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Chapter 6  

π-Conjugated Fullerene Adducts 
 

This Chapter describes the synthesis and characterization of fullerene derivatives 
with addends connected to the parent fullerene in such a way that the π-system of 
the parent fullerene is extended to the addend. In order to accomplish this 
continuation of the π-system from the fullerene to the addend, [5,6] bridged 
benzylideno fulleroids were synthesized. For comparison reasons we synthesized 
both [5,6] and [6,6] bridged benzylidenofullerenes. The [5,6] and the [6,6] 
benzylidenofullerenes are compared by UV-Vis measurements as well as by semi-
empirical PM3 calculations. We show that interactions between the addend and the 
fullerene can clearly be seen in both [5,6] and [6,6] benzylidenofullerenes. The 
[5,6] benzylidenofullerene compounds discussed here are the first fullerenes where 
a functional group has been added to the fullerene cage with alternating single and 
double bonds separating the fullerene moiety from the addend.  

 

 

 

 

 

 

 

 

 

 

 

 

*Part of this work was published:  

Floris B. Kooistra, Tessa M. Leuning, Enrique Maroto Martinez, and Jan C. 
Hummelen, submitted for publication.  



π-Conjugated Fullerene Adducts 

 

158 

 

 

 

 

 

   

 

6.1   Introduction 
 

Over the years many synthetic methodologies have been developed to 
functionalize fullerenes.1-5 Besides improving solubility and processability of 
fullerenes these methodologies also allow tuning of the electronic properties of the 
fullerenes. The ability to efficiently alter the electronic properties of fullerenes would 
signify a major advance in the field of molecular electronics. However, altering 
these electronic properties has been a tough challenge so far. We have shown in 
chapter 3 that placing electron donating and withdrawing groups on the phenyl ring 
of PCBM results in small variations of the fullerene LUMO level.6 We aimed for a 
through-space interaction between lone-pair electrons of oxygen and sulphur 
atoms with the π-system of the parent fullerene, but only found a small inductive 
‘through-bond’ effect. Another possible way to influence the electronic properties of 
fullerenes, which was initially explored by Wudl and co-workers, is by peri-
conjugation.7 They observed an electronic overlap of two π-systems, separated by 
two sp3 carbons, in spiroannelated methanofullerenes. Peri-conjugation results 
from the overlap between pz orbitals which are alligned in a perpendicular way, this 
in contrast to spiroconjugation where all orbitals are oriented in one plane (see 
paragraphs 6.1.1 and 6.1.2).8 In theory, the most efficient method to alter the 
electronic properties of fullerenes (as with any π-conjugated system) would be by 
direct π-conjugated pathways from the addend to the fullerene. As we will show, 
this π-conjugated pathway, however, since it can not lay in one plane, results in 
limited overlap of the involved π-orbitals. In this chapter such fullerenes are 
presented for the first time.  

6.1.1   Spiroconjugation 
 

When two cyclic systems are linked by one central atom we speak of spiro 
compounds. If these cycles contain π-electron systems they are called spiro-
polyenes or spirenes.8,9 An overlap between the two π-systems is possible, which 
has been termed spiroconjugation.10,11 The overlap in spiroconjugation involves 
four interacting p orbitals. A Newman projection and a 3D projection can be seen in 
Fig 6.1. Some examples of spiroconjugation are given by Maslak et al.12 and more 
recently by Wu et al. and the group of Martín.13 An extensive review was published 
as early as 1978.8 
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Chapter 6 

 

Fig. 6.1: Two ‘spiro’ connected butadiene units. Left: Newman projection of 
interacting HOMO p orbitals. Right: 3D projection of interacting HOMO –1 p 
orbitals. 

6.1.2   Periconjugation 
 

The term periconjugation was introduced for the first time by Wudl et al., describing 
substituent effects in spiroannelated fulleroid compounds.14 They later showed 
similar effects in spiromethanofullerenes.7 These spiromethanofullerenes were 
further investigated by computational methods, showing a large calculated 
influence by peri-conjugation, surpassing effects observed for spiroconjugation.15 
The most important difference between spiroconjugation and periconjugation is the 
geometric allignment of the interacting p orbitals as well as the number of involved 
p-orbitals (4 and 10 respectively). Although not discussed by Wudl et al., we expect 
the bottom p orbitals (not shown) in the fluorene (dotted) structure (i.e. on the 1 
and 8 position of the fluorene) to show overlap with the fullerene p-orbitals as well. 

 

Fig. 6.2: Periconjugation (HOMO) in a spiromethanofullerene.7 Left: Newman 
projection. Right: 3D projection. Dotted: actual synthesized compound, the “solid” 
structure was subjected to calculation. 
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Another noticeable difference is the fact that in these periconjugated fullerenes 
both π-systems are separated by two sp3 carbons whereas in the spiroconjugated 
molecules the π-systems are separated by only one sp3 carbon. A maximum effect 
of a 70 mV reduction of the first reduction potential was observed, when comparing 
spiromethanofullerenes with and without possible peri-conjugation. 

