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ne capsules: molecular reactors
for photoredox transformations of fullerenes†

Marta Moreno-Simoni,a Tomás Torres *abc and Gema de la Torre *ab

The internal cavity formed by a dimeric subphthalocyanine (SubPc) capsule (SubPc2Pd3, 2), ensembled by

coordination of pyridyl substituents in the monomeric SubPc 1 to Pd centers, has proved an optimal space

for the complexation of C60 fullerene. Taking advantage of the intense absorption of green light of the

SubPc component at around 550 nm, we have tested different green-light induced photoredox addition

reactions over the double bonds of guest C60. Both addition of amine radicals, generated by reductive

quenching of the excited state of 2 by aromatic trimethylsilylamines, and addition of trifluoroethyl

radicals, obtained from oxidative quenching of the photosensitizer, have successfully taken place with

good yields in the 2:C60 host:guest complex. On the other hand, both the photoredox reactions result in

much lower yields when the monomeric pyridyl-SubPc is used as a photocatalyst, demonstrating that

encapsulation results in a strong acceleration of the reaction. Importantly, this is the first example of the

use of a confined microenvironment to trigger photoredox chemical transformations of fullerenes.
Introduction

The use of cage-like host systems as catalysts to perform reac-
tions in conned microenvironments has become the centre of
attention since the central cavity of molecular capsules is
reminiscent of an enzyme-active site.1 In particular, supramo-
lecular coordination cages, easily prepared through modular
approaches from metal ions and organic ligands, provide
discrete microenvironments to bring the substrates together
within the cavity, increasing the local concentration and trig-
gering or accelerating chemical transformations.2

On the other hand, the use of chromophores that absorb
visible light and trigger reactions aer their excitation is central
for the search of “green” synthetic methods.3 The combination
of the two elds, that is the formation of coordination cages by
self-assembly of chromophores with photosensitizing abilities,
offers powerful possibilities since it provides a local concen-
tration of photoactive units surrounding a bound guest in a way
that would not be possible in solution under normal conditions,
affording an antenna effect in which excitation energy from
several sources is directed to a single reaction site. Although
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there are examples in the literature of “antenna” cages per-
forming as photocatalysts,4,5 most of them are focused on the
production of hydrogen or the generation of reactive oxygen
species, and the realization of more complex photoredox
transformations remains largely unexplored.

The development of chemical reactions under photoredox
catalysis is a central research eld that has allowed us to over-
come issues, such as decomposition or the lack of control over
the reaction, associated with the direct excitation of organic
substrates with high energy UV-light.6 Although Ir(III) and Ru(III)
polypyridyl complexes are powerful visible-light catalysts for
photoredox transformations, their low sustainability and
potential toxicity have prompted the search for organic chro-
mophores able to trigger electron transfer processes aer
photoexcitation with low-energy photon sources such as green
or red light.7 Phthalocyanines (Pcs) and their lower homologs
subphthalocyanines (SubPcs) have been addressed as optimal
Fig. 1 Structure of Pd3(SubPc)2 cage 2 and its precursor 1.
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Table 1 Optimization of the photoredox reaction of C60 with 3a in the
SubPc cagea

Entry PS (equiv.) Time (h) Solvent Yield

1 — 9 Toluene —
2 2 (1.0) 9 Toluene 83%
3 1 (1.0) 9 Toluene 20%
4 2 (1.0) 9 DCM 87%
5b 2 (1.0) 9 DCM 75%
6 2 (0.1) 9 DCM 31%
7 2 (1.0) 6 DCM 86%
8 2 (1.0) 3 DCM 72%
9 2 (1.0) 1.5 DCM 43%

a PS ¼ Photosensitizer. Conditions: C60 (0.003 mmol) 0.08 M, 3a (1.5
equiv.), at rt with irradiation by a 530 nm LED under Ar. Isolated
yields of 4a. b 2 equiv. of 3a.
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candidates for photoinduced electron transfer processes aer
excitation with visible light.8 In particular, the bowl-shaped
SubPcs (Fig. 1)9 show intense transitions in the 550–630 nm
region, and once photoexcited, they can act either as electron
donors or acceptors as a function of the nature of the peripheral
substituents. For that reason, they have been incorporated into
multicomponent systems with other electroactive units to build
photosynthetic models and advanced energy materials.10

