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Chapter 3  

Increasing the Voc of Bulk 
Heterojunction Solar Cells by 
raising the LUMO level of the 
Acceptor 

 

In this Chapter the synthesis, characterization and electrochemical properties of a 
large number of new fullerene derivatives for usage in organic solar cells are 
described. The phenyl ring of PCBM was substituted with electron-donating and 
electron withdrawing substituents to study their influence on the LUMO level of the 
parent fullerene. The LUMO level was varied over a range of 85 mV. A small but 
significant change in the open circuit voltage is observed upon application in 
MDMO-PPV:methanofullerene bulk heterojunction photovoltaic solar cells. 
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3.1 Introduction 
 

In order to optimize the performance of organic photovoltaic devices a lot of 
parameters need further investigation. In the case of photovoltaic devices using 
poly-3-hexyl-thiophene:PCBM mixtures as the active layer, a lot of progress has 
been reported with respect to morphology improving procedures on the composite 
film.1-5 On the other hand it is also possible to use different fullerenes. Our group 
has shown that substituting [60]PCBM by [70]PCBM in MDMO-PPV:fullerene type 
devices yields increased efficiencies from 2.5% to 3.0%.6 We have also shown that 
using a fullerene derivative with a thienyl ring instead of a phenyl ring can give 
favorable improvement of photovoltaic devices when used in combination with 
P3HT as the donor polymer.7 Furthermore optimizing processing conditions can be 
of critical importance. In the case of PCBM:MDMO-PPV solar cells, spincoating the 
active layer from chlorobenzene instead of from toluene led to a 3-fold increase of 
the device efficiency.8 In Chapter 2 a similar effect was described, spincoating 
[84]PCBM:MDMO-PPV active layers from 1-chloronaphtalene instead of ortho-
dichlorobenzene (ODCB) led to a more than 2-fold increase in current output. 
Despite the considerable effort put forth by many research groups there is still a lot 
of room for improvement. One parameter that has received much attention lately is 
the open circuit voltage.9-12  

The research presented in this chapter has been a collaboration between our labs 
and those of ECN (Energy Research Centre of the Netherlands). 

3.1.1 Origin of the Open Circuit Voltage 
 

The open circuit voltage (VOC) is defined as the voltage at zero current. This 
voltage is the maximum possible voltage that can be extracted from a single 
device. From semiconductor physics it is predicted that the VOC should be equal to 
the difference in workfunction of both electrodes according to the Metal-Insulator-
Metal (MIM) model.13,14 Brabec et al. found only a small variation in the VOC of 160 
meV, while varying the negative electrode over a range of 2.2 eV.15,16 Note 
however, that they included electrodes with workfunctions much higher than the 
acceptor LUMO level. They also found a direct correlation between the acceptor 
strength of the electron accepting material and the VOC. A series of four different 
fullerene acceptors (Fig. 3.1) were tested in combination with MDMO-PPV as the 
donor material.  
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Chapter 3 

 

Fig. 3.1: Series of fullerenes with decreasing LUMO levels (from left to right). 
PCBM (3.1), Azafulleroid (3.2), C60 (3.3) and Ketolactam (3.4) 

Lowering the LUMO level of the acceptor resulted in a decrease of the VOC in a 
linear way. From this work it was concluded that the open circuit voltage is directly 
correlated to the energy difference of the donor HOMO level and the acceptor 
LUMO level. This observation was explained by Fermi level pinning, meaning that 
the workfunction of the metal is pinned to the workfunction of the semiconductor, in 
this case the fullerene. Therefore, independent of the metal used, the same VOC 
will be found for one donor-acceptor combination. 

A later study by Mihailetchi et al. however showed that this explanation does not 
fully describe the origin of the VOC.17 A difference has to be made between ohmic 
and non-ohmic contacts. The latter being the case when the workfunction of the 
metal is not at the same position as the semiconductor HOMO (for the donor) or 
LUMO (for the acceptor) level. When non-ohmic contacts are formed the VOC is in 
agreement with the MIM model. However, in the case of ohmic contacts where the 
positive electrode matches the HOMO of the donor and the negative electrode that 
of the LUMO of the acceptor, the VOC is governed by the HOMO-LUMO difference 
of the donor and the acceptor. Band bending at the contacts furthermore reduces 
the VOC by ~0.2 eV at each electrode in this case according to the same study.17 

Koster furthermore shows in his PhD thesis18 that the p-n model does not correctly 
describe the origin of the VOC for bulk heterojunction solar cells. He found a 
dependency of the VOC on light intensity (in bulk heterojunctions), inconsistent with 
the p-n model. The main cause for this inconsistency is that the strong voltage 
dependence of the photocurrent is not taken into account in the p-n model.19 

One more important condition that has to be met is that enough charges have to be 
created in the device. From semiconductor physics it is know that creating enough 
charges ensures that the quasi-Fermi levels are split up completely. When no 
charges are created the Fermi level will be in the middle in between the valence 
band and the conduction band. Once charges are formed this Fermi level will split 
up into two quasi-Fermi levels. One describing the Fermi distribution for holes and 
one describing the Fermi distribution for electrons. The more charges created, the 
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further the quasi-Fermi levels are split up, with a maximum splitting when the 
quasi-Fermi levels approach the valence band and the conduction band. Hence, 
when the VOC of a device is experimentally determined it is of great importance that 
enough charges are created to give maximal splitting of the quasi-Fermi levels for 
the given light intensity.20 (Fig. 3.2). We assume here that the same holds for bulk 
heterojunctions where we look at HOMO and LUMO levels instead of a valence 
and a conduction band. However, there is no literature available, which offers 
evidence that this is indeed the case.  

 

Fig. 3.2: Splitting of the Fermi level. No charges: EF in the middle (A), few charges: 
incomplete splitting (B), many charges: complete splitting (C) 

Considering all experimental and theoretical data discussed, it is clear that the 
maximum attainable VOC is directly correlated to the distance between the HOMO 
level of the donor and the LUMO level of the acceptor if ohmic contacts are formed 
with both electrodes and if there is complete splitting of the quasi-Fermi levels. For 
the latter, an optimum morphology is essential as well.17,21  

3.1.2 Research Goal 
 

Now that the origin of the VOC has been established we can deduct that it should be 
possible to increase the VOC by increasing the HOMO-LUMO distance between 
donor and acceptor. Two possible ways of accomplishing this can be imagined, 
either lowering the HOMO level of the donor polymer or raising the LUMO level of 
the acceptor fullerene. Lowering the HOMO level of the polymer has been 
successfully accomplished by several groups.9,12,22 These polymers were applied in 
photovoltaic devices and indeed a correlation between the HOMO level of the 
polymer and the obtained VOC was seen. 

In this chapter the other approach, namely raising the LUMO level of the acceptor, 
is described. It should be kept in mind, however, that a minimal energy difference 
between the LUMO level of the donor and the LUMO level of the acceptor is 
necessary for efficient charge separation. Since the LUMO levels in MDMO-PPV 
and [60]PCBM are estimated to be at 2.8 and 3.7 eV below the vacuum level, 
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respectively23 (i.e. a 0.9 eV difference) it is expected that the LUMO level of the 
acceptor can still be raised to quite an extent before the driving force for charge 
separation is lost. State of the art MDMO-PPV:PCBM solar cells show VOC values 
around 850 meV while the HOMO-LUMO gap is 1.3 eV. Since a loss of 0.2 eV at 
each electrode should be taken into account for ohmic contacts (which is the case 
for ITO/PEDOT:PSS and LiF/Al electrodes) this seems to be the maximum 
obtainable value for this donor acceptor pair. If the LUMO-LUMO gap (between 
donor and acceptor) could be diminished from 0.9 to 0.5 eV (still allowing efficient 
charge separation) an additional 0.4 eV could be won. In theory, it should therefore 
be possible to increase the VOC to about 1.3 eV by raising the LUMO level of the 
acceptor. An increased VOC would raise the overall efficiency even by a superlinear 
way by increasing the fill factor.24,25 The goal of this research was therefore to 
design, synthesize and measure new fullerenes with higher lying LUMO levels in 
order to increase the VOC in bulk heterojunction photovoltaic devices. 

3.2 Synthesis 
 

The main challenge is to alter a methanofullerene by substituent effects in such a 
way that its LUMO level is raised to an extent where it is still fully located on the 
fullerene moiety and without introducing intramolecular and/or intermolecular (in 
the solid state) photoinduced electron (or hole) transfer. The group of Verhoeven 
observed this for example in a 4-alkylaminophenyl-substituted fulleropyrolidine.26 
Wudl et al. have found that para substituents on the phenyl rings in 
diphenylmethano[60]fullerenes have a negligable effect on the reduction potential 
of the fullerene.27 A better interaction in spiromethanofullerenes between the 
aromatic substituent and the fullerene was claimed through peri-conjugation. A 
maximum effect of ~70 meV was found. High VOC values of 0.96 V have been 
reported by Riedel et al. employing a C60 adduct (DPM–12) and MDMO-PPV.28 
However the origin of this high value remained unclear, because the first reduction 
potential was identical to PCBM. 

In contrast to the above mentioned two approaches, we aimed for a direct through 
space effect of a substituent with the parent fullerene. Such an effect has been 
previously observed with methylthio-groups on naphthalenes.29 When taking 
PCBM as a scaffold we imagined that an electron donating substituent would be at 
closest proximity to the fullerene cage when introduced at the ‘2’ position of the 
phenyl ring. Subsequent alkoxy or thioether substituents on the phenyl ring could 
then add to the effect of the ortho substituent by resonance contribution through 
the phenyl ring, provided that they are placed at the correct position on the ring i.e. 
ortho or para from the ‘2’ position. In total a series of seven different methoxy 
substituted and two thioether substituted PCBM analogues were synthesized. 
Furthermore a pentafluoro[60]PCBM derivative was synthesized in order to 
investigate the influence of electron withdrawing groups on the LUMO level of the 
fullerene. 
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3.2.1 Synthesis of methoxy-substituted PCBM derivatives 
 

In order to functionalize the parent fullerene, 1,3-dipolar addition reactions were 
employed. The active diazo species is generated in situ from a tosylhydrazone by 
addition of a base. Subsequent addition of a solution of C60 under the influence of 
heat and light allows for the formation of the desired fullerene adducts (see 
Scheme 3.1).30 The necessary tosylhydrazones can be formed from a 
condensation reaction of p-tosylhyrazide with a ketone functionality. The necessary 
ketones were formed either by Friedel–Crafts acylation of the corresponding 
methoxy benzene with methyl-5-chloro-5-oxopentanoate or with glutaric anhydride, 
followed by esterification with methanol. In the case of 2-OMe-PCBM (3.8d) a 
cuprate addition of 5-chloro-5-oxopentanoate to the corresponding 2-bromoanisole 
was used. (Scheme 3.2) 

 

Scheme 3.1: Synthesis of new fullerene derivatives:. (a) R = 4-OMe (b) R = 3,4-
OMe (c) R = 2,3,4-OMe (d) R = 2-OMe (e) R = 2,5-OMe (f) R = 2,4,6-OMe (g) R = 
methylenedioxy (h) R = 2-SMe (i) R = 4-SMe (j) R = pentafluoro 

According to the above mentioned hypothesis the most effective methoxy-
substituted PCBM derivative would be a 2,3,5-trismethoxy-PCBM. We have 
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extensively attempted to synthesize this molecule, but we have been unable to 
prepare the corresponding methyl benzoylbutyrate derivative. 