6.1.3   1,6-bridged [10]annulenes 
 

A reasonable model compound for the study of [5,6] fulleroids is a 1,6-bridged 
[10]annulene. The interactions between the bridge atoms and the ‘perimeter’ 10 π-
system has been studied extensively.16-21 Although not entirely the same, [5,6] 
fulleroids can be expected to show similar interactions ([6,6] fulleroids are not 
known). 

 

Fig. 6.3: Left: 1,6-bridged [10]annulene. Right: [5,6] bridged fulleroid region. 

 

11-methylene-1,6-methano[10]annulene (6.1) was synthesized by Vogel et al.16 but 
showed virtually no interaction between the two π-systems. Similarly 1,6-
methano[10]annulene-11-one (6.2) shows no interaction at all.17 However, when a 
heteroatom is used as the bridging atom, interactions can be observed (6.3a-c). 
The reason why the lone pairs of either nitrogen or oxygen atoms can influence the 
‘perimeter’ π-system, while the π-orbitals of the methylene and ketone functionality 
can not,20 are not clear. The main difference between the systems is the 
hybridization of the bridging atom, which is sp2 for 6.1 and 6.2, while the bridging 
nitrogen or oxygen atom is sp3 hybridized in 6.3. The sp3 orbitals might overlap 
with the perimeter π-system, thus explaining the observed interaction. 
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Chapter 6 

 

 

Fig. 6.4.: 6.1: 11-methylene-1,6-methano[10]annulene, 6.2: 1,6-
methano[10]annulene-11-one, 6.3a: X = O, 6.3b: X = N, R = H, 6.3c: X =N, R = 
CH3. 

6.1.4   Fullerenes and Fulleroids 
 

The interaction that was found in compounds 6.3a-c might also be visible in 
azafulleroids and possibly in  oxidized C60. In the first case a heteroatom bridges a 
5 and 6 membered ring, while in the second case the heteroatom bridges two six 
membered rings. A fullerene epoxide (6.4) was synthesized for the first time by the 
group of Cox.22 The UV-spectra presented in that work as well as later work23, 
however, show no difference between a methanofullerene and the fullerene 
epoxide, indicating that there is no inductive effect from the oxygen atom. This is 
not entirely surprising since the oxygen lone pairs are quite far away from the 
fullerene π-system. The synthesis of azafulleroids (6.5a-c) was pioneered by the 
group of Wudl.24 Although no special attention was paid to the UV spectra of these 
compounds one might deduct at least a small influence of the nitrogen atom. An 
absorption maximum around 550 nm is observed for three of the presented 
azafulleroids. These azafulleroids all have a phenyl functionality attached to the 
nitrogen atom. The observed absorption is slightly red shifted (~ 8 nm) when 
compared to [5,6]PCBM (6.6) which has an absorption maximum at 542 nm.25 The 
main difference between the azafulleroid and the [5,6]PCBM is the bridging atom 
being a nitrogen or a carbon atom (see figure 6.5). One might conclude therefore 
that a small influence of the nitrogen lone pair is visible.  
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Fig. 6.5.: 6.4: fullerene epoxide, 6.5: azafulleroids, a: R = benzyl, b: R = 4-
methoxybenzyl, c: R = 4-bromobenzyl, 6.6: [5,6]PCBM. 

 

A different solventI  was used for both measurement however, which might account 
for the difference as well. Depending on the type of transition, either a blue or red 
shift is expected. π-π* Transitions usually give a redshift while n-π* transitions give 
a blue shift when using a more polar solvent. The observed red shift might 
therefore also be a solvent effect. 

Calculations regarding the electronic structure of fulleroids and the occurrence of 
homoconjugation in bridged C60 derivatives have been performed by Haddon.26 
The calculations performed on these C60 derivatives can be seen as an extension 
of earlier work on calculations of nonplanar conjugated organic molecules.27 The 
interaction of bridge atoms on ‘perimeter’ π-systems can be analyzed by using π-
Orbital Axis Vector Analysis (POAV). In the case of [6,6] bridged systems it is 
shown that the pyramidilization, that occurs due to [6,6] bridging, leads to an 
increase in the π-overlap in the periphery. The opposite is observed for [5,6] 
bridging, where the pyramidalization is much greater, resulting in π-orbital 
misalignment. Another important factor in the [5,6] bridged structures is the 
violation of Bredt’s rule, which forbids placement of a double bond at the 
bridgehead of small ring systems. Since double bonds are placed at the 
bridgeheads of a small ring system here, a further π-orbital misallignment is 
expected. Placement of double bonds in 5 membered rings however, seems to be 
energetically even more unfavorable. The high reactivity of [5,6] fulleroids at the 
bridgehead position can thus be explained by this violation of Bredt’s rule.  

                                                     
I The azafulleroids (6.5) were measured in dichloromethane while the [5,6]PCBM (6.6) was 
measured in hexane.   
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Chapter 6 

6.1.5   Research Goal 
 

When trying to influence the electronic properties of fullerenes one should, ideally, 
functionalize fullerenes with electron donating and electron withdrawing groups in a 
conjugated way to the parent fullerene. This is an extremely challenging task since 
this would require the synthesis of a [5,6]bridged fullerene addend, which, in turn, 
should contain an alkene functionality directly attached to the fullerene. (Fig. 6.6) 

 

 

Fig. 6.6: peracylene unit of a [6,6] and a [5,6]bridged fullerene. In the [5,6]bridged 
fulleroid a continuous pathway of alternating single and double bonds from the 
addend R groups to the fullerene cage is apparent. 

