only 50 electrons and
an formally isolated pyrrole unit. The redox potentials of the presented azafullerene
derivatives are about 0.4 V lower than the reduction potentials obtained for C60 under
the same conditions (Figure 31, Table 3). This reflects a LUMO energy that is higher
in energy for the azafullerene compounds and therefore makes them weaker electron
acceptors compared to C60.
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3.6 Mixed Pentaaryl [C59N] Adducts
According to the reaction scheme of the pentaarylation reaction, azafullerene
adducts with different aryl addends in one molecule are imaginable. Starting with a
monoaryl adduct that has a different addend and then attaching four addends would
result in a mixed penta adduct with Cs symmetry that is characterizable in an
analogous way to the pentaaryl adducts 50a-e.
A variety of mono adducts has already been investigated quite extensively[98,
142]

124,

and the pentaarylation reaction gives good results with electron-rich aromatic

compounds.

Scheme 3.13: Reaction scheme to Cs symmetrical mixed penta adducts.

This chapter discusses the synthesis and the limitations of Cs symmetrical mixed
penta adducts as illustrated in Scheme 3.13.

3.6.1 Exploration of Novel Mono Adducts for Mixed Penta Adducts
Mono adducts with functional addends were intended to be further used as starting
materials for mixed penta adducts as described in Scheme 3.13. Therefore, the
HOMO and LUMO energy levels of several aromatic compounds were estimated to
find suitable reactants. According to an electrophilic substitution mechanism,[145] the
LUMO energy values of the azafullerene cation C59N+ as electrophile and the HOMO
energy value for the aromatic compound was calculated at B3LYP/6-31 G(d) level in
the gas phase (ZPE corrected). The results are presented in Table 4.
For comparison, ODCB was calculated since it does not react in a electrophilic
substitution fashion with C59N+ and therefore, it is used as solvent for this reaction. Its
HOMO energy value with -6.84 eV indicates that a higher HOMO energy level is
needed for a reaction with the azafullerene cation. As already presented, by using
toluene, biphenyl, diphenylether and anisole as reactant, not only monoadducts but
also pentaaryl adducts were obtained.
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Table 4: Calculated LUMO energy values of C59N as electrophile and HOMO energy values of
selected aromatic compounds as nucleophiles at B3LYP/6-31 G(d) level.

electrophile

LUMO [eV]

nucleophile

HOMO [eV]

-6.82

ODCB

-6.84

toluene

-6.40

biphenyl

-6.05

diphenylether

-5.88

anisole

-5.85

acetone

-6.64

acetone (enole form)

-6.00

phenylacetylene

-6.29

phenylpropargylether

-6.01

indole

-5.40

3-methylbenzothiophene

-5.74

3,4-ethylenedioxythiophene

-5.80

C59N+

The substitution of the α-proton of acetone by C59N+ was already described.[143]
Under acidic conditions (p-TsOH) the enol form of acetone is very likely attacked by
the azafullerene cation leading to the mono adduct. The HOMO energy level of the
enol form of acetone is raised by 0.64 eV compared to acetone, supporting the
reaction with the enol form. All other remaining aromatic compounds listed in Table 4
exhibit a higher HOMO energy level than ODCB indicating that an electrophilc
substitution with C59N+ should be successful. The reaction of novel nucleophiles with
C59N+ is discussed in the following section.
Addends with alkine groups would offer a further functionalization route using
“click” chemistry.[172,

173]

Therefore, the reaction of phenylacetylene, 1-phenyl-2-

trimethylsilylacetylen and phenylpropargylether with C59N+ was intended (Scheme
3.14). The direct synthesis of mono adduct 40f (Scheme 3.14, route a) could not be
achieved successfully. The product could not be purely isolated and showed
decomposition due to polymerization after analysis by

1

H NMR spectroscopy.

Therefore, 1-phenyl-2-trimethylsilylacetylen was used for mono adduct synthesis via
route a) (Scheme 3.14) but the desired mono adduct 40g was not obtained.
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a)

40f

40f/h:
40g:
H

40g

13
b)

40f-h
40h

14
Scheme 3.14: Reaction procedure for alkine functionalized mono adducts 40f-h directly from
ketolactam 13 or via azafullerene dimer 14.

Furtheron, the reaction with phenylpropargylether yielded mono adduct 40h in 12%
(corresponding to 13) using either route a) or b). However, column chromatography
on silica gel using CS2 was necessary to obtain the pure mono adduct 40h. Due to
the low yield and the purification with toxic CS2, the synthesis of mono adduct 40h is
not very reasonable for further use in functionalization reactions. In consequence,
based on these results, the synthesis of mono adducts that are applicable to click
chemistry was not further followed.
Heterocyclic compounds are promising for the mono adduct synthesis due to their
higher HOMO energy level. Different heterocyclic compounds were taken into
account and indole, 3-methylbenzothiophene and 3,4-ethylenedioxythiophene were
selected for the synthesis of mono adducts (Scheme 3.15).

40i

13

40i-k

40j
40k

Scheme 3.15: Reaction scheme for the arylation of mono adducts 40i-k with heterocyclic compounds
directly from ketolactam 13.
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The calculated HOMO energy level of all three compounds is between -5.40 and 5.80 eV and therefore are comparable to the HOMO energy value of anisole (Table
4). However, no mono adduct was detectable with indole probably because indole
gets protonated under the acidic conditions and hence, it is not nucleophilic anymore
(Scheme 3.15). It has been reported that the arylation with N,N-dimethylaniline was
not successful due to the same assumption.[144] Using the EDOT monomer (3,4ethylenedioxythiophene) did not lead to the desired mono adduct 40j. The target
molecule 40j was not detectable by mass spectrometry. Polymerization under the
given conditions or side-reactions need to be taken into accout according to the
observations. However, the arylation using 3-methylbenzothiophene was successful
but the purification could only be achieved by preparative TLC with CS2 as eluent. In
consequence, the yield of mono adduct 40k was too low and the purification method
is not reasonable for scaling up the synthesis of mono adduct 40k. The
characterization details of mono adduct 40k can be found in the experimental
section.

3.6.2 Instability of 1-(Hydroazafullerenyl)propanon
1-(Hydroazafullerenyl)propanon 40l was synthesized according to the literature
procedure[98, 143] via the azafullerene dimer and isolated in 30% yield. The intention
was to generate a mixed penta adduct according to Scheme 3.13 (p. 74).

13

40l
30%

40m
70%

50m

Scheme 3.16: The instability of mono adduct 40l under pentaarylation reaction conditions.

However, it turned out that mono adduct 40l is not stable under the pentaarylation
reaction conditions. It is very likely that the carbonyl group becomes protonated,
whereby the bond of the fullerene C-atom to the addend is destabilized resulting in
the decomposition of mono adduct 40l to C59N+ and the enol form of acetone. The
generated azafullerene cation C59N+, in turn, can then react in an electrophilic
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aromatic substitution fashion with ethoxybenzene. Under these conditions mono
adduct 40l was consumed and mono adduct 40m was isolated by column
chromatography on silica gel in 70% yield. In addition traces of pentaaryl adduct 50m
were eluted as the most polar fraction from the silica gel column and detected by
MALDI-MS. Further experiments revealed that the decomposition of mono adduct 40l
already starts at a temperature of 90 °C. This finding also explains that no penta
adduct could be obtained under pentaaryl conditions using acetone.
In contrast, a reference experiment proved that pentatolyl adduct 50b is stable
under the pentaarylation conditions using anisole as an electron-rich aromatic
compound (Scheme 3.17). Only the starting material 50b was detected by TLC and
MALDI-MS after 9 hours of heating at 150 °C with p-TsOH and anisole in ODCB.

50b

50b

Scheme 3.17: Pentatolyl adduct 50b is stable under the pentaarylation conditions using anisole.

In consequence, mono adduct 40l can not be used for the synthesis of mixed penta
adducts. However, it turned out that the 2-propanonyl addend acts as a template and
can be substituted by electron-rich aromatic compounds.
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3.6.3 Synthesis

and

Characterization

of

9-(4’-biphenyl)-6,12,15,18-

tetrakis(4’-ethoxyphenyl)azafullerene
Finally, the synthesis of a mixed penta adduct with a structure proposed in Scheme
3.13 (p. 74) was achieved. Therefore, mono adduct 40c, synthezised directly from
ketolactam 13, was used as starting material. Pentaaryl adduct 50n was formed
under pentaarylation reaction conditions and isolated in 19% yield (Scheme 3.18).

40c

50n
19%

Scheme 3.18: Synthetic procedure for the mixed pentaaryl adduct 50n using mono adduct 40c.

Pentaaryl adduct 50n was detected by MS as radical cation [M]•+ at m/z 1359 and by
HRMS as protonated molecular ion peak [MH]+ at m/z 1360.342 confirming the
correct molecular weight and composition. Furthermore, pentaaryl adduct 50n was
characterized by

1

H,

13

C NMR spectroscopy, and as well by IR and UV/Vis

spectroscopy. Additionally, HSQC and HMBC spectra were recorded for the
assignment of the carbon atoms of the

13

C NMR spectrum. The expected Cs

symmetry of pentaaryl adduct 50n is proved by the 1H NMR spectrum, as well as by
the

13

C NMR spectrum (Figure 32). The resonance signals of the biphenyl addend

can be found in the aromatic region, and also the signals of the aromatic protons of
the four ethoxyphenyl addends. The integration of the respective signals reflects the
expected ratios. The methylene-protons resonate at 3.98 ppm as two overlapping
quartets with a 3J coupling constant of 7.0 Hz. This coupling constant can be found
again for the two triplets of the protons of the four methylgroups at 1.40 and
1.37 ppm. The

13

C NMR spectrum indicates the expected Cs symmetry of pentaaryl

adduct 50n due to 25 signals in the aromatic region between 155 and 143 ppm, of
which one signal has fourfold, 22 signals are having double, and 2 having single
intensities (Figure 32, enlargement).
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50n

1

13

Figure 32: The H NMR (top, 400 MHz, CDCl3, RT, * cyclohexane, n-pentane) and C NMR spectra
(bottom, 100 MHz, CDCl3, RT, * impurity) of the Cs symmetric mixed pentaaryl adduct 50n. The
3

resonance signals of the sp -C atoms (red, blue) and the pyrrolic C-atoms (orange, green) are
highlighted.
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Additionally to the 50 sp2-hybridized carbon atoms of the azafullerene core (between
155 and 143 ppm), the two signals for the four pyrrolic C-atoms are identified at
136.69 and 128.45 ppm for the α-C and β-C atoms, respectively. With the
combination of HSQC and HMBC spectra, the differentiation between the pyrrolic Catoms and especially the signals of the quaternary C-atoms of the aryl addends was
possible. The signals of the aryl addends show the expected ratios and signal
intensities for a Cs symmetrical pentaaryl adduct, whereas the signal of the
methylene groups appears at 63.54 ppm and the four methyl groups give two
resonace signals at 14.83 and 14.76 ppm. Last but not least, the sp3-C atoms of the
C59N skeleton are the most characteristic signals and can be found at 74.16, 59.67
and 58.42 ppm with the expected signal intensities of 1:2:2 for the Cs symmetry.
Additionally, a small quantity of both tetraarylhydro isomers 60n and 61n was
isolated next to the pentaaryl adduct 50n by automated flash chromatography on
15 µm-silica gel column with a gradient of cyclohexane to toluene. However, only
mixed β’-H-tetraaryl adduct 60n was isolated in pure form with 4% yield. Due to the
low amount (1.1 mg), the complete characterization is difficult. Even though the
signal to noise ratio of the obtained

13

C NMR spectrum is not good enough to identify

all resonance signals, the characteristic signals of the sp3-carbon atoms identify the
obtained derivative as the β’-H-tetraaryl adduct 60n. Traces of α’-H-tetraaryl adduct
61n were obtained, however, with impurities in the alkyl region. Therefore, the
resonace signals of the methyl groups could not be identified by

1

H NMR

spectroscopy (Figure 33). Apparently, α’-H-tetraaryl adduct 61n is not very stable and
further purification led to its decomposition. However, the separation of both
regioisomers 60n and 61n is possible by flash chromatography using 15 µm silica
gel.
Figure 33 shows the 1H NMR spectrum of β’-H-tetraaryl adduct 60n in comparison
to the

1

H NMR spectrum of α’-H-tetraaryl adduct 61n. The protons of the

ethoxyphenyl addends show three doublets for the ortho- and three doublets for the
meta-position. The signals for the biphenyl addend are located around 7.5 ppm. The
hydrogen addend of the azafullerene core gives one singlet at 5.71 ppm for
regioisomer 60n and one singlet at 5.75 ppm for isomer 61n. The chemical shifts for
the H-addends are in accordance with the typical shifts for the tetraarylhydro adducts
(for comparison see Figure 25, p. 64). The quartets of the methylene groups appear
around 4 ppm for each isomer, whereas an overlapping with the ratio of 1:2 for 61n
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and 2:1 for 60n can be observed. The three triplets of the methyl groups appear
around 1.4 ppm and can only be observed for tetraarylhydro adduct 60n because
61n contains impurities in the alkyl region.

61n

60n

1

1

Figure 33: H NMR spectrum of β’-H-tetraaryl adduct 60n compared to the H NMR spectrum of the
α’-H-tetraaryl regioisomer 61n (400 MHz, CDCl3, RT, * impurities).
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3.7 Reactivity of Pentaarylated Azafullerene Adducts
All the previous chapters describe the synthesis and characterization of the
azafullerene derivatives containing the 6,9,12,15,18-addition motif. In this chapter the
reactivity of the novel azafullerenes derivatives is investigated.

3.7.1 Estimated Reactivity According to Frontier Molecular Orbitals
Theoretical calculation at B3LYP/6-31 G(d) level predict that the HOMO of
pentaarylated azafullerene 50a is located at the pyrrolic double bonds. In contrast,
the LUMO is distributed on the opposite side of the pyrrole subunit on the fullerene
core (Figure 34). In conclusion, electrophiles will very likely react with the pyrrolic
double bonds, whereas the addition of nucleophiles is expected not to be selective.

HOMO

top view

side view

bottom view

side view

LUMO

Figure 34: Visualization of the frontier molecular orbitals (isovalue 0.05) of pentaaryl adduct 50a (N
atom in blue). The structure was geometry optimized and vibrational frequencies were calculated at
the B3LYP/6-31 G(d) level.

83

Results and Discussion

3.7.2 The Reaction of Pentaarylated Azafullerenes with ICl
The reactivity of pentaarylated azafullerenes towards ICl was explored. In general,
the functionalization of C60 to halogenofullerenes promises the generation of useful
synthons. Therefore, ICl was used as halogenation reagent to prepare the Cs
symmetrical C60Cl6.[28] Moreover, the tetrachlorination of monoarylated azafullerenes
was discovered by our group leading to the first literature example of azafullerenes
with the 6,9,12,15,18-addition motif. [50]
Hence, what happens to the pentaarylated azafullerene derivatives using ICl if the
6,9,12,15,18-addition motif is already present? The procedure of Reuther et al. was
followed for the reaction of pentaaryl adducts with ICl.[50]

50a
Scheme 3.19: Possible structures of tetrachlorinated products formed upon the reaction of ICl with
pentaaryl adduct 50a as indicated by MALDI mass spectrometry.

The analysis of the reaction mixture via TLC showed several spots. Separation by
column chromatography on silica gel, as well as NMR spectroscopy of the isolated
fractions did not give an indication of the structure of the products. The MALDI-MS
peak at m/z 1399, however, leads to the conclusion that a fourfold addition of
chlorine took place.

Figure 35: Space-filling model of the X-ray crystal structure 50a, top view (left) and side view (right).
The pyrrole subunit is marked in yellow.

84

Results and Discussion
The space-filling model reveals that the cavity created by the aryl addends is
confined in space (Figure 35). In consequence, the addition of ICl to the pyrrolic
double is sterically hindered. Therefore, another addition motif needs to be taken into
account. Imaginable structures are suggested in Scheme 3.19 that feature the
addition of four Cl-atoms leading to derivatives with an additional cyclopentadiene
unit within the azafullerene skeleton. However, no proof of such structures could be
obtained.

3.7.3 Oxygenation of Pentaarylated Azafullerenes
The reactivity of pentaarylated azafullerene adducts towards air are of great interest
regarding their stability under ambient conditions. It is well known that fullerenes as
well as azafullerenes can sensitize very efficiently the formation of singlet oxygen
upon illumination.[86,

174]

C60 can be converted photochemically to its epoxide C60O

whereupon the mayor reaction pathway uses the C60 triplet excited state for the
reaction with 1O2.[175, 176]
The illumination of pentaaryl azafullerenes with visible light in the presence of
oxygen produces dioxygenated pentaaryl adducts. In this reaction (Scheme 3.20) the
fullerene derivative acts as both the sensitizer and the substrate. MALDI-TOF mass
spectrometry reveals the addition of two oxygen atoms, illustrated in Scheme 3.20.

m/z = 1289
50a

Scheme 3.20: Oxygenation of pentaaryl adduct 50a with visible light in air to dioxygenated adducts.

Several attempts of isolating and characterizing the obtained products were not
successful. However, a few conclusions can be drawn. The obtained products are C1
symmetric according to the 1H NMR spectra which makes the characterization even
more challenging. Additionally, the five aryl addends on the azafullerene core are
preserved. The photooxygenation of pentaaryl adduct 50a gives products that are of
low solubility (almost insoluble) after purification by column chromatography on silica
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gel and evaporation of the solvent. According to IR spectroscopy no evidence for
carbonyl groups was found leading to the conclusion that epoxide or hydroxyl groups
must be present. However, it is difficult to elucidate the structures of the
dioxygenated products relying on NMR spectroscopy. Usually X-ray structure
analysis is necessary to elucidate the structure of complex addition motifs on
fullerenes.
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3.8 Investigations of the Reactivity of Triaryldihydro Adducts
The instability of hydrofullerenes increases with the degree of hydrogenation.[4]
Fullerenes with hydrogen addends, however are rare but of great interest. The
synthesis of hydrofullerenes for example for hydrogen storage turns it into a viable
research topic.[4] Moreover, especially the acidity[177] of the hydrogen addends and
the stability of the hydrofullerenes is studied.[138] Therefore the selective synthesis of
defined structures is a fundamental concern. The described triaryldihydro and
tetraarylhydro azafullerene derivatives[162] are the first example of hydroazafullerenes
among C59NH[93,

124]

and C59NH(OOtBu)4[51] that can be produced in macroscopic

quantities. Investigations concerning the chemical properties of the triaryldihydro
azafullerenes will be addressed in the following chapter.

3.8.1

Hydrogen Abstraction by Mass Spectrometry

Hydrogen atoms can be removed by atmospheric pressure photoionization (APPI)
mass spectrometry from triaryldihydro adducts 56-59. Especially isomer 57 shows
the loss of both hydrogen atoms under these conditions (Scheme 3.21).

56

57

[M-H]+
m/z = 1044

58

59

[M-2H]•+
1043

Scheme 3.21: Two proposed structures of the observed species generated via electron loss and
hydrogen abstraction of regioisomer 57 by MS.

87

Results and Discussion

a) triaryldihydro adduct 56

b) triaryldihydro adduct 57

Figure 36: APPI-TOF high-resolution mass spectra of triaryldihydro adduct 56 (a) and 57 (b). Top:
measured spectrum and below the predicted spectra for the respective molecular composition.
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The APPI high-resolution mass spectra of the triaryldihydro isomers are composed of
spectra of different species (Figure 36). In general, all four isomers show different
ratios of the detected species. The APPI-TOF HRMS measurements of regioisomer
56 and 57 are exemplarily displayed in Figure 36. The measured spectrum of each
compound is shown on the top and the calculated spectra for the respective
molecular composition are depicted underneath.
The detected ions formed by APPI-MS are positively charged. Nitrogen as carrier
gas is used to absorb ultraviolet radiation. The sample molecules are then
photoionized by interaction with the excited carrier gas. Usually, an electron is lost to
generate a molecular radical cation [M]•+. The molecular ion peak with one additional
proton can also be observed. The ionization to the [MH]+ is due to the solvent.
For every single triaryldihydro isomer the [MH]+-peak is detected at m/z 1046. Next
to it the [M]•+-peak at m/z 1045 is found according to the isotope pattern of the
measured spectra. Only a small amount of 6% of the [M]•+ species is present for
triaryldihydro adduct 56 in Figure 36 a) and triaryldihydro adduct 59 does not even
show radical cation species (not depicted here). An additional MS-peak at m/z 1044
is found due to the loss of an electron and a hydrogen atom resulting in a [M-H]+species for all four regioisomers. Interestingly, the APPI high-resolution mass
spectrum of isomer 57 reveals another considerable peak at m/z 1043 for the
molecule cation [M-2H]•+ due to the loss of another hydrogen atom (Figure 36, b).
This indicates that one hydrogen atom can be cleaved from triaryldihydro adducts 5659 under photoionization mass spectrometric conditions and especially both
hydrogen atoms are lost for isomer 57.
The hydrogen abstraction is also observed for both tetraarylhydro isomers. While
MALDI mass spectrometry only detects the [M]•+-species, the APPI-TOF highresolution mass spectra of tetraaryl adducts 60a and 61a show a composition of
overlapping spectra involving the [MH]+-peak at m/z 1152 and next to it the [M]•+peak at m/z 1151. Additionally the molecular cation species [M-H]+ is detected at m/z
1150 due to the loss of the hydrogen addend and the measured spectra reflect a
higher fraction (40% compared to 6%) of the [M-H]+ species for the α’-H-tetraaryl
adduct 61a.
In conclusion, these finding concerning the triaryldihydro adducts 56-59 and the
tetraaryl adducts 60a and 61a indicate that the abstraction of the hydrogen addend in
α’ position tends to be easier than in β’ position.
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3.8.2

Dehydrogenation Attempts on Triaryldihydro Adducts

The previous chapter described that the hydrogen addends can be abstracted by
APPI-TOF mass spectrometry. The abstraction of both H-addends of the
triaryldihydro adducts would lead to dehydrogenated triaryl adducts with one
additional double bond. Taking into account that fullerenes favour a structure with a
minimum number of double bonds within the pentagons (also denoted as [5,6] double
bonds)[178] leads to the predicted dehydrogenated structures shown in Figure 37.

56

56-H2

57

58

59

57-H2

58-H2

59-H2

Figure 37: Hypothetical structures generated by dehydrogenation of triaryldihydro adducts 56-59 with
the minimal number of double bonds within the pentagons (marked in green).

A homodesmotic equation was used to estimate the stability of the dehydrogenated
isomers 56-59-H2 (Table 5). The structures were calculated at the B3LYP/6-31G(d)
level and the energy values were zero point corrected. According to the predicted
homodesmotic stabilization energy (HSE) dehydrogenated triaryldihydro adduct 5990

Results and Discussion
H2 is the most energetically favored one. Isomer 59-H2 possesses after
dehydrogenation, as well as 57-H2, only one double bond within a five membered
ring. Both structures 59-H2 and 57-H2 seem to be energetically favoured indicated by
a HSE of -39.8 kJ/mol and -6.1 kJ/mol, respectively. In contrast, isomer 56-H2 is with
eight [5,6]-double bonds energetically disfavoured and this is also reflected by the
calculated homodesmotic stabilization energy of 68 kJ/mol. The indole substructure
of 59-H2 might be one reason for the exceptional favored HSE of -39.8 kJ/mol with an
indole substructure.

Table 5: Homodesmotic equation for the calculation of HSE regarding the dehydrogenation reaction of
triaryldihyro adducts 56-59.

56

56-H2

isomer

56-H2

57-H2

58-H2

59-H2

[5,6] double bonds

8

1

4

1

HSE (kJ/mol)

68.0

-6.1

5.8

-39.8

The dehydrogenation of polyhydrofullerenes C60H18 and C60H36 can be successfully
achieved by using catalysts such as Vaska’s compound, an iridium complex, for
thermal dehydrogenation at low temperatures.[179] The best results were obtained
using Pd/C at 100 °C in ODCB for up to 16h. However, C60H18 was obtained under
these conditions as decomposition product and the dehydrogenation did not proceed
to yield C60, assumedly because the temperature was not high enough.[180]
The reaction conditions using Pd/C as catalyst with increasing the temperature
step by step were applied to an analytical sample (2 mg) containing the mixture of
the triaryldihydro adducts 56-59. Deuterated ODCB was used as solvent to monitor
the reaction by 1H NMR spectroscopy. The TLC showed the formation of new
products after heating the degassed and argon saturated sample for 4 h at 180 °C.
However, the 1H NMR spectrum still shows signals for the hydrogen addends around
91

Results and Discussion
5.6 ppm and the integrals did not indicate dehydrogenation. Another sample (20 mg)
was heated under the same conditions for 18 h at 180 °C followed by worked-up
using column chromatography on silica gel. No stable and characterizable
azafullerene adduct could be obtained. However, analysis by APPI-TOF highresolution mass spectrometry indicated the formation of dehydrogenated triaryl
adducts. The m/z-peak at 1043 for the dehydrogenated molecular radical cation [M]•+
was enriched compared to the sample of the starting material (Figure 38).
Additionally, the TLC showed conversion of the starting material as well. Assumedly,
the dehydrogenated azafullerene derivatives may be reactive due to the additionally
introduced double bonds, especially in the five membered rings. In conclusion, the
dehydrogenated products could only be detected by HRMS and the isolation of
dehydrogenated products could not be achieved.
a) reference sample
triaryldihydro adducts 56-59

b) dehydrogenation products

Figure 38: HR-APPI-TOF mass spectra of a) the reference sample (mixture of triaryldihydro adducts
56-59) compared to b) the sample obtained by dehydrogenation with Pd/C.
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Another

literature

example

reports

that

the

hydrogenation

of

C60

to

polyhydrofullerenes C60H18 and C60H36 with the Birch-Hückel reduction method is
reversible. The polyhydrofullerenes are converted back to C60 with DDQ in refluxing
benzene.[181] This approach using DDQ as dehydrogenation agent was applied to the
triaryldihydro fullerenes but the expected dehydrogenation to the triaryl adducts 5659-H2 was not observed. Instead, the formation of hydroxylated azafullerenes took
place and the results are discussed in the following chapter.

3.8.3

Hydroxylated Azafullerene Derivatives by DDQ

DDQ is used as dehydrogenation reagent for several systems to yield for example
porphyrins[182], quarterylenes[183] or buckybowls[184].
Triaryldihydro adducts form in combination with DDQ under air-free conditions
hydroxylated azafullerenes (Scheme 3.22). This finding can be explained by
hydrogen abstraction with DDQ and subsequent reaction with water that is present in
the reaction mixture.

56

57

58

62

63

35%

19%

58
0.4%

59

Scheme 3.22: Reaction of triaryldihydro adducts using DDQ results in the isolation of azafullerenol
derivatives 62 and 63 and the recovery of unconverted isomer 58.

The mixture containing the four triaryldihydro regioisomers 56-59 was treated with
DDQ in ODCB under an argon atmosphere for six days at room temperature. The
work-up of the reaction mixture by column chromatography on silica gel revealed
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55% of unconverted starting material and dihydroxylated triaryl adduct 63 with 12%
yield. Analysis by 1H NMR of the recovered starting material showed that the amount
of regioisomer 57 was reduced in comparison to the other three regioisomers.
Raising the temperature to 60 °C and stirring the reaction mixture for seven days
produced the dihydroxylated adduct 63 in 19% yield and a monohydroxylated adduct
could be isolated with 35% yield (Scheme 3.22). Again, unconverted starting material
was additionally isolated from the reaction mixture next to uncharacterizable material.
In particular, a residual quantity of regioisomer 58 of about 0.4% was recovered and
its structure was confirmed by 1H NMR spectroscopy, as well as by MS. Isomer 58
has only hydrogen addends in β’-position. Isomer 57 has two hydrogen atoms in α’position and they are both replaced by hydroxyl groups. These findings point out that
the hydrogen addends in α’-position feature a different reactivity compared to
hydrogen addends in β’-position.
The analysis of the hydroxylated compounds by MALDI-TOF mass spectra has to
be conducted with caution, since azafullerene derivatives tend to photooxygenation
with air as already explored in chapter 3.7.3. The obtained mass spectra showing
molecular ion peaks with two additional oxygen atoms could originate from
oxygenation with molecular oxygen and not from the reaction with DDQ. However,
the MALDI-TOF mass spectrum of dihydroxylated adduct 63 reveals the radical
cation [M]•+ at m/z 1077 and a fragment due to the loss of one hydroxyl group
producing a m/z-peak at 1060 for [M-OH]+ in addition to a fragmentation peak due to
the loss of the second hydroxyl group at 1044 for [M-2OH+H]+. This fragmentation
motif is not found for the oxygenation of the starting material 56-59 or pentaaryl
adducts by air. Finally, high-resolution ESI-TOF mass spectrometry conducted by the
Drewello

group

unambiguously

proved

the

molecular

composition

of

the

dihydroxylated adduct 63 with a m/z-peak at 1100.142 for the sodium adduct
[M+Na]+. In an additional MS/MS tandem experiment the [M+Na] + species collide
with N2 gas in a collision cell. The collision induced dissociation produces the
fragmentation to the cationic species [M-OH]+ at m/z 1060.136 due to the loss of
NaOH.
The MALDI mass spectrum of hydroxylated azafullerene adduct 62 shows clearly
the monohydroxylation due to a m/z-peak at 1061 for the radical cation and an
fragmentation peak at 1044 for the loss of the OH-group. High-resolution ESI-TOF
mass spectrometry conducted by the Drewello group confirms the molecular
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composition of hydroxylated adduct 62 with an m/z-peak at 1084.149 for the sodium
adduct [M+Na]+. The [M+Na]+ species, like the adduct 63, loses NaOH in the MS/MS
experiments, producing the cationic fragment [M-OH]+ at m/z 1044.148.
The dihydroxylated adduct 63 and monohydroxylated adduct 62 were characterized
by

1

H,

13

C, COSY, HSQC, HMBC NMR, as well as by MS, UV/Vis and IR

spectroscopy. The Cs symmetry of dihydroxylated adduct 63 is evident from the 1H
and

13

C NMR spectra (Figure 39) and the resonance signals of the three aryl

addends match the signals of regioisomer 57. The protons of the aryl addends give
four multiplets in the aromatic region with integral ratios of 1:2, whereas the multiplets
of the protons in position o’ and o’’ are slightly shifted downfield compared to
regioisomer 57. The two singlets for the methoxy groups with an integral ratio of 1:2
barely shift. The characteristic singlet due to the hydrogen addends at 5.62 ppm
disappeared and one singlet at 3.44 ppm arose due to the two protons of the
hydroxyl groups.