Electron-acceptor fullerenes are by far the most widely used
units merged with SubPcs, particularly in a supramolecular
manner, due to the shape complementarity between the
concave face of SubPcs and the spherical p-surface of the
fullerenes.11 An outstanding illustration of this type of interac-
tion is that exhibited by the SubPc-based coordination cage 2
reported by our group (Fig. 1), formed by Pd-directed dimer-
ization of two C3-symmetry SubPcs 1 endowed with three
peripheral 3-pyridyl units,12 which form stable 1 : 1 host–guest
complexes with C60 and C70.13,14

The recognition of fullerenes using metallo-organic cages
constructed with other aromatic panels has also been accom-
plished by several authors.15–25 The shape complementarity and
space connement in the host:guest complexes have a role in
the reactivity of fullerenes, allowing reactions that do not
proceed outside the cage,15 or the control of the formation of
different types of addition compounds.19,26–29 However, the use
of a connedmicroenvironment to trigger photoredox reactions
over fullerenes has not yet been accomplished. In this regard,
the use of SubPc cage 2 as an “antenna” pocket to induce
photoredox transformations on fullerenes triggered by the
surrounding SubPc excited states is a ground-breaking and
conceptually innovative approach to obtain fullerene species
that are not accessible by other means and can be of interest in
areas such as solar energy conversion10 or biomedicine.30

Despite their well-recognized abilities as photosensitizers for
different applications, there are only a few examples in the
literature of Pcs31,32 and SubPcs33 working as photoredox cata-
lysts for organic transformations; in particular, uorinated
SubPcs have been recently tested as photocatalysts for radical
additions of alkenes.33 Our aim here is to take advantage of the
strong interactions between the bowl-shaped SubPc units and
the fullerene in the readily formed host:guest complexes in
solution to trigger green-light induced photoredox addition
reactions over the double bonds of C60. As we will show in the
following, connement of C60 in the void space of 2 is essential
to effectively perform the radical addition. Importantly, the
internal dimensions of the cavity (dPd–Pd¼ 18.4 Å; dB–B¼ 16.1 Å)
may allow for co-binding of the reactive species.

Results and discussion

To prove that this SubPc cage can act as a molecular container
for photoredox transformations, we have selected the addition
of a-aminoalkyl radicals as a model reaction. Classically, reac-
tions of C60 under high energy UV light irradiation with tertiary
amines involve single electron transfer (SET) from the amines to
the photoexcited C60, leading to radicals that enable addition
reactions to form different fullerene derivatives.34–40 We have
9250 | Chem. Sci., 2022, 13, 9249–9255
selected diphenyl(trimethylsilylmethyl)amine40 as a radical
precursor to demonstrate the abilities of capsule 2 as a molec-
ular photoreactor to accomplish addition reactions over fuller-
enes under benign green light illumination through SubPc-
triggered SET processes. Importantly, to the best of our
knowledge, this is the rst time that a porphyrinoid cage works
as a container for photocatalyzed fullerene derivatization. Then,
with a protocol in hand, we have widened the applicability of
our photocatalytic cage to other pioneering photocatalyzed
radical additions over fullerenes.