 

The synthesis of π-conjugated [5,6]bridged fulleroids with both electron donating 
and electron withdrawing functional groups was the subject of study of this chapter. 
The [6,6]bridged analogues will be discussed as well, in order to compare both. 
The targeted molecules can be seen in Fig. 6.7. The target molecules will be 
compared by UV-Vis absorption and semi-emperical PM3 calculations. 
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Fig. 6.7: Target molecules: 6.7:’conjugated’ [5,6]bridged fulleroids, 6.8: ‘conjugated’ 
[6,6]bridged fullerenes. a: R = H, b: R = NO2.  

6.2   Synthesis 
 

As a precursor for the fullerene addition reaction we choose to use diazirines.28 It is 
well known that diazirines decay under photolytical or thermolytical conditions with 
expulsion of nitrogen.29-34 Two interesting intermediate species are formed during 
this decay i.e. a carbene species and a diazo species. In order to study this decay 
pathway, Nagase et al. have used C60 as a mechanistic trap. Carbene species 
react with C60 to form a [6,6] adduct. Diazo intermediates on the other hand form 
[5,6] adducts (see Fig. 6.8).35 When 3-chloro-3-alkyldiazirines are used, both the 
[6,6] and the [5,6] adduct are obtained with the chlorine atom situated at the 
cyclopropane ring.36 The ratio of [5,6] and [6,6] addition product is determined by 
the substituent on the diazirine.37 In our synthetic approach we used 3-chloro-3-
phenyldiazirines as precursors for addition reactions to C60. When a subsequent 
HCl elimination is performed an alkene functionality is obtained ‘on top of’ the 
cyclopropane ring. The advantage of using a diazirine is that it allows for the 
introduction of a leaving group on the cyclopropane ring that is formed upon 
addition to the fullerene. 
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Fig. 6.8: Decay pathway of 3-alkyl-3-chlorodiazirines. When C60 is used as a 
mechanistic trap the carbene species results in a [6,6]bridged fullerene and the 
diazo species in a [5,6]bridged fulleroid. (I*: excited intermediate) 

 

Other synthetic precursors used for the formation of diazo compounds are azides 
and tosylhydrazones.5 However both azide and tosylhydrazone precursors do not 
allow for the introduction of an effective leaving group at the introduced 
cyclopropane moiety. This leaving group is essential for the desired subsequent 
elimination reaction, forming an alkene moiety ‘on top of’ the cyclopropane ring. 

6.2.1   Synthetic Pathway 
 

Two different [5,6] adducts and  two corresponding [6,6] adducts were synthesized 
via diazirine addition reactions. The diazirines were prepared according to literature 
procedures.38-41 The necessary substituted phenylacetonitril (6.9a,b) was 
transformed to a benzylamidate ester hydrochloride (6.10a,b) by reaction with dry 
hydrochloric acid gas and ethanol. The thus obtained benzylamidate ester 
hydrochloride was allowed to react with ammonia to afford benzylamidine 
hydrochloride (6.11a,b). A subsequent Graham’s oxidation40 yielded the desired 3-
benzyl-3-chloro-diazirines (6.12a,b). The diazirines were thermally decomposed in 
the dark and in the presence of a concentrated solution of C60. In the reaction both 
[6,6] and [5,6] adducts are obtained, however, the percentage of [5,6] adducts is 
extremely low (see Scheme 6.1). Separation of the [5,6] and [6,6] adducts obtained 
from the diazirine addition was done by preparative HPLC. Interestingly, the two 
isomers of the [5,6]adduct separated on the column (but were collected as one 
fraction). One isomer has the chlorine atom above a pentagon while the other has 
the chlorine above a hexagon.  
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The subsequent HCl elimination was performed with KOtBu as a strong non-
nucleophilic base in order to prevent nucleophilic substitution reactions involving 
chlorine atom as a leaving group (see scheme 6.1). Separation of the resulting 
fullerenes was achieved by preparative HPLC. In case of [5,6] adduct 6.7b we 
were not able to isolate a pure fraction since only a trace amount of products was 
observed. In the case of 6.8a we were able to obtain a pure fraction by HPLC, 
however, not enough material was obtained for full characterization. UV-Vis and 
Mass spectra however, were obtained. 