63

57

1

Figure 39: H NMR (400 MHz, CDCl3, RT) spectra of dihydroxylated triaryl adduct 63 compared to
adduct 57. The resonance signal of the hydrogen addends disappeared and the signal of the OHgroup emerged.

This signal at 3.44 ppm slightly shifts around 0.1 ppm for different solvent mixtures of
CS2/CDCl3. Moreover, it was observed that the here shown sharp singlet for the
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hydroxyl group can also appear as a broad signal probably due to the acidity of the
different CDCl3 samples. Additionally, an H-D exchange experiment using deuterated
methanol clearly identified the signal of the hydroxyl group at 3.44 ppm. Additionally,
the HSQC NMR spectrum does not reveal a correlation peak for the proton at 3.44
ppm which proves that it is bound to the oxygen of the hydroxyl group.
The resonance signals of the

13

C NMR spectrum reflect the Cs symmetry of

dihydroxylated adduct 63 with 22 signals having double, one signal with fourfold and
two signals with single intensities for the 50 sp2-hybridized carbon atoms of the
azafullerene core between 158 and 143 ppm. The signals of the methoxy groups, as
well as the residual signals of the phenyl rings prove the Cs symmetry with signal
intensity ratios of 1:2 for the three aryl addends. The two signals of the quaternary
carbon atoms in position 5 resonate at 132.12 and 130.25 ppm also with signal
intensity ratios of 2:1 and were assigned using the HMBC spectrum. Two resonance
signals for the sp3-carbon atoms bearing the aryl addends in position 9 and 15 are
present. The signal at 59.10 ppm is due to the two carbon atoms in position 15.
Interestingly, the sp3-C atom in position 9 resonates with the same chemical shift as
the two sp3-carbon atoms bearing the -OH groups and the signal at 73.85 ppm is
therefore assigned to these three carbon atoms. Theoretical calculations confirm a
chemical shift value of the sp3-carbon atoms of the hydroxyl groups very similar to
the sp3-C in position 9 (Table 6).

63

Figure 40:

13

C NMR (100 MHz, CDCl3, RT) spectrum of Cs symmetrical dihydroxylated azafullerene
derivative 63.
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Additionally, the differentiation between the two pyrrolic resonance signals and the
quaternary C-5 atoms was obtained with the 2D HMBC spectrum. Theoretical

13

C

NMR shift calculations suggest a reverse assignment of the pyrrolic carbon atoms.
The predicted 13C chemical shifts are 135.12 ppm for the β-pyrrolic carbon atoms and
132.33 ppm for the α-pyrrolic carbon atoms (Table 6). The signals at 134.13 and
132.33 ppm were therefore assigned to the β- and α -pyrrolic carbon atoms,
respectively.

Table 6: Selected experimental and theoretical (B3LYP/6-31-G(d))

13

C NMR data of azafullerenol

adducts 62 and 63 with the chemical shifts highlighted for the C-OH (in blue) and the C-H (in green).

62

63
atom
number

exp. δ

calc. δ

exp. δ

calc. δ

(ppm)

(ppm)

(ppm)

(ppm)

100 MHz,
CS2/CDCl3

calibrated
with C60

100 MHz,
CDCl3

calibrated
with C60

18

45.37

50.97

6

58.22

65.67

15

59.10

67.29

58.87

66.94

9

73.85

79.57

72.95

80.20

80.23

73.50

79.93

12
α

132.33

133.76

β

134.13

135.12

The structure of dihydroxylated azafullerene 63 was assigned using all of the before
described evidences. Concluding from these results, it is very likely that the
substitution of only one hydrogen addend through one hydroxyl group occurs in α’
position leading to the formation of structure 62. This conclusion is supported by the
following structural determination using NMR spectroscopy. The 1H NMR spectrum of
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monohydroxylated derivative 62 (Figure 41) shows one singlet at 5.53 ppm for one
hydrogen addend and a broad singlet at 3.31 ppm due to the hydroxyl group.
Moreover, the 1H NMR shifts are comparable to the shifts of the triaryldihydro adduct
56 that leads to the conclusion that isomer 56 served as starting material out of the
mixture of triaryldihydro adducts 56-59. Especially the chemical shift values of the
methoxy groups resemble the signals obtained for isomer 56. The singlet of the
hydrogen addend at 5.53 ppm was assigned using HSQC NMR spectroscopy and
the singlet of the hydroxyl group at 3.31 ppm was additionally verified by an H-D
exchange experiment with methanol-d4.

62

56

1

Figure 41: H NMR spectrum of hydroxylated triaryl adduct 62 compared to isomer 56 showing similar
chemical shifts for the aryl addends and the methoxy groups.

The

13

C NMR spectrum of hydroxylated adduct 62 (Figure 42) clearly shows the

signal pattern of a C1 symmetric azafullerene derivative with the signals of the 50 sp2carbon atoms in the region between 158 and 142 ppm and additionally, every aryl
addend gives a set of signals. The sp3-carbon atom with the remaining hydrogen
addend resonates at 45.37 ppm and the signals of the residual sp3-carbon atoms
bearing the aryl addends appear at 58.22, 58.87 and 72.95 ppm. The carbon atom
attached to the hydroxyl group gives a resonance signal at 73.50 ppm that is in
accordiance with the predicted chemical shift of the calculated

13

C NMR spectrum.
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The four signals of the α- and β-pyrrolic carbon atoms appear in the region between
135.52 and 123.70 ppm with the three signals of the quaternary carbon atoms in
position 5. It was not possible to differentiate between the pyrrolic carbon atoms and
the quaternary carbon atoms in position 5 using the HMBC spectrum. Therefore, the
assignment of the α- and β-pyrrolic carbon atoms was left open in Table 6.

62

Figure 42:

13

C NMR spectrum of monohydroxylated azafullerene adduct 62 with the resonance signal
of the hydrogen addend at 45.37 ppm.

NOE-NMR measurements unambiguously prove that the substitution of the hydrogen
addend occurred in α’-position resulting in structure 62.
This substitution reaction of hydrogen addends through hydroxyl groups leads to
the conclusion that hydride must have been abstracted by DDQ and replaced with
hydroxyl groups that propably originates from water in the reaction mixture (Figure
43).

a)

63

57
b)

56

62
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Figure 43: Mechanism model for the hydride abstraction and subsequent formation of a)
dihydroxylated and b) monohydroxylated azafullerene derivatives 63 and 62, respectively.

From the results regarding the dihydroxylation and monohydroxylation leading to
azafullerenes 63 and 62, respectively, the following conlusion can be drawn.
Apparently, the hydride abstraction is favored in α’ position and a second hydride
abstraction of 62 in β’-position does not take place (Figure 43, b).

3.8.4

Deprotonation Experiments of Triaryldihydro Adducts

The combination of electron delocalization and steric shielding and relatively low
binding energies of the fullerene C-H bonds suggest that hydrofullerenes are
potentially remarkable organic acids. C60(t-Bu)H with a pKa of 5.7 in DMSO

[185]

and

C60H2 with a pKa of 4.7 in toluene/DMSO[186], determined electrochemically, rank
among the strongest acids consisting of only carbon and hydrogen. Another example
C60(C2F5)5H offers, due to the nature of its electron-withdrawing addends, a
remarkable stable acid that forms a C5v conjugate-base anion and its acidity was
explored in an computational approach.[187] In order to enhance the aciditiy, fullerene
systems with electron-withdrawing groups such as CN were also studied.[177, 188]
The low field shift of the eye-catching signals for the azafullerenyl protons in the 1H
NMR spectra at around 5.6 ppm (chapter 3.2.4, Figure 18, p. 50) is already a direct
evidence for their acidity due to the influence of the electron-withdrawing azafullerene
core. Therefore, the deprotonation reaction of triaryldihydro azafullerenes is
described within this chapter.
Different base and solvent sytems are reported to be unsuccessful for the
deprotonation of hydrofullerenes.[189] However, C60H2 was successfully deprotonated
with Bu4NOH in benzonitrile. The generated C602- dianion was then alkylated and
worked-up in an acidic aqueous medium to isolate monoalkylated C60RH
derivatives.[189] Another deprotonation and subsequent alkylation sequence of
hydrofullerene derivatives was reported for the regioselective alkylation of the
resulting anion with an alkyl halide.[170]
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56

57

58

59

64
11%
Scheme 3.23: The isolation of dimethylated and triarylated azafullerene 64 was achieved using the
depicted synthetic protocol.

The

aspired

synthetic

pathway

was

focused

on

the

deprotonation

of

hydroazafullerenes and the subsequent trapping of the anion with an electrophile
(Scheme 3.23). Deprotonation attempts of the isomer mixture 56-59 using KH or
tBuOK in ODCB and addition of MeI under an argon atmosphere are in agreement
with the unsuccessful attempts already reported for C60H2[189] with the production of a
brown material insoluble in common organic solvents. Another problem might be that
both KH and tBuOK are apparently not soluble in ODCB. Thus, the promissing
methanolic solution of Bu4NOH was used as base and the reaction was conducted in
ODCB-d4 to monitor the reaction by

1

H NMR spectroscopy. The solvent was

thoroughly degassed using the pump-freeze-thaw technique and an immediate color
change from orange to dark-green was observed by adding two equivalents of base
to the NMR sample (Figure 44). The color change upon addition of the base is shown
(upper dark phase, Figure 44, b). The lower orange phase still contains the orange
colored starting material (Figure 44, a) and it turns dark by simply shaking the NMR
sample. The addition of an excess MeI changed the color to red that indicated penta
adduct formation. An expected anion intermediate could not be observed by the 1H
NMR spectroscopy tracking experiment (Figure 44). The signals of the hydrogen
addends around 5.6 ppm as well as the signals of the aryl addends disappeared by
addition of Bu4NOH in MeOH giving rise to a few broad signals. This observation led
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to the assumption that unpaired electron spins could be present in solution (Figure
44, b).[190] Even after adding MeI to the solution no peaks could be observed that are
due to an arylated azafullerene derivative (Figure 44, c).

a) triaryldihydro adducts 56-59

b) triaryldihydro adducts 56-59 and 2 eq Bu4NOH
solution b)

a)

c) triaryldihydro adducts 56-59, 2 eq Bu4NOH and an excess MeI

1

Figure 44: H NMR tracking experiment: a) sample of starting material in ODCB-d4, b) after addition of
methanolic Bu4NOH (*) and c) quenching with MeI.

The separation by column chromatography on silica gel was difficult. However,
undefined monomethylated azafullerene products could be isolated next to one
defined dimethylated triaryl adduct 64 in 11% yield.(Scheme 3.23).
The structure of dimethylated triaryl adduct 64 could be assigned by NMR
spectroscopy. The 1H NMR spectrum displays the Cs symmetry and the signals of the
anisyl addends feature chemical shifts similar to the starting material 57 (Figure 45).
The two characteristic methyl groups resonate at 2.17 ppm.
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64

1

Figure 45: The H NMR spectrum of azafullerene derivative 64 shows the Cs symmetry and the
destinctive signal for the two methyl groups obtained by deprotonation and capturing with CH 3I.

Furthermore, compound 64 exhibits the expected

13

C NMR spectrum for an

azafullerene derivative with Cs symmetry. The sp2-resonance signals of the
azafullerene core appear between 156 and 127 ppm, and the signals of the pyrrolic
carbon atoms resonate at 138.22 (α-pyrrolic C) and 127.11 (ß-pyrrolic C), whereas
the ß-pyrrolic signal slightly overlapps with the signal of the aryl addend (C-atom in
position 4’). This signal at 127.11 ppm separates into two peaks when a gaussian
function is used for processing the NMR data (the splitting of the peak is shown in
Figure 46 in the

13

C domain). The differentiation between the pyrrolic carbon atoms

and quaternary carbon atoms of the aryl addends in position 5’ and 5’’ was achieved
with the 2D HMBC spectrum.
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64

Figure 46: Part of the 2D HMBC spectrum of dimethylated azafullerene 64 measured in CDCl3.

Most importantly, the signal of the methyl group shows a correlation peak to the
signal of the α-pyrrolic C-atom (highlighted in Figure 46). Consequently, this proves
that the azafullerene adduct 64 is methylated in α’-position. The assignment of the
pyrrolic carbon atoms is supported by the calculated

13

C NMR spectrum (B3LYP-G-

31G(d)). The sp3-carbon atoms of the azafullerene skeleton appear at 76.12,
59.45 ppm and the two sp3-carbon atoms bearing the methyl groups give a
resonance signal at 51.23 ppm. The resonance signal due to the methyl groups
appears at 26.10 ppm (not displayed here). The assignment is in accordiance with
the correlation peaks found in the 2D HSQC and HMBC spectra.
Again, the isolation of adduct 64 demonstrates that the α’-position seems to be
more reactive than the ß’-position towards deprotonation and subsequent alkylation.
The noticeable color change for the deprotonation step and the 1H NMR tracking
results (Figure 44, b) led to a more detailed investigation of the intermediates. Since
azafullerides are an untouched field, there is no hint for the expected color and
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UV/Vis spectra of azafullerene mono- or dianions are not reported. From C60
chemistry a deep green color is known for RC60- anions[32,
color is observed for the C602- anion[10,

137, 189]

189]

, whereas a dark red

. Therefore, the deprotonation of the

mixture of triaryldihydro adducts 56-59 was studied by UV/Vis spectroscopy revealing
a broad absorption in the visible and near IR region (Figure 47). The UV/Vis
experiments were carried out similar to the deprotonation and alkylation sequence
described before (Scheme 3.23). The UV/Vis samples were prepared in the glovebox
using inert gas cuvettes. The addition of one, two or ten equivalents of Bu4NOH was
explored and the UV/Vis spectra are shown in Figure 47. The absorptions between
600 and 1500 nm indicate the formation of anionic intermediates. Furthermore, the
generated intermediates are air-sensitive that could be proven by quenching the
UV/Vis samples with air-oxygen whereupon the distinct absorptions between 600 and
1500 nm disappeared (Figure 47).

Figure 47: UV/Vis spectra (ODCB, RT) of the mixture of triarylhydro adducts 56-59 and the addition of
Bu4NOH as base under inert conditions.

Theoretical calculations maintained by Dr. Shubina from the Clark group suggest that
azafullerene anions are indeed present. The experimental measured spectra were
compared to the calculated UV/Vis spectrum of the respective azafullerene radical
and anion. The different addition patterns of the triaryldihydro adducts show similar
absorptions for either the radical or anion. Figure 48 shows the calculated UV/Vis
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spectra of the radical obtained from triaryldihydro adduct 56 and the anion generated
by deprotonation of triarylhydro adduct 56.

Figure 48: Theoretical UV/Vis spectra of a triarylhydro azafullerene radical (red) and anion (blue) in
comparison to the measured spectrum of the mixture of triaryldihydro adducts 56-59 with 2 eq base.

The absorption spectrum after base treatment indicates that anions are responsible
for the color change and therefore, a deprotonation by base occurs. In particular, the
absorptions in the NIR region between 1100 and 1400 nm give a strong evidence for
the presence of anions while radical species do not show absorptions in this region.
Additionally, EPR measurements, in cooperation with the Meyer group, of the
samples, prepared by the same method as the UV/Vis measurements, indicate that
radical species are also present in the solution (Figure 49). The EPR measurements
support a nitrogen centered radical with a g value of around 2 that is typical for
fullerenes[134] as well as for azafullerenes[131-133]. However it must be keept in mind
that an EPR signal is already obtained for a minimal concentration of radicals.
The addition of one equivalent of base to triaryldihydro adducts in ODCB leads to
an EPR signal with a g value of 1.998 that shows a hyperfine coupling of an electron
to a

14

N nucleus (Figure 49, a). With the addition of two equivalents of base another

species emerge with a g value of 1.9986 but the main species still shows the
coupling to the 14N nucleus (Figure 49, b).
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a) 1 eq Bu4NOH

b) 2eq Bu4NOH

c) 10 eq Bu4NOH

Figure 49: EPR spectra of triaryldihydro adducts 56-59 with variation of equivalents of Bu4NOH in
anhydrous, degassed and argon saturated ODCB; experimental (black) and simulated (red).

An excess of base produces a main species with a g value of 1.9983 with the
hyperfine coupling due to nitrogen centered radicals and minor species with a g value
of 1.9979. It seems that the azafullerene derivatives tend to stabilize radicals at the
nitrogen atom. The experiments were conducted in a glove box using anhydrous
ODCB that was thoroughly degassed by several of pump-freeze-thaw cycles.
However, it can not be excluded that residual dissolved oxygen might still be present
in the solution causing single electron transfer under the given conditions.
Intermolecular electron transfer between the deprotonated azafullerene anions and
the neutral azafullerenes could also lead to azafullerene radicals.
The broadening of the NMR signals (Figure 44, b) is also due to the presence of
radicals. A small amount of a paramagnetic compound is enough to cause a
broadening of the NMR signals[190] as it is observed for this system (Figure 44, b,
p.102). Supposedly, according to the results of the UV/Vis and EPR experiments, the
nature of the intermediate species upon treatment with Bu 4NOH is a mixture of
anions and radicals. Moreover, the formation of the dimethylated product could also
be due to an iterative deprotonation and alkylation sequence.
The nature of the intermediate species upon treatment with Bu4NOH was
investigated and opens up a field for further studies addressing this topic. A hint for
anionic and radical species was gained. In summary, the successful deprotonation
using Bu4NOH as base was proven by methylation of the intermediate species with
the isolation of dimethylated triaryladduct 64.
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3.8.5

Selective Oxygenation Reaction of Triaryldihydro Adducts

Another characteristic property of the triaryldihydro adducts is that they offer an
unsual pyrrole derivative with allylic hydrogen atoms due to their pentaaddition
pattern. The photosensitized oxidation of pyrrole derivatives often leads to a complex
mixture of oxidation products highly dependent on the used reaction conditions and
the substitution pattern of the pyrrole.[191, 192] Triaryldihydro azafulllerenes are as well
sensitive to air and light and thereby undergo an oxygenation reaction. Their
pronounced reactivity leads to oxofunctionalized azafullerenes with defined
structures.[193] This valuable functionalization reaction is presented in this chapter and
the formed oxygenation products contain a hydroxyl group, an epoxy group and a
newly formed double bond on the azafullerene skeleton (Scheme 3.24, compound
65).

56

57

58

59

65
36%
Scheme 3.24: Photooxidation of the triaryldihydro adducts 56-59 produces oxygenated azafullerene
65 as main product.

[193]

Upon illumination of the mixture of triaryldihydro adducts 56-59, under air conditions
in CDCl3, an azafullerene compound 65 was isolated with exactly two additional
oxygen atoms compared to the starting material (Scheme 3.24). The MALDI-MS
showed the radical cation at m/z 1077 and high-resolution APPI-TOF mass
spectrometry confirmed furtheron the correct molecular composition for C80H23NO5+
at m/z 1077.156. Oxygenation product 65 was formed as main product after a short
reaction time (15 min) and one big advantage is that it could be separated using
108

Results and Discussion
column chromatography on silica gel. Therefore, the mixture of triaryldihydro adducts
can be used directly without applying a HPLC separation step to gain oxygenation
product 65.
The composition of the triaryldihydro adducts 56-59 was analyzed by 1H NMR
spectroscopy (Figure 50). After a short exposure (5 min) of the reaction mixture to air
and light, the color changed from orange to green. Triaryldihydro adduct 57 was
converted much faster indicated by the decrease of the integral due to the m-protons
from 1.28 to 0.80 relative to regioisomer 56 leading to the assumption that isomer 57
might be the starting material for the formation of compound 65.

a) triaryldihydro adducts 56-59 before photooxidation

57
56

58/59

57
56

58/59

b) triaryldihydro adducts 56-59 after 5min photooxidation

1

Figure 50: The H NMR spectra (400 MHz, CDCl3, RT) of triaryldihydro adducts 56-59 before and
after photooxidation reveals a decrease of regioisomer 57.

To gain more insight into the formation of oxygenated azafullerene adducts, the
photooxidation of pure regioisomer 57 was conducted. A

1

H NMR tracking

experiment showed that indeed, oxygenated product 65 is generated from
regioisomer 57 (Figure 51). The irradiation of a sample containing isomer 57 in CDCl3
using visible light under air produced azafullerene derivative 65 after 15 min (Figure
51, b). Oxygenation product 65 was isolated (Figure 51, c) and the spectrum is
109

Results and Discussion
identical with the isolated product from the photooxygenation of the mixture of
isomers (Scheme 3.24).

a) regioisomer 57

57

b) 15 min hν

c) isolated product 65
65

1

Figure 51: H NMR tracking experiment (400 MHz, CDCl3, RT) of the photooxidative conversion of
regioisomer 57 to oxygenation product 65; a) starting material (* small amount of impurity 58), b) after
photooxygenation and c) purified 65.

The transformation from starting material 57 to oxygenation product 65 leads to a
distinct 1H NMR spectrum (Figure 51, c). The signals of the aryl addends are only
slightly shifted reflecting of the former Cs symmetry. Three multiplets are found for
the protons of the aryl addends in ortho position around 7.8 ppm, whereas two of
them are slightly overlapping, and two multiplets are found with an integral ratio of
1:2 for the meta protons around 7.0 ppm. The methoxy groups give three singlets,
one at 3.86 ppm and the other two singlets are close to each other at 3.82 and
3.81 ppm. However, the most characteristic features are the two doublets for the
hydrogen addend at 5.6 ppm and the proton of the hydroxyl group at 4.1 ppm. HSQC
and H-D exchange NMR experiments with methanol-d4 prove the assignment of the
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hydrogen addend and the hydroxyl group. These two protons couple via a 4J coupling
of 1.3 Hz with each other.

65

Figure 52: The distinct features of the

13

C NMR spectra (100 MHz, RT) in CDCl3 (top) and ODCB-d4

(bottom) of oxygenation adduct 65.

The closeness of the hydroxyl group and the hydrogen addend is also proven by the
HMBC NMR spectrum due to correlation peaks between the signal of the hydroxyl
group and the sp3-carbon atom bearing the hydrogen addend.
Two different NMR solvents had to be used to characterize the oxygenated
azafullerene derivative 65 by

13

C NMR spectroscopy due to the overlapp of the C-

atoms bearing the epoxide in CDCl3 (Figure 52). The

13

C NMR resonance signals

were assigned using COSY, HSQC and HMBC spectra. The calculated

13

C NMR

spectrum was used for comparison and for the final assignment of the sp3-carbon
atoms at position 9, 15 and 18. The sp2-signals of the azafullerene skeleton can be
found between 151 and 140 ppm in CDCl3 reflecting the C1 symmetry of
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oxofunctionalized azafullerene 65. The sp3-carbon atoms bearing the aryl addends
resonate at 74.07, 58.11 and 55.83 ppm and the signal for the sp3-carbon atoms with
the hydrogen addend appears at 51.50 ppm. The two carbon atoms of the epoxy
group resonate at 77.51 and 75.22 ppm. The signal at 77.51 ppm was additionally
verified by changing the solvent to ODCB-d4 (Figure 52) and consequently the two
epoxy signals clearly arise at 77.86 and 75.66 ppm in ODCB-d4. The signal of the
hemi-aminal carbon atom (C-5) appears at 91.95 ppm followed by the signal of the
newly formed enamine bond (C-12) at 109.34 ppm and 160.19 ppm (C-2). Most
important is that the signals of the pyrrole-like carbon atoms disappeared that are
characteristic for the starting material.

Table 7: Selected data from the experimental and calculated

13

C NMR spectrum of oxygenation

product 65. The geometry optimization followed by a vibrational frequency calculation and NMR
calculation were conducted at B3LYP/6-31G(d) level.

exp. δ

calc. δ

(ppm)
100 MHz, CS2/CDCl3

(ppm)
calibrated with C60

-C-H

51.50

57.26

1

-OCH3

55.36

56.51

1

-OCH3

55.38

56.61

1

-OCH3

55.43

56.67

18

sp3-C

55.83

64.06

15

sp3-C

58.11

65.20

9

sp3-C

74.07

80.12

4

epoxy-C

75.22

81.17

3

epoxy-C

77.51

82.17

5

-C-OH

91.95

96.73

12

enamine

109.34

111.07

2

enamine

160.19

150.33

atom
number

functional
group

6

Moreover, no indication of carbonyl groups was found neither by 13C NMR nor by FTIR spectroscopy. The FT-IR spectrum shows a broad signal for the O-H deformation
vibration at 3424 cm-1 and a broad absorption band at 3495 cm-1 that can be due to a
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hydrogen bond. These FT-IR results and the sharp doublet for the proton of the
hydroxyl group and the coupling to the hydrogen addend found in the 1H NMR
spectrum indicate the excistence of a directional hydrogen bond. The hydrogen bond
can possibly be directed to the adjacent nitrogen atom or to the oxygen atom of the
epoxide.
Furthermore, the color of the mixture changed upon photooxygenation from
orange to green due to the formation of a green colored oxygenation product. The
UV/Vis spectrum of compound 65 in comparison to the starting material 57 is shown
in Figure 53.

65
57

Figure 53: UV/Vis spectra (CH2Cl2, RT) of triaryldihydro adduct 57 (orange) and oxygenation product
65 (green).

The oxygenated azafullerene 65 was further irradiated to find out if a second
oxygenation reaction e.g. at the enamine bond takes place, where the HOMO is
located (Figure 54, a). However, it turned out that azafullerene derivative 65
decomposed under these conditions within 1.5h of irradiation.
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a)

b)

HOMO 65

HOMO 57

Figure 54: Visualization of the HOMO of oxygenation product 65 and starting material triaryldihydro
adduct 57 calculated at the B3LYP/6-31 G(d) level (nitrogen in blue).

A control experiment using a degassed sample containing isomers 56-59 showed
that no reaction was observed by irradiating the sample over 30 min under oxygen
exclusion. In conclusion, oxygen is crucial for the reaction. A plausible ionic
mechanism

is

proposed

in

Figure

55. The first

step

of

the

described

photooxygenation reaction can be explained by a Schenck ene type reaction[194].
Fullerenes, as well as azafullerenes sensitize the formation of 1O2 efficiently upon
irradiation with light.[86,

174]

During this reaction the triaryldihydro azafullerene

derivatives are photosensitizer and in one molecule. Additionally, the HOMO of
triaryldihydro adduct 57 (Figure 54, b) is located at the pyrrolic double bonds
according to B3LYP/6-31 G(d) calculations and comparable to the HOMO of the
pentaaryl adducts (Figure 34).

