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ABSTRACT: Singlet oxygen has won recently a great deal of attention due to its strong oxidizing properties, which makes 
it useful in organic synthesis and biological studies. However, the photosensitizers that are required for singlet oxygen 
generation remain inadequate due to their often low thermal and photochemical stabilities. Here we describe the use of a 
palladium-conjoined metallosquare with encapsulated fullerenes (C60 or C70), which behaves as an efficient and photochem-
ically stable singlet oxygen photosensitizer. The metallocage with the encapsulated fullerenes is able to oxidize a series of 
cyclic and acyclic alkenes at room temperature via visible light-induced singlet oxygen generation, using oxygen molecules 
in air at atmospheric pressure. These reactions take advantage of the excellent spin-converting properties of fullerenes, 
which make them excellent agents for singlet oxygen production. 

Introduction 

Singlet oxygen is widely recognized due to its reactivity with 
alkenes,1 as well as its involvement in clinical photodynamic 
therapy treatment (PDT) of tumors.2 Photocatalyzed reactions 
involving singlet oxygen constitute an effective way for com-
pound oxidation,3 and for synthesizing oxygenated structures 
by facilitating carbon-oxygen and heteroatom-oxygen bond 
formation4 with high atom economy and low cost. Singlet O2 

(1g) is conventionally generated by energy transfer from a 

photosensitizer to triplet O2 (3g).3b, 5 Normally, the photosen-
sitizers are organic dyes that are prone to photoinduced or en-
zymatic degradation, therefore with limited applicability in 
PDT protocols and in organic synthesis. Searching for highly 
efficient photosensitizers with large absorption coefficients 
and high photochemical stability is currently one of the main 
challenges for widening the applications of single oxygen in 
organic synthesis and therapeutic research. Fullerenes (C60 
and C70) have shown to be efficient photosensitizers for singlet 
oxygen generation,6 but their poor solubility in most common 
solvents makes them unsuitable for an extensive applicability. 
This problem has been addressed by some researchers by 
functionalizing the fullerene core with solubilizing groups,7 a 
method that is hampered by the low product yields obtained 
and by the need of using complicated reaction procedures. In 
addition, fullerene-containing systems have also been widely 
used for light-harvesting and energy conversion,8 because the 
strong UV/Vis absorption together with the large size and 
symmetrical shape of fullerenes facilitates electron transfer 
events with applications in light-induced processes. This, in 
part, explains why research on fullerene receptors based on 
non-covalent bonding interactions is gaining interest in re-
cent years.9 We recently contributed to the design of a series 

of organometallic-based receptors for the encapsulation of 
fullerenes by using metallosupramolecular structures with di-

N-heterocyclic carbene (NHC) ligands connected by rigid -
conjugated polyaromatic systems.10 Compared to the most 
widely used Werner-type metallosupramolecular assemblies,11 
organometallic-based supramolecular coordination com-
plexes supported by N-heterocyclic carbene ligands12 have the 
advantage of their higher stability, which is arguably at-
tributed to the strength of the M-Ccarbene bond. In one of our 
most recent contributions,10c we described a palladium-cor-
nered metallosquare supported by a pyrene-di-midazolyli-
dene ligand, which showed very high affinities for fullerenes 
C60 and C70 (Scheme 1). Given the high solubility (> 10 mM in 
organic solvents such as CH3CN, CH2Cl2, CHCl3, etc.) and sta-
bility of this complex and its related host:guest adducts with 
encapsulated fullerenes, we thought that we could take ad-
vantage of the spin transfer properties of the encapsulated 
fullerenes for finding their applicability in challenging organic 
transformations.  

In this study we describe the use of the fullerene host:guest 
complexes C60@1 and C70@1, as photosensitizers for the gen-
eration of singlet O2, and for facilitating carbon-oxygen bond 
forming reactions with a variety of organic substrates. 

 

Scheme 1. Fullerene-containing metallocages used in this 
study 



 

 

 

Results and discussion 

We first analysed the photophysical properties of 1, C60@1 and 
C70@1 by studying their electronic and emission spectra. The 
UV-vis spectra of C60@1 and C70@1 show a weak absorption 
band beyond 500 nm (see ESI). This band (not observed in the 
UV-vis spectrum of 1) is assigned to S0→Sn transitions of the 
fullerenes. The spectra also show the bands due to the absorp-
tion of the pyrene moieties of the bridging ligands of the com-
plex, between 300 and 360 nm. The photoinduced energy 
transfer of the host:guest complexes was analysed by lumines-
cence studies. Complex 1 alone gives intense fluorescence due 
to the emission of the pyrene fragment, with a vibronically-
resolved band with a maximum at 405 cm-1. This band is 
quenched in C60@1 and C70@1, indicating energy transfer from 
the host to the fullerene. 