 

 

 

Scheme 6.1: Synthetic scheme for the synthesis of [5,6]bridged fulleroids and 
[6,6]bridged benzylidene fullerenes containing an ‘alkene’ functionality ‘on top of’ 
the cylopropane ring. a: R = H, b: R = NO2 
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Chapter 6 

6.2.2   HCl elimination reaction 
 

In order to obtain the alkene functionality on top of the cyclopropane ring an 
elimination reaction on 13a,b and 14a,b is needed. Generally, the elimination of 
HCl proceeds via an E2 mechanism. This means that the reaction is concerted and 
proceeds best in a non-protic polar solvent with a strong non-nucleophilic base. 
Furthermore, an antiperiplanar allignment of the proton and chlorine atom is 
necessary. As a solvent we used dichlorobenzene which is a non-protic polar 
solvent. As a base KOtBu is used, which is known to be a strong non-nucleophilic 
base. The necessary antiperiplanar allignment is also possible in this case, but it is 
expected that the fullerene cage will cause severe steric hindrance. It would 
therefore be preferable to use a small base. However, we have not been able to 
find a small strong non-nucleophilic base which is also unreactive towards 
fullerenes. After extensive optimilization experiments, good reaction conditions 
were found, which are described in the experimental section of this chapter. The 
elimination was followed by LC-MS. The appearance of a signal with a mass of ~36 
smaller is observed, consistent with the elimination of HCl (see Table 6.1). 

Table 6.1: Mass Spectrometry data 

Compound Massa Difference 

6.13a 858.5 

6.7a 822.1 
36.4 

6.13b 903.8 

6.7b 867.8 
36 

6.14a 858.5 

6.8a 822.5 
36 

6.14b 904.0 

6.8b 867.9 
36.1 

amain peak 

The elimination reactions proceded cleanly without problems in the case of the 
[6,6]bridged fullerenes. The [5,6]bridged fulleroids (6.14a,b) however, did not give 
clean eliminated products. The desired product is observed, but only in small 
quantities. The appearance of eliminated [6,6]bridged fullerenes is observed next 
to the eliminated [5,6]bridged fulleroid, indicating that a rearrangement takes place 
during the reaction. Furthermore, a strong signal is observed with a mass of two 
higher than that of the eliminated product, indicating the presence of two additional 
hydrogen atoms.  
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Identification of this by-product has not been possible due to the low quantities that 
were obtained. We can speculate, however, on the identity of this byproduct. We 
suggest that the formation of a phenonium ion (third structure in figure 6.9) causes 
the formation of this byproduct, a subsequent addition of a hydride ion would result 
in a structure with a mass of two higher than that of the regular elimination product. 
The origin of this hydride ion however is unclear. The existence of phenonium ions 
in benzylic systems is well documented however, and not unlikely to occur in these 
structures.42  

 

 

Fig. 6.9: Suggested mechanism of byproduct formation in elimination reactions on 
[5,6]bridged fulleroids. 

 

The idea of a hydride ion is, however, quite unsatisfactory since the origin of such 
a hydride ion is not clear and even unlikely to be present. A more like possibility is 
that the cation (2nd structure from the left in figure 6.9), being extremely 
electonegative, is immedeately reduced, resulting in a radical structure, which 
might then abstract a hydrogen radical from, for example, dichlorobenzene. 

6.3   [6,6]Bridged Fullerenes 

6.3.1   NMR Characterization 
 

After the elimination reaction, performed on the [6,6]adducts (6.14a,b), the 1H NMR 
signal of the benzylic protons dissapears and a singlet with intensity of 1 proton 
appears 3 ppm downfield, clearly indicating the formation of a vinylic proton (see 
Fig. 6.10 and Fig. 6.11). Carbon NMR shows an upfield shift of ~70 ppm of the 
benzylic carbon as well as for the ‘top’ cyclopropane carbon. Only a slight upfield 
shift of 3 ppm of the bridgehead carbons is observed upon introduction of the 
alkene functionality. 
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Fig. 6.10: 1H NMR (D2O/CS2) spectrum of 6.14a, before elimination of HCl. The 
benzylic protons are clearly visible as a singlet around 4.4 ppm. D2O is visible at 
4.7 ppm. 

 

Fig. 6.11: 1H NMR (D2O/CS2) spectrum of 6.8a after HCl elimination. The benzylic 
protons around 4.4 ppm have clearly dissapeared, instead the intensity of the 
multiplet around 7.5 ppm has increased due to the formation of the alkene bond. 
The expected singlet apparently appears in the same region as the aromatic 
protons and therefore the corresponding expected singlet can not be assigned with 
certainty. D2O is visible at 4.7 ppm. 
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6.3.2   UV-Vis Spectroscopy 
 

The influence of introducing an alkene moiety ‘on top of’ the cyclopropane ring can 
be most clearly seen in the UV/Vis absorption spectra. A large red shift was 
observed indicating an effective overlap between both π-systems. The 
unsubstituted fullerene (6.8a) shows a red shift of ~18 nm while the nitro 
substituted fullerene (6.8b) shows a red shift of ~ 21 nm (see Table 6.2). These 
values correspond to a change in a transition responsible for absorption around 
500 nm of 87 meV and 104 meV.  