 

 

Scheme 3.2: Synthesis of keto-ester precursors. (a) R = 4-OMe (b) R = 3,4-OMe 
(c) R = 2,3,4-OMe (d) R = 2-OMe (e) R = 2,5-OMe (f) R = 2,4,6-OMe (g) R = 
methylenedioxy (h) R = 2-SMe (i) R = 4-SMe (j) R = pentafluoro 
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3.2.2 Synthesis of thioether substituted PCBM derivatives 
 

Both thioether substituted derivatives were synthesized in almost the same manner 
as the methoxy substituted analogues. 4-SMe-PCBM was prepared starting with a 
Friedel-Crafts acylation of thioanisole with 5-chloro-5-oxopentanoate (Scheme 3.2). 
A subsequent condensation reaction with p-tosylhydrazide yielded the 
tosylhydrazone which was used to perform a 1,3-dipolar addition reaction on C60. 
The synthesis of 2-SMe-PCBM proved to be somewhat more challenging. We 
eventually succesfully applied a Grignard reaction of 2-bromothioanisole with 
glutaric anydride followed by esterification of the acid functionality with methanol. 
Again a condensation reaction with p-tosylhydrazide gave the corresponding 
tosylhydrazone, which was used in the addition reaction to C60. (see Scheme 3.1) 

3.2.3 Synthesis of pentafluoro-PCBM 
 

A commercially available solution of pentafluorophenyl magnesium bromide in 
ether was used to perform a Grignard addition on glutaric anhydride followed by 
esterification with methanol (Scheme 3.2). The corresponding ketone functionality 
was transformed to the tosylhydrazone upon reaction with p-tosylhydrazide, which 
in turn was used for the addition reaction to C60. (see Scheme 3.1) 

3.3 Characterization 
 

A good overlap between the oxygen or sulphur lone pairs and the fullerene π-
system is only possible if the phenyl ring with its substituents cannot rotate freely. If 
it does, there will be no net interaction. 13C–NMR should give a good indication 
whether the phenyl ring can rotate freely or not. The two sp3 carbon atoms of the 
cyclopropyl ring on the fullerene are identical if the phenyl ring rotates freely. 
However, if the phenyl ring shows hindered rotation, or even stronger no rotation at 
all on the NMR time-scale at RT, the symmetry of the system is lost and two 
resonances will be observed. 

Furthermore, the electron accepting capabilities of the fullerenes have been 
investigated with cyclic voltammetry and differential pulse voltammetry. 

Lastly, we investigated whether intramolecular photoinduced electron transfer took 
place by performing fluorescence measurements. 



 

 

  61 

 

 

 

 

 

Chapter 3 

3.3.1 Nuclear Magnetic Resonance Spectroscopy 
 

The 13C–NMR spectra of all ortho-methoxy and ortho-thioether substituted PCBM 
derivatives showed two resonances in the 80 ppm area. (Fig. 3.3) These peaks are 
typical for the two sp3 carbon atoms of the cyclopropyl moiety of the fullerene cage.  

 

Fig. 3.3: 13C-NMR of 2-OMe-PCBM (3.8d). Illustrative 13C-NMR of ortho-substituted 
PCBM derivatives showing two resonances in the 80 ppm region. 

Normally only one such signal is visible since both carbon atoms are equivalent. 
The appearance of two signals is highly indicative of severely hindered rotation of 
the phenyl ring. We therefore conclude that in the ortho-methoxy and ortho-methyl 
thioether substituted PCBM derivatives the phenyl rings are, with strong 
preference, in a conformation close to horizontal with respect to the fullerene 
surface. Which, in principle, might allow for effective overlap of the oxygen and 
sulphur lone pairs with the fullerene π-system. 

3.3.2 Electrochemistry 
 

In order to study whether this potential overlap between the oxygen and sulphur 
lone pairs with the fullerene π-system indeed occurs, cyclic voltammetry 
measurements were performed. A proof of such an overlap can be found if a 
lowering of the first reduction potentials (with respect to the Fc/Fc+ redox couple) of 
the ortho-substituted PCBM derivatives, when compared to the PCBM derivatives 
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without ortho-substitution, is observed. Furthermore, a difference between the 
oxygen and sulphur versions was expected. Since sulphur has a larger atomic 
radius it can be expected that the overlap between its lone pair and the π-system 
of the fullerene is more effective. The obtained CV data are presented in Table 3.1. 
All reductions were reversible. 

Table 3.1: Cyclic Voltammetry data. 

Compounda E1/2,1,reduction (V) 

2-OMe-PCBM (3.8d) –1.104 

4-OMe-PCBM (3.8a) –1.096 

2,5-OMe-PCBM (3.8e) –1.106 

3,4-OMe-PCBM (3.8b) –1.099 

3,4-methylenedioxy-PCBM (3.8g) –1.071 

2,3,4-OMe-PCBM (3.8c) –1.118 

2,4,6-OMe-PCBM (3.8f) –1.128 

2-SMe-PCBM (3.8h) –1.086 

4-SMe-PCBM (3.8i) –1.085 

F5-PCBM (3.8j) –1.042 

PCBM (3.1) –1.084 
aExperimental conditions: V vs Fc/Fc+, Bu4NPF6 (0.1M) as the supporting 
electrolyte, ODCB/acetonitril (4:1) as the solvent, 10 mV/s scan rate. 

 

Since the first reduction potentials of all but one of the methoxy-substituted PCBM 
derivatives are more negative than the first reduction potential of PCBM we can 
conclude that indeed we have been able to effectively, though slightly, raise the 
LUMO levels of the methoxy-substituted PCBM compounds with respect to the 
LUMO level of PCBM. However, we do not observe a clear difference between 
ortho-substituted derivatives and the derivatives without an ortho substituent. If we 
compare for example 2-OMe-PCBM with 4-OMe-PCBM we only see a difference of 
8 mV. When we compare 2,5-OMe-PCBM and 3,4-OMe-PCBM a difference of only 
7 mV is found. Therefore, although we see a small difference, we conclude that the 
ortho position of the phenyl substituent does not result in the expected direct 
through space electronic overlap between the oxygen lone pair and the fullerene π-
system. A significant decrease in the first reduction potential is observed however, 
when going from two to three alkoxy substituents. Hence, it appears that the 
number of alkoxy substituents is of greater importance than the location of the  
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substituents on the phenyl ring. Furthermore, we can conclude that substituting the 
phenyl ring with methyl-thioether moieties has no effect on the LUMO level of the 
parent fullerene, indicating that their donating power is insufficient. The electron 
withdrawing effect of the fluorine atoms is clearly visible in the first reduction 
potential of F5-PCBM, resulting in a difference of 42 mV with PCBM. 

3.3.3 Fluorescence Spectra 
 

One problem that might be encountered when raising the LUMO level of PCBM is 
the possibility of intramolecular charge transfer. We therefore measured the 
fluorescence spectra of the compounds with the strongest electron donating 
groups in benzonitrile. Since the dielectric constant of benzonitril is much higher 
than that of the corresponding MDMO-PPV:PCBM blends in the thin film, lack of 
photoinduced charge transfer can be taken as a good indication that this process 
will not take place in the solid state in the PV device. All fluorescence spectra were 
quantitatively and qualitatively very similar. Hence, significant photoinduced 
intramolecular charge transfer does not take place in this polar solvent. 

 

Fig. 3.4: Fluorescence Spectroscopy of PCBM (3.1), 2-OMe-PCBM (3.8d), 3,4-
OMe-PCBM (3.8b) and 2,4,6-OMe-PCBM (3.8f). 
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The spectrum shows the characteristic singlet excitation and fluoresence of 
[60]fullerenes. The low intensity is due to the very efficient inter system crossing 
from the singlet S1 to the triplet T1 state.31,32 

3.4 Solar Cell Devices 
 

A series of ten photovoltaic devices was fabricated containing MDMO-PPV as the 
electron donor and the ten new fullerene derivatives as the electron acceptors. The 
devices were made with the following configuration: ITO/PEDOT:PSS/MDMO-
PPV:methanofullerene/LiF/Al. In earlier work it was shown that for the specific 
combination of MDMO-PPV (from Covion) and PCBM, maximum power conversion 
efficiencies of 2.5% at standard test conditions (AM 1.5, 100 mW/cm2) could be 
obtained by using a high content of PCBM (80 wt %) relative to MDMO-PPV and 
with chlorobenzene as the solvent for spincoating. However, it turned out that most 
of the new fullerene derivatives were only sparingly soluble in chlorobenzene, so 
that devices could not be made in a proper way from this solvent. Of all the 
derivatives only 3,4-OMe-PCBM and 2,3,4-OMe-PCBM were soluble enough in 
chlorobenzene for device fabrication. We therefore chose ODCB as a common 
solvent for all derivatives. In Fig. 3.5 the VOC values (average values)I are plotted 
against the measured reduction potentials (Table 3.1) of the alkoxy-substituted 
PCBM derivatives. In a separate experiment, devices were constructed with both 
thioether substituted PCBMs and the F5-PCBM analogue. A slightly lower VOC 
value of 4-SMe-PCBM (3.8i) to PCBM (20 mV lower) was found. F5-PCBM (3.8j) 
gave a value of 40 mV lower than that of PCBM, according to expectations. The 
insolubility of 2-SMe-PCBM (3.8h) in ODCB rendered it impossible to construct a 
respresentable device. Similar problems occurred with 2,4,6-OMe-PCBM (3.8f). Its 
low VOC is attributed to these insolubility problems, leading to at best marginally 
successful bulk heterojunction morphology. When the domain sizes in the blend 
are too big, fewer charge carriers can be formed, resulting in a decreased splitting 
of the quasi-Fermi levels (see paragraph 3.1.1), hence lowering the observed VOC 
at the same light intensity. 

                                                     
I For chlorobenzene 4 cells were averaged. For dichlorobenzene 2 experiments with both 4 
cells were averaged. 
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Fig. 3.5: VOC of devices (average values) from MDMO-PPV blends vs the first 
reduction potential, E1/2,1,red (V vs. Fc/Fc+) of the PCBM derivatives: squares from 
ODCB; circles from chlorobenzene. The dashed lines are to guide the eye for a 1:1 
relationship between VOC and E1/2,1,red. 

