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ABSTRACT: The design of covalently linked [60]fullerene dimers has gained
increased attention, as the linked electron donors or acceptors are in close
proximity to the surface of the C60, providing a valuable approach to novel
molecular electronic devices. Herein, new compounds involving C60 dumbbells
covalently connected by the π-conjugated system from azobenzene and diaryl ether
linkers were synthesized following the bifunctional cycloaddition reactions to C60
using microwave radiation. The structural identity of the fullerene dimers has been
determined using spectroscopic techniques including Fourier transform infrared
(FT-IR), matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF),
and NMR spectroscopy, and the photophysical and the electrochemical properties
for the new dumbbells have been examined using UV−vis spectroscopy,
fluorescence spectroscopy, cyclic voltammetry, and square wave voltammetry.
Both new dimers show electronic interaction with the fullerene cage and higher
electron affinity than the pristine C60.

■ INTRODUCTION

The discovery of fullerenes in 19851 and the subsequent
isolation2 present the first phase of fullerene chemistry, which
has expanded to many fields and produced many new
compounds. As a consequence of their unique physicochemical
properties originating from their high symmetries and extended
conjugated π-systems, fullerenes and related analogues have
inspired researchers to design new fullerene-based structures.
[60]-Fullerene (C60) is considered the most iconic interstellar
one among the family of fullerenes and is marked as a perfect
icosahedral π framework.2 This promising class of molecules is
considered the state-of-art material in many applications such as
materials science,3 biology,4,5 antiviral therapy,6 and photo-
dynamic therapy (PDT) for the treatment of multiple diseases,
including mainly cancer,7,8 as acceptor and cathode buffer layer
materials for organic and perovskite solar cells,9 biosensors,
catalysts,10 and in organic chemistry.11−15 Also, fullerene
derivatives have been used to suppress the human immunode-
ficiency virus (HIV), influenza, and hepatitis C viruses via the
inhibition of viral enzymes.16−18 Moreover, C60 is able to act as
an electron acceptor due to its dual electrophilic and
nucleophilic characteristics combined with its notable redox
activity.19 However, one of the difficulties faced in using such
compounds in many potential studies20 is their insolubility in
most organic and inorganic solvents.21 This problem can be
overcome by applying chemical modifications for C60. On the
other hand, the dumbbell-type dimeric fullerene materials with
different spacers between the fullerene units represent an

interesting class of molecules.22,23 Fullerene dimers are an
important, versatile class of organic functional materials not only
because they are subunits for fullerene polymers, but also
because they have found extensive applications as organic
electronic materials for light harvesting,24 optical switches,25

charge separation, and photovoltaic devices26 due to the
presence of two fullerene cages in one molecule.27−30 Dimers
have gained particular interest due to the several structural
variations produced by the linking organic functionalities.
Fullero-triads are labeled for the platform of two C60 groups
covalently attached to electroactive species. There is a growing
interest to design and synthesize new [60]fullerene dimers for
use in different areas such as molecular electronic devices31−33

and supramolecular chemistry.22 Hence, many synthetic
protocols have been adapted to obtain novel designs with
optimum properties for the intended applications. One of the
most interesting architectures is the symmetric C60−donor−
donor−C60 (ADDA), where C60 acts as an acceptor (A). The
electronic and electrochemical properties of C60 in these
compounds are modulated to allow energy and electron transfer
between the sites. Our group is interested in fulleropyrazoline

Received: April 28, 2021
Accepted: June 29, 2021
Published: July 27, 2021

Articlehttp://pubs.acs.org/journal/acsodf

© 2021 The Authors. Published by
American Chemical Society

20321
https://doi.org/10.1021/acsomega.1c02245

ACS Omega 2021, 6, 20321−20330

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+H.+BinSabt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hamad+M.+Al-Matar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alan+L.+Balch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mona+A.+Shalaby"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c02245&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02245?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02245?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02245?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02245?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02245?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/6/31?ref=pdf
https://pubs.acs.org/toc/acsodf/6/31?ref=pdf
https://pubs.acs.org/toc/acsodf/6/31?ref=pdf
https://pubs.acs.org/toc/acsodf/6/31?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c02245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