 

Table 6.2: UV/Vis Absorption maxima 

Compound Absorption (nm) Bathochromic Shift (nm) 

6.14a 497 

6.8a 515 
18 

6.14b 490 

6.8b 511 
21 

 

 

We believe that these changes are due to an effective peri-conjugation between 
both π-systems. The difference, when compared to the results of the Wudl group, 
is most likely due to the closer proximity and different orientation of both π-systems 
in the compounds presented here. (see Fig. 6.12) The shift in the Wudl system are 
seen in the HOMO-LUMO transition, while the shifts, presented here, are in π-π* 
transitions responsible for absorption in the 500 nm region. We observe no shift of 
the lowest energy transition in our UV-Vis spectra. Since, we have not been able to 
isolate sufficient quantities of product, cyclic voltammetry measurements were not 
possible. We can therefore not draw any conclusions regarding possible shifts in 
the first reduction potential, which would also be relevant for the band gap of the 
material. 
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Fig. 6.12: Peri-conjugation in 6.8a,b (left) and right peri-conjugation in the fluorene 
substituted fullerene by Wudl (right).7 (orbital signs are chosen as to give maximal 
overlap) 

Note that in the compound synthesized by the Wudl group (6.15) both π-systems 
are separated by two sp3 carbons while in our case (6.8a,b) both π-systems are 
separated by only one sp3 carbon. Besides being in closer proximity, the pz orbitals 
are orientated in a different way, by a 90 degree angle, in both compounds. This 
means that the symmetry of the involved molecular orbitals is completely different, 
most likely causing a different interaction. We suggest that the overlap of the 
alkene pz orbitals and the fullerene pz orbitals in compounds 6.8a and 6.8b is more 
favorable than the overlap of the phenyl pz orbitals and the fullerene pz orbitals in 
the compound synthesized by Wudl. (see Fig. 6.12). The introduction of an 
electron withdrawing nitro group at the para position of the phenyl ring causes an 
additional red-shift of 3 nm. These results unequivocally demonstrate that we are 
able to tune the properties of a fullerene by introduction of a functional group which 
is connected to a fullerene in a peri-conjugated way. 

6.3.3   Semi-emperical PM3 calculations 
 

To further confirm the experimental results, semi-emperical PM3 calculations on 
the fullerenes discussed in this section (6.3) were performed with Hyperchem 7.5 
Professional. Both the not eliminated (6.14a,b) and the eliminated (6.8a,b) 
structures were optimalized. The bond lengths and local charges show some 
interesting differences. The largest changes are observed close to the 
cyclopropane ring. The important regions are shown in Fig. 6.13. In order to 
examine the effect of the chlorine atom, the same structure was calculated, with 
the chlorine atom replaced by a hydrogen atom (6.16a,b). 
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6.8a 

 
 

 

6.14a 

 
 

 

6.16a 

 
6.8b 

 

 

6.14b 

 
 

 

6.16b 

Fig. 6.13: Regions in the 6,6-methano- and 6,6-benzylidenofullerenes for which 
atomic charges and bond lengths were calculated. 

Table 6.3: Atomic charges calculated by semi-emperical PM3 calculations  

 Charge 

Atom 6.8a 6.14a 6.16a 

1 0.020 -0.043 -0.042 

6 0.006 -0.039 -0.044 

11 -0.103 -0.008 0.002 

Atom 6.8b 6.14b 6.16b 

1 0.011 -0.041 -0.040 

6 0.010 -0.038 -0.043 

11 -0.084 -0.017 -0.002 

 
The calculated molecular charges are given in the table 6.3. Only the most striking 
changes are shown. Not surprisingly, the bridgehead carbons of the fullerene and 
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the carbon atoms in the bond on top of the cyclopropane ring are affected most 
strongly by the formation of a double bond due to the elimination of HCl. 

The bridgehead carbon atoms 1 and 6 convert from partial negatively charged 
atoms to partial positively charged atoms when the alkene functionality is 
introduced on top of the cyclopropane ring. This change is attributed to a small 
electron withdrawing effect of the alkene functionality. This small effect indicates 
that the two π-systems interact to some extent. We can furthermore see that the 
chlorine atom has only little influence on atoms 1 and 6. 

Table 6.4: Bond lengths calculated by semi-emperical PM3 calculations 

 Bond Length (Å) 

Bond 6.8a 6.14a 6.16a 

1-11 1.462 1.5089 1.5066 

1-6 1.5778 1.553 1.5545 

6-11 1.4611 1.5072 1.5062 

11-12 1.3168  1.505 

11-13  1.5069  

Bond 6.8b 6.14b 6.16b 

1-11 1.4625 1.5059 1.5054 

1-6 1.5761 1.5535 1.554 

6-11 1.4616 1.5073 1.5063 

11-12 1.3203  1.5077 

11-13  1.5082  

 

The bond lengths of the cyclopropane moiety were affected to some extent as well, 
and are shown in table 6.4. A good indication of interaction between the two π-
systems is the reduction in bondlength of bonds 1,11 and 6,11 which we attribute 
to an increase in electron delocalization. However, the bond length of the alkene 
moiety on top of the cyclopropane ring is somewhat smaller than standard double 
bonds (1.34 Å), indicating fairly poor electron delocalization. Again the chlorine 
atom seems to have little influence. 
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6.3.4   Conlusions 
 

Both the experimental and computational results show that the introduction of an 
exo double bond on a cyclopropane ring in [6,6]bridged fullerenes causes a small 
but significant interaction between the two π-systems. Bathochromic shifts of 18 
and 21 nm were observed in the absorption at ~500 nm, corresponding to an 
energy change of respectively 87 meV and 104 meV. This change is attributed to 
an effective periconjugation as drawn in Fig. 6.12. The observed changes are quite 
different from previously reported values, since Wudl et al. report changes in the 
HOMO-LUMO gap by cyclic voltammetry measurements, while we have not been 
able to measure the HOMO-LUMO gap. In contrast to Wudl. we see a large 
change in the absorption area at ~500 nm, caused by a change in a π-π* transition. 