 

Figure 1. Near infrared singlet oxygen phosphorescent emis-
sion spectra sensitized by Rose Bengal (RB), 1, C60@1 and 

C70@1 (1.25x10-4M in CH3CN, ex=532 nm). 

 

The evaluation of the photosensitizing efficiency of C60@1 and 
C70@1 was carried out in acetonitrile, by measuring the phos-
phorescence emission spectra of singlet oxygen generated by 
the photosensitizer upon irradiation with visible light. The 
near-infra-red (NIR) phosphorescence serves as a direct and 
unambiguous marker for the existence of 1O2.2b, 5a, 5b  Pho-
toirradiated samples of C60@1 and C70@1 in aerated acetoni-
trile, clearly showed the NIR 1O2 luminescence around 1270 
nm upon excitation with 532 nm laser light (Figure 1). Under 
the same conditions, the empty cage 1 did not produce any 
measurable phosphorescence. We estimated a 1O2 quantum 

yield of  = 0.23 and 0.41, for C60@1 and C70@1, respectively, 
by comparing the integrated areas determined for the samples 

and Rose Bengal used as standard ( = 0.71).13 These  val-
ues for the inclusion complexes are considerably lower than 
those reported for C60 and C70 (in C6H6), which are known to 
be very close to unity.14 A possible explanation for this may be 
the quenching of 1O2 by the complex before it can escape the 
solvent cage, but most likely it is due to reduction of the sen-
titizer-to-oxygen energy transfer efficiency as a consequence 
of the energy-transfer interactions between the fullerenes and 
the host. It should be mentioned that in a pioneer work by 

Prat and co-workers, a 1:2 fullerene:cyclodextrin inclusion 
complex was prepared that was able to preserve the ability of 
C60 for singlet oxygen production, despite the efficiency was 
reduced in about 50% with respect to free C60, an observation 
that the authors attributed to fast energy transfer between the 
fullerene and the host.15  

It is interesting to note that C70 is generally preferred as sensi-
tizer over C60, due to its enhanced visible light absorption, as 
consequence of the relaxation in the symmetry from Ih (C60) 
to D5h (C70) point group symmetries. Accordingly, the transi-
tions that are symmetry-forbidden for C60 are allowed for C70.16 
In the case of C60@1, the encapsulation of C60 in the metallo-
square may reduce the symmetry of the fullerene, therefore 
increasing the intensity of its low energy absorption bands, 
which, in turn, produces an enhanced photosensitizing char-
acter compared to free C60. 

Given the efficient production of 1O2 by photosensitizers 
C60@1 and C70@1, we decided to study if we could use these 
two compounds in photocatalytic reactions involving the for-
mation of endoperoxides by cycloaddition of 1O2 with dienes. 
Endoperoxides are often active biological active reagents17 that 
are used as intermediates in a large number of organic trans-
formations.18 In addition, the synthesis of natural products is 
often modeled on possible 1O2 biosynthetic routes, thus bio-
mimetic reactions singlet oxygen reactions that use alkene 
and diene precursors are receiving increasing interest during 
the last few years.1c, 3a As a first model reaction, we studied the 
endoperoxidation of anthracene to analyse the potential use 
of our photosensitizers in carbon-oxygen bond forming reac-
tions. At this point it is important to mention that there is one 
very recent example of a metallosupramolecular assembly 
used as photosensitizer for the light-induced [4+2] cycloaddi-
tion of anthracene with singlet oxygen.19 Although this report 
constitutes the only published example of a metallosupramo-
lecular system used for light-induced cycloaddition of 1O2, the 
cage showed to be photolabile and eventually decomposed, 
therefore providing very limited applicability. We prepared 
solutions of 0.5 mM of anthracene in deuterated acetonitrile 
in the presence of different amounts of C60@1 and C70@1, and 
irradiated them at 633 (red) and 512 (green) nm with a house-
hold RGB LED light (0.07 mW/cm2 incident power). The reac-
tion could be easily monitored by 1H NMR spectroscopy. Only 
the reaction carried out under irradiation of green light 
showed evolution to the formation of 9,10-dihydro-9,10-epidi-
oxyanthracene. The absence of reactivity under red light irra-
diation can be explained due to the negligible absorption of 
the two complexes at this wavelength (see Figure S21 in the 
SI). Figure 2 shows the time-dependent evolution of anthra-
cene conversion to anthracene endoperoxide in the presence 
of Rose Bengal, C60@1 and C70@1. As can be observed, for the 
reactions carried out with 0.05 mM of the photosensitizers, 
the reaction is faster when C70@1 is used, although C60@1 is 
also very efficient. Under these conditions, the reaction is 
complete after 65 min when C70@1 is used, while the same 
concentration of C60@1 needs 90 min for completing the reac-
tion. Reducing the concentration of the sensitizer results in a 
decrease of the reaction rate, although using 5x10-4 mM of 
C70@1 (which represents a loading of 0.1 mol% with respect to 
the amount of substrate), still produces full conversion in just 
4 hours. Interestingly, the activity of the supramolecular sen-
sitizer is maintained constant all over the reaction course, 