Initially, the reaction was performed with 1.5 equivalents of
diphenyl(trimethylsilylmethyl)amine 3a, using toluene (a good
solvent for C60) in the presence of 1% H2O as a source of H+

(necessary for the protonation of the intermediate anionic
fulleroid, see the mechanism below) under continuous 530 nm
irradiation, but in the absence of a photosensitizer. Under these
conditions, as expected, no reaction took place due to the low
energy of the light source (Table 1, entry 1). Before starting the
photocatalyzed experiments, the stability of SubPc 1 and cage
214 under green light LED irradiation for periods of up to 12 h
was conrmed. Then, the photocatalyzed reaction was set using
1 equivalent of SubPc cage 2 to ensure maximum complexation
of C60 in the interior (Table 1, entry 2). Aer 9 h of reaction at rt,
a fullerene derivative was isolated in 83% yield, with 1H-NMR
and MS features that match with the addition of the a-diphe-
nylaminomethylene radical (Fig. S1†). The 1,2-addition pattern
of 4a was conrmed in the UV-vis spectrum, which shows
a weak transition at 435 nm, characteristic for this type of
adduct (Fig. S4†).

To determine if encapsulation is necessary for the reaction to
proceed, SubPc 1 was tested as a photosensitizer (Table 1, entry
3). In this case, the addition product 4awas isolated in only 20%
yield, which evidences the benets of performing the reaction
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photoredox reaction of C60 with amines 3b–h in the SubPc
cagea

a Conditions: C60 (0.003 mmol) 0.08 M, 3b–h (1.5 equiv.), 2 (1 equiv.), at
rt with irradiation by a 530 nm LED under Ar.
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in a conned space. Another important conclusion from this
experiment is that the SubPc chromophore is responsible for
triggering the photoredox reaction, ruling out the possibility of
Pd(II) behaving as catalytic centers. The only role of the metals is
to bind the two SubPc units, although they also provoke a slight
deactivation of the SubPc excited state (Fig. S2†), which does not
otherwise reduce the photocatalytic activity of the cage.

To maximize the formation of the host–guest complex, we
decided to change the reaction solvent to CH2Cl2, which is
a poorer solvent for C60. In fact, binding constants have been
derived from UV-vis titration experiments with values as high as
4.7 � 105 M�1 (Fig. S11†). It is also important to mention here
that although SubPc 1 interacts with C60 also in CH2Cl2, binding
isotherms (Fig. S12†) reveal poor tting and lower binding
constants (ca. 104). This nding points out again the impor-
tance of the conned microenvironment for the reaction to take
place smoothly, which could probably be a consequence of the
increased local concentration of the reactants inside the cavity
and/or a larger antenna effect caused by the two SubPc units in
cage 2.

Then, when the reaction was carried out in CH2Cl2 (entry 4),
slightly higher yields of the isolated product (i.e., 87%) were
achieved. However, when the amount of amine 3awas increased
(entry 5), the yield of 4a decreased, while other products
appeared in the reaction mixture, showing molecular peaks in
the mass spectra that correspond with double additions of the
amine radical to the fullerene (Fig. S3†). Finally, the amount of 2
was reduced to 10 mol% with respect to C60, but the yield of 4a
dropped to 31% (entry 6) which may be probably caused by the
competitive inhibition by the product, i.e., involvement of the
resulting adduct 4a in the host–guest equilibrium with the
SubPc cage, which hampers the complexation of pristine
fullerene, as in previous examples of temperature-promoted
reaction of fullerenes in metallocages.19,26–29 To demonstrate
the inhibition by the product, we accomplished the assessment
of the binding constants for the host:guest complex formation
between 4a and 2. However, the insolubility of the adduct in
CH2Cl2 (and also in toluene) prevented the realization of the
experiments. Yet, it must be considered that this insolubility
may be the driving force that pushes the adduct 4a to remain in
the SubPc capsule (i.e., solvophobic effect). Importantly,
although optimal results are achieved using 1 equiv. of the cage,
80% of the initial amount of 2 is recovered aer treatment of the
reactions, and it performed with the same efficiency in further
Fig. 2 (a) Kinetic profile for the conversion of C60 in 4a; (b) fluorescence
amounts of 3a; (c) plot of the fluorescence quenching of 2 versus [3a] a

© 2022 The Author(s). Published by the Royal Society of Chemistry
photoredox cycles. Eventually, an assessment of the reaction
kinetics was performed (entries 4 and 7–9), measuring the
yields of 4a at different reaction times. As shown in Fig. 2, the
reaction undergoes a strong acceleration in the rst three
hours, and then it slows down until a plateau is reached (i.e., 6
h) aer which the yield remains stable.