6.4   [5,6]bridged Fulleroids 
 

During the diazirine addition reaction only a very small amount of [5,6]bridged 
fullerenes (i.e. fulleroids) is formed. Especially the synthesis of 6.13b was very 
troublesome. We have never been able to isolate enough product for full 
characterization, although HPLC gives the correct mass and a characteristic UV-
Vis for [5,6]bridged fulleroids. All isolated product was immedeately used for 
elimination reactions. In case of 6.13a we were able to isolate sufficient quantities 
and its characterization is reported in the experimental section of this chapter. In 
contrast to the [6,6]bridged fullerenes, elimination reactions with the [5,6]fulleroids 
gave little product and mainly sideproducts, which were highly insoluble. 
Fortunately, small amounts of product were observed and could be investigated by 
mass spectroscopy (data presented in Table 6.1) and UV-Vis absorption 
measurements. 

6.4.1   UV-Vis Spectroscopy 
 

The UV-Vis spectra of both 6.7a and 6.7b show a small bathochromic shift. The 
observed shifts, however, are quite a bit smaller than observed for the [6,6]bridged 
fullerenes (6.8a,b). The absorption maxima before and after the elimination 
reaction are presented in Table 6 5. The benzylidene [5,6] fulleroid (6.7a) could be 
isolated by preperative HPLC, but in insufficient quantities for further 
characterization. The UV-Vis spectrum shows a small bathochromic shift of 11 nm. 
Interesting however, is the appearance of a new shoulder at 664 nm, which might 
be caused by a previously forbidden π-π* transition. We are tempted to attribute 
these changes to an interaction between the two π-systems. The 4-
nitrobenzylidene [5,6] fulleroid (6.7b) was only observed as a small peak by HPLC, 
a clear mass signal, however, was obtained (see Table 6.1). The UV-Vis spectra 
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however, gave a very low signal to noise ratio. The presented data therefore is only 
indicative, but seems to show a small shift of 7 nm, indicating a small interaction as 
well. 

Table 6 5: UV-Vis absorptions 

Compound Absorption (nm) Bathochromic Shift (nm) 

6.13a 537, 602(s) 

6.7a 548, 603 (s), 664 (s) 
11 

6.13b 540, 603 (s) 

6.7ba 547 
7 

a Very low intensity signal 

6.4.2   Semi-emperical PM3 calculations 
 

 
6.7a 

 
 

 

6.13a 

 
 

 

6.17a 

 
6.7b 

 

 

6.13b 

 

 

 

6.17b 

Fig. 6.14: Regions for 5,6-methano- and 5,6-benzylidenofulleroids which atomic 
charges and bond lengths were calculated. 
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Calculations of the bond lengths and atomic charge densities were performed, and 
show similar effects as in the [6,6]bridged benzylidenofullerenes discussed in 
paragraph 6.3.3   

The atomic charges of the carbon atoms 5 and 10 show significant changes (see 
Table 6.6). In both 6.7a and 6.7b the bridgehead carbons 1 and 5 become slightly 
positively charged when the alkene functionality is introduced. The ‘bridging’ 
carbon atom 10 shows the largest change. As can be expected, all ‘bridging’ 
carbons (1,5 and 10) are more negatively charged in 6.7a than in 6.7b, clearly 
showing the effect of the electron withdrawing nitro functionality. In both cases it is 
clear that the chlorine atom has an effect which was not seen in 6.8a and 6.8b (see 
paragraph 6.3.3  This is most likely due to the closer proximity of the π-system to 
the chlorine atom in the [5,6]bridged fulleroids. 

Table 6.6: Atom charges calculated by semi-emperical PM3 calculations 

 

 

The bond length calculations (see Table 6.7) show a clear shortening of the 1-10 
and 5-10 bonds, indicating that some electron delocalization is taking place when 
the alkene functionality is introduced. Contrarily, the 10-11 bond shows clear 
double bond character in 6.7a,b, which implies little electron delocalization is taking 
place. The chlorine atom has little influence on the bond lengths. Finally we see a 
significant change in the distance between atom 1 and 5 when the alkene bond is 
introduced. This change is expected since the bond angles increase around carbon 
10 when going from a sp3 hybridized situation to a sp2 hybridized situation. 