 

therefore illustrating its stability under the reaction condi-
tions used. The reaction carried out with Rose Bengal showed 
a higher initial reaction rate, but after 20 min the reaction pro-
ceeded slower, probably due to partial photobleaching of the 
dye. All the reactions proceeded following a pseudo-first order 
kinetics with respect to the substrate. This allowed us to cal-
culate the reaction rates with all three sensitizers, and to esti-
mate the singlet oxygen quantum yields of C60@1 and C70@1 

from Equation 1. In this equation (RB) is the singlet oxygen 
quantum yield for Rose Bengal (0.71), and W and WRB are the 
reaction rates for the endoperoxidation of anthracene in the 
presence of the fullerene inclusion complex and Rose Bengal, 
respectively. By this method the quantum yields for C60@1 and 
C70@1 were 0.28 and 0.40, in excellent agreement with the val-
ues obtained from Figure 1. 

 

 The stability of the photosensitizers along the reaction can 
also be confirmed by monitoring the signals due to the pro-
tons of the pyrene moiety of the di-NHC ligand of the metal-
locage, whose integral remained constant with respect to the 
standard all along the reaction course (see, for example, the 
spectra shown in Figures S4, S7, S10, S11 and S19 in ESI). This 
stability of the complexes under the conditions of the reaction 
is an obvious advantage of these systems compared to the 
widely used highly conjugated organic photosensitizers, such 
as Rose Bengal or methylene blue,2d, 20 for which the produc-
tion of singlet oxygen destroys conjugation and with it the 
ability to absorb visible light (photobleaching).  

Fullerenes C60 or C70 alone did not produce any anthracene 
endoperoxide, and 1 alone only produced a 2% conversion af-
ter 15 hours. This can be explained by the lack of absorption of 
visible light by 1 (see Figure S20), and the extremely low solu-
bility of fullerenes in acetonitrile.21 

 

Figure 2. Time-dependent reaction profile of the endoperoxi-
dation of anthracene using Rose Bengal, C60@1 and C70@1 as 
photosensitizers. Reactions performed in aeriated CD3CN un-
der irradiation at 512 nm and 0.07 mW/cm2 incident power. 
The reactions were monitored by 1H NMR spectroscopy. All 
reactions using initial concentrations of anthracene of 0.5 
mM.  

To explore the substrate scope of our metallosupramolecular 
photosensitizers, a series of cyclic and acyclic alkenes were 
subjected to photo-irradiation in the presence of air and C60@1 
or C70@1. For these reactions we used a LED lamp with 3 