With a general protocol in place (CH2Cl2, 1 equiv. of 2, 1.5
equiv. of amine vs. C60 and 6 h green-light irradiation at rt) we
searched to broaden the scope of the reaction using different a-
silylamines (Table 2). For the reactions with amines function-
alized with strong or moderate electron donors (3b–d), the
yields of the corresponding adducts 4b–e were moderately lower
than those of the model reaction. Similar yields were achieved
with other types of electron-rich aromatic amines (3f). Inter-
estingly, the reaction with the NO2- functionalized silylamine 3e
did not work out, which can be rationalized considering the
proposed mechanism (see below). Finally, group substitution of
one phenyl ring with an alkyl radical (amine 3g) led to yield
reduction (i.e., 52%), while the use of dialkylamine 3h resulted
quenching of 2 (2.14 � 10�5M in CH2Cl2) upon addition of increasing
nd determination of the Stern–Volmer constant (I/I0 ¼ 1 + KSV$x).

Chem. Sci., 2022, 13, 9249–9255 | 9251
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in full inactivation of the process. Characterization of 4b–g is
provided in the ESI (Fig. S7–S10)†.

With a general protocol in place, the next step was the
elucidation of the mechanism using the model reaction.
Previous photophysical studies on C60 3 2 complexes
concluded that aer excitation of the SubPc, no SET to C60 was
observed but energy transfer occurred,14 which excludes the
oxidative quenching of 2 by C60. Nevertheless, the formation of
a radical species in the herein described transformation is
conrmed by the absence of reaction when it was carried out in
the presence of 2 equiv. of 2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPO) radical scavenger, which yielded the
diphenylmethylamine-TEMPO product by radical coupling
(Fig. S13†).41 Therefore, the formation of the diphenylmethyl-
amine radical species could be rationalized by initial SET from
3a to the photoexcited SubPc units in 2. This hypothesis was
supported by Stern–Volmer uorescence quenching experi-
ments, which evidence that the amine 3a quenches the excited
state of 2 (Fig. 2). Considering the high degree of occupancy of
cage 2 with C60 under the reaction conditions, we have also
performed Stern–Volmer experiments using a C60 3 2 complex
synthesized by assembly of the cage in the presence of
fullerene.14 As expected, the results derive a similar KSV

(Fig. S15†).
To conrm the deactivation of the excited state of the cage by

the amine, a reaction was set with a 1 : 1 mixture of 2 and 3a
under green LED photoirradiation for 6 h, in the absence of C60,
which led to the conversion of the trimethylsilylamine to Me3-
SiOH (Fig. S9†). This result is rationalized by the reductive
quenching of the photoexcited SubPc units by 3a, leading to the
radical cation form of the amine that suffers desilylation
assisted by water to give an a-diphenylaminomethyl radical
(Fig. 3). In an additional control reaction, a solution of 3a in
DCM/H2O was irradiated, which provided the amine unaltered
(Fig. S9†).

The reductive quenching of 2 by diphenyl(-
trimethylsilylmethyl) amine is plausible considering that the
excited state reduction potential of 2 (0.771 eV vs. SCE,
Fig. 3 Postulated photoredoxmechanism for the conversion of C60 to
4a.

9252 | Chem. Sci., 2022, 13, 9249–9255
calculated from E*red ¼ Ered(2/2
�) + E00) exceeds the oxidation

potential of 3a (0.471 eV vs. SCE) (Fig. S16 and 17†). Please note
that the oxidation potential of amine 3e is 1.07 eV (Fig. S17†),
which explains why the reaction with 3e failed to proceed. All
these calculations are done considering the singlet as the
involved excited state in the photoredox reaction, since the
triplet energy (1.45 eV) is too low to be involved in the oxidation
of the amine.