 

 

 

 Atomic Charges 

Atom 6.7a 6.13a 6.17a 

1 0.025 -0.018 0.001 

5 0.039 0.006 -0.009 

10 -0.103 0.037 0.000 

Atom 6.7b 6.13b 6.17b 

1 0.013 -0.029 -0.011 

5 0.012 -0.039 -0.017 

10 -0.059 0.035 0.003 
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Table 6.7: Bond lengths calculated by semi-emperical PM3 calculations 

 Bond Length (Å) 

Bond 6.7a 6.13a 6.17a 

1-10 1.4642 1.4991 1.497 

5-10 1.4601 1.4962 1.4977 

1-5a 2.235 2.208 2.204 

10-11 1.3348  1.5245 

10-12  1.5259  

Bond 6.7b 6.13b 6.17b 

1-10 1.4626 1.4962 1.4975 

5-10 1.4613 1.4988 1.497 

1-5a 2.241 2.208 2.206 

10-11 1.333  1.525 

10-12  1.5256  

a Distance between atom 1 and 5, this is not an actual bond 

6.4.3   Conclusion 
 

For the first time a fullerene has been functionalized in such a way that there is an 
alternating single–double bond pathway going from the addend to the fullerene 
moiety. The experimental data shows however, that the overlap between both 
systems is fairly small, most likely due to orbital misallignment. The largest red-shift 
of 11 nm was observed in the case of the benzylidene [5,6] fulleroid (6.7a). An 
interesting change in the spectrum is the appearance of an additional shoulder at 
664 nm, which might be caused by a previously forbidden π-π* transition. The 
calculation data confirm the small effect that was observed in UV-Vis 
measurements.  

6.5   Conclusions 
 

We have successfully synthesized fullerenes with addends which are connected to 
the fullerene sphere via alternating single-double bonds. In theory, this is the 
closest one can get to creating a fully conjugated fullerene adduct.  
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The experimental data show, however, that the influence both π-systems have on 
each other is small. A maximal red-shift of 11 nm was observed for a benzylidene 
[5,6] fulleroid (6.7a). Calculations also show a small effect in bond lengths and 
atomic charges. The appearance of a shoulder at 664 nm in the UV-Vis spectrum 
of (6.7a) was observed. 

The simultaneously synthesized [6,6]bridged benzylidene fullerenes do show quite 
a large interaction between the two π-systems, eventhough there is no alternating 
single-double bond pathway from the addend to the fullerene in this case. The 
large red shifts (18 and 21 nm) in UV-Vis spectroscopy that are observed are 
believed to be caused by a highly effective peri-conjugation. The results are 
furthermore supported by semi-emperical calculations. The difference between the 
benzylidene and the 4-nitro-benzylidene substituted fullerenes is marginal. For 
future research it would be very interesting to introduce an electron donating 
substituent on the phenyl ring like a dimethylamino group. This would create a 
push-pull fullerene molecule, which could have interesting properties. Furthermore, 
a larger π-system than the ones we have used, would be expected to show a more 
pronounced overlap because of better energy matching. 

Overall we conclude that [6,6]bridged fullerenes offer the best possibilities of 
altering the electronic properties of fullerenes. They are rather easy to synthesize 
and show unmatched interaction between the two separate π-systems. A wide 
variety of fullerenes can be synthesized according to the presented methodology in 
this chapter, allowing for extensive tuning of the electronic properties of fullerenes. 
Thus providing new interesting fullerenes for different applications in molecular 
electronics. 

6.6   Experimental 

6.6.1   Materials 
 

All reagents and solvents were used as received or purified using standard 
procedures. [60]-Fullerene (99.5 %) was purchased from MTR, Ltd (Cleveland, 
Ohio) and used without further purification. Flash chromatography was performed 
using silica gel (Kieselgel Merck Type 9385 (230-400 mesh)). 1H NMR and 13C 
NMR were performed on a Varian Unity Plus (400 MHz), on a Varian VXR-300 
(300 MHz) or on a Varian VXR-200 (200 MHz) instrument as indicated, at 298 K 
using TMS as an internal standard. IR measurements were performed on a Nicolet 
Nexus FT-IR instrument. HPLC analyses were performed on a Hewlett Packard HP 
LC-Chemstation 3D (HP 1100 Series) using an analytical Cosmosil Buckyprep 
column (4.6 x 250 mm). Elemental analysis was performed by the Microanalytical 
Department of this laboratory. 
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6.6.2   Synthesis 
 

All precursors were synthesized by literature procedures as discussed in 
paragraph 6.2  The benzylidene fulleroids 6.7a,b and fulleroid 6.13b were not 
obtained in sufficient quantities for full characterization.  

General Procedure for Diazirine addition: A flame-dried three-necked flask 
equipped with thermometer, condensor, N2-inlet and stirring egg was charged with 
a solution of C60 in ODCB (20 mg/ml). This solution was thoroughly degassed by 3 
N2/vacuum purges. To this solution the diazirine (5 eq.) was added at once. The 
resulting reaction mixture was heated to 60 0C. The reaction is followed by HPLC 
and stopped at the following conversion: C60 : 50%, [6,6]adduct : 32 % and 
[5,6]adduct : 5%. The different products were then isolated by preparative HPLC 
using a Cosmosil® Buckyprep Waters packed column of 4.6 x 10 mm. and 
cyclohexane/toluene (1:1) as the eluens. 