57

66

67

65

1

Figure 55: Proposed reaction mechanism for the O2-mediated allylic photooxygenation of
triaryldihydro adduct 57.
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The generated singlet oxygen obtained upon illumination of the triaryldihydro
azafullerene derivatives can attack the allylic and rather electron-poor double bond of
57 to form a hydroperoxide structure 66 (Figure 55). Electron-rich olefins without
allylic hydrogen atoms form 1,2-dioxetanes under these conditions on the
contrary.[191, 195-197] A well known example is the formation of the ketolactam 13, the
precursor of the (C59N)2, which assumingly is generated via a 1,2-dioxetane by
illumination with visible light.[85] In the case of triaryldihydro azafullerene 57 the
mechanism proceeds very likely with the activation of the lone pair on the nitrogen.
The elimination of hydroxide leaves an iminium ion 67 as intermediate behind. In
turn, the nucleophilic hydroxide can attack the imminium ion intermediate 67 resulting
in the formation of oxygenation product 65 (Figure 55). The exclusive pyrrole
substructured azafullerene derivative 57 with its allylic hydrogen addends supports
an exceptional reaction that is unknown for pyrrole derivatives so far.[191, 192] An ionic
mechanism is proposed in Figure 55, however, a radical mechanism cannot be
excluded. The mechanism of the initial 1O2-mediated ene reaction has been studied
widely by theoretical and computational methods starting from the mid-1970s on.
However, it turned out that the title reaction faces very challenging problems that led
to various different contributions in this field depending on the method used for the
calculations. Still, there is no consensus about the precise mechanism. However,
recent studies point out that a so called perepoxide is a feasible ionic intermediate for
the 1O2-mediated allylic oxidation that produces the hydroperoxide.[195, 197, 198]
As already mentioned, triaryldihydro adduct 57 is the most reactive isomer.
Assumingly, the reaction proceeds very fast since no intermediate is observed and its
oxygenation product 65 could be isolated as the main product after a short-time
photooxidation. In addition, the photooxygention of pure isomer 56, 58 and 59 was
analyzed. Regioisomers 56 and 59 formed green oxygenation products as well and
their structures were derived with the help of the proposed Schenck ene type
mechanism presented in Figure 55. Interestingly, orange colored intermediates could
be observed during the photooxidation using the pure isomer 56 or 59 supporting a
mechanism containing intermediates. However, these orange colored intermediates
are unstable and react in situ even in the dark to the corresponding oxygenation
products. Consequently, the selective formation of these intermediates is difficult to
control, as well as the elucidation of their structure.
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56

68

Scheme 3.25: Photooxygenation of regioisomer 56 leads to a stable green oxygenation product 68.

One orange and one green colored intermediate could be observed during the
photooxygenation of regioisomer 56 by 1H NMR spectroscopy (Figure 56). Five
minutes of irradiation with visible light of an air saturated solution are already enough
to mediate a reaction and convert all of the starting material to an orange colored
product (Figure 56, c). This product is unstable and another green colored
intermediate could be observed by 1H NMR spectroscopy (Figure 56, d). Mass
spectrometry suggests the addition of water due to a MALDI-TOF m/z - peak at 1095
for this green colored intermediate. The formation of these elusive and reactive
intermediates is strongly dependend on the oxygen concentration and the
temperature. If the solution is stored at 8 °C the intermediates are stable for a longer
time. Finally, these intermediates always produce a stable oxygenated product 68
(Figure 56, e) with 100% conversion that has the same molecular composition as
derivative 65.
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a) starting material 56
56

b) hν

c) intermediate 1

d) intermediate 2

e) oxygenation product 68

68

1

Figure 56: The observation of intermediates by H NMR spectroscopy (400 MHz, CDCl3, RT) of
photooxygenation of 56 to 68.
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Assumingly, enough singlet oxygen is produced by irradiation for only a few minutes.
The conversion of the intermediates to the oxygenation product, however, can take
place without irradiation. Isomer 59 (Scheme 3.26) is completely converted after
three minutes of irradiation to an orange intermediate (Figure 57, b).

59

69

Scheme 3.26: Photooxygenation of isomer 59 to a stable green oxygenation product 69.

The intermediate reacts further to give the oxygenation product 69 upon leaving the
NMR sample in the dark (Figure 57, c). The obtained compound is stable and no
further conversion takes place.
The observation of these intermediates was possible by 1H NMR spectroscopy but
due to their reactivity the selective synthesis of the individual intermediates is hardly
reproducible. The structures of the oxygenation products 68 and 69 were assigned
according to the proposed Schenck ene type reaction mechanism (Figure 55) and
the characterization is discussed in the following section.

118

Results and Discussion

a) starting material 59

59

b) hν
intermediate
df
df

c) 1h in the dark
oxygenation product 69

df

69

1

Figure 57: Observation by H NMR spectroscopy (400 MHz, CDCl3, RT): Photooxygenation of a) pure
isomer 59 produces b) an intermediate structure and finally c) the stable oxygenation product 69.

The formation of a green colored oxygenation product deviated from triaryldihydro
adduct 58 was not observed. Isomer 58 gives orange colored products upon
photooxygenation and a structure elucidation was not possible because the formation
of a major product could not be identified.
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65

68

69

1

Figure 58: Comparison of the H NMR spectra (400 MHz, CDCl3, RT) of oxygenation products 65, 68
and 69.

The comparison of the three oxygenation products 65, 68 and 69 reveals a significant
relationship between the hydrogen and the hydroxyl addend (Figure 58). As already
mentioned, the

4

J coupling constant of 1.3 Hz between the hydrogen and the

hydroxyl addend is very characteristic for compound 65. Derivatives 68 and 69 do not
show such a coupling. The signal of the hydrogen addend appears as a singlet at
5.33 ppm for compound 68 and at 5.14 ppm for compound 69. The hydroxyl addend
gives a singlet at 4.20 ppm and at 4.55 ppm for compound 68 and 69, respectively,
leading to the conclusion that the two addends must be in remote positions. The
structures deduced from the proposed mechanism support this finding.
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68

69

Figure 59:

The

13

C NMR spectra (100 MHz, CDCl3, RT) of oxyfunctionalized azafullerenes 68 and 69.

13

C NMR spectra of both oxygenation products 68 and 69 are depicted in Figure

59. The spectra are comparable to the spectrum of adduct 65 and the main features
are listed in Table 8. The

13

C NMR resonance signals were assigned with the help of

HSQC, HMBC and calculated spectra and the detailed assignment can be found in
the experimental section. Interestingly, the calculated

13

C NMR predicts a difference

between the signals of the two sp3-carbon atom 6 and 15 or respectively 18 bearing
the aryl addends of around 4 ppm for adduct 68 and a difference of around 8 ppm for
adduct 69. The experimental data confirms this prediction and the measured
resonance signals for the sp3-carbon atoms connected to the two aryl addends in
position 6 and 18 of adduct 69 are twice as much apart as for adduct 68 (C-atoms 6
and 15). Additionally, the

13

C NMR spectrum of derivative 69 shows a broadened

resonance signal for the aryl addend in position 4’’ that might be due to a hindered
rotation of the aryl addend. The sp2-signals of a C1 symmetric azafullerene skeleton
are found between 152 and 140 ppm. The signal of the hydrogen addend appears at
41.43 and 46.30 ppm for 68 and 69, respectively. The signal of the epoxy groups
resonate between 73 and 77 ppm and the signal of the hemi-aminal carbon atom (C121
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5) appears around 93 ppm for both compounds, followed by the signal of the newly
formed enamine bond (C-12) at around 110 ppm and at around 159 ppm (C-2).
Adduct 65 exhibits very similar chemical shifts of these characteristic signals.

Table 8: Comparison of the experimental and theoretical (B3LYP/6-31-G(d)) major

13

C NMR chemical

shifts of photooxygenation adducts 68 and 69.

68
atom
number

69

functional

exp. δ

calc. δ

exp. δ

calc. δ

group

(ppm)

(ppm)

(ppm)

(ppm)

100 MHz,
CS2/CDCl3

calibrated
with C60

100 MHz,
CDCl3

calibrated
with C60

18, 15

-C-H

41.43

47.64

46.30

52.18

1

-OCH3

55.00

56.54

55.26

56.29

1

-OCH3

55.13

56.61

55.43

56.35

1

-OCH3

55.19

56.86

55.48

56.59

15, 18

sp3-C

57.86

65.33

55.56

60.87

6

sp3-C

61.79

69.19

61.82

69.15

9

sp3-C

73.43

80.57

73.62

80.91

4

epoxy-C

73.31

79.25

72.66

80.85

3

epoxy-C

73.89

79.86

76.48

80.77

5

-C-OH

92.81

98.60

93.54

100.60

12

enamine

109.43

111.48

110.16

112.11

2

enamine

159.11

152.41

158.07

150.14

Additionally, UV/Vis and IR spectroscopy of oxygenation products 68 and 69 is in
agreement with the spectroscopic data of derivative 65.
In conclusion, the triaryldihydro adducts feature an exceptional pyrrole system
that tends to oxygenation via light-induced 1O2-mediated reaction, leading to a new
core functionalization reaction of azafullerene derivatives. It is an example of a
regioselective photosensitzed oxygenation reaction for carbon allotropes.
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4 Summary
Pentaarylated azafullerene derivatives with a unique 6,9,12,15,18-addition motif,
resulting in the formation of a pyrrole moiety within the π-system of the fullerene
framework, were prepared by an acid-catalyzed Friedel-Crafts type reaction of a
C59N precursor with electron-rich aromatic compounds. This pentaarylation reaction
was explored and revealed the formation of a whole new family of azafullerene
derivatives. The isolation and characterization of triaryldihydro and tetraarylhydro
intermediates provided valuable insights into the mechanism of the described
pentaarylation reaction. The structure elucidation of pentaarylated azafullerene
adducts, as well as tetraarylhydro and triaryldihydro intermediates was achieved by
NMR spectroscopy and unambiguously verified by single crystal X-ray diffraction
analysis

(Figure

60).

experimentally obtained
result,

The

interplay

between

theoretical

calculations

and

13

C NMR spectra enabled the characterization in detail. As a

13

C NMR shifts of the pyrrolic carbon atoms and sp3-carbon atoms bearing the

addends could be assigned and used as an indicator for further structural changes in
subsequent chemical reactions.

a)

+
56

40a

+

57

58

59

b)

b)

+

50a

61a

60a

60d

Figure 60: Reaction conditions of the pentaarylation reaction: a) p-TsOH, argon, anisole/ODCB; b) pTsOH, air, anisole/ODCB. X-ray crystal stuctures were obtained from triaryldihydro adducts 57 and 59,
β’-tetraarylhydro adduct 60d and pentaaryladduct 50a. The hydrogen addends in the chemical
structures in α’-position are highlighted in dark red and the pyrrole moiety of the X-ray structures in
yellow.
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Isolation and purification of these reaction intermediates revealed that the
tetraarylhydro adduct with the hydrogen addend in α’-position is more reactive
towards arylsubstitution than the corresponding β’-regioisomer. Moreover, the
reactivity of pentaaryl adducts with ICl and with light in the presence of air oxygen
was investigated. The formation of a Cs symmetrical mixed pentaaryl adduct was
also achieved.
The triaryldihydro azafullerene derivatives exhibit an unusual pyrrole substitution
pattern with allylic hydrogen addends on the azafullerene core. The dehydrogenation
hydroazafullerenes was investigated in the gas phase (by fragmentation in the mass
spectrometer) and in solution (with heating). Using Bu4NOH, the deprotonation of
hydroazafullerenes was achieved and a dimethylated azafullerene was obtained after
addition of MeI. Additionally, the ability of hydroazafullerenes to undergo further
selective derivatization reactions was demonstrated by oxidation with DDQ. In this
case, the abstraction of hydrogen addends led to the formation of the first two
examples of azafullerenol derivatives. Altering the addends by chemical reaction led
to derivatives that could be separated by simple column chromatography. Moreover,
the substitution of the hydrogen addends on the azafullerene core was found to be
favored in α’-position.
A new photooxygenation reaction of azafullerene derivatives leading to single,
well-defined products was explored. Triaryldihydro azafullerenes are sensitive
towards light-induced oxygenation due to their characteristic pyrrole addition pattern
involving allylic hydrogen atoms. As a result, the hydrogens in α’-position are highly
reactive leading to one single oxygenation product (Figure 61) that could be obtained
even when a mixture of regioisomers was used as starting material. This selective
photooxygenation generates unique azafullerene derivatives bearing a hydroxyl and
an epoxy group in addition to an enamine moiety within the azafullerene skeleton and
in consequence represents a new type of core functionalization (Figure 61). The
assignment of the pyrrolic carbon atoms by

13

C NMR spectroscopy in azafullerenes

with the 6,9,12,15,18-addition motif was an important step towards developing further
reactions at the azafullerene skeleton. The absence of the

13

C signals of the pyrrolic

carbon atoms provides evidence for an oxygenation at the pyrrole subunit.
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57

65

Figure 61: Photooxygenation of triaryldihydro azafullerene 57 with both hydrogen addends in α’position leads to the core-functionalized adduct 65.

Investigations of the oxygenation reaction and the arising products are of great value
in the context of the research on other carbon allotropes. Particularly, graphene oxide
is subject of intense research, since it can serve as precursor for graphene with
minimal defects.[199] However, the oxygenation mechanism behind this structure
containing hydroxyl groups, epoxy groups and carboxylic acids at the edges
according to the Lerf-Klinowski model,[200,

201]

is not understood, yet. In fact, the

structure elucidation of graphene oxide is still in progress.[202] In addition, the
reactivity of N-doped graphene[203,

204]

is an open question. In this context,

azafullerenes provide a valuable model system due to their monodispersity and the
possibility of utilizing unambiguous methods for characterization such as MS, NMR
spectroscopy or even single crystal X-ray crystallography. The triaryldihydro
azafullerenes represent a special case for a photooxygenation that provides valuable
insights into the stability of carbon allotropes and the formation mechanism leading to
their oxygenation products.
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5 Zusammenfassung
Pentaarylierte Azafullerenderivate wurden ausgehend von einer C59N-Vorstufe
mittels einer säurekatalysierten Friedel-Crafts-Reaktion mit elektronenreichen
Aromaten

hergestellt.

Die

isolierten

Produkte

weisen

ein

6,9,12,15,18-

Additionsmuster mit einer isolierten Pyrrol-Einheit im Fulleren-π-system auf. Die
Pentaarylierungsreaktion wurde im Rahmen dieser Arbeit eingehend erforscht, wobei
die Synthese einer ganzen Familie neuartiger Azafullerenderivate gelang. Die
Isolierung

und

Charakterisierung

Zwischenstufen

ermöglichte

Pentaarylierungsreaktion.

von

einen
Die

Triaryldihydro-

Einblick

in

den

Strukturaufklärung

und

Tetraarylhydro-

Mechanismus
der

der

pentaarylierten

Azafullerenaddukte, als auch der Tetraarylhydro- und Triaryldihydrozwischenstufen
wurde erfolgreich mittels NMR-Spektroskopie durchgeführt und zweifelsfrei mit
Röntgenstrukturanalysen (Abbildung 1) bestätigt. Die Kombination von theoretisch
berechneten und gemessenen

13

C-NMR Spektren ermöglichte eine umfassende

Charakterisierung der Produkte.

a)

+
56

40a

+

57

58

59

b)

b)

+

50a

61a

60a

60d

Abbildung 1: Reaktionsbedingungen der Pentaarylierungsreaktion: (a) p-TsOH, Argon, Anisol/ODCB;
b) p-TsOH, Luft, Anisol/ ODCB. Kristallstrukturen wurden von den Triaryldihydroaddukten 57 und 59,
dem β’-Tetraarylhydroaddukt 60d und dem Pentaaryladdukt 50a erhalten. Die Wasserstoffaddenden
der reaktiven α’-Position sind in den Strukturformeln dunkelrot und die Pyrrol-Einheit in den
Röntgenstrukturen in gelb hervorgehoben.
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Folglich

war

es

möglich

die

13

C-NMR

Verschiebungen

der

pyrrylischen

Kohlenstoffatome und der sp3-Kohlenstoffatome, an denen die Addenden gebunden
sind, zuzuordnen, was wiederum als Indikator für Strukturänderungen in weiteren
chemischen Reaktionen genutzt werden konnte.
Weitere Untersuchungen dieser isolierbaren Zwischenstufen zeigten, dass die
Wasserstoff-Addenden

α’-Position

in

des

Tetraarylhydroadduktes

reaktiver

gegenüber einer Substitution durch einen weiteren Aryl-Addenden sind als die HAddenden des entsprechenden β’-Regioisomers. Weiterhin wurde die Reaktivität der
Pentaaryladdukte hinsichtlich der Reaktion mit ICl, als auch bezüglich der
Photooxygenierung

mit

Sauerstoff

untersucht.

Zusätzlich

konnte

ein

CS-

symmetrisches gemischtes Pentaaryladdukt erfolgreich hergestellt werden.
Die Triaryldihydroazafullerenderivate weisen ein außergewöhnliches PyrrolSubstitutionsmuster mit allylischen Wasserstoff-Addenden am Azafullerenkern auf.
Diese Hydroazafullerene wurden näher untersucht. Im Vordergrund stand ihre
Fähigkeit Wasserstoff-Addenden abzuspalten, entweder durch Fragmentierung im
Massenspektrometer, durch thermische Behandlung oder mittels Deprotonierung.
Die Deprotonierung der Hydroazafullerene wurde erstmalig erfolgreich durchgeführt
und durch ein dimethyliertes Azafullerenderivat als Abfangprodukt nachgewiesen.
Zusätzlich wurde anhand der Reaktion von Triaryldihydroaddukten mit DDQ gezeigt,
dass die Hydroazafullerene auch weiterführende, selektive Derivatisierungsreaktionen eingehen. Die erfolgreiche Abspaltung von Wasserstoff-Addenden führte
zur Darstellung der ersten beiden Literaturbeispiele von Azafullerenolderivaten.
Folglich führte die Derivatisierung durch den Austausch von Addenden zu
Verbindungen, die ohne Verwendung von preparativer HPLC isoliert werden
konnten. Weiterhin stellte sich heraus, dass die Substitution der WasserstoffAddenden in α’-Position am Azafullerenkern bevorzugt stattfindet.
Eine neuartige Photooxygenierungsreaktion der Azafullerenderivate, die definierte
Produkte liefert, wurde entdeckt und näher untersucht. Wie sich herausstellte sind
die

Triaryldihydroazafullerene

Pyrroladditionsmuster,

das

allylische

aufgrund

ihres

Wasserstoffatome

charakteristischen
aufweist,

empfindlich

gegenüber einer lichtinduzierten Oxygenierungsreaktion. Die Wasserstoffaddenden
in α’-Position zeigen dabei eine erhöhte Reaktivität und die Reaktion mit Sauerstoff
liefert ein Oxygenierungsprodukt (Abbildung 2), das relativ einfach aus einer
Mischung von Regioisomeren synthetisiert und isoliert werden konnte. Außerdem
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bedarf es keiner HPLC-Aufreinigung, die für eine Trennung der regioisomeren
Triaryldihydro-Ausgangsverbindungen

nötig

wäre.

Mit

dieser

selektiven

Photooxygenierung konnten neuartige Azafullerenderivate hergestellt werden, die
eine Hydroxyl-, eine Epoxygruppe und eine Enamin-Einheit im Azafullerengerüst
aufweisen. Abbildung 2 zeigt die erläuterte Kernfunktionalisierungsreaktion. Dabei
13

war die Zuordnung der pyrrylischen Kohlenstoffatome der Azafullerene durch

C-

NMR Spektroskopie von entscheidendem Vorteil. Somit konnten Strukturänderungen
an der Pyrroleinheit des Azafullerengerüsts verlässlich festgestellt werden.

57

65

Abbildung 2: Die Photooxygenierungsreaktion des Triaryldihydroazafullerens 57 mit beiden
Wasserstoff-Addenden in α’-Position führt zum kernfunktionalisierten Addukt 65.

Die Untersuchung der Oxygenierungsreaktion und der daraus resultierenden
Produkte ist von großem Wert, besonders für die aktuelle Forschung an weiteren
Kohlenstoffallotropen. Im derzeitigen Fokus steht besonders Graphenoxid, das als
Vorstufe

für

Graphen

mit

minimalen

Defekten

dienen

kann.[199]

Der

Oxidationsmechanismus, der Graphenoxid liefert, ist bis jetzt noch nicht verstanden.
Die Struktur von Graphenoxid weist laut Lerf-Klinowski-Modell[200, 201] Hydroxyl- und
Epoxygruppen,

als

Strukturbestimmung

auch
von

Untersuchungen zeigen.
Graphen

[203, 204]

diesem

Kontext

[202]

Carbonsäuren
Graphenoxid

ist

an

den

noch

Rändern
nicht

auf.

Auch

die

abgeschlossen,

wie

Weiterhin ist die chemische Reaktivität von N-dotiertem

eine noch unbearbeitete Fragestellung. Die Azafullerene stellen in
ein

brauchbares

Modellsystem

dar,

da

aufgrund

ihrer

Monodispersität Charakterisierungsmethoden wie Massenspektrometrie, NMRSpektroskopie und auch Röntgenstrukturanalyse angewendet werden können.
Zusammenfassend zeigen die Triaryldihydroazafullerene eine außergewöhnliche
Photooxygenierungsreaktion, die Einblicke in die Stabilität von Kohlenstoffallotropen
und in die Bildung ihrer Oxygenierungsprodukte gibt.
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6 Experimental Section
6.1 General Methods and Considerations
All reagents and solvents were purchased from commercial sources (Aldrich, Acros,
Fisher Scientific). Solvents were distilled prior to use, except for ODCB and CS2
which were used as received. Toluene and ethyl acetate were distilled from
potassium carbonate. Deuterated solvents (CDCl3, CD3OD and ODCB-d4) were
purchased from Deutero or Eurisotop and HPLC-grade solvents were purchased
from VWR and used as obtained. C60 (99%) was provided by io li tec nanomaterials.
Reactions were monitored by thin layer chromatograpy (TLC) on silica 60 F254 TLC
aluminium foils (Merck). All other solvents and reagents were commercially available
and used as received. Products were isolated by column chromatograpy using silica
gel (deactivated, 0.04-0.063 mm/230-400 mesh ASTM, Macherey-Nagel). Yields are
given in percentage corresponding to the reactant that was used as one equivalent
(eq) if not otherwise noted. The nomenclature of the fullerene and azafullerene
derivatives was deviated from known literature compounds to simplify the otherwise
complex naming by IUPAC.[205] The systematic numbering was applied according to
IUPAC[205] with the C5 axis of the five membered ring containing the nitrogen atom
(number 1) as reference axis maintaining the 6,9,12,15,18-addition motif.

General Procedure for Control Experiments using the Pentaarylation Reaction
Conditions
Control experiments were done to investigate and deduce the reaction mechanism of
the pentaarylation reaction. The procedure under aerobic conditions was followed
using the described pentaarylation reaction conditions for pentaaryl adducts in
chapter 6.4. The procedure under anaerobic conditions was followed as described for
the synthesis of triaryldihydro adducts in chapter 6.5.

NMR Data Assignment
The coupling pattern of 1,4-disubstituted arenes follows an AA’BB’-spin system
maintaining a 1H NMR spectrum of higher order. The coupling constants were
simulated (using MestReNova 5.3.2) and are in the range of 3JAB = 8.5 Hz, 4JAA’ =
2.7 Hz and 5JAB’ = 0.5 Hz for these systems. The signals due to this AA’BB’-spin
system are assigned with multiplet.
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6.2 Technical Equipment
NMR spectroscopy was measured using Joel EX 400, Joel Alpha 500, Bruker
Avance 300, Bruker Avance 400 or Bruker Avance 600 NMR spectrometers. The
NMR chemical shifts (δ) are given in parts per million (ppm) and were corrected to
the solvent signals of CHCl3/CDCl3 (δ = 7.24 ppm for 1H, 77.00 ppm for
ODCB-d4 (δ = 7.40 ppm for 1H, δ = 132.60 ppm for

13

C) or

13

C). 1H NMR coupling constants

(J) are reported in hertz (Hz) and the multiplicity of the splitting patterns is indicated
as follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad
signals) or a combination of the latter. All

13

C NMR spectra were measured with

pulse delay times of 8 s. The raw data was processed with MestReNova 5.3.2 or
ACD Labs 12.0. For NMR signals of which the assignment is ambiguous, the
attributed atom numbers are connected by "/". If the assignment of the respective
signals of the aryl addends is indicated without clarifying its position (’, ’’ or ’’’), all
residual unassigned positions may apply for this signal with the respective atom
number. For racemic mixtures, the assignment always belongs to the displayed
structure containing the numbering and is transferable to its enantiomer. Calculated
13

C NMR spectra (B3LYP/6-31G(d) level) were used for the comparison and

assignment of the experimental

13

C NMR data, especially for the assignment of the

3

sp -signals bearing the aryl addends and for the differentiation between the α- and βpyrrolic carbon atoms.

UV/Vis spectroscopy was carried out with a Varian Cary 5000 UV-Vis-NIR
spectrophotometer.

IR spectroscopy was conducted on a Bruker Tensor 27 or a Varian 660 FT-IRspectrometer. The IR spectra were measured on a ZnSe window or with KBr. The
signals are labeled with the following abbreviations: vs (very strong), s (strong), m
(medium), w (weak), vw (very weak) and br (broad).

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-2propenylidene)malononitrile (DCTB) as matrix.
High-resolution mass spectra (HRMS) were measured on an UHR-TOF Bruker
maXis 4G spectrometer using atmospheric pressure photo ionization (APPI) or
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electrospray ionization (ESI). Mass spectra were measured in positive mode if not
otherwise noted.
The high-resolution ESI spectra of azafullerene derivatives 63 and 62 were acquired
by the Drewello group (Universität Erlangen-Nürnberg) on a micrOTOF-Q II from
Bruker Daltonics (Bremen), a quadrupole time-of-flight (QTOF) instrument with
MS/MS capability.
EI mass spectra were recorded using a Finnigan MAT 95 XP from Thermo Scientific
with an EI (electron-impact) source.
Automated ﬂash chromatography was carried out with a Biotage Isolera One
system using 100 g KP-Sil SNAP cartridges from Biotage or 40 g PuriFlash columns
with 15 µm HP-silica from Interchim.

Analytical High Performance Liquid Chromatography was performed using a
VARIAN 940-LC Liquid Chromatograph with Scale-Up Module 445-LC, Column Oven
Model 510 and Fraction Collector 440-LC, Agilent Technologies. Solvents were
purchased from VWR in HPLC quality and a Cosmosil column (Buckyprep Waters,
4.6 x 250 mm) was used.

Preparative High Performance Liquid Chromatography was carried out using a
recycling system from Shimadzu Corporation with Preparative Liquid Chromatograph
LC-8A, Autoinjector SIL-10A, UV/Vis Detector SPD-10A and Fraction Collector FRC10A for separation on a Microsorb 100-5 Si column (Varian Dynamax, 250 x
21.4 mm). Toluene was used as eluent and distilled prior to use.

Cyclic voltammetry was performed on a Potentiostat Autolab PGSTAT 30 from
Metrohm. Electrochemical measurements were conducted in a glass cell under an
argon atmosphere. Solutions consisted of 10-3 M analyte in anhydrous and argon
saturated ODCB with Bu4NBF4 (0.1 M) as supporting electrolyte using a scan rate of
100 mVs-1 and ferrocene was added as internal reference. Glassy carbon or Pt was
used as working electrode, a Pt wire as counter electrode and for the reference
electrode an Ag wire. The half wave potentials Ered = (Epc + Epa)/2 (with Epc and Epa
as the cathodic and anodic peak potentials, respectively) are referenced against the
ferrocene/ferrocenium (Fc/Fc+) redox couple.
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X-Ray crystallography was carried out on an AGILENT SuperNova Dual Atlas
diffractometer, a Bruker Kappa APEX 2 IS Duo diffractometer or on a Bruker-Nonius
KappaCCD diffractometer.
The X-ray crystal structure can be obtained under the respective CCDC number free
of charge via http://www.ccdc.cam.ac.uk/products/csd/request/ (or from Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: ++441223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
Procedure if not otherwise noted: Data were corrected for Lorentz and polarization
effects, semi-empirical absorption corrections were performed on the basis of
multiple scans (SADABS 2008/1 or 2009).[206] The structure was solved by direct
methods and refined by full-matrix least-squares procedures on F2 using SHELXTL
NT 6.12.[207] All non-hydrogen atoms were refined anisotropically.
Treatment of hydrogen atoms: The hydrogen atoms, if not otherwise noted, were
placed in positions of optimized geometry, their isotropic displacement parameters
were tied to those of their corresponding carrier atoms by a factor of 1.2 or 1.5.

DFT calculations were conducted at the B3LYP/6-31G(d) level of theory using
Gaussian 09[208]. The geometry (of preoptimized structures with PM6) was optimized
at the B3LYP/6-31G(d) level and a vibration frequency calculation at the same level
was performed to assure the presence of a local minimum.