derivatives due to the enhancement of the electron affinity of
these compounds that results from the inductive effect of the
pyrazoline ring.34 In addition, the pyrazoline−C60 unit has been
found to act as a charge-separation module for the construction
of photoactive and tunable devices.35 Azobenzenes are
considered as attractive classes of molecular switches in material
science due to their ability to convert light into mechanical
energy, which is supposed to be an essential component in future
nanoscale devices.36,37 Also, the diaryl ether structure frame-
work is found in many biologically important natural products.38

Recently, there has been rapid growth in the field of molecular
electronics using π-conjugated linker moieties between two C60
end-capped structures that act as anchoring groups to form
“molecular wires.”39−41 Microwave (MW) irradiation is a very
useful tool in cycloaddition reactions and fullerene chemistry,
where the reaction times that are required for the formation of
the target compounds in synthetic organic chemistry are shorter
compared to the conventional heating method.42−44

In this study, we used azobenzene and diaryl ether moieties as
π-conjugated linkers of the central wire between two C60
molecules. The quest is for an economical and environment-
friendly alternative synthesis methodology. Thus, we success-
fully prepared novel fullerene dimers using 1,3-dipolar cyclo-
addition of different precursors to C60 under microwave (MW)

irradiation. Both dumbbells displayed enhanced photophysical
and electrochemical properties when compared to pristine C60.

■ RESULTS AND DISCUSSION

Synthesis. In order to prepare the symmetric dumbbell-
shaped molecules consisting of the π-system between two units
of C60, bis-aldehyde precursors 5 were synthesized according to
the strategy shown in Scheme 1. We incorporated a photo-
switchable azobenzene unit and diaryl ether moiety as a bridge
between the two C60 units. First, p-nitrobenzaldehyde 1 was
selected to prepare our precursor compounds 5. (E)-4,4′-
(diazene-1,2-diyl)dibenzaldehyde 5a was synthesized using a
similar procedure reported in the literature for the synthesis of
(E)-3,3′-(diazene-1,2-diyl)dibenzaldehyde from compound 1
under argon.45 The spectroscopic data are in agreement with the
published data for the same compound in the literature.46 Also,
4,4′-oxydibenzaldehyde 5b was synthesized using the cross-
coupling of 4-hydroxybenzaldehyde 4 and p-nitrobenzaldehyde
1 by a ligand-free, copper-catalyzed method reported
previously.47 Next, the bis-hydrazones 6 were synthesized
from the corresponding aldehyde compounds 1 with phenyl-
hydrazine (Scheme 2). The structures of the bis-hydrazones 6
were characterized by NMR spectroscopy and electrospray

Scheme 1. Synthesis of Bis-aldehydes 5a and 5b

Scheme 2. Synthesis of Bis-pyrazolino[60]fullerene Triads 7a and 7b
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ionizationmass spectrometry (ESI-MS). The crystal structure of
compound 6b is illustrated in Figure 1.
The last step depends on grafting two units of C60 to the bis-

hydrazones compound 6 by means of a double [3 + 2]
cycloaddition reaction to produce the dumbbell-shaped triads
compound 7 (Scheme 2), by which the dinitrile imine
intermediate was generated. In order to get the bridged dimers
7, we started our approach by using the conventional heating
method, where the cycloaddition was carried out at 80 °C for 24
h (method A). Also, we examined the same reaction under
microwave irradiation (200 W), where the reaction was carried
out at 80 °C for 1 h to yield compounds 7 (method B). The
reaction progress was monitored by thin-layer chromatography
(TLC). As shown in Table 1, the microwave irradiation method
(method B) was found to be better than the conventional
heating method (method A) from both yield and time-
consumed perspectives. The triad products 7 were purified
using column chromatography (silica gel, toluene) and isolated
using high-performance liquid-chromatography (HPLC)
(Buckyprep, toluene).
The dumbbell compounds 7a and 7b show good solubility in

common organic solvents such as CS2, CHCl3, and o-

dichlorobenzene (ODCB), thus allowing the compounds to
be characterized by 1H and 13C NMR, and matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry, which confirmed their expected structures (see
Supporting Information). Unfortunately, no exact-mass molec-
ular ion was observed using the fast-atom bombardment (FAB)
technique in both positive and negative ion modes, as it has been
reported that some dumbbell compounds resist all mass
spectrometric attempts, including electrospray techniques.48