All presented values here are, however, not obtained from fully optimized devices, 
since the optimization of ten completely new donor-acceptor combinations is an 
extremely time consuming process. Nevertheless, the trend is clearly visible, 
indicating that a higher LUMO level of the acceptor fullerene does give a higher 
VOC in fullerene:polymer solar cells devices. Moreover that trend seems to be 
linear, in accordance with previous results. 

3.5 Conclusions 
 

A series of ten new fullerene derivatives were synthesized. All but one of the 
methoxy-substituted PCBM derivatives show a more negative first reduction 
potential than PCBM, clearly indicating a raise in the LUMO level. However, proof 
for a direct ‘through space’ interaction between the oxygen lone pair electrons and 
the fullerene π-system has not been found. The number of alkoxy substituents 
seems to be of more effect than their relative position on the phenyl ring. The 
thioether substituted PCBM derivatives gave no change in first reduction potentials 
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compared to PCBM, which is most likely due to the low donating power of the 
thioether groups. As expected the pentafluoro PCBM derivative gave a less 
negative first reduction potential. 

Solar cell device measurements showed a linear trend when plotting the VOC of the 
devices versus the first reduction potential of the corresponding fullerene. This is in 
accordance with previous results and gives further experimental proof that within 
the set conditions, the VOC of a bulk heterojunction solar cell is determined by the 
distance between the donor HOMO level and the acceptor LUMO level. 

This new library of fullerene adducts with different LUMO levels, might proof to be 
very useful in future optimization studies, although most of them exhibit solubility 
problems. The 3,4-OMe-PCBM and 2,3,4-OMe-PCBM derivatives, however, show 
very promising voltages combined with good processability. Further optimization 
studies with these two fullerenes should be very interesting and the performance of 
solar cell devices with these fullerenes as acceptors might even surpass 
performance of PCBM solar cells in the future. 

3.6 Experimental 

3.6.1 Device preparation 
 

Photovoltaic devices were prepared by spincoating EL grade PEDOT:PSS (Bayer 
EG) layers of ~ 60 nm onto pre-cleaned, patterned ITO substrates. The photoactive 
layer was deposited by spincoating from the appropriate solvent. The spin coating 
conditions were adjusted to give photoactive layers between 60 and 90 nm. Finally, 
a 1nm layer of LiF (Sigma Aldrich) and 80 nm Al (5N, Sigma Aldrich) were 
evaporated at 1·10–6 mbar through a shadow mask. Electrical device 
characterization was performed under a N2 atmosphere. Current density-voltage 
measurements were carried out using a home-built (ECN) setup with a 
tungsten/halogen lamp (12V/50W) and a Keithley SMU 2400. From the overlap of 
the spectral response of the sample with the standard AM1.5 (1000 W/m2) 
spectrum we calculated the short circuit current density under AM1.5 conditions 
(Jsc,SRII) assuming a linear relation between the illumination intensity and the 
short circuit current density. The Jsc,SR is in this way largely insensitive to aging of 
Tungsten/halogen lamp, (long term) intensity variations and spectral mismatch 
errors. 

 

                                                     
II Spectral Response 
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3.6.2 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)). Melting points were 
determined with a Mettler FP1 melting point apparatus equipped with a Mettler FP2 
microscope. 1H NMR and 13C NMR were performed on a Varian Unity Plus (500 
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. UV/VIS were 
performed on a Perkin-Elmer Instruments Lambda 900 spectrometer. High 
Resolution Mass Spectroscopy (HRMS) was performed on a JEOL JMS 600 
spectrometer. 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). Cyclic Voltammetry and Differential Pulse Voltammetry 
were performed using an Autolab PGStat 100. Elemental analysis was performed 
by the Microanalytical Department of this laboratory. 

3.6.3 Synthesis 
 

 

5-(4-Methoxy-phenyl)-5-oxo-pentanoic acid 
methyl ester (3.6a):  

A flame dried three-necked flask equipped with N2 inlet and parafin bubbler was 
charged with AlCl3 (15.32 g, 115 mmol, 2.3 eq.) and 1,1,2,2-tetrachloroethane (40 
ml). The resulting suspension was cooled in ice and then anisole (8.11 g, 75 mmol, 
1.5 eq.) was added. After stirring for a few minutes methyl 
5-chloro-5-oxopentanoate (8.23 g, 50 mmol) was added in portions over 1 minute. 
A slow stream of N2 was passed over the solution. The resulting orange-red 
solution was allowed to reach RT and was stirred overnight. The mixture was then 
poured onto crushed ice (500 g) and CH2Cl2 (150 ml) was added. The two-layer 
system was separated and the aqeuous phase was extracted with CH2Cl2 (2 x 100 
ml). The combined extracts were washed with dilute HCl (2N, 1 x 100 ml) and brine 
(1 x 100 ml) and then dried over Na2SO4. Evaporation of the solvents in vacuo 
yielded a pale yellow oil which crystallized upon standing. The solid was 
suspended in cold pentane ( 100 ml ) and filtered through a glass funnel. The 
obtained solid was washed with cold pentane and dried in air. 1H NMR (CDCl3, 300 
MHz): δ (ppm): 7.94 (d, J = 9.0 Hz, 2H), 6.93 (d, J = 9.0 Hz, 2H), 3.86 (s, 3H), 3.68 
(s, 3H), 2.99 (t, J = 6.0 Hz, 2H), 2.43 (t, J = 6.0 Hz, 2H), 2.06 (m, 2H). 
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5-(3,4-Dimethoxy-phenyl)-5-oxo-pentanoic acid 
methyl ester (3.6b):  

Glutaric anhydride (5.0 g, 43.8 mmol) was dissolved 
in veratrole (100 ml, 785 mmol). The remaining 

solution was cooled in an ice-bath. While stirred, AlCl3 (13.0 g, 97.5 mmol) was 
added at once resulting in a dark purple mixture. The mixture was stirred at 0 0C for 
1h and thereafter at RT overnight. The mixture was poured onto concentrated 
HCl/ice. The remaining orange mixture was extracted with ether (2 x 150 ml) and 
dichloromethane (1 x 150 ml). The orange organic layers were combined and 
extracted with Na2CO3 (3 x 100 ml). The combined basic aqueous extracts were 
combined and acidified with cold concentrated HCl. The crude acid precipitates as 
a sticky white solid and was isolated by extraction with dichloromethane (2 x 150 
ml). The organic layers were dried over Na2SO4 and concentrated in vacuo yielding 
a yellow sticky solid. This crude acid was dissolved in methanol (100 ml) and dry 
HCl was bubbled through the solution for ~ 15 min. The resulting clear solution was 
stirred overnight at RT. The mixture was evaporated to dryness and the resulting 
oil was redissolved in ether (150 ml). The resulting solution was washed with 
NaHCO3 (10% solution, 150 ml), dried over Na2SO4 and concentrated in vacuo, 
yielding a yellow oil. The crude ester was purified by kugelrohr distillation (180–185 
0C, 0.04 mm Hg) yielding a colorless oil which crystallizes (3.0 g, 11.3 mmol, 26%). 
1H NMR (CDCl3, 200 MHz): δ (ppm): 7.59 (dd, J = 8.5 Hz, J = 1.7 Hz, 1H), 7.53 (d, 
J = 1.7 Hz, 1H), 6.88 (d, J = 8.5 Hz, 1H), 3.95 (s, 3H), 3.94 (s, 3H), 3.68 (s, 3H), 
3.02 (t, J = 7.9 Hz, 2H), 2.42 (t, J = 7.9 Hz, 2H), 2.05 (m, 2H). 

 

5-(2,3,4-Trimethoxy-phenyl)-5-oxo-pentanoic acid 
methyl ester (3.6c):  

To a stirred solution of AlCl3 (20.0 g, 150 mmol) in 
nitrobenzene (80 ml) were added trimethyl pyragallol 
trimethyl ester (8.0 g, 47.6 mmol) and glutaric 

anhydride (8.0 g, 70.2 mmol). An exothermic reaction occurred with a color change 
from yellow to dark brown. The mixture was stirred for 48 h. at RT. The solidified 
mixture was poured onto concentrated HCl/ice. A pink-purple mixture is obtained 
which contains a lot of precipitated material. This solid is filtered trough a glass 
funnel, dissolved in ether and extracted with aqeous Na2CO3. Acidification with 
concentrated HCl yielded a light brown precipitate which was filtered and dried at 
50 0C in vacuo. The original filtrate was also extracted with ether (2 x 100 ml). The 
combined extracted were then extracted with aqueous Na2CO3. Acidification 
yielded a second batch of crude acid as a reddish powder after drying at 50 0C in 
vacuo. The crude acid was suspended in methanol (100 ml) and dry HCl gas was 
bubbled through the solution for ~ 15 min. After stirring the solution at RT overnight 
the methanol was removed and the residual oil was dissolved in ether (150 ml). 
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The organic solution was washed with water (1 x 50 ml), dried over Na2SO4 and 
concentrated in vacuo. The obtained oil contained partly deprotected phenol(s). 
Therefore the oil was dissolved in dry acetone (100 ml). K2CO3 (40 mmol) and MeI 
(40 mmol) were added and the mixture was refluxed overnight. After cooling to RT 
the mixture was filtered through Celite. The filtrate was evaporated to dryness. A 
silica gel column (5 x 10 cm) was prepared. Elution was started with a CHCl2/Et2O 
(19/1) mixture. The product fractions were evaporated to dryness yielding a yellow 
oil (2.6 g, 8.8 mmol, 18%). 1H NMR (CDCl3, 200 MHz): δ (ppm): 7.48 (d, J = 9.3 
Hz, 1H), 6.70 (d, J = 9.3 Hz, 1H), 3.94 (s, 3H), 3.89 (s, 3H), 3.85 (s, 3H), 3.66 (s, 
3H), 3.09 (t, J = 6.4 Hz, 2H), 2.41 (t, J = 6.4 Hz, 2H), 2.01 (m, 2H).  