13

C NMR spectra were

calculated at the same level of theory and calibrated with C 60, which in turn was as
well calculated at the B3LYP/6-31G(d) level. The calculated

13

C NMR spectra were

used for the comparison and assignment of the experimental

13

C NMR data,

especially for the assignment of the sp3-signals bearing the aryl addends and for the
differentiation between the α- and β-pyrrolic carbon atoms. The molecular editor
programm Avogadro was used for visualization of the optimized structures and the
frontier molecular orbitals.
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6.3 Precursors
The synthesis of MEM-azide, N-MEM-[60]ketolactam and aza[60]fullerene dimer
(C59N)2 was prepared following the optimized literature procedure.[98, 112]

(2-Methoxyethoxy)methyl azide (MEM-N3)
(2-Methoxyethoxy)methyl chloride (MEM-Cl) (25 g, 200 mmol, 1
eq) was dissolved in 250 mL THF in a 100 mL round-bottomed
C4H9N3O2
Mol. Wt.: 131.13

flask. 18-crown-6 (1.58 g, 0.6 mmol, 0.03 eq) and sodium azide
(39 g, 600 mmol, 3 eq) were added to the solution and stirred at
RT for 24 h behind a shield. Residual sodium azide was removed

by filtration, washed with THF (10 mL) and the solvent was evaporated. Due to safety
issues, the clear colorless liquid was not further purified. The 1H-NMR spectrum
showed 100% conversion and it was used to calculate the amount of residual THF
and 18-crown-6. Colorless liquid (26.2 g, 200 mmol, 100%).
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 4.57 (s, 2 H, 4), 3.63 (m, 2 H, 3), 3.45 (m,

2 H, 2), 3.26 (s, 3 H, 1).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 82.78 (1 C, 4), 71.17 (1 C, 3), 68.32 (1 C,

2), 58.61 (1 C, 1).
~
FT-IR (ZnSe)  (cm-1): 2928 (m), 2890 (m), 2820 (w), 2122 (vs), 1456 (w), 1387 (vw),
1365 (w), 1281 (m), 1229 (s), 1201 (m), 1104 (s), 1025 (w), 988 (vw), 934 (vw), 876
(s), 700 (w).
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1,6-Aza[N-MEM]homo[60]fullerene (10)
C60 (5.0 g, 6.94 mmol, 2 eq) was dissolved in 1 L ODCB in a 2 L
round-bottomed flask. The solution was stirred overnight and then
heated to 180 °C, MEM-azide (461 mg, 3.52 mmol, 1 eq) was
added and the purple solution was stirred at 180 °C for 1 h. The
reaction can be monitored by TLC. After quick cooling to RT,
approximately 800 mL of ODCB were distilled off, leaving a
dissolved, homogeneous solution. The crude reaction mixture was
10

purified by column chromatography (240 g SiO2, toluene). The

C64H9NO2

purple C60 fraction elutes first (Rf ≈ 1) followed by 1,6-aza[N-

Mol. Wt.: 823.76

MEM]homo[60]fullerene 10 (gray-brown; Rf = 0.58, toluene/ethyl

acetate (9:1)) and 1,2-dihydro[N-MEM]aziridino[60]fullerene 9 (red-pink; Rf = 0.55,
toluene/ethyl acetate (9:1)). The solvents were evaporated and 1,6-aza[NMEM]homo[60]fullerene 10 was obtained as black brown solid (yield not determined
at this step) and redissolved in ODCB for the next step. 1,2-dihydro[NMEM]aziridino[60]fullerene 9 was precipitated from CS2/pentane. The C60 fraction
was freed from solvent and washed in a frit with THF (50 mL) and pentane (50 mL)
and dried in vacuum to be reused for further synthesis of 10 as outlined above. It is
advisable to perform this experiment in one day and to convert the isolated 1,6aza[N-MEM]homo[60]fullerene 10 directly without further purification into ketolactam
13 because the dry and pure product is poorly soluble in organic solvents.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 5.32 (s, 2 H, 4), 4.21 (m, 2 H, 3), 3.75

(m, 2 H, 2), 3.46 (s, 3 H, 1).
13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 147.69 (2 C, 5), 144.85 (2 C), 144.69

(2 C), 144.59 (2 C), 144.36 (2 C), 144.23 (2 C), 144.21 (2 C), 144.09 (2 C), 143.97
(2 C), 143.86 (2 C), 143.83 (2 C), 143.55 (2 C), 143.45 (1 C), 143.35 (2 C), 143.15
(1 C), 143.02 (2 C), 142.96 (2 C), 142.84 (2 C), 142.70 (2 C), 142.61 (2 C), 141.64
(2 C), 140.75 (2 C), 140.41 (1 C), 139.28 (2 C), 138.51 (2 C), 138.41 (2 C), 138.24
(2 C), 137.76 (1 C), 136.86 (2 C), 136.33 (2 C), 135.79 (2 C), 133.54 (2 C), 83.92
(1 C, 4), 71.94 (1 C, 3), 68.25 (1 C, 2), 58.89 (1 C, 1).
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~
FT-IR (ZnSe)  (cm-1): 2918 (m), 2867 (m), 2809 (w), 1508 (s), 1459 (vw), 1427 (w),

1391 (vw), 1371 (vw), 1340 (vw), 1267 (vw), 1200 (vw), 1175 (w), 1102 (s), 1078 (m),
1020 (m), 932 (vw), 920 (vw), 847 (w), 803 (w), 767 (w), 643 (w).
UV/Vis (toluene): λmax (nm) = 340, 433 (sh), 547, 604 (sh).
MS (MALDI-TOF, matrix: dith, CHCl3, neg.): m/z = 823 [M]•-, 722 [C59N]•-, 720 [C60]•-.
HRMS (APPI, toluene/ACN): m/z calc. for C64H9NO2•+ [M]•+: 823.063, found: 823.063.

1,2-Dihydro[N-MEM]aziridino[60]fullerene (9)
1

H-NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 5.22 (s, 2 H,

4), 4.30 (m, 2 H, 3), 3.79 (m, 2 H, 2), 3.48 (s, 3 H, 1).
13

C-NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 145.28 (4 C,

br. s) 144.94 (4 C), 144.88 (4 C), 144.46 (4 C), 144.32 (6 C),
144.26 (4 C), 143.91 (2 C), 143.56 (4 C), 142.96 (4 C),
142.87 (4 C), 142.66 (2 C), 141.97 (4 C), 141.94 (4 C),
9
C64H9NO2
Mol. Wt.: 823.76

140.67 (4 C), 140.00 (4 C), 83.00 (2 C, 5) 82.25 (1 C, 4),
71.97 (1 C, 3), 69.34 (1 C, 2), 58.88 (1 C, 1).
~
FT-IR (ZnSe)  (cm-1): 2919 (m), 2868 (m), 2808 (w), 1510

(m), 1463 (w), 1428 (m), 1360 (w), 1259 (vw), 1209 (vw), 1185 (m), 1142 (m), 1110
(m), 1068 (w), 1004 (w), 938 (w), 851 (vw), 839 (vw), 794 (vw), 738 (w), 707 (vw).
UV/Vis (toluene): λmax (nm) = 330, 414 (sh), 426, 498, 550 (sh), 608 (sh), 684.
MS (MALDI-TOF, matrix: dith, CHCl3): m/z = 823 [M]•-, 722 [C59N]•-, 720 [C60]•-.
HRMS (APPI, toluene/ACN): m/z calc. for C64H9NO2•+ [M]•+: 823.063, found: 823.063.
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N-MEM-[60]ketolactam (13)
The amount of 1,6-aza[N-MEM]homo[60]fullerene 10
obtained from the reaction of C60 and MEM-azide was
dissolved in ODCB (150 mL) and filled into a 250 mL
Schlenk tube. This tube was immerged into a basic,
aqueous solution of potassium chromate that served as a
13

light filter and was cooled with water cooling. The reaction

C64H9NO4

mixture was stirred and air was bubbled through the

Mol. Wt.: 855.76

solution while irradiating with a halogen flood light (500 W).
The color of the reaction mixture changed from gray-brown

to brown and was monitored by TLC (toluene/ethyl acetate (9:1)). After approximately
6 h the conversion to N-MEM-[60]ketolactam 13 was almost complete and the
reaction mixture was poured onto a silica gel column (35 g SiO2, toluene) and
purified. After eluting unconverted reactant 10 and residual 9 with pure toluene, the
eluent was switched to toluene/ethyl acetate (9:1) and ketolactam 13 was obtained
(brown; Rf = 0.36, toluene/ethyl acetate (9:1)). After evaporating the solvent, the
brown solid 13 (440 mg, 0.51 mmol, 15% corresponding to MEM-azide) was
precipitated from CS2/pentane and dried under vacuum.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 6.33 (d, 2J = 10.9 Hz, 1 H, 4), 5.96 (d,

2

J = 10.9 Hz, 1 H, 4), 4.00 (m, 2 H, 3), 3.57 (m, 2 H, 2), 3.32 (s, 3 H, 1).

13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 196.63 (1 C, 6), 162.06 (1 C, 5),

149.59 (1 C), 148.92 (1 C), 147.41 (1 C), 146.95 (1 C), 146.80 (1 C), 146.48 (1 C),
146.31 (1 C), 146.25 (1 C), 145.96 (1 C), 145.93 (1 C), 145.76 (1 C), 145.70 (1 C),
145.67 (1 C), 145.61 (1 C), 145.45 (1 C), 145.34 (1 C), 144.97 (1 C), 144.95 (1 C),
144.91 (1 C), 144.75 (1 C), 144.59 (1 C), 144.42 (1 C), 144.06 (2 C), 143.88 (1 C),
143.81 (1 C), 143.74 (1 C), 143.70 (1 C), 143.55 (1 C), 143.42 (1 C), 143.35 (1 C),
143.19 (2 C), 143.15 (1 C), 142.99 (1 C), 142.36 (1 C), 141.26 (1 C), 140.70 (1 C),
140.66 (1 C), 140.12 (1 C), 139.91 (1 C), 139.75 (1 C), 139.37 (1 C), 139.08 (1 C),
138.96 (1 C), 138.30 (1 C), 137.57 (1 C), 136.25 (1 C), 135.60 (1 C), 135.48 (1 C),
135.28 (1 C), 135.25 (1 C), 133.76 (1 C), 133.45 (1 C), 132.56 (1 C), 132.20 (1 C),
131.41 (1 C), 127.83 (1 C), 80.16 (1 C, 4), 71.49 (1 C, 3), 69.81 (1 C, 2), 58.52 (1 C,
1).
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~
FT-IR (ZnSe)  (cm-1): 2971 (vw), 2917 (w), 2880 (w), 2812 (vw), 1728 (vs), 1693 (s),

1560 (w), 1543 (vw), 1511 (m), 1447 (w), 1421 (w), 1391 (vw), 1371 (vw), 1278 (vw),
1254 (w), 1231 (vw), 1210 (vw), 1196 (vw), 1115 (w), 1100 (m), 1083 (m), 1057 (w),
1047 (w), 1014 (w), 993 (w), 938 (w), 840 (vw), 819 (vw), 805 (vw), 791 (vw), 769
(w), 746 (vw).
UV/Vis (CH2Cl2): λmax (nm) = 258, 327, 408 (sh), 427 (sh), 466 (sh), 554 (sh), 616
(sh), 688.
MS (MALDI-TOF, matrix: dith, CHCl3, neg.): m/z = 855 [M]•-, 766 [M-MEM]•-.
HRMS (APPI, toluene/ACN): m/z calc. for C64H9NO4•+ [M]•+: 855.052, found: 855.052.

Aza[60]fullerene Dimer (C59N)2 (14)
N-MEM-[60]ketolactam 13 (80 mg, 93.5 μmol, 1 eq) was
dissolved in ODCB (30 mL) in a 100 mL round-bottomed
flask with nitrogen inlet and reflux condenser under
argon. p-TsOH·H2O (533 mg, 2.80 mmol, 30 eq) was
added to the solution. The reaction mixture was cooled by
14
C118N2
Mol. Wt.: 1445.28

an ice/water bath and thoroughly degassed by applying
vacuum while vigorously stirring and then saturated with
argon. This procedure was carried out for three to four
times. Afterwards, the solution was stirred in a preheated

oil bath at 150 °C under argon, while passing a slow stream of argon gas over the
solution. The reaction can be monitored by TLC and the reaction is finished after 10
min. The reaction mixture was quickly cooled down to RT and then immediately
purified by column chromatography (80 g SiO2, toluene). (C59N)2 14 elutes as a olivegreen band on the solvent front (Rf = 1.00, toluene) and the solvent was evaporated.
If isolation of (C59N)2 14 was intended, the black residue was redissolved in a
minimal amount of ODCB, precipitated in n-pentane and the black-brown precipitate
was washed with n-pentane three times. The compound 14 was protected from as
much light and air as possible. The absence of oxygen during the reaction is very
important. (C59N)2 14 was usually used for further synthesis without precipitation due
to its low solubility and the yield was not determined at this step. The additional
characteristic data can be found in the literature procedure.[98, 112]
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HPLC (analytical, Cosmosil, 1 mL/min, toluene): tR = 15.6 min.
MS (MALDI-TOF, matrix: om, CH2Cl2): m/z = 722 [C59N]+.
HRMS (APPI, toluene): m/z calc. for C59N+ [M]+: 722.002, found: 722.005; m/z calc.
for C59NH•+ [MH]•+: 723.012, found: 723.010.

N-Methyl-(2-methoxyphenyl)-[60]fullerene-ketolactam (52), N-Methyl-(4methoxyphenyl)-[60]fullerene-ketolactam (53) and Hydro-(4-methylphenyl)-(2methoxyethoxy)-[60]fullerene-lactam (54)
N-MEM-[60]ketolactam 13 (120 mg, 0.14 mmol, 1 eq) was dissolved in 15 mL ODCB
in a 100 mL round-bottomed flask with nitrogen inlet. 3 mL anisole and p-TsOH
(0.70 mmol, 5 eq) was added. The mixture was stirred in a preheated oil bath at
150 °C passing a slow steady stream of air over the solution and the reaction was
monitored by TLC. After 40 min the mixture was cooled down to RT with an ice/water
bath and immediately purified by column chromatography on silica gel (120 g,
toluene). Monoaryl adduct 40a (green, Rf = 1.00, toluene/ethyl acetat (9:1)) elutes at
the front. N-Methyl-(2-methoxyphenyl)-[60]fullerene-ketolactam 52 (brown, Rf = 0.68
toluene/ethyl

acetat

(9:1))

elutes

next,

then

N-Methyl-(4-methoxyphenyl)-

[60]fullerene-ketolactam 53 (brown, Rf = 0.66 toluene/ethyl acetat (9:1)) elutes and
afterwards adduct 54 (green, Rf = 0.48 toluene/ethyl acetat (9:1)). Residual impurities
were removed by a second silica gel column chromatography (100 g, toluene). The
fractions were freed from the solvent and after precipitation from CS2/pentane the
brown solid adducts 40a (50.3 mg, 60.6 μmol, 43%), 52 (23.3 mg, 26.2 μmol, 19%),
53 (29.6 mg, 33.3 μmol, 24%) and 54 (12.0 mg, 12.8 μmol, 9%) were dried in
vacuum.
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N-Methyl-(2-methoxyphenyl)-[60]fullerene-ketolactam (52)
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.71 (m, 1 H, 6),

7.30 (m, 1 H, 4), 6.99 (m, 1 H, 5), 6.85 (m, 1 H, 3), 6.12 (d, 2J =
14.6 Hz, 1 H, 8), 5.57 (d, 2J = 14.6 Hz, 1 H, 8), 3.71 (s, 3 H, 1).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 197.24 (1 C, 10),

162.83 (1 C, 9), 157.97 (1 C, 2), 149.89 (1 C), 149.27 (1 C),
147.84 (1 C), 147.65 (1 C), 147.41 (1 C), 147.38 (1 C), 146.79
52

(1 C), 146.72 (1 C), 146.47 (1 C), 146.37 (1 C), 146.21 (1 C),

C68H9NO3

146.15 (1 C), 146.12 (1 C), 146.03 (1 C), 145.85 (1 C), 145.77

Mol. Wt.: 887.80

(1 C), 145.46 (1 C), 145.40 (1 C), 145.32 (1 C), 145.10 (1 C),

144.95 (1 C), 144.89 (1 C), 144.54 (1 C), 144.50 (1 C), 144.25 (1 C), 144.22 (1 C),
144.19 (1 C), 144.12 (1 C), 144.01 (1 C), 143.79 (1 C), 143.78 (1 C), 143.66 (1 C),
143.55 (1 C), 143.51 (1 C), 143.47 (1 C), 142.79 (1 C), 141.52 (1 C), 141.17 (1 C),
141.03 (1 C), 140.77 (1 C), 140.64 (1 C), 140.50 (1 C), 139.83 (1 C), 139.58 (1 C),
139.21 (1 C), 138.85 (1 C), 138.08 (1 C), 136.75 (1 C), 135.99 (1 C), 135.96 (1 C),
135.92 (1 C), 135.67 (1 C), 133.90 (1 C), 133.45 (1 C), 133.17 (1 C), 132.21 (2 C),
131.75 (1 C, 6), 129.99 (1 C, 4), 129.05 (1 C), 123.78 (1 C), 120.87 (1 C, 5), 110.54
(1 C, 3), 55.33 (1 C, 1), 49.95 (1 C, 8).
~
FT-IR (KBr)  (cm-1): 2960 (vw), 2923 (w), 2853 (vw), 2830 (vw), 1725 (vs), 1679 (s),
1603 (w), 1558 (w), 1510 (vw), 1493 (m), 1458 (w), 1431 (vw), 1413 (vw), 1386 (w),
1247 (m), 1213 (w), 1160 (w), 1116 (w), 1047 (vw), 1027 (w), 935 (vw), 902 (w), 805
(w), 752 (w), 728 (m), 647 (vw).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 259 (5.05), 327 (4.62), 434 (3.68, sh),
466 (3.45, sh), 561 (3.07, sh), 619 (2.91, sh), 691 (2.71).
MS (MALDI-TOF, matrix: dith, CH2Cl2, neg.): m/z = 887 [M]•-, 766 [MCH2C6H4OCH3]•-.
HRMS (APPI, toluene/ACN): m/z calc. for C68H9NO3•+ [M]•+: 887.058, found: 887.058.
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N-Methyl-(4-methoxyphenyl)-[60]fullerene-ketolactam (53)
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.47 (m, 2 H, 4),

6.87 (m, 2 H, 3), 6.34 (d, 2J = 14.8 Hz, 1 H, 6), 5.35 (d,
2

J = 14.8 Hz, 1 H, 6), 3.77 (s, 3 H, 1).

13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 197.41 (1 C, 8),

162.74 (1 C, 7), 159.68 (1 C, 2), 149.94 (1 C), 149.32 (1 C),
147.83 (1 C), 147.45 (1 C), 147.30 (1 C), 147.21 (1 C), 146.81
(1 C), 146.58 (1 C), 146.48 (1 C), 146.41 (1 C), 146.25 (1 C),
53
C68H9NO3
Mol. Wt.: 887.80

146.17 (1 C), 146.12 (1 C), 146.09 (1 C), 145.95 (1 C), 145.83
(1 C), 145.54 (1 C), 145.39 (2 C), 145.21 (1 C), 144.92 (1 C),
144.85 (1 C), 144.55 (1 C), 144.54 (1 C), 144.29 (1 C), 144.28

(1 C), 144.19 (1 C), 144.16 (1 C), 144.04 (1 C), 143.85 (2 C), 143.72 (1 C), 143.52
(2 C), 143.47 (1 C), 142.74 (1 C), 141.57 (1 C), 141.23 (1 C), 141.09 (1 C), 140.58
(1 C), 140.56 (1 C), 140.43 (1 C), 139.86 (1 C), 139.52 (1 C), 139.19 (1 C), 138.90
(1 C), 138.10 (1 C), 136.68 (1 C), 136.06 (1 C), 135.99 (1 C), 135.70 (1 C), 135.20
(1 C), 133.97 (1 C), 133.84 (1 C), 133.17 (1 C), 132.42 (1 C), 132.15 (1 C), 130.27
(2 C, 4), 128.73 (1 C), 128.11 (1 C), 114.43 (2 C, 3), 55.24 (1 C, 1), 53.70 (1 C, 6).
~
FT-IR (KBr)  (cm-1): 2961 (vw), 2923 (w), 2852 (vw), 2830 (vw), 1726 (vs), 1684 (s),
1612 (m), 1559 (vw), 1511 (m), 1493 (vw), 1440 (vw), 1411 (vw), 1386 (w), 1247 (m),
1212 (vw), 1175 (w), 1106 (vw), 1032 (w), 904 (w), 818 (w), 804 (w), 769 (w), 729
(m), 647 (vw).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 259 (5.05), 327 (4.62), 434 (3.68, sh),
466 (3.43, sh), 561 (3.01, sh), 619 (2.84, sh), 690 (2.62).
MS (MALDI-TOF, matrix: dith, CH2Cl2, neg.): m/z = 887 [M]•-, 766 [MCH2C6H4OCH3]•-.
HRMS (APPI, toluene/ACN): m/z calc. for C68H9NO3•+ [M]•+: 887.058, found: 887.058.
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Hydro-(4-methylphenyl)-(2-methoxyethoxy)-[60]fullerene-lactam (54)
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 8.24 (m, 2 H, 4),

7.21 (m, 2 H, 3), 7.13 (s, 1 H, 11), 4.42 (m, 2 H, 9), 3.96 (s,
3 H, 1), 3.56 (m, 2 H, 8), 3.38 (s, 3 H, 7).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 170.36 (1 C, 12),

162.58 (1 C), 160.21 (1 C, 2), 158.16 (1 C), 149.59 (1 C),
149.59 (1 C), 149.28 (1 C), 148.88 (1 C), 148.43 (1 C),
148.13 (1 C), 148.03 (1 C), 147.67 (1 C), 147.32 (1 C),
54
C70H15NO4
Mol. Wt.: 933.87

147.16 (1 C), 146.91 (1 C), 146.80 (1 C), 146.75 (1 C),
146.73 (1 C), 146.62 (1 C), 146.54 (1 C), 146.42 (1 C),
146.08 (1 C), 146.05 (1 C), 146.03 (1 C), 145.96 (1 C),

145.75 (1 C), 145.29 (1 C), 145.24 (1 C), 145.23 (2 C), 144.56 (1 C), 144.50 (1 C),
144.15 (1 C), 143.99 (1 C), 143.95 (1 C), 143.53 (2 C), 143.44 (1 C), 143.43 (1 C),
143.31 (1 C), 143.21 (1 C), 142.87 (1 C), 142.80 (1 C), 142.54 (1 C), 142.51 (1 C),
142.20 (1 C), 142.18 (1 C), 142.08 (1 C), 141.98 (1 C), 141.88 (1 C), 140.22 (1 C),
139.75 (1 C), 139.54 (1 C), 139.03 (1 C), 136.74 (1 C), 135.60 (1 C), 134.93 (1 C),
133.33 (1 C, 5), 129.09 (2 C, 4), 114.75 (2 C, 3), 114.40 (1 C), 77.64 (1 C, 10), 76.29
(1 C, 6), 69.80 (1 C, 8), 66.69 (1 C, 9), 59.18 (1 C, 7), 55.53 (1 C, 1), 53.28 (1 C, 11).
~
FT-IR (KBr)  (cm-1): 2961 (vw), 2923 (w), 2853 (vw), 2830 (vw), 1735 (vs), 1609 (s),
1582 (vw), 1560 (w), 1509 (s), 1459 (m), 1441 (m), 1414 (m), 1370 (w), 1302 (vw),
1251 (vs), 1213 (s), 1177 (s), 1116 (m), 1085 (s), 1030 (s), 973 (w), 895 (w), 836
(vw), 804 (m), 770 (vw), 728 (w), 640 (vw).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 253 (5.01), 440 (3.78, sh), 586 (3.00,
sh), 642 (2.88), 724 (2.58), 807 (2.46).
MS (MALDI-TOF, matrix: dith, CH2Cl2): m/z = 933 [M]•+.
HRMS (ESI, toluene/ACN, neg.): m/z calc. for C70H14NO4- [M-H]-: 932.093, found:
932.093.
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p-Methoxyphenylhydroazafullerene (40a)
p-Methoxyphenylhydroazafullerene 40a was prepared by slightly varying the
literature procedure.[144]
N-MEM-[60]ketolactam 13 (120 mg, 0.14 mmol, 1 eq) was
dissolved in 20 mL ODCB. Anisole (152 µL, 151 mg, 1.40 mmol,
10 eq) and p-TsOH (267 mg, 1.40 mmol, 10 eq) were added.
The mixture was saturated with oxygen (bubbling oxygen
through the solution for 5 min) and then stirred in a preheated oil
bath at 150 °C. The reaction was monitored by TLC. After 5 min
40a

the formation of (C59N)2 could be observed by analytical HPLC

C66H7NO

and TLC. The starting material was completely converted after

Mol. Wt.: 829.77

12 min. The mixture was immediately cooled down to RT with an

ice/water bath and subsequently purified either by column chromatography or by
automated flash column chromatography on silica gel (100 g, toluene). Monoaryl
adduct 40a (Rf = 0.90, toluene/ethyl acetat (9:1)) elutes at the solvent front as green
fraction. After evaporation of the solvent and precipitation from CS2/pentane the black
solid 40a (76.7 mg, 92.4 μmol, 66%) was dried in vacuum.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 8.75 (m, 2 H, 4), 7.38 (m, 2 H, 3),

4.03 (s, 3 H, 1).
13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 160.56 (1 C, 2), 154.30 (2 C), 148.81

(2 C), 147.75 (1 C), 147.60(2 C), 147.55 (2 C), 147.22 (2 C), 147.09 (2 C), 146.57
(2 C), 146.36 (2 C), 146.19 (2 C), 145.83 (2 C), 145.80 (1 C), 145.63 (2 C), 145.00
(4 C), 144.53 (2 C), 144.27 (2 C), 143.95 (2 C), 143.09 (2 C), 142.71 (2 C), 142.04
(2 C), 141.76 (2 C), 141.50 (2 C), 141.39 (2 C), 140.95 (2 C), 140.84 (2 C), 139.76
(2 C), 137.48 (2 C), 133.17 (1 C, 5), 132.87 (2 C), 128.59 (2 C, 4), 124.01 (2 C),
115.12 (2 C, 3), 82.43 (1 C, 6), 55.03 (1 C, 1).
~
FT-IR (KBr)  (cm-1): 2998 (vw), 2949 (w), 2924 (w), 2899 (w), 2829 (vw), 1606 (m),
1582 (w), 1549 (w), 1509 (vs), 1459 (w), 1437 (w), 1423 (m), 1362 (vw), 1306 (w),
1253 (vs), 1216 (m), 1198 (vw), 1178 (s), 1114 (vw), 1093 (w), 1033 (m), 967 (w),
900 (m), 840 (w), 824 (w), 797 (w), 776 (w), 761 (vw), 745 (w), 719 (w), 639 (w).
UV/Vis (CH2Cl2): λmax nm (log ε [Lmol-1cm-1]): = 257 (4.87), 321 (4.31), 443 (3.59),
590 (3.45, sh), 723 (3.19), 806 (3.17).
142

Experimental Section
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 829 [M]•+, 722 [C59N]+.
HRMS (APPI, toluene/ACN): m/z calc. for C66H7NO•+ [M]•+: 829.052, found: 829.053.

6.4 Pentaaryl and β’-H-Tetraaryl Azafullerene Derivatives
6,9,12,15,18-Pentakis(4’-methoxyphenyl)azafullerene (50a)
N-MEM-[60]ketolactam 13 (47 mg, 55.0 µmol, 1 eq)
was dissolved in 10 mL ODCB and 2 mL anisole. pTsOH (209 mg, 1.10 mmol, 20 eq) was added and the
mixture was stirred in a preheated oil bath at 170 °C
passing a slow steady stream of air over the solution.
The reaction was monitored by TLC. After 1 h the
color of the mixture turned from dark brown to red.
50a
C94H35NO5
Mol. Wt.: 1258.29

The reaction was stopped after 5.5 h heating time by
cooling down the reaction mixture to RT with an
external ice/water bath. The crude mixture was
purified by column chromatography on silica gel (50 g,

toluene). Pentaaryl adduct 50a (Rf = 0.79, toluene/EtOAc (9:1)) was separated from
tetraarylhydro adduct (Rf = 0.47). The pentaaryl adduct fraction was freed from
solvent and precipitated from CS2/pentane. The orange solid 50a (20.8 mg,
16.5 μmol, 30%) was dried in vacuum.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 7.56 (m, 4 H, 4), 7.51 (m, 2 H, 4’),

7.48 (m, 4 H, 4), 6.70 (m, 10 H, 3), 3.78 (2 s, 9 H, 1, 1’), 3.77 (s, 6 H, 1).
13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 159.36 (1 C, 2’), 158.71 (2 C, 2),

158.53 (2 C, 2), 154.29 (2 C), 153.93 (2 C), 152.23 (2 C), 149.17 (2 C), 148.62 (2 C),
148.54 (1 C), 148.43 (2 C), 147.96 (2 C), 147.53 (2 C), 147.49 (2 C), 147.44 (2 C),
147.42 (2 C), 147.17 (2 C), 146.44 (1 C), 146.36 (2 C), 146.25 (2 C), 146.19 (2 C),
146.03 (2 C), 145.97 (2 C), 145.79 (2 C), 145.48 (2 C), 144.26 (2 C), 144.03 (2 C),
143.71 (2 C), 143.46 (2 C), 143.09 (2 C), 136.24 (2 C, α), 131.82 (2 C, 5), 131.07
(2 C, 5), 129.79 (1 C, 5’), 129.14 (4 C, 4), 128.92 (4 C, 4), 128.36 (2 C, 4’), 127.96
(2 C, β), 113.80 (2 C, 3’), 113.76 (4 C, 3), 113.66 (4 C, 3), 73.65 (1 C, 9), 59.26 (2 C,
15), 57.98 (2 C, 12), 54.87 (1 C, 1), 54.83 (4 C, 1).
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~
FT-IR (KBr)  (cm-1): 3070 (vw), 3033 (vw), 2996 (vw), 2950 (w), 2928 (w), 2902 (w),

2832 (w), 1607 (m), 1581 (w), 1509 (vs), 14560 (m), 1439 (w), 1417.63 (vw), 1299
(m), 1253 (s), 1203 (vw), 1179 (s), 1114 (w), 1035 (m), 962 (vw), 901 (w), 837 (w),
819 (m), 794 (w), 757 (m), 649 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 236 (5.10), 262 (4.94, sh), 276 (4.92),
357 (4.36), 398 (3.94), 444 (3.56, sh), 478 (3.43), 533 (3.15, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1257 [M]•+.
HRMS (APPI, toluene/MeOH): m/z calc. for C94H35NO5•+ [M]•+: 1257.251, found:
1257.251.
X-ray crystallography: 50a (from toluene) CCDC-896086
Single crystals were obtained from a toluene solution upon evaporation. The X-ray
diffraction data were collected on a single crystal of 50a using an Agilent SuperNova
X-ray diffractometer with an Atlas area detector and a Nova (Cu) high flux micro
source X-ray tube with multi-layer mirror optics. Lorentz, polarization, and
semiempirical absorption corrections were applied.[209, 210] The structure was solved
by direct methods and refined by full-matrix least-squares procedures on F2 using
SHELX.