Then, the more plausible pathway is that aer reductive
quenching, addition of the a-aminomethyl radical to the
fullerene gives a fulleroid radical, which can be further reduced
by SET from the one-electron reduced form of 2 (2�) to give an
anionic fullerene that is further protonated (Fig. 3). This last
step of the catalytic cycle is supported by the fact that no reac-
tion occurs in the absence of water. Moreover, the signal of the
added H does not appear in the 1H-NMR spectrum when the
reaction is carried out in DCM/D2O mixtures (Fig. S19†).
Importantly, other pathways derived from the C60 excited state
are excluded since the reaction between C60 and amine 3a under
green LED irradiation does not take place in the absence of
a photocatalyst (Table 1, entry 1).

Aer these outstanding results, we aimed to prove that
SubPc cage 2 is a versatile molecular container for other types of
photoredox reactions with fullerenes. Considering the
increasing interest in uoroalkyl groups for several applica-
tions, including medicinal chemistry,30 uoroalkylation reac-
tions over fullerenes are relevant targets of research.42 Radical
addition of uoroalkyl radicals to fullerenes has been achieved
by thermal or photochemical decomposition of uoroalkyl
iodides. However, to the best of our knowledge, the photo-
catalyzed uoroalkyl addition using low-energy light sources
has not been undertaken yet.

Among the different photocatalyzed uoroalkylation reac-
tions, we have selected the straightforward triuoroethylation
with CF3CH2I as a model reaction. The photocatalyzed reaction
of uorinated alkyl iodides with alkenes can yield atom transfer
radical additions (ATRA), where the nal alkene bears the two
functionalities (i.e., CF3 and I),43 or hydrouoralkylated
compounds.44 Then, we have accomplished the photocatalytic
activation of CF3CH2I by our cage 2 to generate radicals45 that
subsequently react with fullerene to give 5a or 5b (Table 2).

As the high reduction potential of CF3CH2I (�1.4 eV vs. SCE)
rules out the possibility of forming the triuoromethylene
radical by oxidative quenching of photoexcited 2 (excited state
oxidation potential of SubPc cage 2 is �0.92 eV), the addition of
sacricial reductants seems necessary. Aer testing different
additives (see Table 3), we found that the addition of 1 equiv. of
PPh3

46 (entry 3) resulted in the formation of hydro-
triuoroethylated fullerene 5b (Fig. S13†) in 65% yield. The
formation of this product requires hydrogen-atom transfer
(HAT) from a hydrogen donor, most likely the solvent (CH2Cl2).
Noteworthily, the formation of 5a was not detected under any of
the tested conditions, probably because the incorporation of the
iodide requires oxidation of the fullerene radical that results
from the triuoromethylene addition into a carbocation, and
this step requires a strongly oxidative catalytic species (see the
mechanism below). As in previous hydroaminations, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Photocatalyzed trifluoroalkylation of C60
a

Entry PS (equiv.) Additive (equiv.) Yield (5a) Yield (5b)

1 2 (1.0) Lutidine (1.0) — —
2 2 (1.0) Sodium ascorbate/NaOAc (1.0) — —
3 2 (1.0) PPh3 (1.0) — 65%
4 2 (0.2) PPh3 (1.0) — 27%
5 1 (1.0) PPh3 (1.0) — 9%
6 — PPh3 (1.0) — —

a PS ¼ Photosensitizer. Conditions: C60 (0.003 mmol) 0.08 M, CF3CH2I (1.5 equiv.) at rt with irradiation by a 530 nm LED under an Ar atmosphere.
Isolated yields of 5a and 5b.
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reaction performed more efficiently when using equimolar
amounts of SubPc cage 2 rather than catalytic amounts (entry
4), but it is important to remark that 75% of 2 was recovered
aer treatment of the reaction, and it proved effective in further
photoredox reactions. Again, the need of the molecular cavity
for the reaction to proceed efficiently was proved, as the reac-
tion yield dropped to 9% when SubPc 1 was used as the catalyst.
Finally, the reaction performed in the absence of a SubPc
derivative was ineffective, which demonstrates that the photo-
catalyst is necessary for the reaction to take place (entry 6).