 

4-(2-methoxy-benzoyl)-butyric acid methyl ester (3.6d): 

 A solution of o-bromoanisole (4.5 g, 24.06 mmol) in dry 
THF (100 ml) was placed under nitrogen. Under stirring, a 

solution of BuLi (15 ml, 1.6 N in hexane, 24 mmol) was added dropwise while the 
mixture was kept at –78 0C. The resulting homogeneous solution was allowed to 
warm up to –55 0C in 30 min. Copper(I)iodide (2.38g, 12.49 mmol) was then added 
at once, resulting in a creamy brown solution. The mixture was allowed to warm up 
to –30 0C in 20 min. The obtained dark brown slurry was stirred for another 30 min, 
after which methyl 5-chloro-5-oxopentanoate (1.66 g, 10.09 mmol) was added, 
resulting in a green mixture. The mixture was allowed to warm up to 0 0C in 1 h. 
Dry MeOH (4 ml) was added, resulting in some precipitation. Aqueous NH4Cl (50 
ml) was added to the mixture. The mixture was then filtered through celite. The 
filtrate separated in a blue and a green layer, which were separated. The aqueous 
(blue) layer was extracted with ether (3x 50 ml). The combined organic extracts 
were washed with water (1x 100 ml) dried over Na2SO4 and concentrated in vacuo 
yielding a greenish liquid. To further purify the obtained product a silica gel column 
(7x 3 cm) was prepared. The Mixture was dissolved in toluene, deposited and 
eluted with toluene and 9:1 toluene:ether. Fractions containing product were 
concentrated in vacuo, yielding a yellow oil (1.92 g, 8.14 mmol, 80.6%). IR (neat) = 
ν (cm–1): 2950 (m), 1737 (s), 1674 (m), 1597 (m), 1485 (m), 1437 (m), 1286 (m), 
1246 (s), 1023 (m), 758 (m). 1H NMR (CDCl3, 300 MHz): δ (ppm): 7.68 (dd, J = 7.7 
Hz, J = 1.8 Hz, 1H), 7.46 (m, 1H), 6.93–7.04 (m, 2H), 3.90 (s, 3H), 3.67 (s, 3H), 
3.04 (t, J = 7.3 Hz, 2H), 2.41 (t, J = 7.3 Hz, 2H), 2.08–2.01 (m, 2H). 13C NMR 
(CDCl3, 75 MHz): δ (ppm): 201.7, 173.8, 158.4, 133.3, 130.1, 128.2, 120.5, 111.4, 
97.9, 55.4, 51.4, 42.6, 33.3, 19.5. HRMS: Calcd for C13H16O4: 236.1047. Found: 
236.1048. 

 

5-(2,5-dimethoxyphenyl)-5-oxo-pentanoic acid 
methyl ester (3.6e):  

Aluminum trichloride (9.04 g, 67.8 mmol) was 
suspended in dichloroethane (50 ml), placed under nitrogen and cooled to 0 0C 
while stirred.  
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To the suspension p-dimethoxybenzene (6.29 g, 45.5 mmol) was added at once. 
Subsequently, methyl 5-chloro-5-oxopentanoate (5.05 g, 30.7 mmol) was added 
dropwise. The resulting mixture turned from green to brown and HCl gas formation 
was observed. The solution was allowed to warm up to RT and stirred for 20 h. The 
reaction mixture was poured out on ice (100 g). To the obtained yellow mixture 50 
ml of dichloromethane was added and the mixture was stirred until all the ice had 
molten. The obtained mixture was then separated. The aqueous layer was 
extracted with dichloromethane (3x 50 ml). The organic layers were combined, 
washed with water (1x 75 ml) and brine (2x 75 ml) and dried over Na2SO4. 
Evaporation of the solvents afforded a yellow oil. The oil was redissolved in ether 
(200 ml) and washed with a NaOH solution (0.5 M, 4x 50 ml). The ethereal layer 
was then washed with water (1x 100 ml) and dried over Na2SO4. Concentration in 
vacuo afforded a light yellow liquid. The product was distilled using a kugelrohr 
apparatus (60 0C, 0.5 mTorr). The obtained residue was a somewhat yellow oil that 
crystallized upon standing. The residue was suspended in n-pentane and 
sonicated. The suspension was filtered by suction yielding a white powder (5.72 g, 
21.5 mmol, 70%). IR (KBr) = ν (cm–1): 2999 (m), 2951 (s), 2836 (s), 1737 (s), 1673 
(s), 1609 (w), 1582 (w), 1495 (s), 1412 (m), 1279 (m), 1223 (m), 1048 (m), 1021 
(m), 814 (m), 728 (m). 1H NMR (CDCl3, 300 MHz): δ (ppm): 7.24 (d, J = 3.3 Hz, 
1H), 7.01 (dd, J = 9.2 Hz, J = 3.3 Hz, 1H), 6.89 (d, J = 9.2 Hz, 1H), 3.85 (s, 3H), 
3.78 (s, 3H), 3.66 (s, 3H), 3.04 (t, J = 7.0 Hz, 2H), 2.40 (t, J = 7.3 Hz, 2H), 2.01 (m, 
2H). 13C NMR (CDCl3, 75 MHz): δ (ppm): 201.2, 177.4, 173.7, 153.3, 152.9, 128.2, 
119.8, 113.7, 112.9, 55.9, 55.7, 51.4, 42.6, 33.2, 19.4. HRMS: Calcd for C14H18O5: 
266.1154. Found: 266.1161. Melting point: 50.0 – 50.5 (0C)  

 

5-(2,4,6-trimethoxyphenyl)-5-oxo-pentanoic acid 
methyl ester (3.6f):  

A dried 250 ml flask was charged with AlCl3 (9.2 g, 
69 mmol) under N2. Dichloroethane (50 ml) was added and the suspension was 
cooled on ice while stirred.1,3,5-Trimethoxybenzene (7.57 g, 45 mmol) was added 
at once resulting in a homogeneous solution. After stirring for a few minutes methyl 
5-chloro-5-oxopentanoate (4.94 g, 30 mmol) was added at once. The solution 
quickly turned dark brown. The cooling bath was removed and the mixture was 
stirred at RT for ~22 h. The reaction mixture was poured onto crushed ice and 
dichloromethane (50 ml) was added. The resulting mixture was separated. The 
aqueous layer was extracted with dichloromethane (3 x 50 ml). The combined 
organic layers were washed with H2O (1 x 75 ml) and brine (2 x 75 ml), dried over 
Na2SO4 and concentrated in vacuo obtaining a purple oil. A silica gel column (5 x 
11 cm) was prepared. Mixture was dissolved in toluene (50 ml) and dposited. 
Elution was started with toluene removing side products. Product was eluted with 
toluene:ether (9:1). Evaporation yielded a yellow viscous oil (7.58 g, 25.6 mmol, 85 
%). 1H NMR (CDCl3, 300 MHz): δ (ppm): 6.08 (s, 2H), 3.71 (s, 3H), 3.66 (s, 6H), 
3.57 (s, 3H), 2.69 (t, J = 6.7 Hz, 2H), 2.35 (t, J = 6.7 Hz, 2H), 1.98 (m, 2H).  

 



 

 

  71 

 

 

 

 

 

Chapter 3 

13C NMR (CDCl3, 75 MHz): δ (ppm): 202.6, 173.7, 162.1, 161.3, 157.9, 113.2, 92.7, 
90.4, 55.6, 55.2, 55.1, 51.3, 43.6, 33.0, 19.1. 

 

5-(3,4-(methylenedioxy)phenyl)-5-oxo-pentanoic 
acid methyl ester (3.6g):   

A flame-dried three-necked flask, equipped with 
thermometer and stirr bar, was placed under a nitrogen atmosphere and charged 
with 1,2-(methylenedioxy)benzene (10 g, 81.88 mmol, 1.2 eq.) and methyl 
5-chloro-5-oxopentanoate (1.2 g, 7.32 mmol). To this  mixture was added 1,2-
dichloroethane (40 ml). At 0 0C Sn(IV)Cl4 (21 ml) was dropped to the solution. The 
mixture turned dark green and was stirred for 15 h, resulting in the formation of a 
deep purple suspension from which a deep purple solid had formed. The mixture 
was poured out on ice (100 g), the solid was transferred onto the ice using 
chloroform (50 ml). After all the ice had molten a green suspension was obtained. 
The aqueous layer was then extracted with chloroform (3 x 100 ml). The organic 
layers were collected and washed subsequently with NaHCO3 (1 x 100 ml) and 
H2O (1 x 100 ml), dried over Na2SO4 and concentrated in vacuo yielding a black oil. 
A silica gel column (2 x 20 cm) was prepared. The mixture was entered with a 
toluene : ether (1:1) mixture and eluted with a toluene : ether (1:1) mixture. An 
orange oil was obtained which solidified upon standing. 1H NMR and 13C NMR 
showed the product to be a mixture of product and starting material (2:1). The 
mixture was not further purified but used in the next reaction step. 

 

Methyl 5-[2-(methylthio)phenyl]-5-oxopentanoate 
(3.6h):  

Magnesium turnings (6.11 g, 251 mmol)  were mixed with 
some glasspearls and stirred under nitrogen atmosphere 

for 24 hours at room temperature THF (40 ml.) and an iodine crystal were added 
which resulted in a brown and then green/grey solution. A mixture of 2-bromo-
thioanisole (10.00 g, 49.2mmol) in  THF (40 ml.) was added over 70 minutes. The 
solution became grey/black and a temperature rise to 40ºC was observed. The 
solution was stirred for 2,5 hours and then added by Canula-manner to a solution 
of glutaric anhydride (10.98 g, 96.2 mmol)  in  THF (50 ml.) at -40 ºC. After 2 hours 
the mixture was allowed to warm up slowly to room temperature and was stirred 
overnight. The resulting mixture was poured onto a saturated solution of 
ammonium chloride (300 ml.). The aqueous layer was extracted with  ether (3 x 
100ml.) The combined colorless organic layers were washed with  brine (2 x 
200ml.), dried over sodium sulfate and concentrated invacuo yielding a 
yellow/brownish powder. The powder was suspended in ether, filtered and dried in 
vacuo yielding a white powder. Yield: 6.95g (29.1 mmol, 60%). MP = 118 0C; IR 
(KBr);  ν (cm–1): 2933 (m), 1698 (s), 1669 (s), 1587 (m), 1556 (m), 1467 (m), 1430 
(s), 1332 (m), 1275(m), 1219(m), 1147(m) 961 (s), 746 (s); 1H NMR (CDCl3, 300 
MHz): δ (ppm): 7.80 (d, J = 7.69 Hz, 1H), 7.45 (t, J = 7.69 Hz, 1H),  
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7.29 (d, J = 8.06 Hz, 1H),  7.16 (t, J = 7.69 Hz, 1H), 3.04 (t, J = 6.95 Hz, 2H), 2.48 
(t, J = 7.33 Hz, 2H), 2.41 (s, 3H), 2.06 (m, 2H); 13C NMR: (CDCl3, 50 MHz): δ 
(ppm): 200.4, 179.0, 142.3, 134.4, 132.2, 130.0, 125.2, 123.5, 38.7, 33.0, 19.1, 
16.0. HRMS: Calcd for C12H14O3S:  238.0664. Found: 238.0677. The acid (6.37 g, 
26.7mmol)  was dissolved in  of methanol (270 ml.). Some drops of concentrated 
hydrochloric acid were added. The resulting clear colorless mixture was stirred for 
22 hours at room temperature. Subsequently the methanol was evaporated and  
the resulting brownish liquid was dissolved in ether (80 ml.), dried over sodium 
sulfate and concentrated in vacuo yielding a slightly yellow/golden solid. Yield: 5.56 
g (22.0 mmol, 82.4 %). MP = 28 0C; IR: (KBr); ν (cm–1): 2950 (m), 1735 (s), 1671 
(s), 1587 (m), 1558 (m), 1434 (s), 1370 (m), 1212 (s), 1048 (m), 982 (m), 884 (w), 
749 (s); 1H NMR: (CDCl3, 300 MHz): δ (ppm): 7.80 (d, J = 8.05 Hz, 1H), 7.44 (t, J = 
8.05 Hz, 1H), 7.26 (d, J = 8.06 Hz, 1H), 7.15 (t, J = 7.69 Hz, 1H), 3.65 (s, 3H), 3.01 
(t, J = 6.96 Hz, 2H), 2.43 (t, J = 7.32 Hz, 2H), 2.41 (s, 3H), 2.05 (q, J = 7.35 Hz, 
2H); 13C NMR. (CDCl3, 50 MHz): δ (ppm): 200.7, 174.0, 142.6, 134.4, 132.4, 130.4, 
125.3, 123.7, 51.8, 39.0, 33.3, 19.7, 16.2. HRMS: Calcd for C13H16O3S:  252.0820. 
Found: 252.0834.  