[210]

Within the substituted fullerene disorder occurred in the five-membered N

containing ring, where the one nitrogen atom is equally disordered over all five
positions of the pyrrole ring. For completeness, the position of the nitrogen atom was
manually assigned to one position. The compound crystallized with three molecules
of toluene in the unit cell. One toluene molecule showed disorder of the methyl group
(inversion center) and was overall refined with 50% occupation. The hydrogen atoms
were calculated in idealized positions using a riding model.
50a (from CDCl3/CS2) CCDC-895559
Intensity data were collected on a single crystal of 50a, grown from a CDCl3/CS2
solution, using a Bruker Kappa APEX 2 IμS Duo diffractometer equipped with
QUAZAR focusing Montel optics (MoKα radiation, λ = 0.71073 Å). Within the
substituted fullerene disorder occurred in the five-membered N containing ring.
Nitrogen is switching its place with all other four carbon atoms of the ring resulting in
20% occupancy of each possible arrangement. One of the -PhOMe units is
disordered. Two alternative orientations were refined resulting in site occupancies of
63.6(7) and 36.7(7)% for O4, C91-C97 and O4A, C91A-C97A, respectively. The
compound crystallized with probably two molecules of CDCl3 per formula unit. While
one of the CDCl3 molecules could be identified and refined, another obviously
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strongly disordered solvent molecule was located on a crystallographic inversion
centre within the cavity formed by the -PhOMe units of two opposite azafullerene
molecules. However, no reasonable refinement of split positions was achieved.
Therefore, the SQUEEZE[211] procedure was applied in order to account for the
electron density at this position. The electron count obtained by SQUEEZE proved to
be consistent with one molecule of CDCl3.

6,9,12,15,18-Pentakis(4’-methylphenyl)azafullerene (50b)
N-MEM-[60]ketolactam 13 (55 mg, 64.3 µmol, 1 eq)
was dissolved in a mixture of 10 mL ODCB and 2 mL
toluene (HPLC grade). p-TsOH (365 mg, 1.9 mmol,
30 eq) was added and the mixture was stirred in a
preheated oil bath at 170 °C passing a slow steady
stream of air over the solution. The reaction was
monitored by TLC. After 10 h heating time the mixture
50b

was cooled down to RT. The crude mixture was

C94H35N

purified by column chromatography on silica gel

Mol. Wt.: 1178.29

(30 g, toluene/hexanes (1:3)). Pentaaryl adduct 50b

elutes as orange band (Rf = 0.79) followed by tetraarylhydro adduct (Rf = 0.69).
Pentaadduct fraction was freed from solvent and precipitated from CS 2/pentane. The
orange solid 50b (12.4 mg, 10.5 μmol, 16%) was dried in vacuum.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 7.54 (m, 4 H, 4), 7.50 (m, 2 H, 4’),

7.45 (m, 4 H, 4), 6.99 (m, 2 H, 3’), 6.98 (m, 4 H, 3), 6.95 (m, 4 H, 3), 2.35 (s, 3 H, 1’),
2.34 (s, 6 H, 1), 2.33 (s, 6 H, 1).
13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 154.28 (2 C), 153.88 (2 C), 152.23

(2 C), 149.22 (2 C), 148.57 (2 C), 148.48 (1 C), 148.37 (2 C), 147.93 (2 C), 147.47
(2 C), 147.45 (2 C), 147.40 (2 C), 147.38 (2 C), 147.13 (2 C), 146.41 (1 C), 146.36
(2 C), 146.21 (2 C), 146.20 (2 C), 145.99 (2 C), 145.98 (2 C), 145.78 (2 C), 145.47
(2 C), 144.22 (2 C), 143.97 (2 C), 143.66 (2 C), 143.41 (2 C), 143.04 (2 C), 137.73
(1 C), 136.68 (2 C), 136.63 (2 C), 136.31 (2 C), 136.24 (2 C, α), 135.93 (2 C), 134.76
(1 C), 129.11 (2 C, 3’), 129.02 (4 C, 3), 128.93 (4 C, 3), 127.97 (4 C, 4), 127.90 (2 C,
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β), 127.69 (4 C, 4), 126.89 (2 C, 4’), 73.86 (1 C, 9), 59.59 (2 C, 15), 58.30 (2 C, 12),
21.10 (1 C, 1’), 21.07 (2 C, 1), 21.05 (2 C, 1).
~
FT-IR (KBr)  (cm-1): 3023 (vw), 2959 (m), 2922 (s), 2852 (m), 1509 (m), 1457 (w),
1419 (w), 1378 (vw), 1326 (vw), 1262 (m), 1185 (w), 1094 (s), 1021 (s), 963 (w), 901
(w), 805 (vs), 765 (vw), 756 (vw), 719 (vw), 698 (vw), 649 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 240 (4.99, sh), 262 (4.91, sh), 278
(4.84, sh), 353 (4.35), 398 (3.96), 444 (3.60, sh), 478 (3.46), 533 (3.17, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1178 [MH]•+.
HRMS (APPI, toluene/MeOH): m/z calc. for C94H35N•+ [M]•+: 1177.276, found:
1177.276.
X-ray crystallography: Intensity data was measured on a single crystal of 50b,
grown from a CDCl3/CS2 solution, with a Bruker Kappa APEX 2 IμS Duo
diffractometer using MoKα (graphite monochromatized, λ = 0.71073 Å) radiation.
The structure could not be refined to a level suitable for publication.

6,9,12,15,18-Pentakis(4’-biphenyl)azafullerene (50c)
N-MEM-[60]ketolactam 13 (80 mg, 93.5 µmol,
1 eq) was dissolved in 12 mL ODCB. Biphenyl
(3.6 g, 23.4 mmol, 250 eq) and p-TsOH
(355 mg, 1.9 mmol, 20 eq) were added. The
mixture was stirred in a preheated oil bath at
180 °C passing a slow steady stream of air
over the solution. The reaction was monitored
by TLC. After 22 h the mixture was cooled
down to RT and plugged on a short column of
50c

silica gel (60 g, toluene) to remove p-TsOH

C119H45N

and partially biphenyl (both precipitate on the

Mol. Wt.: 1488.64

column). The solvent of the fraction was

evaporated and residual biphenyl was dissolved in methanol (250 mL). The brown
suspension was centrifuged and the solid was dried. The crude mixture was purified
by column chromatography on silica gel (100 g, toluene/cyclohexane (1:3)). Mono
adduct 40c (Rf = 0.86) elutes at the solvent front as green fraction. Pentaaryl adduct
50c elutes as orange band (Rf = 0.41) followed by tetraarylhydro adduct (Rf = 0.25).
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Pentaaryl adduct fraction was freed from solvent and precipitated from CS 2/pentane.
The orange solid 50c (22.0 mg, 14.8 μmol, 16%) was dried in vacuum.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 7.87 (m, 4 H, 7), 7.81 (m, 2 H, 7’),

7.77 (m, 4 H, 7), 7.47 (m, 30 H, 3, 6, 2), 7.32 (m, 5 H, 1).
13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 154.52 (2 C), 154.08 (2 C), 152.44

(2 C), 149.48 (2 C), 149.02 (2 C), 148.94 (1 C), 148.82 (2 C), 148.14 (2 C), 147.92
(2 C), 147.90 (2 C), 147.84 (2 C), 147.82 (2 C), 147.58 (2 C), 146.81 (1 C), 146.67
(2 C), 146.62 (2 C), 146.52 (2 C), 146.40 (2 C), 146.34 (2 C), 146.10 (2 C), 145.84
(2 C), 144.67 (2 C), 144.42 (2 C), 144.10 (2 C), 143.86 (2 C), 143.50 (2 C), 141.54
(1 C), 140.61 (2 C), 140.56 (2 C), 140.36 (2 C), 140.31 (2 C), 140.13 (1 C), 139.31
(2 C), 138.46 (2 C), 137.10 (1 C), 136.86 (2 C, α), 128.90 (3 C), 128.84 (6 C), 128.82
(6 C), 128.73 (4 C), 128.47 (4 C), 128.45 (2 C, β), 127.69 (2 C), 127.48 (2 C), 127.39
(4 C), 127.31 (4 C), 127.12 (2 C), 127.11 (4 C), 127.09 (4 C), 74.33 (1 C, 9), 60.06
(2 C, 15), 58.74 (2 C, 12).
~
FT-IR (KBr)  (cm-1): 3026 (w), 2960 (w), 2923 (m), 2852 (w), 1515 (w), 1484 (s),
1457 (m), 1429 (m), 1400 (m), 1385 (m), 1262 (m), 1182 (m), 1155 (m), 1087 (s),
1075 (s), 1007 (s), 961 (s), 898 (w), 840 (w), 819 (m), 752 (vs), 726 (m), 694 (vs),
669 (m), 658 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 265 (5.24), 280 (5.18, sh), 356 (4.43),
398 (3.97), 444 (3.56, sh), 481 (3.46), 533 (3.12, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1488 [MH]+.
HRMS (APPI, toluene/MeOH): m/z calc. for C119H45N•+ [M]•+: 1487.355, found:
1487.355.
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6,9,12,15,18-Pentakis(4’-phenoxyphenyl)azafullerene (50d) and rac-β’-Hydro6,9,12,15-tetrakis(4’-phenoxyphenyl)azafullerene (60d)
N-MEM-[60]ketolactam 13 (60 mg, 70.1 µmol, 1 eq) was dissolved in 10 mL ODCB.
Diphenyl ether (2.8 ml, 17.5 mmol, 250 eq) and p-TsOH (355 mg, 1.4 mmol, 20 eq)
were added. The mixture was stirred in a preheated oil bath at 170 °C passing a slow
steady stream of air over the solution. The reaction was monitored by TLC. After
6.5 h the mixture was cooled down to RT and plugged on a short column of silica gel
(toluene/cyclohexane (1:3)) to remove p-TsOH and ODCB. The obtained fraction was
freed from solvent and then purified by column chromatography on silica gel (140 g,
toluene/cyclohexane (1:3)). Tetraarylhydro adduct 60d elutes as orange fraction (Rf =
0.56; toluene/cyclohexane (1:1)) followed by pentaaryl adduct 50d (Rf = 0.46). The
fraction containing pentaaryl adduct 50d fraction and tetraarylhydro adduct fraction
rac 60d were separately freed from solvent and precipitated from CS 2/pentane. Both
orange solids 50d (28.9 mg, 18.4 μmol, 26%) and rac 60d (7.6 mg, 5.4 μmol, 8%)
were dried in vacuum.

6,9,12,15,18-Pentakis(4’-phenoxyphenyl)azafullerene (50d)
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.71

(m, 4 H, 7), 7.65 (m, 2 H, 7’), 7.61 (m, 4 H, 7),
7.26 (m, 10 H, 2), 7.06 (m, 5 H, 1), 6.92 (m,
10 H, 3), 6.89 (m, 4 H, 6), 6.88 (m, 2 H, 6’),
6.86 (m, 4 H, 6).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) =

157.65 (1 C, 4’/5’), 157.41 (2 C, 4/5), 157.23
(2 C, 4/5), 156.95 (1 C, 4’/5’), 156.82 (2 C, 4/5),
156.53 (2 C, 4/5), 154.48 (2 C), 154.06 (2 C),
50d

152.37 (2 C), 149.40 (2 C), 149.04 (2 C),

C119H45NO5
Mol. Wt.: 1568.63

148.97 (1 C), 148.85 (2 C), 148.06 (2 C),
147.91 (2 C), 147.89 (2 C), 147.82 (2 C),

147.80 (2 C), 147.56 (2 C), 146.78 (1 C), 146.60 (2 C), 146.59 (2 C), 146.45 (2 C),
146.39 (2 C), 146.26 (2 C), 146.04 (2 C), 145.78 (2 C), 144.66 (2 C), 144.42 (2 C),
144.08 (2 C), 143.84 (2 C), 143.48 (2 C), 136.64 (2 C, α), 135.26 (2 C, 8), 134.37
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(2 C, 8), 132.91 (1 C, 8’), 129.93 (2 C, 2’), 129.86 (4 C, 2), 129.82 (4 C, 2), 129.74 (4
C, 7), 129.51 (4 C, 7), 128.84 (2 C, 7’), 128.31 (2 C, β), 123.68 (1 C, 1’), 123.43 (2 C,
1), 123.28 (2 C, 1), 119.32 (4 C, 6), 119.24 (4 C, 6), 119.14 (2 C, 6’), 118.83 (2 C,
3’), 118.63 (4 C, 3), 118.53 (4 C, 3), 73.98 (1 C, 9), 59.64 (2 C, 15), 58.34 (2 C, 12).
~
FT-IR (KBr)  (cm-1): 3061 (vw), 3037 (vw), 2957 (vw), 2924 (vw), 2854 (vw), 1588
(m), 1504 (s), 1488 (vs), 1457 (w), 1418 (vw), 1331 (vw), 1285 (w), 1244 (vs), 1202
(m), 1169 (m), 1110 (w), 1070 (w), 1015 (vw), 962 (w), 902 (w), 869 (w), 824 (vw),
795 (vw), 751 (m), 691 (m), 658 (vw).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 241 (5.15), 262 (5.04, sh), 278 (4.96),
355 (4.36), 398 (3.96, sh), 444 (3.62), 488 (3.44, sh), 526 (3.20, sh), 560 (2.73, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1568 [MH]+.
HRMS (APPI, toluene/MeOH): m/z calc. for C119H46NO5+ [MH]+: 1568.337, found:
1568.339.

rac-β’-Hydro-6,9,12,15-tetrakis(4’-phenoxyphenyl)azafullerene (60d)

60d
C107H37NO4
Mol. Wt.: 1400.44

1

H NMR (400 MHz, CDCl3, RT): δ (ppm) 7.87 (m, 2 H, 7), 7.79 (m, 2 H, 7), 7.60 (m,

2 H, 7), 7.57 (m, 2 H, 7), 7.28 (m, 8 H, 2), 7.08 (m, 4 H, 1), 7.04 (m, 4 H, 6), 6.99 (m,
4 H, 3), 6.91 (m, 4 H, 3), 6.86 (m, 2 H, 6), 6.84 (m, 2 H, 6), 5.74 (s, 1 H, 18).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 157.55 (1 C, 4/5), 157.33 (1 C, 4/5),

157.21 (1 C, 4/5), 157.18 (1 C, 4/5), 156.98 (1 C, 4/5), 156.94 (1 C, 4/5), 156.75 (1 C,
4/5), 156.71 (1 C, 4/5), 155.15 (1 C), 154.94 (1 C), 154.48 (1 C), 153.55 (1 C),
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151.61 (1 C), 150.34 (1 C), 149.38 (1 C), 149.36 (1 C), 148.95 (1 C), 148.93 (1 C),
148.85 (2 C), 148.81 (1 C), 148.44 (1 C), 148.06 (1 C), 148.05 (1 C), 148.01 (1 C),
148.00 (1 C), 147.91 (1 C), 147.88 (2 C), 147.87 (1 C), 147.75 (1 C), 147.70 (1 C),
147.65 (1 C), 147.58 (1 C), 147.39 (1 C), 146.65 (1 C), 146.62 (1 C), 146.61 (1 C),
146.59 (1 C), 146.41 (2 C), 146.35 (1 C), 146.34 (1 C), 146.14 (1 C), 146.02 (1 C),
145.71 (1 C), 145.39 (1 C), 145.37 (1 C), 144.66 (1 C), 144.53 (1 C), 144.45 (1 C),
144.33 (1 C), 144.27 (1 C), 144.09 (1 C), 144.05 (1 C), 143.92 (1 C), 143.55 (1 C),
143.37 (1 C), 136.63 (1 C, α), 136.10 (1 C, α), 135.92 (1 C, 8), 134.85 (1 C, 8),
134.30 (1 C, 8), 132.84 (1 C, 8), 129.91 (2 C, 2), 129.89 (2 C, 2), 129.85 (4 C, 2),
129.35 (2 C, 7), 129.13 (2 C, 7), 128.88 (2 C, 7), 128.70 (2 C, 7), 128.01 (1 C, β),
124.84 (1 C, β), 123.65 (1 C, 1), 123.51 (1 C, 1), 123.41 (1 C, 1), 123.39 (1 C, 1),
119.43 (4 C, 6), 119.19 (2 C, 6), 119.09 (2 C, 6), 118.82 (4 C, 3), 118.76 (2 C, 3),
118.65 (2 C, 3), 73.80 (1 C, 9), 59.66 (1 C, 15), 58.38 (1 C, 20), 58.22 (1 C, 12),
45.54 (1 C, 18).
~
FT-IR (ZnSe)  (cm-1): 3086 (vw), 3063 (w), 3037 (w), 2957 (vw), 2924 (vw), 2856
(vw), 1588 (s), 1504 (s), 1489 (s), 1458 (w), 1419 (w), 1330 (w), 1303 (vw), 1286 (w),
1244 (vs), 1202 (m), 1168 (m), 1111 (w), 1070 (w), 1014 (w), 982 (vw), 958 (w), 905
(m), 895 (w), 868 (m), 843 (w), 824 (vw), 796 (w), 750 (m), 692 (m), 658 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 241 (4.98), 262 (4.87, sh), 279 (4.80),
355 (4.24), 398 (3.87), 444 (3.50, sh), 477 (3.36), 533 (2.98, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1399 [M]•+
HRMS (APPI, toluene/ACN): m/z calc. for C107H38NO4+ [MH]+: 1400.280, found:
1400.280.
X-ray crystallography: Intensity data were collected on a single crystal of 60d,
grown from toluene, with a Bruker Kappa APEX 2 IS Duo diffractometer using MoK
(QUAZAR focussing Montel optics,  = 0.71073 Å) radiation. The compound
crystallized with one molecule of toluene per formula unit. One of the Ph-O-Ph units
was disordered. Two preferred orientations were refined resulting in site occupancies
of 64.5(5) and 35.5(5) % for the atoms, C90-C95 and C90A-C95A, respectively. The
NC4 ring of the C59N moiety was disordered. Atoms N1 and C1 change their
positions; the refined site occupancies were 56(4) and 44(4)% for N1, C1 and N1A,
C1A, respectively. SIMU, ISOR, and SADI restraints were applied for a number of
atoms of the disordered parts.

150

Experimental Section

n-Heptylphenylether
Phenol (9.5 g, 0.10 mol, 1 eq) was dissolved in water (25 mL)
in a 50 mL round-bottomed flask and NaOH (4 g, 0.10 mol) was
added. Tetrabutylammonium bromide (0.45 g, 1.40 mmol,
1.4%) as phase transfer catalyst and 1-Bromoheptane (21.5 g,
18.8 mL, 0.12 mol, 1.2 eq) were added to the suspension and
heated under reflux with an oil bath for 3.5 h. The formation of
an organic layer can be observed. The aqueous phase was
C13H20NO

removed after cooling to RT. 20 mL of a 5 % NaOH solution

Mol. Wt.: 192.30

was added to the organic phase and the phases were
separated. The organic phase was washed with H2O (20 mL) and after drying the
organic phase with Na2SO4, n-heptyl phenyl ether was obtained after fractional
distillation under vacuum of the crude product as colorless liquid (16.2 g, 84.2 mmol,
84 %).
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.40 (m, 2 H, 10), 7.05 (m, 3 H, 9, 11),

4.06 (t, 3J = 6.6 Hz, 2 H, 7), 1.92 (m, 2 H, 6), 1.61 (m, 2 H, 5), 1.50 (m, 6 H, 4, 3, 2),
1.08 (t, 3J = 6.9 Hz, 3 H, 1).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 159.12 (1 C, 8), 129.25 (2 C, 10), 120.31

(1 C, 11), 114.37 (2 C, 9), 67.67 (1 C, 7), 31.78 (1 C, 6), 29.29 (1 C, 5), 29.07 (1 C,
4), 26.01 (1 C, 3), 22.58 (1 C, 2), 14.00 (1 C, 1).
~
FT-IR (ZnSe)  (cm-1): 3094 (vw), 3063 (vw), 3040 (vw), 2929 (vs), 2857 (vs), 1601
(vs), 1587 (s), 1497 (vs), 1471 (s), 1389 (w), 1301 (m), 1245 (vs), 1172 (m), 1079
(w), 1038 (m), 881 (w), 814 (w), 753 (vs), 691 (s).
MS (EI): m/z = 192 [M]•+.

6,9,12,15,18-Pentakis(4’-heptyloxyphenyl)azafullerene (50e) and
rac-β’-Hydro-6,9,12,15-tetrakis(4’-heptyloxyphenyl)azafullerene (60e)
N-MEM-[60]ketolactam 13 (120 mg, 140.0 µmol, 1 eq) was dissolved in a mixture of
10 mL ODCB and 4 ml n-heptylphenylether. p-TsOH (533 mg, 2.8 mmol, 20 eq) was
added and the mixture was stirred in a preheated oil bath at 150 °C passing a slow
steady stream of air over the solution. The reaction was monitored by TLC. After 6 h
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the mixture was cooled down to RT and plugged on a short column of silica gel
(toluene/cyclohexane (1:3)). The solvent of the fraction was evaporated and residual
ether was removed by dissolving the crude product in CHCl3 (2 x 200 mL) and
evaporating the solvent. The crude mixture was then purified by column
chromatography on silica gel (100 g, toluene/cyclohexane (1:3)). After a second
column chromatograpy (60 g SiO2, CS2) tetraarylhydro adduct 60e was obtained as
orange fraction (Rf = 0.30; CS2/toluene (9:1)) followed by penta adduct 50e
(Rf = 0.22; CS2/toluene (9:1)) that was eluted with CS2/toluene (9:1). Tetraarylhydro
adduct fraction 60e and pentaaryl adduct 50e were separately freed from solvent and
after drying in vacuum obtained as red solids 50e (50.9 mg, 29.8 μmol, 21%) and 60e
(7.3 mg, 4.9 μmol, 4%).

6,9,12,15,18-Pentakis(4’-heptyloxyphenyl)azafullerene (50e)

50e
C124H95NO5
Mol. Wt.: 1679.08
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.60 (m, 4 H, 10), 7.54 (m, 2 H, 10’), 7.52

(m, 4 H, 10), 6.74 (m, 4 H, 9), 6.72 (m, 4 H, 9), 6.71 (m, 2 H, 9’), 3.91 (m, 10 H, 7),
1.76 (m, 10 H, 6), 1.44 (m, 10 H, 5), 1.30 (m, 30 H, 4, 3, 2), 0.88 (t, 3J = 6.8 Hz,
15 H, 1).
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13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 159.13 (1 C, 8’), 158.47 (2 C, 8), 158.28

(2 C, 8), 154.59 (2 C), 154.28 (2 C), 152.55 (2 C), 149.50 (2 C), 148.76 (2 C), 148.68
(1 C), 148.57 (2 C), 148.28 (2 C), 147.69 (2 C), 147.66 (2 C), 147.61 (2 C), 147.58
(2 C), 147.35 (2 C), 146.62 (1 C), 146.62 (2 C), 146.46 (2 C), 146.44 (2 C), 146.24
(2 C), 146.22 (2 C), 146.04 (2 C), 145.77 (2 C), 144.36 (2 C), 144.13 (2 C), 143.80
(2 C), 143.56 (2 C), 143.19 (2 C), 136.60 (2 C, α), 132.30 (2 C, 11), 131.47 (2 C, 11),
130.08 (1 C, 11’), 129.26 (4 C, 10), 129.05 (4 C, 10), 128.52 (2 C, 10’), 128.52 (2 C,
β), 114.59 (2 C, 9’), 114.57 (4 C, 9), 114.48 (4 C, 9), 73.99 (1 C, 24), 68.13 (1 C, 7’),
68.10 (2 C, 7), 68.09 (2 C, 7), 59.60 (2 C, 15), 58.32 (2 C, 12), 31.79 (5 C, 6), 29.31
(2 C, 5), 29.28 (2 C, 5), 29.23 (1 C, 5’), 29.12 (2 C, 4), 29.11 (2 C, 4), 29.10 (1 C, 4’),
26.03 (2 C, 3), 26.02 (2 C, 3), 26.00 (1 C, 3’), 22.62 (5 C, 2), 14.10 (5 C, 1).
~
FT-IR (ZnSe)  (cm-1): 3064 (vw), 3036 (vw), 2927 (vs), 2856 (s), 1609 (s), 1580 (w),
1509 (vs), 1469 (s), 1418 (vw), 1391 (w), 1295 (s), 1251 (vs), 1178 (s), 1116 (w),
1060 (w), 1029 (m), 961 (m), 902 (m), 849 (m), 837 (w), 816 (s), 779 (vw), 756 (w),
749 (w), 725 (vw), 674 (w), 659 (m), 642 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 239 (5.09), 262 (4.95, sh), 277 (4.92),
358 (4.35), 400 (3.95, sh), 445 (3.57, sh), 480 (3.44), 534 (3.15, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1678 [M]•+.
HRMS (APPI, toluene/ACN): m/z calc. for C124H95NO5•+ [M]•+: 1677.720, found:
1677.721.
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rac-β’-Hydro-6,9,12,15-tetrakis(4’-heptyloxyphenyl)azafullerene (60e)

60e
C111H77NO4
Mol. Wt.: 1488.80

1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.85 (m, 2 H, 10), 7.71 (m, 2 H, 10), 7.49

(m, 4 H, 10), 6.90 (m, 2 H, 9), 6.89 (m, 2 H, 9), 6.70 (m, 2 H, 9), 6.69 (m, 2 H, 9), 5.67
(s, 1 H, 21), 3.97 (t, 3J = 6.6 Hz, 2 H, 7), 3.96 (t, 3J = 6.6 Hz, 2 H, 7), 3.88 (t, 3J =
6.6 Hz, 4 H, 7), 1.76 (m, 8 H, 6), 1.43 (m, 8 H, 5), 1.30 (m, 24 H, 4, 3, 2), 0.88 (m, 12
H, 1).
13

C NMR (150 MHz, CDCl3, RT): δ (ppm) = 159.15 (1 C, 8), 158.73 (1 C, 8), 158.53

(1 C, 8), 158.50 (1 C, 8), 155.63 (1 C), 155.35 (1 C), 154.48 (1 C), 153.94 (1 C),
151.42 (1 C), 150.60 (1 C), 149.49 (1 C), 149.27 (1 C), 148.77 (1 C), 148.76 (1 C),
148.68 (1 C), 148.66 (1 C), 148.64 (1 C), 148.58 (1 C), 148.27 (1 C), 147.91 (3 C),
147.88 (1 C), 147.76 (1 C), 147.75 (1 C), 147.75 (1 C), 147.59 (1 C), 147.58 (1 C),
147.51 (1 C), 147.45 (1 C), 147.40 (1 C), 146.74 (1 C), 146.73 (1 C), 146.51 (1 C),
146.51 (1 C), 146.40 (1 C), 146.33 (1 C), 146.31 (1 C), 146.27 (1 C), 146.22 (1 C),
145.99 (1 C), 145.76 (1 C), 145.42 (1 C), 145.34 (1 C), 144.45 (1 C), 144.32 (2 C),
144.11 (1 C), 144.06 (1 C), 143.91 (2 C), 143.70 (1 C), 143.33 (1 C), 143.16 (1 C),
136.70 (1 C, α), 136.06 (1 C, α), 133.01 (1 C, 11), 132.00 (1 C, 11), 131.39 (1 C, 11),
129.99 (1 C, 11), 128.93 (2 C, 10), 128.70 (2 C, 10), 128.46 (2 C, 10), 119.19 (2 C,
10), 127.95 (1 C, β), 124.71 (1 C, β), 114.95 (2 C, 9), 114.87 (2 C, 9), 114.61 (2 C,
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9), 114.59 (2 C, 9), 73.92 (1 C, 12), 68.22 (1 C, 7), 68.20 (1 C, 7), 68.15 (1 C, 7),
68.12 (1 C, 7), 59.68 (1 C, 18), 58.44 (1 C, 24), 58.31 (1 C, 15), 45.53 (1 C, 21),
31.80 (2 C, 6), 31.79 (2 C, 6), 29.33 (1 C, 5), 29.30 (2 C, 5), 29.24 (1 C, 5), 29.10
(4 C, 4), 26.05 (1 C, 3), 26.04 (1 C, 3), 26.02 (1 C, 3), 26.00 (1 C, 3), 22.63 (2 C, 2),
22.61 (2 C, 2), 14.10 (2 C, 1), 14.09 (2 C, 1).
~
FT-IR (ZnSe)  (cm-1): 3061 (vw), 3036 (vw), 2951 (s), 2926 (s), 2855 (m), 1609 (m),
1580 (w), 1509 (vs), 1468 (m), 1418 (w), 1389 (w), 1297 (m), 1250 (s), 1178 (s),
1116 (w), 1028 (m), 957 (w), 903 (w), 835 (m), 818 (m), 779 (vw), 750 (w), 724 (w),
659 (w), 644 (vw).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 239 (4.99), 262 (4.85, sh), 277 (4.83),
357 (4.26), 400 (3.87, sh), 445 (3.48, sh), 475 (3.34), 534 (3.03, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1488 [MH]+
HRMS (APPI, MeOH/ACN): m/z calc. for C111H77NO4•+ [M]•+: 1488.588, found:
1488.583.