mW/cm2 of incident power. The seven substrates were chosen 
to explore their different reactivities and the tolerance to func-
tional groups. Some of these substrates are prone to react with 
singlet oxygen to produce the corresponding endoperoxides 
via a photo-induced Diels-Alder reaction in which the oxygen 
is the dienophile (for substrates 2, 3, 4, 5, 7 and 8). Substrates 
6 and 8 react through an ene reaction, and yields an allylic hy-
droperoxide in which the double bond of the substrate has 
shifted to a position adjacent to the original double bond. The 
mechanistic aspects of these reactions have been studied in 
detail.22 The reactions were performed at room temperature, 
in an NMR tube filled with a solution of the substrate and the 
photosensitizer in CD3CN, so that the evolution of the process 
could be easily monitored by 1H NMR spectroscopy. Table 1 
shows the substrates used and the resulting products, to-
gether with the product yields obtained under the reaction 
conditions used. The table includes some of the control exper-
iments that we performed when we performed the endoperox-
idation of anthracene in the absence of catalysts (entry 1), or 
in the presence of C60 or C70 alone. As can be observed (entries 
1-3), these reactions did not produce any amount of product 
even after 24 hour of reaction. The Table includes the product 
yields at the time when full conversion of the substrate is 
achieved. The two photosensitizers were very active in the en-
doperoxidation of 9,10-diphenylanthracene (DPA, 3), yielding 
the corresponding endoperoxide quantitatively [3(O-O)] in 
just  30 minutes (entries 8 and 9). For the rest of the sub-
strates, C70@1 was found more active than C60@1. In the en-
doperoxidation of 1,3-cyclohexadiene (4), C60@1 afforded 68% 
yield of product in one hour, while C70@1 yielded 77%, and 
quasi-quantitative yield after 24 hours. C70@1 facilitated the 
endoperoxidation of 1,3-cyclooctadiene yielding 86% of the 
endoperoxide 5(O-O) in 24h, while under the same conditions 
C60@1 afforded a negligible amount of product (compare en-
tries 15 and 17). Similarly, in the reaction of cyclohexene to 
produce cyclohexenyl hydroperoxide [6(O-O)] C70@1 gener-
ated the product in 75% yield after 24 hours, while C60@1 only 
yielded 5 % (compare entries 18 and 19). The cycloaddition of 
oxygen to 1,4-diphenyl butadiene (7) produced the cyclic en-
doperoxide 7(O-O) in 95% yield when C70@1 was used, but 
only 72 % of product was formed for the reaction carried out 
with C60@1 (entries 20 and 21). Finally, the photooxidation of 
hexamethyl benzene to the epidioxy hydroperoxide 8(O-O) 
was produced in 71% yield after 2 hours for the reaction carried 
out with C70@1, while the reaction performed with C60@1 just 
generated 7% of product (entries 22 and 23). This latter reac-
tion consumes two molecules of singlet oxygen, and is known 
to proceed via a two-step process involving a [4+2] cycloaddi-
tion followed by an ene-reaction.23 A point that is worth men-
tioning is that the yields of the products for the reactions car-
ried out with substrates 5, 6 and 8, do not simply reflect the 
differences in quantum yield production of singlet oxygen by 
C60@1 and C70@1. Although we did not make detailed mecha-
nistic studies, it may be possible that the weaker binding of 
C60 in C60@1 (compared to the affinity of C70 in C70@1)10c makes 
that the fullerene is partially replaced by the substrate or the 
product in the course of the reaction, and this may justify the 
unexpected decrease of the reaction yields.  

 

 

 



 

Table 1. Peroxidation of organic substrates by light-in-
duced cycloaddition of 1O2.a Substrate scope. 

En-
try Substrate/Product Cat. 

Time 
(h) 

Yield 
(%)b 

1 

 

none 24 0 

2 C60 24 0 

3 C70 24 0 

4 C60@1 0.5 69 

5 C60@1 1 >99 

6 C70@1 0.5 75 

7 C70@1 1 >99 

8 

 

C60@1 0.5 >99 

9 C70@1 0.5 >99 

10c 

 

C60@1 1 68 

11c C60@1 24 81 

12c C70@1 1 77 

13c C70@1 24 92 

14c 

 

C60@1 1 0 

15c C60@1 24 5 

16c C70@1 1 10 

17c C70@1 24 86 

18c 

 

C60@1 24 5 

19c C70@1 24 82 

20d 

 

C60@1 12 72 

21d C70@1 12 95 

22d 

 

C60@1 2 7 

23d C70@1 2 71 

aReaction conditions: Reactions carried out in in CD3CN in 
an NMR tube with 1 mM of substrate and 0.05 mM of pho-
tosensitizer. b 1H NMR yields, using anisole (1 mM) as in-
ternal integration standard. c2 mM of substrate and 0.1 mM 
of photosensitizer. d5mM of substrate and 0.25 mM of pho-
tosensitizer. Samples were irradiated with a LED lamp (3 
mW/cm2).  