 

Ethyl 5-[4-(methylthio)phenyl]-5-oxopentanoate 
(3.6i):  

A dry 3-neckled flask was charged with AlCl3 (15.3 g, 
115.0 mmol) and some glasspearls and was stirred for 2 hours. Subsequently, 
1,1,2,2-tetracloroethane (40 ml.) vwas added. The resulting suspension was 
cooled with ice and thioanisole (9.32 g, 75.0 mmol) was added. After stirring for a 
few minutes, methyl 4-(chloroformyl)butyrate (8.23 g, 50.0 mmol) was added slowly 
by using a dropping funnel. A small flow of nitrogen was left over the solution to get 
rid of hydrochloric acid. The resulting green solution was allowed to reach room 
temperature and was stirred overnight. After 19 hours, the mixture was poured 
onto crushed ice and 1,1,2,2-tetracloroethane (150 ml.) was added. The two layer 
mixture was separated and the aqueous phase was extracted with 1,1,2,2-
tetracloroethane (2 x 100 ml.). The combined organic layers were washed with  2M 
hydrochloric acid (100 ml.) and  brine (100 ml.), dried over sodium sulfate and 
evaporated in vacuo yielding 20.0g of a purple/orange bilayer liquid which 
crystallize after upon standing. Subsequently, pentane (100 ml.) was added and 
the mixture was kept in ultrasonic bath for 45 minutes. The mixture was filtered and 
washed with cold pentane yielding a white powder. Yield: 11.8g (46.7mmol), 
93.3%; MP = 55 ºC; IR (KBr); ν (cm–1):  2962 (s), 1738 (s), 1670 (s), 1588 (m), 
1383 (m), 1275 (m), 1168 (m), 753 (w); 1H NMR (CDCl3, 300 MHz): δ (ppm): 7.85 
(d, J = 8.79 Hz, 2H), 7.24 (d, J = 8.79 Hz, 2H), 3.66 (s, 3H), 2.98 (t, J = 7.33 Hz, 
2H), 2.49(s, 3H), 2.41 (t, J = 7.33 Hz, 2H),  2.06 (m, 2H); 13C NMR: (CDCl3, 50 
MHz): δ (ppm): 196. 9, 172.2, 144.3, 131.6, 126.9, 123.5, 50.1, 35.7, 31.6, 17.9, 
13.3. HRMS: Calcd for C13H16O3S:  252.0820. Found: 252.0835.  
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5-oxo-5-pentafluorophenyl-pentanoic acid methyl 
ester (3.6j):  

A flame dried 3-necked flask equiped with: stirring egg, 
condensor, N2-inlet, thermometer and dropping funnel, 

was charged with glutaric anhydride (5.63 g, 49.3 mmol, 2 eq.). The glutaric 
anhydride was dissolved in dry THF and brought to -35 0C with a cryostat 
apparatus, and ethanol as the cooling liquid. Then pentafluorobenzene magnesium 
bromide (50 ml, 0.5M in ether, 25 mmol) was dropped to the solution resulting in a 
brown reaction mixture which was allowed to warm up to RT and was stirred 
overnight. The reaction mixture was poured onto saturated aqueous NH4Cl (40 ml). 
The layers were separated and the aqueous layer was extracted with Et2O (1 x 150 
ml). A thick gel formed and no separation was obtained (maybe NH4Cl wasn’t 
acidic enough?). The organic layer was dried over Na2SO4 and concentrated in 
vacuo yielding a brown oil. The thus obtained crude acid was esterified without 
further purification. The crude acid was dissolved in MeOH (200 ml) and a drop of 
foming hydrochloric acid (37%) was added. This mixture was stirred at RT for 4 
days. The resulting mixture was concentrated in vacuo and the obtained brown oil 
was redissolved in Et2O (100 ml). The ethereal solution was washed with 1 M 
NaOH (3 x 50 ml), dried over Na2SO4 and concentrated in vacuo yielding a brown 
oil. Purification by Kugelrohr destillation (140 – 190 0C, 15 mTorr) yielded a 
colorless oil (1.29 g, 4.35 mmol, 17,4 %). IR (neat) = ν (cm–1): 2956 (w), 1740 (s), 
1650 (m), 1522 (m), 1497 (s), 1439 (w), 1404 (w), 1382 (w), 1314 (m), 1201 (w), 
1140 (m), 983 (m), 860 (w). 1H-NMR (CDCl3, 300 MHz); δ (ppm): 3.67 (s, 3H), 2.96 
(t, J = 6.7 Hz, 2H), 2.42 (t, J = 7.3 Hz, 2H), 2.05 (q, J = 7.3 Hz, 2H). 13C-NMR 
(CDCl3, 50 MHz); δ (ppm): 173.2, 51.7, 43.9, 32.6, 18.6. 19F-NMR (CDCl3, 200 
MHz); δ (ppm): -142.18 (dd, J = 6.9 Hz, J = 18.0 Hz, 2F), -150.31 – -150.53 (m, 
1H), -160.75 – -161.05 (m, 2H). 

 

4-(methoxy-benzoyl)–methylbutyrate–p–
tosylhydrazone (3.7a):  

5-(4-Methoxy-phenyl)-5-oxo-pentanoic acid methyl 
ester (3.6a) (5.9 g, 25 mmol) and p-tosylhydrazide 
(5.6 g, 30 mmol) were solved in methanol (50 ml). 
The mixture was refluxed for 4 h. A yellow powder 
crystallized. This powder was then recrystallized 
from methanol obtaining pale-yellow crystals (7.8 g, 
19.3 mmol, 77%) which were dried at 50 0C in vacuo. 

1H NMR (CDCl3, 300 MHz): δ (ppm): 9.07 (s, 1H), 7.91 (d, J = 8.4 Hz, 2H), 7.61 (d, 
J = 8.8 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 3.81 (s, 3H), 3.78 
(s, 3H), 2.61 (t, J = 8.1 Hz, 2H), 2.40 (s, 3H), 2.32 (t, J = 6.6 Hz, 2H),  1.67 (m, 2H). 
13C NMR (CDCl3, 75 MHz): δ (ppm): 174.6, 160.6, 153.6, 143.6, 135.8, 129.3, 
128.6, 127.8, 127.5, 113.6, 55.2, 52.2, 32.0, 25.6, 21.4, 20.9. 
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3,4-(Dimethoxy-benzoyl)–methylbutyrate–p–
tosylhydrazone (3.7b):  

5-(3,4-Dimethoxy-phenyl)-5-oxo-pentanoic acid 
methyl ester (3.6b) (1.6 g, 6.0 mmol) and p-
tosylhydrazide (7.2 mmol) were dissolved in 
methanol (5 m). The mixture was refluxed for 5 h. 
After slightly cooling a white precipitate formed. 
Mixture was left at RT overnight. The precipitated 
material was filtered through a glass filter and 
washed with cold methanol (2 x 2 ml). The resulting 

white solid was dried at 40 0C in vacuo. A two component mixture was obtained. 
The solid material was therefore recrystallized from boiling ethanol (200 ml). A 
precipitate was formed. The mixture was cooled to RT and then put in fridge at –18 
0C overnight. A white solid was collected wich was dried at 40 0C in vacuo. The 
obtained solid was recrystallized from methanol (40 ml) obtaining a white solid 
which was dried at 40 0C in vacuo (1.6 g, 3.68 mmol, 61 %). 1H NMR (CDCl3, 300 
MHz): δ (ppm): 9.02 (s, 1H), 7.91 (d, J = 8.5 Hz, 2H) 7.30 (m, 3H), 7.09 (dd, J = 8.4 
Hz, J = 2.2 Hz, 1H), 6.79 (d,  J = 8.4 Hz), 3.90 (s, 3H), 3.88 (s, 3H), 3.80 (s, 3H), 
2.60 (t, J = 7.7 Hz, 2H), 2.40 (s, 3H), 2.33 (t, J = 6.2 Hz, 2H), 1.67 (m, 2H). 13C 
NMR (CDCl3, 75 MHz): δ (ppm): 174.4, 153.7, 150.3, 148.7, 143.6, 135.7, 129.3, 
129.2, 128.8, 127.8, 119.1, 110.1, 108.7, 55.7, 55.5, 52.0, 32.0, 25.5, 21.4, 20.9. 
HRMS: calcd for C21H26N2O6S: 434.15112. Found: 434.15329. 

 

2,3,4-(Trimethoxy-benzoyl)–methylbutyrate-p-
tosylhydrazone (3.7c):  

5-(2,3,4-Trimethoxy-phenyl)-5-oxo-pentanoic acid 
methyl ester (3.6c) (2.6 g, 8.78 mmol) and p-
tosylhydrazide (1.9 g, 10.2 mmol) were dissolved in 
toluene (40 ml). The resulting mixture was refluxed 
using a Dean-Stark setup. The first 20 ml. of the 
liquid which distilled over was removed. After 4 h. the 
mixture was allowed to cool to RT and was 
evaporated to dryness. The slightly yellow solid 
material that was obtained was recrystallized from 

methanol with stirring. A fine white precipitate was obtained while the solution was 
stirred in an ice-bath for 1 h. The solid was collected by filtration through a glass 
filter. The obtained solid was washed with cold methanol  and dried at 50 0C in 
vacuo. From the mother liquor a second fraction was obtained after storing at –18 
0C. (combined yield: 2.91 g, 6.27 mmol, 71 %). 1H NMR (CDCl3, 300 MHz): δ 
(ppm): 7.81 (d, J = 8.1 Hz, 2H), 7.6 (s, 1H), 7.31 (d, J = 8.1 Hz, 2H), 6.69 (d, J = 
8.4 Hz, 1H), 6.61 (d, J = 8.4 Hz, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 3.63 (s, 3H),  

 

 



 

 

  75 

 

 

 

 

 

Chapter 3 

3.53 (s, 3H), 2.48 (t, J = 7.3 Hz, 2H), 2.42 (s, 3H), 2.19 (t, J = 7.3 Hz, 2H), 1.74 (m, 
2H). 13C NMR (CDCl3, 75 MHz): δ (ppm): 173.5, 155.0, 154.7, 149.8, 143.7, 142.3, 
135.3, 129.3, 127.8, 122.3, 119.0, 108.2, 97.8, 61.2, 60.9, 56.0, 51.4, 37.0, 32.8, 
21.5, 21.2. HRMS: calcd for C22H28N2O7S: 464.16168. Found: 464.16031. 