6.5 Dihydrotris(4’-methoxyphenyl)azafullerene Derivatives
rac-6,15-Dihydro-9,12,18-tris(4’-methoxyphenyl)azafullerene (56),
6,12-Dihydro-9,15,18-tris(4’-methoxyphenyl)azafullerene (57),
15,18-Dihydro-6,9,12-tris(4’-methoxyphenyl)azafullerene (58) and
rac-6,18-Dihydro-9,12,15-tris(4’-methoxyphenyl)azafullerene (59)
p-Methoxyphenylhydroazafullerene 40a (88.0 mg, 106.0 µmol, 1 eq) was dissolved in
a mixture of ODCB (15 mL) and anisole (461 µL, 4.24 mmol, 40 eq). The flask with
the mixture and a refluxing condenser was cooled with an ice/water bath and p-TsOH
(403 mg, 2.12 mmol, 20 eq) was added. The mixture was then thoroughly degassed,
using vacuum, and argon-saturated for three to four times. The reaction mixture was
stirred in a preheated oil bath at 150 °C passing a slow steady stream of argon over
the solution. The reaction was monitored by TLC. After 3 h starting material 40a was
converted into main product (Rf = 0.58 in toluene/ethyl acetate (9:1)) and the color of
the solution had turned from green to red. The reaction mixture was cooled down
under argon to RT with an external ice/water bath and purified by column
chromatography on silica gel (140 g, toluene). Firstly, a small amount of diarylhydro
adducts (characterized by MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 938 [MH]+)
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and HRMS (APPI, ACN/THF): m/z calc. for C73H16NO2+ [MH]+: 938.118, found:
938.118) was eluted. The orange fraction containing triaryldihydro adducts (56, 57,
58 and 59) was isolated right afterwards. Another more polar fraction can be isolated
containing a small amount of the two regioisomers of tetraarylhydro adducts
(characterized by MS (MALDI-TOF, matrix: dith, CH2Cl2): m/z = 1151 [M]+, and 1H
NMR), probably formed due to traces of oxygen present in solution. The fraction of
triaryldihydro adducts was freed from solvent, precipitated from CS2/pentane and
dried in vacuum (56.0 mg, 53.5 µmol, 50%). The mixture of triaryldihydro adducts
(56, 57, 58 and 59) was dissolved in a small amount of toluene and then separated
by preparative recycling HPLC using a Microsorb 100-5 Si column (Varian Dynamax,
250 x 21.4 mm) and toluene as eluent (flow rate 20 mL/min). It must be mentioned
that it is hard to redissolve the concentrated solution of the mixture of triaryldihydro
adducts as soon as it once precipitates. All four regioisomers have a retention time
between 7.2 min and 8.3 min in the following order: 56, 57, 58 and 59. The fractions
were freed from solvent and precipitated from CS2/pentane. After drying in vacuum
the red solids were obtained in isolated yields: 56 (12.0 mg, 11.5 μmol 11%), 57
(8.7 mg, 8.3 μmol, 8%), 58 (5.3 mg, 5.1 μmol, 5%), 59 (8.0 mg, 7.7 μmol, 7%).

rac-6,15-Dihydro-9,12,18-tris(4’-methoxyphenyl)azafullerene (56)

56
C80H23NO3
Mol. Wt.: 1046.04
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 7.89 (m, 2 H, 4), 7.72 (m, 2 H, 4),

7.66 (m, 2 H, 4), 6.99 (m, 2 H, 3), 6.88 (m, 2 H, 3), 6.85 (m, 2 H, 3), 5.61 (s, 1 H,
6/15), 5.57 (s, 1 H, 6/15), 3.86 (s, 3 H, 1), 3.83 (s, 3 H, 1), 3.82 (s, 3 H, 1).
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13

C NMR (125 MHz, CS2/CDCl3, RT): δ (ppm) = 159.70 (1 C, 2), 158.99 (1 C, 2),

158.96 (1 C, 2), 155.88 (1 C), 155.19 (1 C), 154.02 (1 C), 151.28 (1 C), 150.96 (1 C),
150.27 (1 C), 149.99 (1 C), 149.76 (1 C), 149.64 (1 C), 148.72 (1 C), 148.58 (1 C),
148.52 (1 C), 148.45 (2 C), 148.00 (1 C), 147.88 (1 C), 147.86 (1 C), 147.81 (1 C),
147.71 (1 C), 147.66 (1 C), 147.64 (1 C), 147.53 (2 C), 147.46 (1 C), 147.32 (1 C),
147.28 (1 C), 147.18 (1 C), 146.89 (1 C), 146.41 (1 C), 146.23 (1 C), 146.18 (2 C),
146.02 (1 C), 145.91 (1 C), 145.87 (1 C), 145.77 (1 C), 145.67 (1 C), 145.49 (1 C),
145.32 (1 C), 144.80 (1 C), 144.46 (1 C), 144.28 (1 C), 144.20 (1 C), 144.10 (2 C),
143.98 (1 C), 143.79 (1 C), 143.72 (1 C), 143.66 (1 C), 143.20 (1 C), 136.33 (1 C, α),
133.23 (1 C, 5), 132.99 (1 C, α), 131.67 (1 C, 5), 130.53 (1 C, 5), 128.38 (2 C, 4),
128.29 (2 C, 4), 127.92 (2 C, 4), 127.11 (1 C, β), 124.72 (1 C, β), 114.35 (2 C, 3),
114.32 (2 C, 3), 114.18 (2 C, 3), 73.53 (1 C, 9), 59.62 (1 C, 18), 58.04 (1 C, 12),
55.00 (2 C, 1), 54.95 (1 C, 1), 45.32 (1 C, 6/15), 44.18 (1 C, 6/15).
~
FT-IR (ZnSe)  (cm-1): 3062 (vw), 3032 (vw), 2994 (vw), 2949 (w), 2925 (w), 2900
(w), 2854 (vw), 2830 (w), 1605 (m), 1581 (w), 1507 (vs), 1457 (m), 1439 (m), 1419
(w), 1297 (m), 1249 (vs), 1176 (s), 1113 (vw), 1032 (m), 960 (vw), 901 (w), 830 (m),
795 (w), 770 (vw), 649 (w), 634 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 238 (5.07), 260 (4.96, sh), 276 (4.94),
356 (4.39), 398 (4.03), 444 (3.62, sh), 478 (3.50), 533 (3.18, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1045 [M]•+.
HRMS (APPI, toluene/MeOH): m/z calc. for C80H23NO3•+ [M]•+: 1045.167, found:
1045.164.
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6,12-Dihydro-9,15,18-tris(4’-methoxyphenyl)azafullerene (57)
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.96 (m, 2 H,

4’), 7.74 (m, 4 H, 4’’), 7.09 (m, 2 H, 3’), 6.88 (m, 4 H,
3’’), 5.62 (s, 2 H, 6), 3.89 (s, 3 H, 1’), 3.81 (s, 6 H, 1’’).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 160.11 (1 C,

2’), 158.95 (2 C, 2’’), 155.83 (2 C), 153.69 (2 C), 150.52
(2 C), 150.51 (2 C), 148.86 (2 C), 148.70 (1 C), 148.50
(2 C), 148.17 (2 C), 147.94 (2 C), 147.71 (2 C), 147.68
57

(2 C), 147.56 (2 C), 147.47 (2 C), 147.40 (2 C), 146.42

C80H23NO3

(2 C), 146.12 (2 C), 146.08 (2 C), 146.06 (2 C), 145.96

Mol. Wt.: 1046.04

(2 C), 145.73 (1 C), 145.71 (2 C), 144.59 (2 C), 144.40

(2 C), 143.89 (2 C), 143.72 (2 C), 143.56 (2 C), 133.74 (2 C, α), 132.99 (2 C, 5’’),
131.50 (1 C, 5’), 128.70 (4 C, 4’’), 127.78 (2 C, β), 127.75 (2 C, 4’), 114.80 (2 C, 3’),
114.22 (4 C, 3’’), 73.90 (1 C, 9), 59.74 (2 C, 15), 55.55 (1 C, 1’), 55.42 (2 C, 1’’),
44.32 (2 C, 6).
~
FT-IR (ZnSe)  (cm-1): 3062 (vw), 3032 (vw), 2996 (vw), 2949 (w), 2927 (w), 2900

(w), 2854 (vw), 2831 (w), 1606 (m), 1580 (w), 1509 (vs), 1458 (m), 1438 (m), 1419
(w), 1299 (m), 1250 (vs), 1176 (s), 1112 (vw), 1034 (m), 955 (vw), 904 (w), 833 (m),
796 (w), 649 (w), 640 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 238 (5.08), 260 (4.97, sh), 276 (4.95),
357 (4.40), 398 (4.05), 444 (3.64, sh), 478 (3.52), 533 (3.18, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1045 [M]•+.
HRMS (APPI, toluene/ACN): m/z calc. for C80H23NO3•+ [M]•+: 1045.167, found:
1045.166.
X-ray crystallography: 57 (from 57/58 mixture) CCDC-967868
Single crystals of 57 were obtained from a mixture containing both regioisomers 57
and 58 in a CDCl3 solution at 8 °C. The X-ray diffraction data were collected on a
single crystal with a Bruker Kappa APEX 2 IµS Duo diffractometer using CuKα
radiation (QUAZAR focussing Montel optics, λ = 1.54178 Å). The compound
crystallized with one CDCl3 per formula unit. This solvent molecule was disordered.
Two preferred orientations were refined resulting in site occupancies of 90.9(2) and
9.1(2)% for the atoms, Cl1, Cl2, Cl3 and Cl1A, Cl2A, and Cl3A, respectively. SAME,
SIMU, and SADI restraints were applied. Treatment of hydrogen atoms: The
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positions of the hydrogen atoms H5 and H11 attached to the C59N moiety were
derived from a difference fourier synthesis and allowed to ride on their carrier atoms.
57 (from pure compound 57) CCDC 994738
Single crystals of 57 were obtained from a CDCl3 solution at 8 °C. The X-ray
diffraction data was measured on a single crystal with a Bruker Kappa APEX 2 IµS
Duo diffractometer using CuKα radiation (QUAZAR focussing Montel optics, λ =
1.54178 Å). The compound crystallized with one CDCl3 per formula unit. Treatment
of hydrogen atoms: The positions of the hydrogen atoms H5 and H11 attached to the
C59N moiety were derived from a difference fourier synthesis and their coordinates
were refined.

15,18-Dihydro-6,9,12-tris(4’-methoxyphenyl)azafullerene (58)
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.69 (m,

4 H, 4’’), 7.51 (m, 2 H, 4’), 6.88 (m, 4 H, 3’’), 6.70 (m,
2 H, 3’), 5.63 (s, 2 H, 15), 3.81 (s, 6 H, 1’’), 3.76 (s,
3 H, 1’).
13

C NMR (100 MHz, ODCB-d4, RT): δ (ppm) = 160.00

(1 C, 2’), 159.56 (2 C, 2’’), 156.02 (2 C), 152.08 (2 C),
150.84 (2 C), 150.79 (2 C), 148.97 (2 C), 148.89 (2 C),
58
C80H23NO3
Mol. Wt.: 1046.04

148.82 (2 C), 148.78 (1 C), 148.15 (2 C), 148.09 (2 C),
148.02 (2 C), 147.97 (2 C), 147.85 (2 C), 147.66 (2 C),

147.46 (2 C), 146.97 (2 C), 146.62 (1 C), 146.49 (2 C), 146.47 (2 C), 146.06 (2 C),
145.33 (2 C), 144.65 (2 C), 144.48 (2 C), 144.28 (2 C), 144.20 (2 C), 143.52 (2 C),
136.85 (2 C, α), 129.79 (2 C, 5’’), 129.73 (1 C, 5’), 128.77 (4 C, 4’’), 128.54 (2 C, 4’),
124.55 (2 C, β), 114.60 (4 C, 3’’), 114.33 (2 C, 3’), 74.09 (1 C, 9), 58.64 (2 C, 6),
55.13 (2 C, 1’’), 55.00 (1 C, 1’), 44.17 (2 C, 15).
~
FT-IR (ZnSe)  (cm-1): 2996 (vw), 2948 (w), 2904 (w), 2853 (vw), 2832 (vw), 1605
(m), 1581 (w), 1508 (vs), 1458 (m), 1443 (m), 1420 (w), 1298 (m), 1250 (vs), 1176
(s), 1113 (vw), 1033 (m), 953 (vw), 904 (vw), 832 (m), 802 (w), 754 (vw), 648 (w).
UV/Vis (CH2Cl2) λmax nm: 238, 260 (sh), 277, 356, 398, 444 (sh), 478, 533 (sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1045 [M]•+.
HRMS (APPI, toluene/ACN):m/z calc. for C80H23NO3•+ [M]•+: 1045.167, found:
1045.166.
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rac-6,18-Dihydro-9,12,15-tris(4’-methoxyphenyl)azafullerene (59)

59
C80H23NO3
Mol. Wt.: 1046.04
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 7.72 (m, 4 H, 4), 7.44 (m, 2 H, 4),

6.89 (m, 2 H, 3), 6.86 (m, 2 H, 3), 6.68 (m, 2 H, 3), 5.64 (d, 5J = 4.8 Hz, 1 H, 6/18),
5.60 (d, 5J = 4.8 Hz, 1 H, 6/18), 3.83 (s, 3 H, 1), 3.81 (s, 3 H, 1), 3.76 (s, 3 H, 1).
13

C NMR (125 MHz, CS2/CDCl3, RT): δ (ppm) = 159.70 (1 C, 2), 158.80 (1 C, 2),

158.78 (1 C, 2), 154.82 (1 C), 154.53 (1 C), 154.45 (1 C), 153.87 (1 C), 152.65 (1 C),
151.39 (1 C), 150.78 (1 C), 149.79 (1 C), 149.15 (1 C), 149.13 (1 C), 148.70 (1 C),
148.61 (1 C), 148.53 (1 C), 148.47 (1 C), 148.44 (1 C), 147.84 (1 C), 147.81 (2 C),
147.76 (1 C), 147.72 (1 C), 147.63 (2 C), 147.54 (1 C), 147.49 (2 C), 147.44 (1 C),
147.04 (1 C), 147.02 (1 C), 146.43 (1 C), 146.40 (1 C), 146.25 (1 C), 146.13 (1 C),
146.09 (1 C), 146.05 (1 C), 145.97 (1 C), 145.58 (1 C), 145.51 (1 C), 145.35 (2 C),
144.48 (1 C), 144.42 (1 C), 144.22 (1 C), 144.18 (1 C), 144.15 (1 C), 143.85 (1 C),
143.77 (1 C), 143.71 (1 C), 143.64 (1 C), 143.07 (1 C), 143.05 (1 C), 137.14 (1 C, α),
132.67 (1 C, 5), 132.13 (1 C, α), 131.04 (1 C, 5), 130.58 (1 C, 5), 128.80 (2 C, 4),
128.60 (2 C, 4), 127.92 (1 C, β), 127.89 (2 C, 4), 123.87 (1 C, β), 114.32 (2 C, 3),
114.09 (2 C, 3), 113.87 (2 C, 3), 73.53 (1 C, 9), 59.26 (1 C, 15), 57.31 (1 C, 12),
55.02 (1 C, 1), 54.95 (1 C, 1), 54.89 (1 C, 1), 45.89 (1 C, 6/18), 44.73 (1 C, 6/18).
~
FT-IR (ZnSe)  (cm-1): 3063 (vw), 3032 (vw), 2996 (vw), 2942 (w), 2924 (w), 2900
(w), 2854 (vw), 2829 (w), 1604 (m), 1580 (w), 1506 (vs), 1456 (m), 1439 (m), 1418
(w), 1299 (m), 1247 (vs), 1175 (s), 1114 (vw), 1034 (m), 955 (vw), 898 (w), 833 (m)
818 (m), 750 (w), 669 (vw), 646 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 238 (5.06), 260 (4.95, sh), 276 (4.93),
357 (4.38), 397 (4.03), 444 (3.68, sh), 478 (3.52), 533 (3.19, sh).
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MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1045 [M]•+.
HRMS (APPI, toluene/MeOH): m/z calc. for C80H24NO3+ [MH]+: 1046.175, found:
1046.173.
X-ray crystallography: CCDC-895558
Intensity data were collected on a single crystal of 59, grown at -30 °C from a mixture
of CDCl3/CS2, with a Bruker-Nonius KappaCCD diffractometer using MoKα (graphite
monochromatized, λ = 0.71073 Å) radiation. Within the substituted fullerene disorder
occurred in the five-membered N containing ring. Nitrogen was switching its place
with a corresponding carbon atom and vice versa with refined site occupancies of
43(2)% for N1, C3 and 57(2)% for C1A, N3A. The compound crystallized with one
molecule of CDCl3 per formula unit. This solvent molecule was also disordered. Two
slightly displaced positions were refined giving site occupancies of 57(2)% for C100Cl13 and 43(2)% for C101-Cl16. SIMU and SAME restraints were applied.
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6.6 β’-H- and α’-H-Tetraaryl Adduct 60a and 61a
rac-β’-Hydro-6,9,12,15-tetrakis(4’-methoxyphenyl)azafullerene (60a)
A mixture of the two regioisomers 60a and 61a (6.4 mg, 5.5 µmol, 1 eq) (isolated
from the preparation of triaryl dihydro adducts, chapter 6.5) was dissolved in 2.5 mL
ODCB and 0.5 mL anisole. p-TsOH (21 mg, 0.11 mmol, 20 eq) was added and then
the mixture was stirred in a preheated oil bath at 150 °C passing a slow steady
stream of air over the solution. The reaction was monitored by TLC and after 1 h and
15 min the reaction was stopped by cooling down the reaction mixture to RT with an
ice/water bath. Subsequent purification by column chromatography on silica gel
(15 g, toluene) and evaporation of the solvent gave β’-H-tetraaryl adduct 60a (Rf =
0.57, toluene/EtOAc (9:1)) and pentaaryl adduct 50a (Rf = 0.45). After precipitation
from CS2/pentane the red solids 60a (1.4 mg, 1.2 µmol, 22%) and 50a (2.1 mg,
1.6 µmol, 30%) were dried in vacuum.

60a
C87H29NO4
Mol. Wt.: 1152.17
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.81 (m, 2 H, 4), 7.73 (m, 2 H, 4), 7.51 (m,

4 H, 4), 6.91 (m, 4 H, 3), 6.71 (m, 2 H, 3), 6.70 (m, 2 H, 3), 5.69 (s, 1 H, 18), 3.83 (s,
3 H, 1), 3.82 (s, 3 H, 1), 3.76 (s, 6 H, 1).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 159.68 (1 C, 2), 159.26 (1 C, 2), 159.05

(1 C, 2), 159.03 (1 C, 2), 155.62 (1 C), 155.34 (1 C), 154.52 (1 C), 153.94 (1 C),
151.49 (1 C), 150.62 (1 C), 149.51 (1 C), 149.33 (1 C), 148.85 (2 C), 148.77 (1 C),
148.75 (1 C), 148.74 (1 C), 148.60 (1 C), 148.28 (1 C), 148.00 (3 C), 147.93 (1 C),
147.84 (3 C), 147.68 (1 C), 147.66 (1 C), 147.59 (1 C), 147.54 (1 C), 147.45 (1 C),
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146.77 (2 C), 146.59 (2 C), 146.44 (1 C), 146.40 (1 C), 146.38 (1 C), 146.33 (1 C),
146.26 (1 C), 146.04 (1 C), 145.80 (1 C), 145.46 (1 C), 145.39 (1 C), 144.54 (1 C),
144.40 (2 C), 144.20 (1 C), 144.15 (1 C), 144.00 (2 C), 143.79 (1 C), 143.42 (1 C),
143.25 (1 C), 136.73 (1 C, α), 136.10 (1 C, α), 133.29 (1 C, 5), 132.27 (1 C, 5),
131.63 (1 C, 5), 130.26 (1 C, 5), 129.01 (2 C, 4), 128.80 (2 C, 4), 128.55 (2 C, 4),
128.48 (2 C, 4), 127.98 (1 C, β), 124.76 (1 C, β), 114.38 (2 C, 3), 114.31 (2 C, 3),
114.07 (2 C, 3), 114.03 (2 C, 3), 73.87 (1 C, 9), 59.62 (1 C, 15), 58.38 (1 C, 6), 58.24
(1 C, 12), 55.42 (2 C, 1), 55.38 (1 C, 1), 55.35 (1 C, 1), 45.49 (1 C, 18).
~
FT-IR (ZnSe)  (cm-1): 3062 (vw), 3032 (vw), 2996 (w), 2949 (w), 2927 (m), 2904 (w),
2854 (vw), 2832 (m), 1607 (m), 1581 (w), 1509 (vs), 1459 (m), 1439 (m), 1419 (w),
1299 (m), 1252 (vs), 1178 (s), 1114 (vw), 1034 (s), 959 (vw), 900 (w), 833 (m), 817
(m), 798 (w), 755 (vw), 650 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 238 (5.11), 262 (4.98, sh), 277 (4.96),
357 (4.41), 398 (4.02), 444 (3.62, sh), 478 (3.49), 533 (3.18, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1151 [M]•+.
HRMS (APPI, ACN/MeOH): m/z calc. for C87H29NO4•+ [M]•+: 1151.209, found:
1151.209.

rac-α’-Hydro-9,12,15,18-tetrakis(4’-methoxyphenyl)azafullerene (61a)
6,12-Dihydro-9,15,18-tris(4’-methoxyphenyl)azafullerene 57 (13.5 mg, 12.9 µmol,
1 eq) was dissolved in 5 mL ODCB and 1 mL anisole. p-TsOH (49 mg, 0.26 mmol,
20 eq) was added and the mixture was stirred in a preheated oil bath at 150 °C
passing a slow steady stream of air over the solution. The reaction was monitored by
TLC (toluene/EtOAc (9:1)). After 1 h and 30 min the reaction was stopped by cooling
down the reaction mixture to RT with an external ice/water bath. Subsequent
purification by column chromatography on silica gel (50 g, toluene) and evaporation
of the solvent gave residual triaryldihydro adduct 57 (Rf = 0.68, toluene/EtOAc (9:1)),
α’-H-tetraaryl adduct 61a (Rf = 0.61) and pentaaryl adduct 50a (Rf = 0.54). After
precipitation from CS2/pentane the red solids 57 (1.0 mg, 7%), 61a (2.2 mg, 15%)
and 50a (4.5 mg, 28%) were dried in vacuum.
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61a
C87H29NO4
Mol. Wt.: 1152.17
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.79 (m, 2 H, 4), 7.79 (m, 2 H, 4), 7.57 (m,

2 H, 4), 7.50 (m, 2 H, 4), 6.92 (m, 4 H, 3), 6.72 (m, 2 H, 3), 6.71 (m, 2 H, 3), 5.71 (s,
1 H, 6), 3.84 (s, 3 H, 1), 3.82 (s, 3 H, 1), 3.76 (s, 3 H, 1), 3.76 (s, 3 H, 1).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 159.89 (1 C, 2), 158.98 (1 C, 2), 158.94

(1 C, 2), 158.73 (1 C, 2), 156.06 (1 C), 154.53 (1 C), 154.24 (1 C), 153.45 (1 C),
152.75 (1 C), 150.65 (1 C), 150.37 (1 C), 149.55 (1 C), 149.20 (1 C), 148.93 (1 C),
148.78 (1 C), 148.73 (1 C), 148.59 (1 C), 148.55 (1 C), 148.03 (1 C), 147.97 (1 C),
147.87 (1 C), 147.81 (1 C), 147.80 (1 C), 147.70 (1 C), 147.69 (2 C), 147.66 (1 C),
147.63 (1 C), 147.35 (1 C), 147.28 (1 C), 146.72 (1 C), 146.58 (1 C), 146.56 (1 C),
146.41 (1 C), 146.33 (1 C), 146.30 (1 C), 146.17 (1 C), 146.14 (1 C), 146.09 (1 C),
146.00 (1 C), 145.93 (1 C), 145.82 (1 C), 145.53 (1 C), 144.94 (1 C), 144.64 (1 C),
144.33 (1 C), 144.32 (1 C), 144.30 (1 C), 144.02 (1 C), 143.82 (1 C), 143.72 (1 C),
143.66 (1 C), 143.53 (1 C), 143.17 (1 C), 137.08 (1 C), 133.06 (1 C), 133.06 (1 C),
132.44 (1 C), 131.52 (1 C), 130.96 (1 C), 128.15 (2 C, 4), 128.98 (2 C, 4), 128.73
(2 C, 4), 128.37 (1 C), 128.08 (2 C, 4), 127.69 (1 C), 114.47 (2 C, 3), 114.24 (2 C, 3),
113.98 (2 C, 3), 113.88 (2 C, 3), 73.91 (1 C, 9), 59.79 (1 C, 18), 59.55 (1 C, 15),
58.23 (1 C, 12), 55.49 (1 C, 1), 55.44 (1 C, 1), 55.37 (1 C, 1), 55.36 (1 C, 1), 44.41
(1 C, 6).
~
FT-IR (ZnSe)  (cm-1): 2993 (vw), 2954 (m), 2920 (s), 2850 (m), 1606 (m), 1580 (w),

1508 (vs), 1461 (m), 1439 (m), 1417 (w), 1298 (m), 1252 (vs), 1177 (s), 1112 (w),
1032 (m), 960 (vw), 903 (w), 830 (m), 816 (m), 796 (w), 755 (vw), 720 (vw), 648 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 238 (5.13), 262 (5.00, sh), 276 (4.98),
357 (4.43), 398 (4.05), 444 (3.62, sh), 479 (3.49), 533 (3.16, sh).
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MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1151 [M]•+.
HRMS (APPI, ACN/MeOH): m/z calc. for C87H29NO4•+ [M]•+: 1151.209, found:
1151.206.

6.7 Lewis Acids as Catalysts for Pentaarylation Reaction
Hydro-bis(4’-methoxyphenyl)azafullerene mixture
p-Methoxyphenylhydroazafullerene 40a (20 mg, 24 µmol,
1 eq) was dissolved in 4 mL ODCB and 0.8 mL anisole.
AlCl3 (62 mg, 0.48 mmol, 20 eq) was added. The mixture
was stirred at RT under air and a color change from
green to red was observed within the first minute. The
reaction was monitored by TLC and after 30 min of
stirring purified by column chromatography on silica gel
C73H15NO2
Mol. Wt.: 937.91

(20 g, toluene). Evaporation of the solvent yielded
diarylhydro adduct (Rf = 0.60, toluene/EtOAc (9:1)). It

was dried after precipitation from CS2/pentane in vacuum and obtained as orange
powder (13.2 mg, 14.1 µmol, 59%).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 938 [MH]+.
HRMS (APPI, ACN/MeOH): m/z calc. for C73H15NO2•+ [M]•+: 937.110, found: 937.108;
for C73H16NO2+ [MH]+: 938.118, found: 938.116.

rac-α’-Hydro-9,12,15,18-tetrakis(4’-methoxyphenyl)azafullerene (61a) and
6,9,12,15,18-Pentakis(4’-methoxyphenyl)azafullerene (50a)
p-Methoxyphenylhydroazafullerene 40a (15 mg, 18 µmol, 1 eq) was dissolved in
2 mL ODCB and 0.4 mL anisole. FeCl3 (62 mg, 0.48 mmol, 20 eq) was added. The
mixture was stirred at RT under air and a color change from green to red was
observed immediately. The reaction was monitored by TLC and purified by column
chromatography on silica gel (10 g, toluene) after 30 min of stirring. Evaporation of
the solvent yielded α’-H-tetraaryl adduct 61a (yield not determined due to solvent
impurities) and pentaaryl adduct 50a (2.2 mg, 1.7 µmol, 9%).
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The analytical data for α’-H-tetraaryl adduct 61a are described in chapter 6.6 and for
pentaaryl adduct 50a in chapter 6.4.