Figure 1. (a) Oak Ridge thermal ellipsoid plot (ORTEP) diagrams of the crystal structure of 6b, (b) unit cell, and (c) crystal structure of 6b showing
N−N and CN distances. The thermal ellipsoid is drawn at 50% probability.

Table 1. Synthesis of Bis-pyrazolino[60]fullerene Derivatives
7 under Conventional and Microwave Conditions

method Aa method Bb

entry product
yieldc

(%)
recovered C60

(%)
yieldc

(%)
recovered C60

(%)

6a 7a 7 71 9 56
6b 7b 6 72 10 71

aReaction of bis-hydrazone, C60, and PhI(OAc)2 in o-dichlorobenzene
(ODCB) under conventional conditions (80 °C) for 24 h. bReaction
of bis-hydrazone, C60, and PhI(OAc)2 in ODCB under microwave
irradiation for 1 h. cIsolated yields based on the reacted C60.
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Figure 2. UV−vis spectra of 6a, 6b, 7a, and 7b in toluene solution at room temperature (c = 1.6 × 10−5 mol/L). The inset shows the expansion from
360 to 800 nm.

Figure 3. UV−vis spectra of 6a, 6b, 7a, and 7b in chloroform solution at room temperature (c = 1.6 × 10−5 mol/L). The inset shows the expansion
from 360 to 800 nm.

Scheme 3. Diagram for E/Z Isomerization
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The main molecular ion peak at m/z 720 for the C60 of both
dumbbells was observed in FAB.
UV−Vis Spectra. The UV−vis spectra of dumbbell 7a and

7b compounds and their precursors 6a and 6b are represented in
Figures 2 and 3, using toluene and chloroform as organic
solvents, respectively. Both dumbbells display a main absorption
band peak at 327 nm in toluene, whereas in chloroform, the
peaks occur at 258 and 320 nm. In that region, the absorption
bands of the fullerene overlap with the absorption bands of the
central π-system. In the visible region, two absorption bands
were observed for the two dumbbells in both solvents, one as a
shoulder at 427 nm and the other as a weak band at 690 nm. The
signal at 430 nm is characteristic for [6,6]-adducts of C60.

49,50

Moreover, the maximum absorption peaks of 6a are at 453 and

448 nm, while for 6b they are at 354 and 352 nm in toluene and
chloroform, respectively. For 6b, a weak absorption peak was
observed around 443 and 444 nm in toluene and chloroform,
respectively, as shown in Figures 2 and 3.
Azobenzenes are known as useful organic dyes and photo-

chromic molecules, where their E/Z photoisomerization
generates worm-like motions.25,51,52 The E/Z photoisomeriza-
tion of 7a is shown in Scheme 3. It is known that the E isomer is
the most stable, and the two photochemical conversions for
many azobenzenes occur on the scale of picoseconds, while the
thermal relaxation of the Z isomer to the E isomer is much
slower (milliseconds to days).53 The azo fullerene compound 7a
has the maximum absorption band at 320 nm with a shoulder at
450 nm arising from π−π* and n−π* transitions, respectively.

Figure 4. Absorption spectra of 7a in chloroform solution recorded during its irradiation with UV light. (Inset) Absorption differences between 7a
before and after UV irradiation for 15 min. The arrows show the remarkable peaks of the absorption differentials.