In subsequent mechanistic investigations, we found that the
addition of TEMPO completely inhibited the reaction, con-
rming the radical character of the reaction (see Fig. S22† for
Fig. 4 Fluorescence quenching and plot of the quenching of 2 (2.14 � 10
and [PPh3 + ICH2CF3], right column. Determination of the Stern–Volme

© 2022 The Author(s). Published by the Royal Society of Chemistry
the 19F-NMR spectrum of the CF3CH2-TEMPO coupling
product). Stern–Volmer experiments revealed that neither
CF3CH2I nor PPh3 alone quenched the excited state of 2 (Fig. 4).
However, uorescence titration with an equimolecular mixture
of CF3CH2I and PPh3 yielded quenching of the emission of 2,
with a Stern–Volmer constant of 2995 M�1. This nding implies
that coordination of phosphine to CF3CH2I may lower the
reduction potential of the haloalkane.‡ Halogen bonding
between the iodine atom in CF3CH2I and the Lewis base PPh3 is
plausible,47 because the “sigma-hole” of the iodine atom is
enhanced by the three electron-withdrawing uorines. From
this result, it could be derived that aer excitation of 2, an
oxidative quenching is caused by the CF3CH2I–PPh3 complex
�5M in CH2Cl2) versus: [PPh3], left column; [ICH2CF3], middle column;
r constant (I/I0 ¼ 1 + KSV$x).

Chem. Sci., 2022, 13, 9249–9255 | 9253
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Fig. 5 Postulated photoredoxmechanism for the conversion of C60 to
5b.
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(Fig. 5). The resulting radical anionic species could split into
PPh3, iodide and the triuoroalkyl radical, whose addition to
fullerene results in the formation of the triuoroethylated
fullerene radical. The oxidized form 2 (2+) does not appear to
oxidize this radical to its carbocationic form; instead, in the
absence of an extra hydrogen source, CH2Cl2 solvent can act as
a hydrogen donor for subsequent HAT to fullerene. To conrm
this hypothesis, the reaction was performed in CD2Cl2, which
provided the deuterated analog 5b (Fig. S24†). Reduction of the
oxidized form of the SubPc photocatalytic cage 2 should be
completed by PPh3 (E

1/2
ox ¼ 0.98 vs. SCE), which also plays the

role of a sacricial reductant.
Conclusions

All the previous results indicate that SubPc capsule 2 is
a powerful photosensitizer to trigger additions of (diaryl)
methylamine and triuoroethyl radicals to C60 fullerene. Taking
advantage of the ready formation of host:guest complexes
between 2 and C60 fullerene in CH2Cl2, the capsule behaves as
a molecular photoreactor. Very remarkable is the versatility of
the SubPc cage, which can initiate photoredox processes in the
form of reductive or oxidative quenching. Probably due to the
strong interaction between the C60 addition products and the
SubPc cage, which do not allow a rapid exchange of the product
by the pristine C60 substrate, equimolar amounts of 2 are
necessary to maximize the yields. Despite that, the SubPc cage is
recovered to a large extent aer the reactions and can be used in
further cycles. Undoubtedly, the reactions strongly benet from
being performed in the conned space, because when mono-
meric SubPc is used as a photocatalyst, the yields dropped
considerably. This work is conceived as a proof-of-concept,
demonstrating the capabilities of SubPc cages as molecular
photoreactors, and setting the basis for the search for other
“eco-friendly” green light-induced, photoredox transformations
over fullerene species, which can provide interesting, func-
tionalized fullerenes with applications in energy conversion
schemes or biomedicine.
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