6.8 Azafullerene Derivatives as precursor for Mixed Penta Adducts
p-Propargyloxyphenylhydroazafullerene (40h)
Method A
N-MEM-[60]ketolactam 13 (40 mg, 46.7 µmol, 1 eq) was
dissolved in 5 mL ODCB. Phenylpropargylether (240 µL,
1.87 mmol, 40 eq) and p-TsOH (178 mg, 0.93 mmol, 20 eq)
were added and the mixture was stirred in a preheated oil
bath at 100 °C passing a slow steady stream of air over the
solution. The reaction was monitored by TLC, cooled down to
RT after 10 min and immediately plugged on silica gel.
40h

Toluene was used as eluent and the first fraction (green)

C68H7NO

contained mono adduct 40h. The solvent was evaporated and

Mol. Wt.: 853.79

the raw product was purified by column chromatography on

silica gel (30 g, CS2). Mono adduct 40h (Rf = 0.41, CS2) elutes as green fraction. The
black solid 40h (4.7 mg, 5.5 μmol, 12%) was obtained after evaporation of the
solvent. Compound 40h is purely soluble in common organic solvents.

Method B
(C59N)2 was prepared as described in chapter 6.3 from N-MEM-[60]ketolactam 13
(60 mg, 70.1 µmol, 1 eq) without precipitation. The fraction containing (C59N)2 was
freed from solvent and then dissolved in 15 mL ODCB. Phenylpropargylether
(360 µL, 2.80 mmol, 40 eq) and p-TsOH (266 mg, 1.40 mmol, 20 eq) were added and
the mixture was stirred in a preheated oil bath at 100 °C passing a slow steady
stream of air over the solution. The reaction was monitored by TLC, cooled down to
RT after 30 min and worked up according to method A and the black solid 40h
(7.5 mg, 8.8 μmol, 12%) was obtained.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 8.76 (m, 2 H, 6), 7.45 (m, 2 H, 5),

4.91 (d, 4J = 2.4 Hz, 2 H, 3), 2.60 (t, 4J = 2.4 Hz, 1 H, 1).
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13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 158.57 (1 C, 4), 154.44 (2 C), 148.85

(2 C), 147.69 (3 C), 147.66 (2 C), 147.34 (2 C), 147.19 (2 C), 146.68 (2 C), 146.48
(2 C), 146.30 (2 C), 145.93 (2 C), 145.75 (1 C), 145.11 (4 C), 144.65 (2 C), 144.41
(2 C), 144.38 (2 C), 144.06 (2 C), 143.21 (2 C), 142.83 (2 C), 142.16 (2 C), 141.87
(2 C), 141.58 (2 C), 141.50 (2 C), 141.07 (2 C), 140.95 (2 C), 139.87 (2 C), 137.59
(2 C), 134.30 (1 C, 7), 132.99 (2 C), 128.67 (2 C, 6), 124.08 (2 C), 116.21 (2 C, 5),
99.42 (1 C, 8), 78.29 (1 C, 2), 75.91 (1 C, 1), 55.80 (1 C, 3).
~
FT-IR (ZnSe)  (cm-1): 3298 (w), 2957 (vw), 2922 (vw), 2854 (vw), 1604 (w), 1582
(w), 1549 (w), 1507 (vs), 1459 (w), 1439 (w), 1423 (m), 1363 (vw), 1302 (w), 1263
(w), 1216 (m), 1178 (s), 1093 (w), 1027 (m), 967 (w), 924 (vw), 900 (m), 840 (w), 823
(w), 797 (vw), 775 (vw), 719 (vw), 670 (w).
UV/Vis (CH2Cl2): λmax nm (log ε [Lmol-1cm-1]): = 257 (5.07), 322 (4.56), 443 (3.83),
558 (3.24, sh), 592 (3.19, sh), 722 (2.92), 805 (2.96).
MS (MALDI-TOF, matrix: dctb, CH2Cl2, neg.): m/z = 853 [M]•-, 722 [C59N]+.
HRMS (APPI, toluene/ACN): m/z calc. for C68H7NO•+ [M]•+: 853.052, found: 853.051.

2’-(3-Methylbenzothiophenyl)hydroazafullerene (40k)
N-MEM-[60]ketolactam 13 (30 mg, 35.0 µmol, 1 eq) was
dissolved in 5 mL ODCB. 3-Methylbenzothiophene (1 mL)
and p-TsOH (133 mg, 0.70 mmol, 20 eq) were added and
the mixture was stirred in a preheated oil bath at 150 °C
passing a slow steady stream of air over the solution. The
reaction was monitored by TLC, cooled down to RT after
40k

10 min and separated from side-products by column

C68H7NS

chromatography on silica gel (60 g, toluene). The fraction on

Mol. Wt.: 869.85

the solvent front contained mono adduct 40k (Rf = 0.94,

CS2). It was freed from solvent and the raw product was purified by preparative TLC
on silica gel (silica 60 F254 PTLC on glass plate, 2 mm, 20 cm x 20 cm, Merck) using
CS2 as eluent. Mono adduct 40k (Rf = 0.94, CS2) was extracted with CS2/EtOAc (9:1)
from the silica gel containing the green band near the solvent front. The black solid
40k (2.2 mg, 2.5 μmol, 4%) was isolated after evaporation of the solvent,
precipitation from CS2/pentane and drying in vacuum.
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1

H NMR (400 MHz, CS2/CDCl3, RT): ABCD-spin system with simulated J for H 2-5: δ

(ppm) = 8.03 (calc. 3J = 7.8 Hz, 4J = 1.3 Hz, 5J = 0.7 Hz, 1 H, A), 8.02 (calc.
3

J = 7.9 Hz, 4J = 1.4 Hz, 5J = 0.7 Hz, 1 H, B), 7.58 (calc. 3J = 7.9 Hz, 3J = 7.1 Hz,

4

J = 1.3 Hz, 1 H, C), 7.53 (calc. 3J = 7.8 Hz, 3J = 7.1 Hz, 4J = 1.4 Hz, 1 H, C), 3.42 (s,

3 H, 1).
13

C NMR (125 MHz, CS2/CDCl3, RT): δ (ppm) = 154.09 (2 C), 147.62 (1 C), 147.45

(2 C), 147.23 (2 C), 147.16 (2 C), 147.11 (2 C), 146.66 (2 C), 146.46 (2 C), 146.35
(2 C), 146.14 (2 C), 145.77 (2 C), 145.72 (1 C), 145.62 (2 C), 144.98 (2 C), 144.92
(2 C), 144.56 (2 C), 144.28 (2 C), 143.86 (2 C), 143.14 (2 C), 142.76 (2 C), 142.08
(2 C), 141.83 (2 C), 141.37 (2 C), 141.13 (2 C), 141.10 (2 C), 140.92 (2 C), 139.65
(2 C), 138.61 (1 C, 6/7/8/9), 138.53 (1 C, 6/7/8/9),137.19 (2 C), 133.22 (2 C), 131.54
(1 C, 6/7/8/9), 125.44 (1 C, 2/3/4/5), 124.67 (1 C, 2/3/4/5), 124.03 (2 C), 122.56 (1 C,
2/3/4/5), 122.26 (1 C, 2/3/4/5), 120.44 (1 C, 6/7/8/9), 79.24 (1 C, 10), 13.83 (1 C, 1).
~
FT-IR (ZnSe)  (cm-1): 3054 (vw), 2957 (w), 2924 (m), 2923 (w), 1510 (vs), 1458 (w),
1424 (m), 1318 (vw), 1178 (w), 1129 (vw), 1091 (vw), 960 (vw), 869 (m), 748 (m),
721 (w).
UV/Vis (CH2Cl2): λmax (nm): = 257, 321, 438, 550 (sh), 590 (sh), 715, 797.
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 869 [M]•+, 722 [C59N]+.
HRMS (APPI, toluene/ACN): m/z calc. for C68H7NS•+ [M]•+: 869.029, found: 869.029.
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p-Ethoxyphenylhydroazafullerene (40m)
1-(Hydroazafullerenyl)propanon (prepared according to
literature procedure[98,

125]

dissolved

ODCB.

in

5 mL

) (5 mg, 6.4 µmol, 1 eq) was
Ethoxybenzene

(33 µL,

0.26 mmol, 40 eq) and p-TsOH (24 mg, 0.13 mmol, 20 eq)
were added and the mixture was stirred in a preheated oil
bath at 150 °C passing a slow steady stream of air over
40m

the solution. The reaction was monitored by TLC. The

C67H9NO

reaction mixture was cooled down to RT after 3.5 h and

Mol. Wt.: 843.79

purified by column chromatography on silica gel (40 g,

toluene). Mono adduct 40m (Rf = 0.98, toluene/ethyl acetat (9:1)) elutes at the
solvent front as green fraction. A minimal amount of starting material eluted
afterwards.

An

more

polar

fraction

contained

6,9,12,15,18-pentakis(4’-

ethoxyphenyl)azafullerene 50m (characterized by MALDI-TOF MS (matrix: dctb,
CH2Cl2): m/z = 1327 [M]•+). After evaporation of the solvent and precipitation from
CS2/pentane, the black solid 40m (3.8 mg, 4.5 μmol, 70%) was dried in vacuum.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 8.73 (m, 2 H, 5), 7.35 (m, 2 H, 4),

4.26 (q, 3J = 7.0 Hz, 2 H, 2), 1.58 (t, 3J = 7.0 Hz, 3 H, 1).
13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 159.85 (1 C, 3), 154.22 (2 C), 148.77

(2 C), 147.66 (1 C), 147.52 (2 C), 147.47 (2 C), 147.13 (2 C), 147.02 (2 C), 146.48
(2 C), 146.27 (2 C), 146.10 (2 C), 145.74 (2 C), 145.71 (1 C), 145.54 (2 C), 144.91
(4 C), 144.44 (2 C), 144.18 (2 C), 143.87 (2 C), 143.00 (2 C), 142.62 (2 C), 141.96
(2 C), 141.68 (2 C), 141.43 (2 C), 141.30 (2 C), 140.87 (2 C), 140.75 (2 C), 139.67
(2 C), 137.41 (2 C), 132.89 (1 C, 6), 132.80 (2 C), 128.51 (2 C, 5), 123.97 (2 C),
115.53 (2 C, 4), 82.44 (1 C, 7), 63.56 (1 C, 2), 14.93 (1 C, 1).
~
FT-IR (ZnSe)  (cm-1): 3062 (vw), 3033 (w), 2975 (vw), 2922 (w), 2868 (w), 1608 (w),
1581 (vw), 1549 (vw), 1508 (vs), 1473 (vw), 1439 (m), 1423 (vw), 1389 (vw), 1362
(vw), 1344 (vw), 1307 (m), 1250 (s), 1216 (w), 1197 (s), 1177 (vw), 1116 (w), 1092
(w), 1044 (m), 967 (w), 923 (vw), 900 (m), 840 (w), 822 (m), 796 (w), 775 (w), 745
(w), 719 (w), 705 (w), 647 (vw).
UV/Vis (CH2Cl2): λmax nm (log ε [Lmol-1cm-1]): = 257 (4.91), 321 (4.39), 443 (3.62),
552 (3.06), 592 (3.03, sh), 723 (2.81), 807 (2.85).
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MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 843 [M]•+, 722 [C59N]+.
HRMS (APPI, toluene/ACN): m/z calc. for C67H9NO•+ [M]•+: 843.068, found: 843.068.

4’-Biphenylhydroazafullerene (40c)
4’-Biphenylhydroazafullerene 40c was obtained by the trial of synthezing pentaaryl
adduct 50c (chapter 6.4) using the microwave to reduce the heating time. It turned
out that mono adduct 40c was even after 16 h at 200 °C the main product and no
higher adducts were formed. If focussing on the direct synthesis of mono adduct, a
shorter heating time following the procedure of Nuber et al.[144] will be sufficient.

N-MEM-[60]ketolactam 13 (90 mg, 105.2 µmol, 1 eq) was
dissolved in 15 mL ODCB. Biphenyl (1.6 g, 10.5 mmol,
100 eq) and p-TsOH (133 mg, 0.70 mmol, 20 eq) were
added and the mixture was heated in the microwave at
200 °C for 16 h. The reaction mixture was plugged on a
column of silica gel (150 g, cyclohexane) to remove p-TsOH
and biphenyl. The fraction containing mono adduct 40c
40c

(Rf = 0.88, toluene/cyclohexane (1:3)) was freed from

C71H9N

solvent and residual biphenyl was removed by dissolving in

Mol. Wt.: 875.84

methanol (250 mL). The brown suspension was centrifuged

and the solid was washed with pentane (50 mL). The crude mixture was dissolved in
a minimal amount of CS2 and purified by column chromatography on silica gel (100 g,
toluene/cyclohexane (1:3)). Mono adduct 40c elutes at the solvent front as green
fraction. After evaporation of the solvent and precipitation from CS2/pentane, the
black solid 40c (35.3 mg, 40.3 μmol, 38%) was dried in vacuum.
1

H NMR (400 MHz, CS2/CDCl3, RT): δ (ppm) = 8.91 (m, 2 H, 7), 8.08 (m, 2 H, 6),

7.78 (m, 2 H, 3), 7.53 (m, 2 H, 2), 7.43 (m, 1 H, 1).
13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 154.39 (2 C), 148.65 (2 C), 147.78

(1 C), 147.58 (4 C), 147.29 (2 C), 147.16 (2 C), 146.60 (2 C), 146.41 (2 C), 146.23
(2 C), 145.85 (3 C), 145.66 (2 C), 145.04 (2 C), 145.02 (2 C), 144.60 (2 C), 144.31
(2 C), 143.98 (2 C), 143.15 (2 C), 142.76 (2 C), 142.64 (1 C, 4/5/8), 142.09 (2 C),
141.80 (2 C), 141.49 (2 C), 141.45 (2 C), 141.02 (2 C), 140.88 (2 C), 140.13 (1 C,
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4/5/8), 139.97 (1 C, 4/5/8), 139.83 (2 C), 137.52 (2 C), 132.98 (2 C), 128.94 (2 C, 2),
128.57 (2 C, 6), 127.82 (1 C, 1), 127.65 (2 C, 7), 127.20 (2 C, 3), 124.06 (2 C), 82.70
(1 C, 9).
~
FT-IR (ZnSe)  (cm-1): 3058 (vw), 3006 (vw), 2957 (vw), 2851 (vw), 1581 (w), 1549

(m), 1510 (s), 1486 (m), 1422 (s), 1407 (m), 1317 (w), 1196 (w), 1183 (m), 1092 (w),
966 (w), 899 (w), 846 (m), 825 (w), 750 (vs), 719 (w), 693 (s).
UV/Vis (CH2Cl2): λmax nm (log ε [Lmol-1cm-1]): = 259 (5.11), 322 (4.58), 443 (3.82),
551 (3.27), 590 (3.25, sh), 721 (2.97), 804 (3.01).
MS (MALDI-TOF, matrix: dctb, CH2Cl2, neg.): m/z = 875 [M]•-, 722 [C59N]-.
HRMS (APPI, toluene/ACN): m/z calc. for C71H9N•+ [M]•+: 875.073, found: 875.073.

9-(4’-biphenyl)-6,12,15,18-tetrakis(4’-methoxyphenyl)azafullerene (50n) and
rac-β’-Hydro-6-(4’-biphenyl)-9,12,15-tris(4’-methoxyphenyl)azafullerene (60n)
4’-Biphenylhydroazafullerene

40c

(22

mg,

25.0 µmol, 1 eq) was dissolved in 10 mL ODCB.
Ethoxybenzene (2 mL) and p-TsOH (95 mg,
0.5 mmol, 20 eq) were added. The mixture was
stirred in a preheated oil bath at 150 °C passing a
slow steady stream of air over the solution. The
reaction was monitored by TLC. After 10 h the
mixture was cooled down to RT and separated by
column chromatography on silica gel (100 g,
50n
C103H45NO4
Mol. Wt.: 1360.46

toluene). Purification was achieved by automated
flash column chromatography on a Puri-Flash silica
gel column (15 µm, 40 g, gradient from 100%

cyclohexane to 100% toluene). After separation of residual mono adduct (green
band), β’-H tetraaryl adduct 60n (Rf = 0.67, toluene) eluted as red band and traces of
α’-H-tetraaryl adduct 61n (Rf = 0.67, toluene) eluted next. Afterwards, pentaaryl
adduct 50n (red band, Rf = 0.49, toluene) was eluted using 100% toluene. The
tetraarylhydro adduct fractions and pentaaryl adduct fraction were freed from solvent
and precipitated from CS2/pentane. The red solids 60n (1.1 mg, 0.9 μmol, 4%) and
50n (6.5 mg, 4.8 μmol, 19%) were dried in vacuum.
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1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.74 (m, 2 H, 7’), 7.62 (m, 4 H, 5’’), 7.54

(m, 6 H, 5’’, 3’), 7.44 (m, 4 H, 6’, 2’), 7.35 (m, 1 H, 1’), 6.74 (m, 4 H, 4’’), 6.70 (m,
4 H, 4’’), 3.99 (q, 3J = 7.0 Hz, 4 H, 2’’), 3.96 (q, 3J = 7.0 Hz, 4 H, 2’’), 1.40 (t,
3

J = 7.0 Hz, 6 H, 1’’), 1.37 (t, 3J = 7.0 Hz, 6 H, 1’’).

13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 158.39 (2 C, 3’’), 158.18 (2 C, 3’’),

154.64 (2 C), 154.28 (2 C), 152.58 (2 C), 149.30 (2 C), 148.88 (2 C), 148.77 (1 C),
148.67 (2 C), 148.48 (2 C), 147.81 (2 C), 147.75 (2 C), 147.71 (2 C), 147.68 (2 C),
147.41 (2 C), 146.71 (1 C), 146.62 (2 C), 146.51 (4 C), 146.36 (2 C), 146.31 (2 C),
146.11 (2 C), 145.80 (2 C), 144.46 (2 C), 144.28 (2 C), 143.89 (2 C), 143.65 (2 C),
143.27 (2 C), 141.30 (1 C, 5’), 140.32 (1 C, 4’/8’), 137.33 (1 C, 4’/8’), 136.69 (2 C,
α), 132.34 (2 C, 6’’), 131.50 (2 C, 6’’), 129.33 (4 C, 5’’), 129.09 (4 C, 5’’), 128.85
(2 C, 6’/2’), 128.45 (2 C, β), 127.72 (2 C, 7’), 127.63 (1 C, 1’), 127.40 (2 C, 6’/2’),
127.12 (2 C, 3’), 114.58 (4 C, 4’’), 114.50 (4 C, 4’’), 74.16 (1 C, 9), 63.54 (4 C, 2’’),
59.67 (2 C, 15), 58.42 (2 C, 12), 14.83 (2 C, 1’’), 14.76 (2 C, 1’’).
~
FT-IR (ZnSe)  (cm-1): 3060 (vw), 3033 (w), 2978 (m), 2926 (w), 2901 (w), 2878 (w),
1609 (m), 1580 (w), 1508 (vs), 1487 (w), 1476 (m), 1458 (vw), 1418 (vw), 1391 (w),
1299 (m), 1250 (vs), 1179 (s), 1117 (m), 1088 (vw), 1047 (s), 1010 (vw), 963 (w), 923
(w), 901 (w), 839 (w), 820 (m), 803 (vw), 755 (w), 697 (vw), 658 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 240 (5.12), 262 (5.05, sh), 276 (5.04,
sh), 357 (4.42), 398 (3.97, sh), 444 (3.60, sh), 480 (3.47), 533 (3.17, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1359 [M]•+.
HRMS (APPI, toluene/ACN): m/z calc. for C103H46NO4+ [MH]+: 1360.342, found:
1360.342.
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rac-β’-Hydro-9-(4’-biphenyl)-6,12,15-tris(4’-methoxyphenyl)azafullerene (60n)

60n
C95H37NO3
Mol. Wt.: 1240.32
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.81 (m, 2 H, 5’’), 7.74 (m, 2 H, 5’’), 7.71

(m, 2 H, 7’), 7.53 (m, 2 H, 3’), 7.50 (m, 2 H, 5’’), 7.43 (m, 2 H, 2’), 7.42 (m, 2 H, 6’),
7.34 (m, 1 H, 1’),6.91 (m, 2 H, 4’’), 6.88 (m, 2 H, 4’’), 6.68 (m, 2 H, 4’’), 5.71 (s, 1H,
18), 4.05 (q, 3J = 7.0 Hz, 2 H, 2’’), 4.02 (q, 3J = 7.0 Hz, 2 H, 2’’), 3.94 (q, 3J = 7.0 Hz,
2 H, 2’’), 1.42 (t, 3J = 7.0 Hz, 3 H, 1’’), 1.40 (t, 3J = 7.0 Hz, 3 H, 1’’), 1.36 (t,
3

J = 7.0 Hz, 3 H, 1’’).

Due to a low signal to noise ratio only the resolved 13C NMR signals are listed below.
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 158.56 (1 C, 3’’), 158.33 (2 C, 3’’),

128.92 (2 C, 5’’), 128.83 (2 C, 5’’), 128.73 (2 C, 5’’), 128.46 (2 C, 6’/7’/2’/3’), 127.55
(2 C, 6’/7’/2’/3’), 127.38 (2 C, 6’/7’/2’/3’), 127.10 (2 C, 6’/7’/2’/3’), 114.90 (2 C, 4’’),
114.83 (2 C, 4’’), 114.53 (2 C, 4’’), 74.03 (1 C, 9), 63.54 (2 C, 2’’), 63.54 (1 C, 2’’),
58.68 (1 C, 15), 58.47 (1 C, 21), 58.32 (1 C, 12), 45.54 (1 C, 18), 14.86 (1 C, 1’’),
14.80 (1 C, 1’’), 14.75 (1 C, 1’’).
~
FT-IR (ZnSe)  (cm-1): 3361 (vw), 3059 (vw), 3031 (w), 2977 (m), 2923 (w), 2853 (w),
1659 (vw), 1633 (vw), 1609 (m), 1580 (w), 1508 (vs), 1487 (w), 1476 (w), 1458 (w),
1418 (vw), 1391 (w), 1298 (m), 1249 (s), 1178 (s), 1117 (w), 1088 (vw), 1046 (m),
1009 (vw), 957 (w), 923 (w), 903 (w), 834 (w), 820 (w), 803 (w), 756 (w), 697 (w), 658
(w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 240 (5.06), 260 (5.01), 275 (4.99), 356
(4.37), 399 (3.95), 444 (3.58, sh), 480 (3.42, sh), 533 (3.12, sh).
173

Experimental Section
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1239 [M]•+.
HRMS (APPI, toluene/ACN): m/z calc. for C95H38NO3+ [MH]+: 1240.285, found:
1240.284.

6.9 Functionalization of Pentaaryl Adduct 50a
Tetrachloro-6,9,12,15,18-pentakis(4’-methoxyphenyl)azafullerene
Pentaaryl adduct 50a (10 mg, 7.9 µmol, 1 eq) was
dissolved in 5 mL CS2 and ICl (51.6 mg, 0.32 mmol, 40 eq),
C94H35NO5Cl4
Mol. Wt.: 1400.10

dissolved in 2 mL CS2, was added. The dark red mixture
was stirred for 10 min at RT. The formation of products was

monitored by TLC. The reaction mixture was allowed to stand for three days. The
residual solvent and iodine were then evaporated under vacuum (using two cooling
traps). The raw product was dissolved in toluene followed by purification using
column chromatography on silica gel. No defined structures could be obtained and
the yield was not determined.
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1400 [M]•+.

Dioxy-6,9,12,15,18-pentakis(4’-methoxyphenyl)azafullerene
Pentaaryl adduct 50a (12 mg, 9.5 µmol, 1 eq) was
dissolved in 10 mL CHCl3 and the solution was filled into a
C94H35NO7
Mol. Wt.: 1290.29

filled into a Schlenk tube and irradiated with a halogen flood
light (500 W) using an aqueous dichromate solution filter

and water cooling. The reaction was monitored by TLC. The starting material was
consumed after 2 h of irradiation. The reaction was stopped after a total of 3 h
irradiation time and purified by column chromatography on silica gel (20 g, toluene).
Two fractions were separated using toluene/EtOAc (95:5) and freed from solvent.
After evaporation of the solvent, the first fraction contained the orange colored
oxygenation product 1 (Rf = 0.57 in toluene/ethyl acetate (9:1)) and is purely soluble
in common organic solvents (yield not determined). The second fraction (Rf = 0.43 in
toluene/ethyl acetate (9:1)) was precipitated from CS2/pentane and dried in vacuum
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(6.7 mg, 5.2 µmol, 54%). Both oxygenation products were hardly soluble that
hampered further characterization.
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1290 [M]•+.
~
FT-IR (ZnSe)  (cm-1): 2997 (vw), 2950 (vw), 2926 (vw), 2832 (vw), 1673 (w), 1605
(m), 1579 (w), 1509 (vs), 1460 (m), 1439 (m), 1417 (w), 1297 (m), 1253 (s), 1180 (s),
1027 (m), 823 (m), 797 (w), 787 (w), 769 (vw), 757 (vw).

6.10 Functionalization of Hydroazafullerene Derivatives
rac-β’-Hydro-6-hydroxy-9,12,18-tris(4’-methoxyphenyl)azafullerene (62) and
6,12-Dihydroxy-9,12,15-tris(4’-methoxyphenyl)azafullerene (63)
A mixture of the four isomers of dihydrotris(4’-methoxyphenyl)azafullerene adducts
56, 57, 58 and 59 (30 mg, 28.7 µmol, 1 eq) was dissolved in 10 mL anhydrous ODCB
in a small heat-dried Schlenk tube. DDQ was (13 mg, 57.4 µmol, 2 eq) dissolved in
1 mL ODCB and then added into the Schlenk tube. The solution was then thoroughly
degassed using vacuum and argon-saturation for four times. The reaction mixture
was stirred at 60 °C under argon for 7 days and then purified by column
chromatography on silica gel (80 g, toluene). Residual unconverted triaryldihydro
adduct 58 elutes at the solvent front followed by undefined adducts. Afterwards,
hydroxylated product 62 (Rf = 0.45, toluene/ethyl acetate (9:1)) was eluted using a
solvent mixture of toluene/ethyl acetate (95:5) and dihydroxylated product 63
(Rf = 0.26, toluene/ethyl acetate (9:1)) was isolated using the same eluent with flash
column chromatography. The fractions were freed form solvent and triaryldihydro
adduct 58 (0.1 mg, 0.1 µmol, 0.4%), azafullerenol derivative 62 (10.5 mg, 9.9 µmol,
35%) and azafullerenol derivative 63 (5.7 mg, 5.3 µmol, 19%) were obtained as
orange solids after precipitation from CS2/pentane and drying in vacuum.
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rac-β’-Hydro-6-hydroxy-9,12,18-tris(4’-methoxyphenyl)azafullerene (62)

62
C80H23NO4
Mol. Wt.: 1062.04
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 8.01 (m, 2 H, 4), 7.89 (m, 2 H, 4’), 7.60

(m, 2 H, 4), 7.00 (m, 2 H, 3), 6.88 (m, 2 H, 3’), 6.83 (m, 2 H, 3), 5.53 (s, 1 H, 18), 3.85
(s, 3 H, 1), 3.83 (s, 3 H, 1’), 3.81 (s, 3 H, 1), 3.31 (s, 1 H, 12).
13

C NMR (100 MHz, CS2/CDCl3, RT): δ (ppm) = 159.61 (1 C, 2’), 158.90 (1 C, 2),

158.86 (1 C, 2), 157.90 (1 C), 154.82 (1 C), 152.16 (1 C), 151.00 (1 C), 150.34 (1 C),
149.56 (1 C), 148.84 (1 C), 148.65 (2 C), 148.64 (1 C), 148.51 (1 C), 148.45 (1 C),
148.43 (1 C), 148.06 (1 C), 147.77 (1 C), 147.70 (1 C), 147.45 (1 C), 147.44 (1 C),
147.37 (1 C), 147.35 (1 C), 147.33 (1 C), 147.29 (1 C), 147.05 (1 C), 146.92 (1 C),
146.90 (1 C), 146.87 (1 C), 146.72 (1 C), 146.35 (1 C), 146.19 (1 C), 146.08 (1 C),
146.02 (1 C), 146.00 (1 C), 145.98 (1 C), 145.91 (1 C), 145.39 (1 C), 145.09 (1 C),
145.06 (1 C), 145.01 (1 C), 144.84 (1 C), 144.33 (1 C), 144.18 (1 C), 144.09 (2 C),
143.74 (1 C), 143.64 (1 C), 143.27 (1 C), 143.16 (1 C), 143.05 (1 C), 142.86 (1 C),
142.81 (1 C), 135.52 (1 C), 133.84 (1 C), 132.43 (1 C, 5), 132.36 (1 C), 131.27 (1 C,
5), 129.61 (1 C, 5’), 128.68 (2 C, 4’), 128.54 (2 C, 4), 128.21 (2 C, 4), 123.70 (1 C),
114.33 (2 C, 3), 114.16 (2 C, 3), 114.14 (2 C, 3), 73.50 (1 C, 12), 72.95 (1 C, 9)
58.87 (1 C, 15), 58.22 (1 C, 6), 54.92 (1 C, 1), 54.89 (1 C, 1’), 54.86 (1 C, 1), 45.37
(1 C, 18).
~
FT-IR (ZnSe)  (cm-1): 3418 (w, br), 2952 (w), 2926 (m), 2853 (vw), 2833 (vw), 1606

(w), 1581 (vw), 1509 (vs), 1459 (m), 1439 (vw), 1418 (vw), 1299 (w), 1251 (s), 1178
(s), 1110 (vw), 1032 (m), 960 (vw), 906 (vw), 839 (m), 815 (w), 754 (vw), 650 (w).
UV/Vis (CH2Cl2) λmax (nm): 237, 261 (sh), 277, 356, 400 (sh), 443 (sh), 480, 533 (sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1061 [M]•+, 1044 [M-OH]+.
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HRMS (ESI-TOF, CH2Cl2/MeOH (2:3), NaCl): m/z calc. for C80H23NO4Na•+ [M+Na]+:
1084.152, found: 1084.149; MS/MS: m/z calc. for C80H22NO3+ [M-OH]+: 1044.159,
found: 1044.148.