Figure 5. Absorption spectra of 6a in chloroform solution recorded during its irradiation with UV light. (Inset) Absorption differences between 6a
before and after UV irradiation for 15 min. The arrows show the remarkable peaks of the absorption differentials.
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The shoulder at 450 nm showed that the E isomer had an
elongating π-conjugation length and a lower band-gap energy of
π−π* transition. A UV light radiation at 365 nm was used to
switch the E isomer to Z isomer.53 Figure 4 illustrates the
absorption spectra of compound 7a irradiated at 365 nm at room
temperature and for different times in chloroform. As the time of
irradiation increased from 0 to 90 min, the absorption band at
around 452 nm slightly decreased while the other two bands at
330 and 259 nm gradually increased. The inset of Figure 4 shows
the differences between the absorption values of 7a before and
after UV irradiation for 15 min. The partial decrease in the
absorbance peak at 450 nm is due to the formation of the Z
product with a relatively poor π-conjugation system.51,54 Figure
5 illustrates the absorption spectra of compound 6a irradiated at

365 nm at room temperature and for different times in
chloroform. A similar behavior was found for the parent
compound 6a: as the time of irradiation increased from 0 to 90
min, the absorption band at around 464 nm slightly decreased
while the other two bands at 331 and 283 nm gradually
increased.

Fluorescence Spectra. The emission properties of the
dumbbell compounds 7a and 7b and the corresponding
hydrazones 6a and 6b were investigated to examine the possible
electronic communication between the central unit of the
dumbbells and the C60 moieties. The fluorescence spectra of 7a
and 7b were recorded in toluene and chloroform at room
temperature using a 430 nm excitation wavelength, where the
excited state (S1) of C60 moiety (1C60*) was generated. Also, the

Figure 6. Fluorescence spectra of 7a and 7b in toluene at room temperature (the concentrations are kept at 1.6× 10−5 mol/L; λex = 430 nm). The inset
shows the expansion from 500 to 800 nm.

Figure 7. Fluorescence spectra of 7a and 7b in chloroform at room temperature (the concentrations are kept at 1.6 × 10−5 mol/L; λex = 430 nm). The
inset shows the expansion from 500 to 800 nm.
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fluorescence spectra of hydrazones 6a and 6b were recorded at
the same wavelength. The fluorescence peaks of compounds 6a
are at 556 and 587 nm, while for 6b, they are at 526 and 584 nm
in toluene and chloroform, respectively. The observed
fluorescence peaks for 7a and 7b at around 550 nm are due to
the emission of the linkers between the two fullerene moieties.
Significant quenching for 7a in the fluorescence peak intensity at
around 550 nm was observed in chloroform more than in
toluene, suggesting an electronic communication between the
donor addend and the C60 moieties. For dumbbell 7b, the
fluorescence peak intensity at around 550 nm was quenched in
toluene, while in chloroform no quenching was observed at 550
nm. A second observed fluorescence peak was observed at 756
nm for 7a due to the fullerene moiety, while it was totally
quenched for 7b in both solvents, as shown in Figures 6 and 7.
The observed quenching at 756 nm for 7b may be due to the
charge separation process.55

Electrochemistry. The electrochemical properties of C60
and triads 7a and 7b were studied by cyclic voltammetry (CV)
and square wave voltammetry (SWV) at room temperature
using tetrabutylammonium perchlorate (TBAP) as a supporting
electrolyte in toluene/acetonitrile (ACN) (4:1) as the solvent.
The resulting CV and SWV data are depicted in Figure 8 and
listed in Table 2. Also, the electrochemical properties of the
hydrazones 6a and 6b were studied by CV. As a general feature
on the reduction side, both triads 7a and 7b showed four
reduction waves, which are assigned to the successive reductions
of the C60 cage. In order to investigate the effect of the central
substituents group linked to the carbon atom of the two
pyrazolino systems (C-3), while benzene rings are located on the
N-1 side of the same ring systems on both sides of the central
group, the first reduction potentials (Ered

1 ) were studied.