 

2-methoxy-benzoyl-methylbutyrate-p-tosylhydrazone 
(3.7d):  

4-(2-methoxy-benzoyl)-butyric acid methyl ester (3.6d) 
(1.61 g, 6.82 mmol) was dissolved in methanol (25 ml). 
TsNHNH2 (1.52 g, 8.16 mmol) was added at once and the 
mixture was brought to reflux for 12 h. The mixture was put 
in freezer for 48 h and crystallization was observed. The 
crystals were filtered by suction and dried in air. White 
crystals remained (1.69 g, 4.2 mmol, 61.3%). The filtrate 

was put in the freezer. A second fraction was obtained (0.38 g, 0.9 mmol, 13.8%). 
Combined yield: 2.17 g, 5.12mmol, 75.1%. IR (KBr) = ν (cm–1): 3177 (s), 2948 (s), 
2830 (m), 1723 (s), 1598 (m), 1493 (m), 1336 (m), 1026 (m), 758 (m), 593 (m), 555 
(m). 1H NMR (CDCl3, 300 MHz); δ (ppm): 7.80 (d, J = 8.1 Hz, 2H), 7.28–7.42 (m, 
4H), 6.99 (t, J = 8.1 Hz, 1H), 6.92 (d, J = 8.8 Hz, 2H), 3.62 (s, 6H), 2.49 (t, J = 7.3 
Hz, 2H), 2.45 (s, 3H), 2.18 (t, J = 7.3 Hz, 2H), 1.73 (q, J = 7.3 Hz, 2H). 13C NMR 
(CDCl3, 75 MHz): δ (ppm): 117.4, 173.6, 155.0, 154.9, 143.7, 135.5, 131.2, 129.3, 
128.0, 127.8, 121.5, 121.5, 111.4, 55.3, 51.3, 36.9, 32.7, 21.5, 20.9. HRMS: Calcd 
for C20H24N2O5S: 404.1406. Found: 404.1411. Melting point: 86.5 – 87.5 (0C). 
Elemental Analysis: Calcd for C20H24N2O5S: C: 59.39%, H: 5.98%, N: 6.93%, S: 
7.93%. Found: C: 59.23%, H: 6.00%, N: 6.90%, S: 7.88%. 

 

Cis-2,5-(dimethoxy-benzoyl)–methylbutyrate-p-
tosylhydrazone (3.7e): 

5-(2,5-dimethoxy-phenyl)-5-oxo-pentanoic acid 
methyl ester (3.6e) (3.02 g, 11.35 mmol) was 
dissolved in methanol (25 ml). p-Tosylhydrazide 
(2.57 g, 13.8 mmol) was added at once. The 
remaining yellow solution was heated to reflux for 12 
h. The mixture was concentrated to ~10 ml and 
cooled to 0 0C resulting in crystallization. The 
obtained crystals were filtered by suction and a white 

powder remained (0.78 g, 1.73 mmol) with a cis:trans ratio of 1:13.5 (by 1H NMR). 
The filtrate was left in the freezer overnight and filtered by suction. A white powder 
remained (2.76 g, 6.13 mmol ) with a cis:trans ratio of 9.7:1. Combined yield 3.54 g 
(7.85 mmol), 69.2%. The cis product (2.76 g, 6.13 mmol) was recrystallized from a 
mixture of ethylether (50 ml) and t-butylmethyl-ether (3 ml). The obtained crystals 
were filtered by suction and dried in vacuo at 50 0C. White crystals were obtained 
(1.78 g, 3.95 mmol, 34.8%). IR (KBr) = ν (cm–1): 3239 (s), 2973 (s), 2841 (m),  
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1728 (s), 1597 (w), 1501 (m), 1343 (m), 1172 (s), 1041 (s), 748 (m), 571 (m).  1H 
NMR (CDCl3, 300 MHz): δ (ppm): 7.82 (d, J = 8.4 Hz, 2H), 7.44 (s, 1H), 7.33 (d, J = 
8.1 Hz, 2H), 6.92 (dd, J = 9.2 Hz, J = 2.9 Hz, 1H), 6.85 (d, J = 9.2 Hz, 1H), 6.48 (d, 
J = 2.6 Hz, 1H), 3.75 (s, 3H), 3.64 (s, 3H), 3.58 (s, 3H), 2.49 (t, J = 7.1 Hz, 2H), 
2.45 (s, 3H), 2.18 (t, J = 7.5 Hz, 2H), 1.73 (m, 2H). 13C NMR (CDCl3, 75 MHz): δ 
(ppm): 173.6, 154.6, 154.1, 148.9, 143.7, 135.5, 129.3, 127.8, 122.2, 115.9, 113.5, 
112.7, 97.9, 55.8, 55.7, 51.4, 36.9, 32.7, 21.5, 21.0. HRMS: Calcd for 
C22H30N2O6S: 434.1511. Found: 434.1514. Melting point: 77.0 – 79.0 (0C). Element 
Analysis: Calcd for C22H30N2O6S: C: 58.65%, H: 6.71%, N: 6.22%, S: 7.12%. 
Found: C: 58.36%, H: 6.44%, N: 6.33%, S: 6.93%. 

 

2,4,6-(Trimethoxy-benzoyl)–methylbutyrate–p– 
tosylhydrazone (3.7f):  

5-(2,4,6-trimethoxyphenyl)-5-oxo-pentanoic acid 
methyl ester (3.6f) (4.45 g, 15 mmol) was dissolved 
in methanol (25 ml) and p-tosylhydrazide (3.36 g, 18 
mmol, 1.2 eq.) was added at once. The resulting 
mixture was refluxed for 12 h. After cooling to RT no 
crystallization took place. Mixture was concentrated 
in vacuo. During concentration crystallization started. 

Mixture was left in the fridge (4 0C) overnight. The obtained crystals were filtered 
off yielding a white microcrystalline powder which was washed with cold methanol 
(2 x 2 ml). The obtained powder was dried in air. A second batch was obtained 
from the motherliquor. Combined yield: 5.81 g (12.5 mmol, 83 %). 1H NMR (CDCl3, 
300 MHz): δ (ppm): 7.80 (d, J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 7.26 (s, 1H), 
6.08 (s, 2H), 3.80 (s, 3H), 3.62 (s, 3H), 3.56 (s, 6H), 2.42 (m, 5H), 2.12 (t, J = 7.2 
Hz, 2H), 1.66 (m, 2H).  

 

3,4-(methylenedioxy)benzoyl–methylbutyrate–p– 
tosylhydrazone (3.7g): 

 A 25 ml round bottom flask was placed under nitrogen 
and charged with crude 
5-(3,4-(methylenedioxy)phenyl)-5-oxo-pentanoic acid 
methyl ester (3.6g) (0.52 g, 2.08 mmol), 
p-tosylhydrazide (0.465 g, 2.49 mmol, 1.2 eq.) and 
methanol (6 ml). The resulting yellow mixture was 

brought to reflux and allowed to react for 4 h. The reaction mixture was then cooled 
to RT and an off-white solid crystallized. The crystals were filtered of by suction. 1H 
NMR analysis showed that this product was 1,2-(methylenedioxy)benzene. The 
filtrate was put in the freezer overnight and more crystallization was observed. 
White crystals were obtained. Yield: 130 mg (0.31 mmol, 15%). 
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1H NMR (CDCl3, 200 MHz); δ (ppm): 9.08 (s, 1H), 7.91 (d, J = 8.3 Hz, 2 H), 7.33 – 
7.24 (m, 3H), 7.08 (dd, J = 8.3 Hz, 1.9 Hz, 1H), 6.75 (d, J = 8.3 Hz, 1H), 5.98 (s, 
2H), 3.80 (s, 3H), 2.58 (m, 2H), 2.41 (s, 3H), 2.33 (m, 2H), 1.63 (m, 2H). 13C NMR 
(DMSO-d6, 75MHz); δ (ppm): 173.1, 154.8, 148.4, 147.6, 143.4, 136.2, 130.5, 
129.6, 127.5, 120.7, 108.0, 105.8, 101.4, 51.4, 32.7, 25.9, 21.2, 21.1. 

 

2-(methylthio)–benzoyl–methylbutyrate–p–
tosylhydrazone (3.7h):  

Compound 3.6h (2.50 g, 9.91 mmol) and toluene-4-
sulfonohydrazide (2.32 g, 12.4 mmol) were dissolved in  
dry methanol (30 ml.) brought to reflux and stirred 
overnight. The reaction was followed by TLC using 
chloroform as the eluens. Subsequently, the mixture was 
cooled down slowly and placed in the refrigerator over the 
weekend resulting in crystallization. A white powder was 

obtained which was washed with cold methanol and dried in vacuo at 50 oC. Yield: 
2.73 g (6.49 mmol, 65.5 %); MP = 85 ºC; IR: (KBr):  ν (cm–1): 3257 (s), 3065 (m), 
2983 (m), 2934 (m), 2891 (m), 1735 (s), 1595 (m), 1433 (m), 1378 (m), 1333 (m), 
1164 (s), 1074 (w), 997 (w), 752 (m); 1H NMR: (CDCl3, 200 MHz): δ (ppm): 9.05 (s, 
1H), 7.85(d, J = 8.05 Hz, 2H), 7.52(d, J = 8.42 Hz, 2H), 7.24(d, J = 8.06 Hz, 2H), 
7.13(d, J = 8.42 Hz, 2H), 3.74 (s, 3H), 2.54(t, J = 7.68 Hz, 2H), 2.43 (s, 3H), 2.35 
(s, 3H), 2.67 (t, J = 6.23 Hz, 2H), 1.61 (m, 2H); 13C NMR: (CDCl3, 50 MHz): δ 
(ppm): 173.7, 155.8, 143.9, 135.8, 135.4, 131.8, 130.3, 129.3, 128.1, 127.3, 126.2, 
125.9, 51.4, 36.5, 33.1, 21.6, 20.8, 15.3. HRMS: Calcd for C20H24O4S2N2:  
420.1177. Found: 420.1198.  