 

 

1-Benzyl-1-chloro [5,6] fulleroid C61 (6.13a): IR (KBr) = ν (cm–

1): 3425 (s), 3060 (m), 3028 (s), 2923 (s), 2851 (m), 1722 (m), 
1601 (m), 1495 (s), 1454 (s), 1433 (s), 1380 (m), 1260 (w), 1174 
(w), 1033 (m), 747 (s), 697 (s), 527 (s).  1H NMR (D2O/CS2, 400 
MHz); δ (ppm): 7.56 – 7.44 (m, 5H), 3.44 (s, 2H). UV/Vis 
(toluene/cyclohexane 1:1); λ (nm): 537, 602. Mass m/z calcd. for 
C68H7Cl: 858.02, Found: 858.8 

 

 

 

1-Chloro-1-(4-nitrobenzyl) [5,6] fulleroid C61 (6.13b): 
UV/Vis (toluene/cyclohexane 1:1); λ (nm): 540, 664. Mass 
m/z calcd. for C68H6ClNO2: 903.01, Found: 903.8 
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1-Benzyl-1-chloro [6,6] cyclopropafullerene C60 (6.14a): IR 
(KBr) = ν (cm–1): 3426 (s), 3026 (w), 1602 (w), 1494 (m), 1465 
(m), 1452 (m), 1429 (m), 1385 (w), 1186 (m), 698 (m), 577 (m), 
526 (s). 1H NMR (D2O/CS2, 300 MHz); δ (ppm): 7.78 (d, J = 6.9 
Hz, 2H), 7.47–7.7.56 (m, 3H), 4.67 (s, 2H). 13C NMR (D2O/CS2, 
300 MHz); δ (ppm): 39.1, 57.3, 78.8, 127.3, 128.4, 129.7, 130.1, 
135.2, 137.0, 138.7, 140.6, 140.9, 141.4, 141.7, 141.8, 141.9, 
142.7, 142.9, 143.2, 144.0, 144.1, 144.2, 144.4, 144.5, 144.6, 
144.7, 144.8, 145.3, 145.6. UV/Vis (toluene/cyclohexane 1:1); 
λ (nm): 431, 497, 692. Mass m/z calcd. for C68H7Cl: 858.02, 
Found: 858.6. 

 

 

 

1-Chloro-1-(4-nitrobenzyl) [6,6] cyclopropafullerene C60 
(6.14b): IR (KBr) = ν (cm–1): 3424 (s), 1601 (m), 1517 (s), 
1430 (m), 1340 (s), 854 (w), 578 (w), 526 (s). 1H NMR 
(D2O/CS2, 400 MHz); δ (ppm): 8.45 (d, J = 8.8 Hz, 2H) , 8.06 
(d, J = 8.8 Hz, 2H), 4.58 (s, 2H). UV/Vis (toluene/cyclohexane 
1:1); λ (nm): 438, 490, 685. Mass m/z calcd. for C68H6ClNO2: 
903.01, Found: 903.3. 

 

 

General Procedure for HCl elimination reaction: A flame dried flask was 
charged with a solution of fullerene in ODCB. This solution was heated to 50 oC 
and KOtBu (2 eq) was then added. The reaction was followed by HPLC. When a 
conversion of around 85% was reached, the reaction was stopped and the 
products were purified by the same preperative HPLC procedure as before. 

 

Benzylidene [5,6] fulleroid C61 (6.7a): UV/Vis 
(toluene/cyclohexane 1:1); λ (nm): 548, 603, 664. Mass m/z 
calcd. for C68H6: 822.04, Found: 822.7.  
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4-Nitrobenzylidene [5,6] fulleroid C61 (6.7b): UV/Vis 
(toluene/cyclohexane 1:1); λ (nm): 547. Mass m/z calcd. for 
C68H5NO2: 867.03, Found: 867.8.  

 

 

 

 

 

 

 

Benzylidene [6,6] cyclopropafullerene C60 (6.8a): IR (KBr) = ν 
(cm–1): 3026 (s), 1538 (w), 1496 (w), 1466 (m), 1452 (m), 1429 
(s), 1259 (m), 1188 (s), 1076 (m), 915 (w), 879 (w), 752 (m), 743 
(m), 688 (s), 525 (s), 518 (s). 1H NMR (D2O/CS2, 300 MHz); δ 
(ppm): 8.1 (d, J = 7.7 Hz, 2H), 7.63 (t, J = 6.9 Hz, 2H), 7.54–7.58 
(m, 1H). 7.47 (s, 1H). UV/Vis (toluene/cyclohexane 1:1); λ (nm): 
427, 515, 690. Mass m/z calcd. for C68H6: 822.04, Found: 822.7. 

 

 

 

4-Nitrobenzylidene [6,6] cyclopropafullerene C60 (6.8b): IR 
(KBr) = ν (cm–1): 3446 (s), 1597 (m), 1516 (s), 1429 (m), 1340 
(s), 1109 (m), 526 (s). 1H NMR (D2O/CS2, 400 MHz); δ (ppm): 
8.49 (d, J = 8.8 Hz, 2H), 8.30 (d, J = 8.8 Hz, 2H), 7.58 (s, 1H). 
UV/Vis (toluene/cyclohexane 1:1); λ (nm): 511. Mass m/z 
calcd. for C68H5NO2: 867.03, Found: 867.7. 
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