Interestingly, unlike the standard behavior found in most of
the C60 derivatives that showed reduction potentials shifted to
more negative values,56 both triads 7a and 7b show an anodic
shift to more positive values (53−86 mV) relative to the pristine
C60 due to the negative inductive effect (−I) of the pyrazoline
ring,57 as shown in Table 2. Consequently, both triads 7a and 7b
show a higher electron affinity than the parent C60. In the anodic
region, the first oxidation Eox

1 values of 7a and 7b, attributed to
the organic addend linked with C60, are positively shifted by 154
and 47mV, respectively, compared to the hydrazones 6a and 6b,
suggesting the existence of some electronic interaction with the
fullerene cage.

■ CONCLUSIONS
We have synthesized a new series of dumbbell-shaped
compounds via [3 + 2] cycloaddition reaction mediated with
PhI(OAc)2 as an oxidant and enhanced by microwave radiation.

Figure 8. CV of C60 and dumbbells 7a and 7b (top), and SWV (bottom) in toluene/CH3CN (4:1) and 0.1 M TBAP; V vs Fc/Fc+; scan rate was 100
mV/s.

Table 2. Redox Potentials of C60 and Dumbbells 7a and 7b
Determined by SWVa

Ered
1 Ered

2 Ered
3 Ered

4 Eox
1

7a −0.948 −1.479 −1.849 −2.629 0.606b

6a −1.804 −2.1952 0.452b

7b −0.915 −1.417 −1.841 (−1.931) −2.426 0.401b

6b −1.532 0.354b

C60 −1.001 −1.424 −1.907 −2.449
aExperimental conditions: V vs ferrocene/ferrocenium (Fc/Fc+); the
reference electrode is Ag/AgCl; the working electrode is a glassy
carbon electrode (GCE); 0.1 M nBu4NClO4; scan rate: 100 mV/s;
measured in toluene/CH3CN (4:1 v/v) at room temperature.
bMeasured by CV.
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The formed compounds were investigated using Fourier
transform infrared (FT-IR), MALDI-TOF, NMR, UV−vis,
fluorescence spectra, and electrochemical properties. According
to the first reduction potential, both dumbbells showed an
improved electron acceptor ability than the pristine C60 in the
ground state, which is important for further applications in the
preparation of optoelectronic devices. Also, the fluorescence
data at λex = 430 nm for dumbbell 7b show a complete
quenching at about 750 nm compared to the dumbbell 7a, and a
significant quenching for 7a at about 550 nm was observed in
chloroform, more than in toluene, indicating an electronic
communication between the donor addend and C60 moieties.
These compounds are potentially useful for applications in
material science; hence, the photophysical and photochemical
measurements of both compounds will be studied.

■ EXPERIMENTAL SECTION
General Methods. All cycloaddition reactions were

performed in standard glassware under an inert atmosphere of
argon. C60 was purchased from Sigma-Aldrich. All solvents used
in this study were purchased from Aldrich. Thin-layer
chromatography (TLC) was performed using Polygram SIL
G/UV 254 TLC plates, and visualization was performed under
ultraviolet light at 254 and 365 nm. Column chromatography
was performed using Merck silica gel 60 of mesh size 0.040−
0.063 mm. Melting points were recorded using a Griffin melting
point apparatus and are reported unmodified. Mass analyses
were done by electron impact (EI) and fast-atom bombardment
(FAB) using a Thermo DFS mass spectrometer. High-
resolution mass spectrometry (HRMS) analysis was performed
using a Xevo G2-S QTof mass spectrometer. IR spectra were
obtained using a JASCO 6300 FT-IR. The clusters of peaks that
corresponded to the calculated isotope compositions of the
molecular ions were observed by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-TOF) via
an ultrafleXtreme (Bruker). 1HNMR (600MHz) and 13CNMR
(150 MHz) spectra were recorded at 25 °C using a Bruker DPX
600 superconducting NMR spectrometer. UV−vis studies were
performed using a Varian Cary 5 spectrometer from Agilent.
Fluorescence measurements were carried out with Horiba Jobin
Yvon-Fluoromax-4 equipped with a time-correlated single-
photon-counting (TCSPC) module. Single-crystal data collec-
tions were performed on a Rigaku R-Axis Rapid diffractometer
using filtered Mo Kα radiation. The diffraction data were
collected at a temperature of −123 °C (Oxford Cryosystems).
Microwave experiments were carried out using a CEMDiscover
LabMate microwave apparatus (300 W with ChemDriver
software; Matthews, NC). The reactions were conducted
under microwave irradiation in heavy-walled Pyrex tubes fitted
with PCS caps (closed vessels under pressure). Irradiation
experiments of the E → Z photoisomerization were performed
using ultraviolet light at 365 nmwith themodel UVGL-85 (6W)
at room temperature (23 °C), where the intensity of light is 1200
μW/cm2, a Waters HPLC instrument equipped with a pump
(Waters 1525EF), and a UV/visible detector (Waters 2487).
The chromatographic separation was carried out in a cosmosil
buckyprep HPLC column (10 × 250 mm2). HPLC separations
were performed by injecting 1000 μL with an isocratic toluene
mobile phase at a flow rate of 2 mL/min. Cyclic voltammetry
measurements were carried out on a Gamry Instruments
reference 3000 potentiostat using Ag/0.01 M AgCl (model
6.0733.100, Metrohm), 0.1 M TBAP in ACN as the reference
electrode, an auxiliary electrode consisting of a Pt sheet, and a