 

4-(methylthio)–benzoyl–methylbutyrate–p–
tosylhydrazone (3.7i): 

 4.00 g. (15.9 mmol) of 3.6i, toluene-4-
sulfonohydrazide (3.74 g, 20.0mmol) and  dry 
methanol (30 ml.) were mixed and refluxed for 4 
hours. Subsequently, the mixture was cooled down 
and placed in the refrigerator over the weekend 
resulting in white crystals. The powder was washed 
with cold methanol and dried in vacuo at 50 0C. 

Yield: 5.50 g (13.1 mmol)  82.3%. MP = 135ºC; IR (KBr); ν (cm–1): 3234 (s), 2947 
(m), 1738 (s), 1595 (m), 1480 (m), 1390 (m), 1168 (s), 1060 (m), 815 (m); 1H NMR: 
(CDCl3, 300 MHz): δ (ppm): 9.05 (s, 1H), 7.85 (d, J = 8.05 Hz, 2H), 7.52 (d, J = 
8.42 Hz, 2H), 7.24 (d, J = 8.06 Hz, 2H), 7.13 (d, J = 8.42 Hz, 2H), 3.74 (s, 3H), 
2.54 (t, J = 7.68 Hz, 2H), 2.43 (s, 3H), 2.35 (s, 3H), 2.67 (t, J = 6.23 Hz, 2H), 1.61 
(m, 2H); 13C-NMR. (CDCl3, 50 MHz): δ (ppm): 174.7, 153.1, 143.7, 140.6, 136.0, 
132.7, 129.4, 127.9, 126.5 125.8, 52.4, 32.0, 25.6, 21.6, 20.9, 15.3. HRMS: Calcd 
for C20H24O4S2N2:  420.1177. Found: 420.1195.  
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Pentafluorobenzoyl-methylbutyrate-p-tosylhydrazone 
(3.7j):  

A 25 ml roundflask, equiped with stirring egg, condensor 
and N2-inlet was charged with pentafluorophenyl-5-oxo-
pentanoic acid methyl ester (3.6j) (1.0 g, 3.38 mmol), p-
tosylhydrazide (755 mg, 4.05 mmol, 1.2 eq.) and methanol 
(15 ml). The resulting mixture was refluxed for 17 h. Then 
cooled to RT, no crystals were observed and the mixture 
was put in the fridge. After no crystallization was observed 

the mixture was concentrated to ¼ volume and crystallization commenced after 3 h 
in the fridge. Two fractions of white crystals were obtained. Total yield: 680 mg 
(1.46 mmol, 43,3 %). IR (KBr) = ν (cm–1): 3077 (s), 1700 (s), 1655 (m), 1596 (m), 
1500 (s), 1351 (s), 1288 (m), 1253 (m), 1171 (s), 1084 (s), 984 (s), 926 (m), 881 
(m), 848 (m), 817 (m), 668 (m), 549 (s). 1H-NMR (CDCl3, 200 MHz); δ (ppm): 9.83 
(s, 1H), 7.84 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 3.79 (s, 3H), 2.51 (t, J = 
7.3 Hz, 2H), 2.47 (s, 3H), 2.26 (t, J = 6.4 Hz, 2H), 1.66 (m, 2H). 13C-NMR (CDCl3, 
50 MHz); δ (ppm): 173.4, 142.6, 134.2, 128.0, 126.3, 51.1, 30.1, 28.1, 20.1, 18.1. 
19F-NMR (CDCl3, 200 MHz); δ (ppm): -142.43 (dd, J = 6.7 Hz, J = 16.0 Hz, 2H), -
153.81 (t, J = 21.4 Hz, 1F), -162.32 (dt, J = 6.7 Hz, J = 21.4 Hz, 2H). HRMS: Calcd. 
for C19H17O4N2SF5: 464.0828. Found: 464.0829. 

 

General method for a diazomethane addition to C60: A mixture of methoxy-
substituted benzoyl-methylbutyrate-p-tosylhydrazone (449 mg, 1.11 mmol), sodium 
methoxide (60 mg, 1.07 mmol) and dry pyridine (15 ml) was placed under nitrogen 
and stirred at RT for 30 min. To the mixture a solution of C60 (735 mg, 1.02 mmol) 
in 1,2-dichlorobenzene (75 ml) was added. The mixture was deoxygenated using 
ultrasound and three vacuum/N2 purge cycles. Irradiation was started using a 150 
W Na-lamp, no cooling was applied. The mixture was stirred and allowed to reach 
thermal equilibrium (T~86 0C). The reaction was allowed to continue for 12 h during 
which the color turned from purple to brown.  The obtained mixture was 
concentrated in vacuo to 25 ml. A silica gel column was prepared (2.5x 20 cm) with 
1,2-dichlorobenzene. The mixture was admitted and eluted with 1,2-
dichlorobenzene. The fraction containing mono-adduct was collected and 
concentrated in vacuo, redissolved in a minimal amount of 1,2-dichlorobenzene 
and transferred to a centrifugal tube (100 ml). The product was precipitated with 
MeOH, centrifuged and decanted. The remaining pellet was washed twice with 
methanol. The obtained pellet was dried under vacuo at 40 0C for 24 h.  
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4-methoxy-[6,6]-PCBM (3.8a): 

 IR (KBr) = ν (cm–1): 2946 (m), 2828 (m), 2323 (w), 
1731 (s), 1610 (m), 1512 (s), 1456 (m), 1431 (s). 
1302 (w), 1247 (s), 1174 (s), 1109 (m), 1032 (m), 
832 (m), 744 (w), 525 (s), 428 (m). UV-vis (toluene); 
λmax (nm): 330, 433, 498, 697. 1H NMR (CS2/D2O, 
500 MHz); δ (ppm): 7.89 (d, J = 8.4 Hz, 2H), 7.13 (d, 
J = 8.4 Hz, 2H), 4.02 (s, 3H), 3.75 (s, 3H), 2.99 (br.t, 

J = 8.1 Hz, 2H), 2.59 (t, J = 7.3 Hz, 2H), 2.27 (m, 2H). 13C NMR (CS2/D2O); δ 
(ppm): 171.2, 159.2, 148.5, 147.6, 145.6, 145.0, 145.0, 144.9, 144.6, 144.5, 144.3, 
143.9, 143.6, 142.9, 142.9, 142.8, 142.8, 142.1, 142.0, 141.9, 140.8, 140.6, 137.9, 
137.6, 132.9, 128.0, 113.8, 79.9, 54.8, 51.2, 50.9, 33.6, 33.5, 22.5. Elemental 
Analysis: Calcd for C73H16O3: C: 92.78%, H: 1.71%. Found: C: 92.94%, H: 1.65%. 

 

3,4-dimethoxy-[6,6]-PCBM (3.8b): 

 IR (KBr) = ν (cm–1): 2946 (s), 2832 (m), 2326 (w), 
1737 (s), 1589 (m), 1516 (s), 1462 (s), 1430 (s), 
1251 (s), 1187 (s), 1140 (s), 1028 (s), 853 (w), 742 
(m), 526 (s). UV (cyclohexane): λmax (nm): 215, 262, 
333. VIS (toluene): λmax (nm): 433, 493, 698. 1H 
NMR (CS2/D2O, 500 MHz); δ (ppm): (dd, J = 8.2, 
2.2 Hz, 1H), 7.43 (d, J = 2.2 Hz, 1H), 7.06 (d, J = 
8.2 Hz, 1H), 4.02 (s, 6H), 3.75 (s, 3H), 3.00 (m, 2H), 
2.60 (t, J = 2.60 Hz, 2H), 2.27 (m, 2H). 13C NMR  

(CS2/D2O, 125 MHz): δ (ppm): 171.3, 149.4, 149.2, 148.5, 147.6, 145.6, 145.0, 
144.98, 144.95, 144.9, 144.8, 144.6, 144.4, 144.3, 143.9, 143.6, 142.9, 142.84, 
142.82, 142.75, 142.74, 142.0, 141.94, 137.91, 137.7, 128.4, 125.0, 115.6, 111.3, 
78.0, 55.8, 55.4, 53.6, 51.0, 33.7, 33.5, 22.7. Elemental Analysis: Calcd for 
C74H18O4: C: 91.54%, H: 1.87%. Found: C: 91.35%, H: 1.93%.  

 

2,3,4-trimethoxy-[6,6]-PCBM (3.8c): 

 IR (KBr) = ν (cm–1): 2939 (s), 1738 (s), 1599 (w), 
1494 (m), 1463 (m), 1412 (m), 1303 (w), 1235 (w), 
1103 (m), 1017 (m), 526 (s). VIS (toluene): λmax 
(nm): 434, 497, 698. 1H NMR (CDCl3, 500 MHz); δ 
(ppm): 6.75 (d, J = 8.6 Hz), 4.31 (s, 3H), 4.07 (s, 
3H), 4.02 (s, 3H), 3.75 (s, 3H), 3.03 (m, 1H), 2.89 
(m, 1H), 2.58 (m, 2H), 2.20 (m, 2H). 13C NMR  
(CS2/D2O, 125 MHz): δ (ppm): 171.4, 154.2, 152.4, 
149.5, 149.4, 148.1, 145.9, 145.8, 145.3, 145.0, 

144.93, 144.89, 144.85, 144.62, 144.60, 144.54, 144.51, 144.4, 144.3, 144.2, 
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143.9, 143.7, 143.6, 143.5, 142.9, 142.84, 142.81, 142.76, 142.71, 142.1, 142.0, 
140.9, 140.8, 140.7, 140.4, 138.0, 137.9, 137.7, 136.3, 128.1, 120.3, 105.5, 81.2, 
78.1, 61.3, 60.1, 55.5, 50.9, 48.3, 33.6, 31.8, 22.8. Elemental Analysis: Calcd for 
C75H20O5: C: 89.99%, H: 2.01%. Found: C: 89.93%, H: 2.14%. 