6,12-Dihydroxy-9,12,15-tris(4’-methoxyphenyl)azafullerene (63)
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 8.25 (m, 2 H,

4’), 7.83 (m, 4 H, 4’’), 7.09 (m, 2 H, 3’), 6.88 (m, 4 H,
3’’), 3.87 (s, 3 H, 1’), 3.80 (s, 6 H, 1’’), 3.44 (s, 2 H, 6).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 160.23 (1 C,

2’), 159.06 (2 C, 2’’), 157.70 (2 C), 150.50 (2 C), 150.23
(2 C), 149.23 (1 C), 149.01 (2 C), 148.78 (2 C), 148.33
(2 C), 147.84 (2 C), 147.42 (4 C), 147.37 (2 C), 147.17
63

(2 C), 146.94 (2 C), 146.45 (2 C), 146.34 (1 C), 146.19

C80H23NO5

(2 C), 146.01 (2 C), 145.80 (2 C), 145.14 (2 C), 145.09

Mol. Wt.: 1078.04

(2 C), 144.46 (2 C), 143.73 (2 C), 143.49 (2 C), 143.42
(2 C), 143.19 (2 C), 143.17 (2 C), 134.13 (2 C, β),

132.33 (2 C, α), 132.12 (2 C, 5’’), 130.25 (1 C, 5’), 129.09 (2 C, 4’), 128.89 (4 C, 4’’),
114.79 (2 C, 3’), 114.36 (4 C, 3’’), 73.85 (3 C, 9, 6), 59.10 (2 C, 15), 55.50 (1 C, 1’),
55.41 (2 C, 1’’).
~
FT-IR (ZnSe)  (cm-1): 3386 (w, br), 2995 (vw), 2926 (w), 2852 (w), 2832 (w), 1605
(w), 1580 (vw), 1509 (vs), 1459 (m), 1439 (w), 1419 (w), 1298 (w), 1251 (s), 1179 (s),
1103 (w), 1028 (m), 972 (vw), 958 (vw), 906 (w), 839 (w), 814 (w), 794 (vw), 770
(vw), 757 (vw), 650 (w).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 237 (4.98), 260 (4.85, sh), 278 (4.84),
352 (4.24), 400 (3.90, sh), 444 (3.51, sh), 480 (3.35), 533 (3.06, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1077 [M]•+, 1060 [M-OH]+, 1044 [M2 OH+H]+.
HRMS (ESI-TOF, CH2Cl2/MeOH (2:3), NaCl): m/z calc. for C80H23NO5Na+ [M+Na]+:
1100.147, found: 1100.142; MS/MS: m/z calc. for C80H22NO4+ [M-OH]+: 1060.154,
found: 1060.136.
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Deprotonation of Dihydrotris(4’-methoxyphenyl)azafullerene Isomers 56-59
A mixture of the four isomers of dihydrotris(4’-methoxyphenyl)azafullerene adducts
56, 57, 58 and 59 (2.8 mg, 2.7 µmol, 1 eq) was dissolved in a NMR tube with 1 mL
anhydrous ODCB-d4. The solution was then thoroughly degassed by four pumpfreeze-thaw cycles and argon saturated. The sample was directly used for 1H NMR
analysis. A 0.1 M solution of Bu4NOH in methanol (5.6 µL, 5.6 µmol, 2.1 eq) was then
added to the solution under argon and a color change from orange to dark green was
observed. The 1H NMR spectrum was recorded and it was found that all signals of
the azafullerene compounds disappeared. An excess of methyliodide (10 µL,
0.16 mmol, 60 eq) was added to the sample under argon and an immediate color
change from dark green to red was observed. The sample was subsequently used
for 1H NMR analysis.
The UV/Vis and ESR samples were prepared in the glove box using thoroughly
degassed (with four pump-freeze-thaw cycles) and argon saturated anhydrous
ODCB. 0.1 M solution of Bu4NOH in methanol (1, 2 or 10 eq) was then added to the
solution under argon and a color change from orange to dark green was observed.
9,12,15-tris(4’-methoxyphenyl)-6,12-dimethylazafullerene (63)
A mixture of the four isomers of dihydrotris(4’methoxyphenyl)azafullerene adducts 56, 57, 58 and 59
(20 mg, 19.1 µmol, 1 eq) was dissolved in 5 mL
anhydrous ODCB in a heat-dried Schlenk tube. The
solution was then thoroughly degassed by four pumpfreeze-thaw cycles. A 0.1 M solution of Bu4NOH in
methanol (40 µL, 40.1 µmol, 2.1 eq) was added to the
64

solution under argon observing a color change from

C82H27NO3

orange to dark green. Methyliodide (27 mg, 11.9 µL,

Mol. Wt.: 1073.20

191 µmol, 10 eq) was added to the stirring reaction

mixture after 10 min whereupon a color change from dark green to red occurred. The
reaction mixture was then purified by column chromatography on silica gel (20 g,
toluene). Dimethylated azafullerene derivative 64 (Rf = 0.79, toluene/ethyl acetate
(9:1)) was obtained as first fraction. Following fractions contained monomethylated
triarylhydro adducts that could only be characterized by MS (MALDI-TOF, matrix:
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dctb, CH2Cl2): m/z = 1059 [M]•+. The triaryldimethyl adduct fraction 64 was freed from
solvent and azafullerene 64 (2.3 mg, 2.1 µmol, 11%) was obtained as a red solid
after drying in vacuum.
1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.94 (m, 2 H, 4’), 7.84 (m, 4 H, 4’’), 7.09

(m, 2 H, 3’), 6.91 (m, 4 H, 3’’), 3.89 (s, 3 H, 1’), 3.83 (s, 6 H, 1’’), 2.17 (s, 6 H, 6’).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 159.76 (1 C, 2’), 158.90 (2 C, 2’’), 155.36

(2 C), 154.75 (2 C), 152.86 (2 C), 150.29 (2 C), 149.59 (2 C), 148.79 (2 C), 148.75
(1 C), 148.54 (2 C), 147.76 (2 C), 147.67 (2 C), 147.66 (2 C), 147.60 (2 C), 147.41
(2 C), 146.47 (1 C), 146.36 (2 C), 146.32 (2 C), 146.30 (2 C), 146.14 (2 C), 145.84
(2 C), 145.78 (2 C), 144.44 (2 C), 144.29 (2 C), 143.81 (2 C), 143.51 (2 C), 143.29
(2 C), 141.97 (2 C), 138.22 (2 C, α), 132.95 (2 C, 5’’), 131.16 (1 C, 5’), 128.93 (4 C,
4’’), 127.11 (2 C, 4’/β), 127.11 (2 C, 4’/β), 114.67 (2 C, 3’), 114.23 (4 C, 3’’), 76.12
(1 C, 9), 59.45 (2 C, 15), 55.47 (1 C, 1’), 55.42 (2 C, 1’’), 51.23 (2 C, 6), 26.10 (2 C,
6’).
~
FT-IR (ZnSe)  (cm-1): 3062 (vw), 3033 (vw), 2995 (w), 2925 (m), 2855 (vw), 2833

(vw), 1607 (w), 1581 (vw), 1509 (vs), 1459 (m), 1418 (w), 1299 (w), 1252 (s), 1178
(s), 1114 (vw), 1036 (m), 907 (vw), 835 (m), 819 (w), 801 (w), 650 (vw).
UV/Vis (CH2Cl2) λmax nm (log ε [Lmol-1cm-1]): 238 (4.97), 260 (4.86, sh), 276 (4.83),
357 (4.29), 398 (3.91), 444 (3.55, sh), 478 (3.40), 533 (3.08, sh).
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1073 [M]•+, 1058 [M-CH3]•+.
HRMS (APPI, CH2Cl2/toluene/ACN): m/z calc. for C82H27NO3•+ [M]•+: 1073.198,
found: 1073.199.

rac-4,3-Epoxy-6-hydro-5-hydroxy-9,12,15-tris(4’-methoxyphenyl)azafullerene (65)
The mixture of the four isomers of dihydrotris(4’-methoxyphenyl)azafullerene adducts
56, 57, 58 and 59 (14 mg, 13.4 µmol) was dissolved in 2 mL air saturated CDCl3. The
solution was filled into a NMR tube and irradiated with a halogen flood light (500 W)
using an aqueous dichromate solution filter with water cooling. The color of the
solution already changed after 2 min of irradiation from orange to green. The reaction
was monitored by TLC and 1H NMR spectroscopy. Photooxidation was stopped after
15 min when the TLC showed the formation of the green main product 65 (Rf = 0.48
in toluene/ethyl acetate (9:1)). The reaction mixture was purified by subsequent
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column chromatography on silica gel (50 g, toluene) and compound 65 (5.2 mg,
4.2 µmol, 36%) was obtained as green solid after precipitation form CS 2/pentane and
drying in vacuum.

65
C80H23NO5
Mol. Wt.: 1078.04

1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.83 (m, 2 H, 4’), 7.79 (m, 2 H, 4’’), 7.78

(m, 2 H, 4’’’), 7.03 (m, 2 H, 3’), 6.96 (m, 4 H, 3’’/3’’’), 5.61 (d, 4J = 1.3 Hz, 1 H, 6),
4.12 (d, 4J = 1.3 Hz, 1 H, 5), 3.86 (s, 3 H, 1’), 3.82 (s, 3 H, 1’’/1’’’), 3.81 (s, 3 H,
1’’/1’’’).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 160.19 (1 C, 2), 160.01 (1 C, 2’), 159.42

(1 C, 2’’/2’’’), 159.39 (1 C, 2’’/2’’’), 150.93 (1 C), 150.89 (1 C), 150.87 (1 C), 150.70
(1 C), 149.94 (1 C), 149.75 (1 C), 149.57 (1 C), 149.53 (1 C), 149.47 (1 C), 148.62
(1 C), 148.59 (1 C), 148.57 (1 C), 148.24 (1 C), 148.18 (1 C), 147.98 (1 C), 147.95
(1 C), 147.72 (1 C), 147.64 (1 C), 147.61 (1 C), 147.55 (1 C), 147.53 (1 C), 147.17
(1 C), 146.99 (1 C), 146.95 (1 C), 146.92 (1 C), 146.88 (1 C), 146.65 (1 C), 146.48
(1 C), 146.46 (2 C), 145.13 (1 C), 144.99 (1 C), 144.91 (1 C), 144.79 (1 C), 144.39
(2 C), 144.12 (1 C), 144.02 (1 C), 143.68 (1 C), 143.28 (1 C), 142.98 (1 C), 142.58
(1 C), 142.40 (1 C), 142.31 (1 C), 142.04 (1 C), 141.89 (1 C), 141.75 (1 C), 141.22
(1 C), 140.79 (1 C), 140.35 (1 C), 131.82 (1 C, 5’), 131.69 (1 C, 5’’/5’’’), 130.66 (1 C,
5’’/5’’’), 129.11 (2 C, 4’/4’’/4’’’), 129.03 (2 C, 4’/4’’/4’’’), 128.98 (2 C, 4’/4’’/4’’’),
114.57 (2 C, 3’/3’’/3’’’), 114.43 (2 C, 3’/3’’/3’’’), 114.37 (2 C, 3’/3’’/3’’’), 109.34 (1 C,
12), 91.95 (1 C, 5), 77.51 (1 C, 4/3), 75.22 (1 C, 4/3), 74.07 (1 C, 9), 58.11 (1 C, 15),
55.83 (1 C, 18), 55.43 (1 C, 1’), 55.38 (1 C, 1’’/1’’’), 55.36 (1 C, 1’’/1’’’), 51.50 (1 C,
6).
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13

A

C NMR spectrum in ODCB-d4 was additionally measured to clarify the existence

of the signal at 77.51 ppm (in CDCl3).
13

C NMR (100 MHz, ODCB-d4, RT): δ (ppm) = 160.58 (1 C, 2), 160.35 (1 C,

2’/2’’/2’’’), 159.76 (1 C, 2’/2’’/2’’’), 159.69 (1 C, 2’/2’’/2’’’), 151.37 (1 C), 151.35
(1 C), 151.14 (1 C), 151.11 (1 C), 150.10 (1 C), 150.07 (1 C), 149.93 (1 C), 149.76
(1 C), 149.62 (1 C), 149.00 (1 C), 148.77 (1 C), 148.75 (1 C), 148.40 (2 C), 148.14
(1 C), 148.10 (1 C), 147.90 (1 C), 147.77 (2 C), 147.72 (1 C), 147.69 (1 C), 147.36
(1 C), 147.18 (1 C), 147.11 (2 C), 147.07 (1 C), 146.81 (1 C), 146.64 (2 C), 146.61
(1 C), 145.46 (1 C), 145.20 (1 C), 145.18 (1 C), 145.03 (1 C), 144.74 (1 C), 144.66
(1 C), 144.27 (1 C), 144.24 (1 C), 143.84 (1 C), 143.55 (1 C), 143.21 (1 C), 142.73
(1 C), 142.65 (1 C), 142.63 (1 C), 142.18 (1 C), 142.13 (1 C), 142.07 (1 C), 141.43
(1 C), 141-03 (1 C), 140.83 (1 C), 114.77 (2 C, 3’/3’’/3’’’), 114.70 (2 C, 3’/3’’/3’’’),
114.67 (2 C, 3’/3’’/3’’’), 109.75 (1 C, 12), 92.31 (1 C, 5), 77.86 (1 C, 4/3), 75.66 (1 C,
4/3), 74.52 (1 C, 9), 58.64 (1 C, 15), 56.20 (1 C, 18), 55.20 (1 C, 1’/1’’/1’’’), 55.09
(1 C, 1’/1’’/1’’’), 55.04 (1 C, 1’/1’’/1’’’), 51.86 (1 C, 6). Signals between 126 and
134 ppm overlapped with those of the solvent.
~
FT-IR (ZnSe)  (cm-1): 3495 (w) 3424(w), 2997 (vw), 2950 (w), 2927 (w), 2902 (vw),
2832 (w), 1606 (m), 1552 (w), 1510 (vs), 1460 (m), 1439 (w), 1417 (w), 1383 (m),
1359 (w), 1300 (m), 1253 (s), 1179 (s), 1133 (vw), 1116 (vw), 1060 (m), 1034 (s),
1019 (m), 963 (w), 948 (w), 920 (w), 909 (w), 879 (m), 798 (m), 767 (w), 737 (vw),
701 (w), 649 (m).
UV/Vis (CH2Cl2) λmax (nm): 254, 374, 395, 440, 580, 627.
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1077 [M]•+, 996 [C59NH3OHO(C6H4OCH3)+Na]+, 954 (15) [M-(C6H4OCH3)-O]+.
HRMS (APPI, toluene/ACN): m/z calc. for C80H23NO5•+ [M]•+: 1077.157, found:
1077.156.

rac-4,3-Epoxy-18-hydro-5-hydroxy-6,9,15-tris(4’-methoxyphenyl)azafullerene (68)
Triaryldihydro isomer 56 (6.1 mg, 5.8 µmol) was dissolved in 2 mL oxygen saturated
CS2/CDCl3. The solution was filled into a NMR tube and irradiated with a halogen
flood light (500 W) using an aqueous dichromate solution filter with water cooling.
The reaction was monitored by TLC and 1H NMR spectroscopy. After 10 min of
irradiation the starting material was completely converted to an orange compound
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(Rf = 0.22 in toluene/ethyl acetate (9:1)) and partially to a green compound 68
(Rf = 0.43 in toluene/ethyl acetate (9:1)). The orange solution was stored in the dark.
The color of the reaction mixture slowly turned green overnight and compound 68
was detected with 100% conversion. The solvent was evaporated and compound 68
(4.4 mg, 4.1 µmol, 70%) was isolated as a green solid.

68
C80H23NO5
Mol. Wt.: 1078.04

1

H NMR (400 MHz, CDCl3/CS2, RT): δ (ppm) = 7.85 (m, 2 H, 4’’’), 7.76 (m, 2 H, 4’),

7.47 (m, 2 H, 4’’), 7.03 (m, 2 H, 3’’’), 6.96 (m, 2 H, 3’), 6.83 (m, 2 H, 3’’), 5.33 (s, 1 H,
18), 4.20 (s, 1 H, 5), 3.87 (s, 3 H, 1’’’), 3.83 (s, 3 H, 1’), 3.76 (s, 3 H, 1’’).
13

C NMR (100 MHz, CDCl3/CS2, RT): δ (ppm) = 159.75 (1 C, 2’), 159.43 (1 C, 2’’’),

159.11 (1 C, 2), 158.72 (1 C, 2’’), 151.04 (1 C), 150.86 (1 C), 150.53 (1 C), 150.37
(1 C), 150.06 (1 C), 149.91 (1 C), 149.79 (1 C), 149.450(1 C), 149.44 (1 C), 148.58
(1 C), 148.42 (1 C), 148.14 (1 C), 147.93 (1 C), 147.90 (1 C), 147.87 (2 C), 147.60
(1 C), 147.59 (1 C), 147.45 (2 C), 147.17 (1 C), 146.87 (2 C), 146.81 (1 C), 146.58
(2 C), 146.48 (1 C), 146.35 (1 C), 146.24 (1 C), 146.08 (1 C), 146.04 (1 C), 145.69
(1 C), 145.08 (1 C), 144.80 (1 C), 144.65 (1 C), 144.62 (1 C), 144.49 (1 C), 143.86
(1 C), 143.64 (1 C), 143.59 (1 C), 143.35 (1 C), 142.65 (1 C), 142.46 (1 C), 142.17
(1 C), 141.72 (1 C), 141.49 (1 C), 141.09 (1 C), 140.75 (1 C), 140.45 (1 C), 139.36
(1 C), 133.72 (1 C, 5’’), 132.03 (1 C, 5’), 130.66 (2 C, 4’’), 130.28 (1 C, 5’’’), 129.41
(2 C, 4’’’), 127.84 (2 C, 4’), 114.47 (2 C, 3’), 114.31 (2 C, 3’’’), 114.41 (2 C, 3’’),
109.43 (1 C, 12), 92.81 (1 C, 5), 73.89 (1 C, 3), 73.43 (1 C, 9), 73.31 (1 C, 4), 61.79
(1 C, 6), 57.86 (1 C, 15), 55.19 (1 C, 1’’’), 55.13 (1 C, 1’), 55.00 (1 C, 1’’), 41.43 (1 C,
18).
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~
FT-IR (ZnSe)  (cm-1): 3492 (w), 2953 (m), 2924 (s), 2852 (m), 1606 (m), 1509 (vs),

1461 (m), 1439 (vw), 1417 (vw), 1380 (w), 1299 (m), 1252 (s), 1179 (s), 1115 (w),
1091 (w), 1033 (m), 908 (w), 880 (m), 794 (vw), 648 (w).
UV/Vis (CH2Cl2) λmax (nm): 255, 357, 396, 440, 580, 631.
MS (MALDI-TOF, matrix: dctb, CH2Cl2): m/z = 1077 [M]•+, 954 [M-(C6H4OCH3)-O]+.
HRMS (APPI, toluene/ACN): m/z calc. for C80H23NO5•+ [M]•+: 1077.157, found:
1077.156.

rac-4,3-Epoxy-15-hydro-5-hydroxy-6,9,18-tris(4’-methoxyphenyl)azafullerene (69)
Triaryldihydro isomer 59 (8.2 mg, 7.8 µmol) was dissolved in 5 mL oxygen saturated
CS2/CDCl3. The solution was filled into a NMR tube and irradiated with a halogen
flood light (500 W) using an aqueous dichromate solution filter with water cooling.
The reaction was monitored by TLC and 1H NMR spectroscopy. After 3 min of
irradiation the starting material was completely converted to an orange compound
(Rf = 0.36 in toluene/ethyl acetate (9:1)) and partially to a green compound 69
(Rf = 0.56 in toluene/ethyl acetate (9:1)). Photooxidation was stopped after a total
irraditation time of 5 min and the orange solution was stored in the dark. The color of
the reaction mixture slowly turned green and after 1h compound 69 was detected
with 100% conversion. The solvent was evaporated and compound 69 (7.8 mg,
7.2 µmol, 92%) was isolated as a green solid.

69
C80H23NO5
Mol. Wt.: 1078.04
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1

H NMR (400 MHz, CDCl3, RT): δ (ppm) = 7.83 (m, 2 H, 4’), 7.81 (m, 2 H, 4’’’), 7.41

(m, 2 H, 4’’), 7.05 (m, 2 H, 3’), 6.96 (m, 2 H, 3’’’), 6.79 (m, 2 H, 3’’), 5.14 (s, 1 H, 15),
4.55 (s, 1 H, 5), 3.87 (s, 3 H, 1’), 3.84 (s, 3 H, 1’’’), 3.77 (s, 3 H, 1’’).
13

C NMR (100 MHz, CDCl3, RT): δ (ppm) = 159.93 (1 C, 2’), 159.45 (1 C, 2’’’),

158.97 (1 C, 2’’), 158.07 (1 C, 2), 152.12 (1 C), 151.08 (1 C), 150.66 (1 C), 149.94
(1 C), 149.79 (1 C), 149.37 (1 C), 149.17 (1 C), 148.63 (1 C), 148.54 (1 C), 148.22
(1 C), 148.10 (1 C), 148.07 (1 C), 148.02 (1 C), 147.98 (1 C), 147.70 (1 C), 147.62
(1 C), 147.60 (1 C), 147.59 (1 C), 147.47 (1 C), 147.44 (1 C), 147.16 (1 C), 146.93
(1 C), 146.85 (2 C), 146.75 (1 C), 146.72 (1 C), 146.61 (1 C), 146.48 (1 C), 146.36
(1 C), 145.79 (1 C), 145.59 (1 C), 145.56 (1 C), 145.53 (1 C), 145.32 (1 C), 144.93
(1 C), 144.47 (1 C), 144.32 (1 C), 144.02 (1 C), 143.53 (1 C), 143.52 (1 C), 143.37
(1 C), 143.29 (1 C), 142.88 (1 C), 142.67 (1 C), 142.58 (1 C), 142.53(1 C), 142.17
(1 C), 140.94 (1 C), 140.69 (1 C), 140.22 (1 C), 133.42 (1 C, 5’’), 132.47 (1 C, 5’),
131.62 (2 C, br. signal, 4’’), 130.96 (1 C, 5’’’), 129.61 (2 C, 4’’’), 127.71 (2 C, 4’),
114.71 (2 C, 3’), 114.43 (2 C, 3’’’), 113.25 (2 C, 3’’), 110.16 (1 C, 12), 93.54 (1 C, 5),
76.48 (1 C, 3), 73.62 (1 C, 9), 72.66 (1 C, 4), 61.82 (1 C, 6), 55.56 (1 C, 18), 55.48
(1 C, 1’/1’’/1’’’), 55.43 (1 C, 1’/1’’/1’’’), 55.26 (1 C, 1’/1’’/1’’’), 46.30 (1 C, 15).
~
FT-IR (ZnSe)  (cm-1): 3448 (w), 2999 (vw), 2952 (w), 2927 (w), 2905 (vw), 2834 (w),
1606 (m), 1560 (vw), 1510 (vs), 1461 (m), 1439 (w), 1418 (w), 1386 (w), 1299 (m),
1254 (s), 1181 (s), 1114 (w), 1098 (w), 1034 (s), 908 (m), 880 (w), 835 (w), 732 (m),
649 (w).
UV/Vis (CH2Cl2) λmax (nm): 255, 357, 400, 438, 580, 630.
MS (MALDI-TOF, without matrix, CH2Cl2): m/z = 1077 [M]•+.
HRMS (ESI, toluene/ACN, neg.): m/z calc. for C80H22NO5- [M-H]-: 1076.150, found:
1076.147.
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6.11

Crystallographic Data

Table 9: Details of crystallographic data and structure refinement parameters for pentaaryl adducts 50a (from toluene), 50a (from CDCl3/CS2), 50b.

50a (from toluene)
formula
Mr [g/mol]
crystal system
space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
V (Å3)
Z
calc. density (Mg/m3)
µ (mm-1)
F (000)
T (K)
crystal size (mm3)
θ range (°)
no. of refl. (unique)
no. of refl. [I>2σ(I)]
R1, ωR2 (all data)
R, ωR [I>2σ(I)]
GOF on F2
Δ (eÅ-3)

C102.75H44.75N
1373.15
triclinic
P-1
14.4686(7)
15.5588(12)
16.5237(12)
112.609(7)
92.625(5)
111.310(6)
3123.8(4)
2
1.460
0.702
1417
173(2)
0.10 x 0.04 x 0.04
3.65 to 67.32
10551
5948
0.1448, 0.2744
0.0885, 0.2187
1.060
0.428, -0.466

50a (from
CDCl3/CS2)
C95H36Cl3NO5
1377.60
triclinic
P-1
14.1397(17)
15.6882(19)
15.6882(19)
68.355(2)
89.425(2)
66.600(2)
3069.4(6)
2
1.491
0.217
1408
100(2)
0.20 x 0.18 x 0.08
2.24 to 27.10
13504
9391
0.0829, 0.1529
0.0568, 0.1429
1.099
0.673, -0.726

50b
C96H37Cl6N
1416.97
monoclinic
P 21/n
16.2730(19)
28.571(4)
27.930(3)
90.00
99.732(3)
90.00
12798.8
8
1.471
0.326
5776
100(2)
0.26 x 0.12 x 0.10
1.03 to 27.13
28154
15364
0.1973, 0.3309
0.1210, 0.3031
1.703
2.542, -1.584
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Table 10: Details of crystallographic data and structure refinement parameters for triaryldihydro adducts 57 (from 57/58 mixture), 57, regioisomer 59 and
tetraarylhydro adduct 60d.

57 (from a 57/58 mixture)
formula
Mr [g/mol]
crystal system
space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
V (Å3)
Z
calc. density (Mg/m3)
µ (mm-1)
F (000)
T (K)
crystal size (mm3)
θ range (°)
no. of refl. (unique)
no. of refl. [I>2σ(I)]
R1, ωR2 (all data)
R, ωR [I>2σ(I)]
GOF on F2
Δ (eÅ-3)

C81H23Cl3DNO3
1166.36
monoclinic
P21/n (Nr. 14)
19.878(2)
10.050(1)
24.271(3)
90
107.877(6)
90
4614.3(8)
4
1.677
2.349
2368
100
0.15×0.12×0.04
3.83 to 68.28
8129
5613
0.1068, 0.2194
0.0742, 0.1994
1.373
0.520, -0.929

57
C81H23Cl3DNO3
1165.36
monoclinic
P21/n (Nr. 14)
19.901(2)
10.077(1)
24.321(2)
90
108.021(2)
90
4638.2(7)
4
1.669
0.267
2368
100
0.13×0.13×0.10
2.29 to 27.35
11137
8208
0.0791, 0.1364
0.0535, 0.1220
0.972
0.712, -0.962

59
C81H24Cl3NO3
1165.36
triclinic
P1
9.9709(5)
13.6830(9)
18.7730(9)
72.303(6)
80.293(5)
75.879(6)
2353.9(2)
2
1.644
0.263
1184
150(2)
0.45 x 0.26 x 0.08
3.13 to 27.10
10342
8433
0.0629, 0.1326
0.0486, 0.1226
1.048
0.672, -0.650

60d
C114H45NO4
1492.51
triclinic
P 1 (Nr. 2)
9.972(2)
18.448(3)
18.611(4)
94.283(4)
95.893(4)
90.783(4)
3395(2)
2
1.460
0.088
1536
100
0.20×0.09×0.04
2.31 to 21.69
12876
7219
0.1487, 0.2367
0.0783, 0.1988
1.057
0.948, -0.552
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