MF-2012 glassy carbon electrode (3 mm) as the working
electrode, directly immersed in the solution. Ferrocene (Fc) was
added as an internal reference and all of the potentials were
referenced relative to the Fc/Fc+ couple. E1/2 values were taken
as the average of the anodic and cathodic peak potentials. Scan
rate: 100 mV/s.

Synthesis. Synthesis of Bis-aldehyde Precursors (5a and
5b). They were synthesized as reported in the literature.45−47

General Synthesis Procedure of the Substituted Bis-
hydrazones (6a and 6b). These compounds were obtained
bymixing 1molar equiv of the corresponding bis-aldehyde 5 and
2 molar equiv of phenylhydrazine in ethanol under reflux
conditions for 5 h. The precipitated bis-hydrazones were filtered,
washed, and recrystallized from ethanol.

Bis-hydrazone (6a). Red color; m.p. 233−236 °C; FT-IR
(KBr) ν (cm−1) 3428.8, 3309.2, 3035.4, 1592.9. 1H NMR
(dimethyl sulfoxide (DMSO)) δ 6.79 (m, 2H), 7.12 (d, 4H, J =
7.8 Hz), 7.24 (t, 4H, 3.6), 7.80−7.93 (m, 8H), 8.21−8.28 (m,
2H), 10.65 (s, 2H, D2O exchange); 13CNMR (DMSO) δ 112.2,
119.3, 123.1, 126.3, 129.1, 135.1, 138.8, 144.8, 151.2;MS (EI, 70
eV): m/z (%) = 418.3 (M+, 100); HRMS (EI): m/z calcd for
C26H23N6: 419.1984; found: 419.2182.

Bis-hydrazone (6b).Orange color; m.p. 216−218 °C; FT-IR
(KBr) ν (cm−1) 3444.2, 3305.3, 3035.4, 1595.8. 1H NMR
(DMSO) δ 6.73 (t, 2H, 7.2 Hz), 7.06 (m, 8H), 7.21 (t, 4H, 8.4
Hz), 7.68 (d, 4H, 8.4 Hz), 7.87 (s, 2H), 10.30 (s, 2H, D2O
exchange); 13C NMR (DMSO) δ 111.8, 118.4, 118.7, 127.1,
128.9, 131.3, 135.7, 145.2, 156.2; MS (EI, 70 eV): m/z (%) =
406.3 (M+, 100); HRMS (EI): m/z calcd for C26H23N4O:
407.1872; found: 407.2042.