 

2-methoxy-[6,6]-PCBM (3.8d): 

 IR (KBr) = ν (cm–1): 2945 (m), 2328 (w), 1739 (s), 1599 
(w), 1492 (m), 1430 (s), 1246 (s), 1186 (m), 1159 (m), 
1026 (m), 758 (m), 574 (w), 527 (s). UV-vis (chloroform); 
λmax (nm): 260 (ε = 127410), 328 (ε = 38648), 432 
(ε = 2626), 495 (ε = 1498), 697 (ε = 261).1H NMR 
(CS2/D2O, 500 MHz); δ (ppm): 7.89 (dd, J = 7.6 Hz, J = 
1.6 Hz, 1H), 7.60 (dt, J = 8.2 Hz, J = 1.6 Hz, 1H), 7.25 (m, 
2H), 4.19 (s, 3H), 3.76 (s, 3H), 3.06–2.97 (m, 2H), 2.61 (t, 

J = 7.6 Hz, 2H), 2.29–2.24 (m, 2H). 13C NMR  (CS2, 125 MHz): δ (ppm): 171.6, 
158.1, 150.0, 149.4, 148.3, 148.1, 146.3, 146.2, 145.5, 145.3, 145.1, 144.9, 144.8, 
144.7, 144.6, 144.5, 144.2, 144.0, 143.98, 143.94, 143.90, 143.8, 143.12, 143.06, 
143.0, 142.42, 142.38, 142.31, 142.26, 142.21, 142.15, 141.2, 141.1, 141.0, 140.7, 
138.3, 138.2, 138.0, 136.3, 134.3, 130.0, 124.0, 120.7, 111.7, 81.0, 78.1, 55.6, 
51.1, 47.9, 33.9, 31.6, 30.4, 23.1. Melting Point: > 300 0C. Elemental Analysis: 
Calcd for C73H16O3: C: 93.18%, H: 1.71%. Found: C: 92.78%, H: 1.63%. 

 

2,5-dimethoxy-[6,6]-PCBM (3.8e): 

 IR (KBr) =ν (cm–1): 2945 (m), 2328 (w), 1737 (s), 
1613 (w), 1498 (s), 1463 (m), 1427 (s), 1218 (s), 
1186 (m), 1047 (m), 1025 (m), 808 (m), 735 (w), 573 
(w), 526 (s). UV-vis (chloroform); λmax (nm): 260 (ε = 
132106), 328 (ε = 41385), 433 (ε = 2795), 495 
(ε = 1611), 697 (ε = 262). 1H NMR (CS2/D2O, 500 
MHz): δ (ppm): 7.38 (br. s, 1H), 7.11 (d, J = 8.8 Hz, 
1H), 7.04 (br. d, J = 8.1 Hz, 1H), 4.09 (s, 3H), 3.95 (s, 
3H), 3.74 (s, 3H), 2.98 (m, 2H), 2.59 (t, J = 7.3 Hz, 

2H), 2.25 (m, 2H). 13C NMR (CS2, 125 MHz): δ (ppm): 171.4, 152.8, 151.8, 149.8, 
149.0, 148.0, 147.8, 146.1, 145.9, 145.2, 145.0, 144.90, 144.87, 144.8, 144.61, 
144.55, 144.51, 144.45, 144.4, 144.3, 144.2, 144.0, 143.7, 143.6, 143.5, 142.9, 
142.8, 142.8, 142.7, 142.11, 142.05, 142.0, 141.93, 141.86, 140.9, 140.8, 140.7, 
140.4, 138.0, 137.9, 137.8, 136.0, 124.6, 120.6, 113.3, 112.0, 80.7, 77.8, 55.6, 
55.1, 50.9, 47.7, 33.6, 31.3, 22.7. Melting Point: > 300 0C. Elemental Analysis: 
Calcd for C74H18O4: C: 91.54%, H: 1.87%. Found: C: 90.84%, 1.80%. 
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2,4,6-trimethoxy-[6,6]-PCBM (3.8f): 

 IR (KBr) = ν (cm–1): 2928 (s), 2835 (m), 1729 (s), 
1611 (s), 1588 (m), 1457 (s), 1429 (m), 1340 (m), 
1276 (w), 1226 (s), 1207 (s), 1159 (s), 1128 (s), 1037 
(m), 811 (m), 526 (s). UV-vis (toluene); λmax (nm): 329, 
435, 498, 701. 1H NMR (CS2/D2O, 300 MHz); δ(ppm): 
6.39 (s, 2H), 4.06 (s, 6H), 4.04 (s, 3H), 3.75 (s, 3H), 
2.96 (t, J = 7.7 Hz, 2H), 2.63 (t, J = 7.3 Hz, 2H), 2.27 
(m, 2H). ). 13C NMR (CS2, 75 MHz): δ (ppm): 170.0, 

159.4, 157.4, 149.3, 146.4, 144.3, 142.82, 142.79, 142.7, 142.6, 142.50, 142.45, 
142.3, 142.19, 142.16, 142.0, 141.6, 141.4, 140.64, 140.61, 140.51, 140.48, 140.3, 
140.1, 139.8, 139.6, 138.6, 138.3, 135.9, 133.3, 102.9, 89.1, 77.0, 53.3, 52.6, 48.6, 
40.3, 31.7, 29.3, 20.5.  Elemental Analysis: Calcd for C75H20O5: C: 89.99%, H: 
2.01%. Found: C: 89.86%, H: 1.91%. 

 

3,4-methylenedioxy-[6,6]-PCBM (3.8g): 

 IR (KBr) = ν (cm-1): 2942.60 (s), 2772.38 (w), 2328.35 
(m), 1738.08 (s), 1607.12 (w), 1501.06 (s), 1487.00 (s), 
1346.29 (w), 1240.51 (s), 1187.53 (s), 1039.54 (s), 
938.07 (m), 812.02 (m), 742.35 (m), 585.83 (w), 526.25 
(s), 441.97 (w). UV-vis (toluene); λmax (nm): 330, 432, 
496, 696. 1H NMR (CS2/D2O, 300 MHz); δ(ppm): 7.45 
– 7.41 (m, 2H), 7.02 (d, J = 7.7 Hz, 1H), 6.18 (s, 2H), 
3.74 (s, 3H), 2.99 – 2.94 (m, 2H), 2.56 (t, J = 7.3 Hz, 

2H), 2.29 – 2.24 (m, 2H). 13C NMR (CS2, 75MHz); δ(ppm): 170.9, 148.0, 147.1, 
147.0, 145.3, 144.7, 144.6, 144.5, 144.31, 144.28, 144.0, 143.7, 143.3, 142.6, 
142.50, 142.45, 141.7, 141.61, 141.59, 140.5, 140.3, 137.6, 137.3, 129.5, 125.4, 
111.7, 107.8, 101.0, 79.4, 51.1, 50.6, 33.4, 33.2, 29.8, 22.2. Melting Point: > 300 
0C. Elemental Analysis: Calcd for: C73H14O3: C: 91.82%, H: 1.48%. Found: C: 
92.01%, H: 1.44%. 

 

2-thiomethyl-[6,6]-PCBM (3.8h): 

 IR: (KBr) = ν (cm–1): 2943 (w), 2859 (w), 1733 (s), 1583 
(w), 1464 (m), 1431 (m), 1360 (w), 1247 (w), 1187 (m), 
1155 (m), 737 (m), 526 (s); UV-VIS (toluene); λmax (nm): 
331 (ε = 43793), 435 (ε = 3063), 493 (ε = 1732), 697 (ε = 
290); 1H NMR: (CDCl3, 300 MHz): δ (ppm): 7.97 (d, J = 
7.69 Hz, H), 7.63 (d, J = 6.96 Hz, H), 7.46 (d, J = 7.69 Hz, 
H), 3.78 (s, 3H), 3.11 (m, 2H), 2.82 (s, 3H), 2.60 (t, J = 
7.33 Hz, 2H), 2.22 (m, 2H); 13C NMR: (CDCl3, 50 MHz): δ 

(ppm): 173.5, 150.2, 150.0, 148.7, 148.6, 147.2, 146.7, 146.0, 145.89, 145.85, 
145.82, 145.78, 145.6, 145.4, 145.3, 145.23, 145.20,  144.88, 144.87, 144.7, 
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144.6, 144.5, 144.4, 143.8, 143.8, 143.7, 143.7, 143.6, 143.0, 142.9, 142.8, 141.9, 
141.7, 141.5, 141.3, 141.1, 139.2, 138.80, 138.76, 136.75, 135.0, 125.0, 111.0, 
81.9, 78.4, 52.1, 51.4, 34.6, 30.8, 24.0, 16.7. Melting Point: > 295 ºC. Elemental 
Analysis: Calcd for C73H16O2S: C: 91.6 %, H: 1.69%. Found: C: 91.20 , H: 1.51%   

 

4-thiomethyl-[6,6]-PCBM (3.8i):  

IR (KBr) = ν    (cm–1): 2947 (m), 2912(m), 1730 (s), 
1431 (s), 1187(m), 819(m), 742 (m), 548 (m), 525 
(s); UV-VIS (toluene); λmax (nm): 334 (ε = 43538), 
433 (ε = 2835), 497 (ε = 1700), 696 (ε = 282); 1H 
NMR: (CDCl3, 300 MHz): δ (ppm): 7.78 (d, J = 8.05 
Hz, 2H), 7.34 (d, J = 8.42 Hz, 2H), 3.63 (s, 3H), 2.83 
(m, 2H), 2.52 (s, 3H), 2.48 (t, J = 7.69 Hz, 2H), 2.12 

(m, 2H); 13C NMR: (CDCl3, 75 MHz): δ (ppm): 173.5, 148.6, 147.7, 145.82 145.20, 
145.15, 145.1, 143.8, 143.04, 143.00, 142.9, 142.20, 142.17, 142.11, 140.99, 
138.8, 138.0, 137.7, 133.2, 132.4, 125.9, 51.7, 51.3, 33.9, 33.6, 22.4, 15.4. Melting 
Point: > 295 ºC. Elemental Analysis: Calcd for C73H16O2S: C: 91.62%, H: 1.69%. 
Found: C: 91.4%, H: 1.47%. 

 

pentafluoro-[6,6]-PCBM (3.8j):  

IR (KBr) = ν (cm–1): 2946 (m), 2330 (w), 1738 (s), 1652 
(w), 1514 (s), 1495 (s), 1464 (m), 1430 (m), 1350 (w), 
1324 (w), 1254 (w), 1187 (m), 1070 (w), 995 (m), 986 
(m), 956 (w), 915 (w), 838 (w), 791 (w), 775 (w), 743 (w), 
711 (w), 678 (w), 581 (w), 573 (w), 553 (w), 527 (s). 1H 
NMR (D2O, 400 MHz); δ (ppm): 3.70 (s, 3H), 2.97 (t, J = 
8.4 Hz, 2H), 2.59 (t, J = 7.0 Hz, 2H), 2.24 (m, 2H). 19F 
NMR (D2O, 400 MHz); δ (ppm): –137.54 (dd, J = 16.8 
Hz, J = 6.9 Hz, 2F), –151.79 (t, J = 22.1 Hz, 1F), –

159.79 (m, 2F). 13C NMR (CS2, 100 MHz); δ (ppm): 170.8, 147.3, 146.7, 145.7, 
144.9, 144.83, 144.80, 144.5, 144.29, 144.27, 144.24, 144.15, 144.04, 143.97, 
143.4, 143.3, 142.59, 142.56, 142.54, 142.52, 141.7, 141.64, 141.60, 141.58, 
140.7, 140.6, 138.9, 138.1, 136.4, 135.8, 75.0, 50.8, 32.8, 31.4, 21.8. 
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