We find important to point out that many of the products ob-
tained from these reactions are important reaction intermedi-
ates that have been used for the synthesis of several natural 
products and commercially valuable materials, therefore their 
high yielding preparation constitutes a matter of great inter-
est. For example, 4(O-O) is the first reaction intermediate 
used in the preparation of  teucrolivin A24  and toxocarol.25 The 
cyclooctene endoperoxide 5(O-O) has recently been used for 
the preparation of 1,2-diaminocyclooctanediols26 and 4-hy-
droxyenones,27 and for the total synthesis of (+)-dubiusamine 
A (1).28 Cyclohexene hydroperoxide (6(O-O)) is a key starting 
reagent in the production of nylon-6 and nylon-6,6 polyam-
ides.29 The endoperoxide 7(O-O) is an intermediate in the bi-
osynthetically inspired route to diphenyl furan and furan fatty 
acids,30 and for the asymmetric synthesis of fused butyrolac-
tones.31 

Conclusions 

In conclusion, by taking advantage of the excellent spin-con-
verting properties of fullerenes, we used our fullerene-con-
taining host:guest complexes as photosensitizers for the gen-
eration of singlet O2. Both C60@1 or C70@1 were found to be 
very effective photosensitizers for the peroxidation of a broad 
variety of cyclic and acyclic alkenes under air atmosphere. 
While supramolecular photochemistry has recently been 
highlighted as a potential powerful synthetic tool,32 the exam-
ples in which supramolecular assemblies are used for promot-
ing photocycloadditions are restricted to their participation as 
hosts or templates for facilitating the solubilization of the or-
ganic substrates in water. To the best of our knowledge, this 
is the first time that a host:guest supramolecular assembly is 
used for the peroxidation a variety of organic substrates. Our 
findings go beyond the results that we describe in this work, 
because they underline the possibility that other fullerene-
containing host-guest supramolecular systems have the po-
tential to be used for similar photocatalytic reactions, there-
fore opening a venue for future research. Also important is the 
potential implications of this study in the use of fullerene-en-
capsulated supramolecular systems in the development of 
agents for clinical photodynamic therapy treatment (PDT). 
Research in these directions are currently being developed in 
our laboratory. 

Experimental section 

General Comments 

The preparation of the palladium-cornered metallo-square 1 
was performed according to the literature method.10c Anhy-
drous solvents were dried using the Solvent Purification Sys-
tem (SPS M BRAUN) or purchased and degassed prior to use. 
All other reagents were used as received from commercial sup-
pliers. NMR spectra were recorded on a Varian Innova 500 
MHz or on a Bruker 400/300MHz. NMR spectra were rec-
orded at room temperature with CD3CN as solvent. All values 
of the chemical shift are in ppm regarding the δ-scale. 
UV/Visible absorption spectra were recorded on a Varian Cary 
300 BIO spectrophotometer using acetonitrile under ambient 
conditions. Emission spectra were recorded on a modular 
Horiba FluoroLog-3 spectrofluorometer employing degassed 
acetonitrile. As an example, the following paragraph describes 
the general procedure used for the endoperoxidation of an-
thracene. The details about the photocatalytic reactions car-
ried out with all other substrates are given in the Supplemen-
tary Information.  

Photocatalytic Endoperoxidation of Anthracene with Fuller-
ene@1 

All experiments were performed in NMR tubes with CD3CN 
and a previous sonication for 12 hours of host solution (com-
plex 1) and the respective fullerene. The samples were irradi-

ated with green light ( = 512 nm), with a 3.5W household 
RGB-LED light (0.07 mW/cm2 incident power). The initial 
concentration of anthracene concentration was 0.5 mM in all 
experiments, while Fullerene@1 concentration was set to 0.05 
mM (10 mol% cat), 0.005 mM (1 mol% cat) and 0.0005 mM (0.1 
mol% cat).  The experiments were carried out placing the 
NMR tube at 10 cm of the light beam, under the exclusion from 
other light sources by a black box. NMR sample was protected 
from ambient light between the measurements. The advance 
of the reaction was monitored by 1H NMR spectroscopy. 
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TOC synopsis: A palladium-cornered metallosquare with encapsulated fullerenes (C60 or C70) behaves 

as an efficient singlet oxygen photosensitizer. This host:guest system is able to oxidize a variety of al-

kenes under very mild conditions via visible light-induced singlet oxygen generation. 