General Synthesis Procedure of the Bis-cycloadducts (7a
and 7b). Method A: A mixture of C60 (124 mg, 0.172 mmol),
substituted hydrazones (6a and 6b) (0.068 mmol), and
PhI(OAc)2 (0.068 mmol) was dissolved in 10 mL of ODCB
and stirred at 80 °C overnight. The reaction progress was
monitored by TLC with toluene as an eluent. At the end of the
reaction, hexane was added, and the precipitate was filtered and
then purified on a silica gel column using toluene as eluent to
afford the adducts (7a and 7b). The reaction products 7a and 7b
were separated by HPLC using toluene as an eluent.
Method B: Using a similar process, the mixture was irradiated

by microwave irradiation (200 W) for 1 h at 60 °C.
Compound 7a. Dark orange solid; FT-IR (KBr) ν (cm−1)

3432.6, 1704.7, 1631.4, 1596.7, 1492.63, 1452.1, 1253.5, 1191.7,
1137.8, 848.5, 802.2, 690.3, 526.4. 1HNMR (CDCl3) δ 7.307 (t,
1H, J = 7.8 Hz), 7.52 (t, 2H, J = 7.8 Hz), 7.60−7.65 (m, 3H),
7.99 (d, 2H, J = 7.8 Hz), 8.04−8.07 (m, 4H), 8.12 (d, 2H, J = 9
Hz), 8.26 (d, 2H J = 8.4 Hz), 8.55 (d, 2H, J = 9 Hz); 13C NMR
(CDCl3) δ 156.0, 152.6, 152.3, 147.8, 147.4, 146.6, 146.5, 146.2,
146.1, 146.0, 145.6, 145.4, 145.3, 145.1, 144.6, 144.4, 143.3,
143.1, 143.0, 142.8, 142.6, 142.4, 142.3, 142.0, 140.5, 139.9,
136.7, 136.5, 136.2, 133.9, 132.7, 131.9, 130.9, 130.7, 130.4,
129.6, 127.9, 125.8, 124.3, 124.0, 123.7, 123.1. UV−vis
(toluene) λmax (nm) (ε) 686 (50.08), 427 (3495.16), 327
(10 539.95), 286 (10 804.29); UV−vis (CHCl3) λmax (nm) (ε)
686 (43.98), 427 (3526.59), 327 (10 964.82), 320 (11 403.66),
258 (11 945.6). FAB-MS m/z: 918, 720 (C60). MALDI-TOF
mass: calcd 1855.162, found 1854.927 (M − H)+.

Compound 7b. Brown solid; FT-IR (KBr) ν (cm−1) 3423.9,
1704.7, 1661.3, 1591.9, 1495.5, 1451.1, 1241.9, 1192.7, 1165.7,
879.3, 691.3, 527.4. 1H NMR (CDCl3) δ 7.07−7.11 (m, 2H),
7.14−7.19 (m, 3H), 7.40 (t, 2H, J = 8.4 Hz), 7.48−7.53 (m,
3H), 7.86 (m, 2H), 7.91−7.93 (m, 2H), 8.00 (d, 1H, J = 7.8 Hz),
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8.02 (d, 1H, J = 8.4 Hz), 8.27 (d, 2H, J = 7.8 Hz); 13C NMR
(CDCl3) δ 152.2, 147.7, 147.4, 146.5, 146.4, 146.2, 146.1, 146.0,
145.9, 145.6, 145.4, 145.3, 144.9, 144.6, 144.4, 143.3, 143.2,
143.0, 142.5, 142.4, 142.3, 142.0, 140.5, 139.9, 136.7, 136.4,
133.7, 133.2, 132.2, 130.8, 129.5, 129.1, 126.0, 125.5, 124.1,
123.8, 120.4, 119.3, 118.3. UV−vis (toluene) λmax (nm) (ε) 686
(61.45), 427 (680.39), 327 (8895.45), 286 (11 653.63); UV−
vis (CHCl3) λmax (nm) (ε) 686 (38.80), 427 (646.08), 327
(8437.34), 320 (9333.77), 258 (12 341.88). FAB-MS m/z:
1808, 720 (C60), MALDI-TOF mass: calcd 1843.151, found
1834.934 (M − O + 7H)+.
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