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Metal-free heterogeneous photocatalysis, which requires no prior catalyst immobilization or chemical

modification and can operate in green solvents, represents a highly-sought after, yet currently still

underdeveloped, synthetic method. In this report we present a comparative study which aims to evaluate

the use of unmodified fullerene soot and a fullerene nanodispersion as non-soluble and quasi-soluble

carbon-based photocatalysts, respectively, for sulfide oxidation and other transformations using oxygen

as an oxidant in ethanol. A wide range of sulfoxides were successfully prepared with good yields and

chemoselectivity using a very low catalyst loading. The fullerene soot photocatalyst is easily recovered

and shows excellent stability of the catalytic properties. The reaction was shown to proceed via a singlet

oxygen pathway and has a high selectivity for aliphatic sulfides, whereas the oxidation of thioanisoles can

be accomplished using an amine mediated electron transfer mechanism. The applicability of the

fullerene nanodispersion as a general purpose photocatalyst was demonstrated in radical cyclization,

boronic acid oxidation and imine formation reactions.
1. Introduction

Catalytic chemical transformations utilizing heterogeneous
catalysts are essential to the modern chemical industry and
range in scale from the renery to the pharmaceutical industry.1

According to recent estimates, 80–90% of industrial processes
use catalysis, reaching global sales of 1.5 trillion US$ and
generating 35% of the world's global domestic product (GDP).2

Although bulk or supported metal (metal oxides) and porous
zeolite catalysts dominate the industrial elds, partially organic
compounds that are amenable to the rational tailoring of
catalytic sites and the porosity, such as metal organic frame-
works, have become increasingly important players.3 Moreover,
various nanostructured catalysts, mostly in the form of nano-
particles, allow unprecedented activities and chemoselectivities
to be achieved.4 Owing to the separation of reactants/products
and the catalyst in different phases and the complicated
chemical properties of surfaces, heterogeneous catalysis is
much more challenging to approach analytically or mechanis-
tically; however, it provides the added advantage of easy sepa-
ration from the products, thus enabling efficient recycling and
environmentally more sustainable processes.
rduko 24, Vilnius, LT-03225, Lithuania.
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tion (ESI) available. See DOI:
Among the various catalytic systems, visible-light mediated
photoredox catalysis has emerged as a functional group
tolerant, mild, chemoselective and environmentally benign
synthetic method for free radical generation from various
starting materials. The high diversity of the starting materials
and compatible reaction partners with these new catalytic
methods has allowed chemists to harvest otherwise inaccessible
chemical space.5 This particular eld of catalysis is now
considered to be one of the most rapidly developing and
promising research areas in organic chemistry. In contrast,
metal-free heterogeneous catalysts still remain largely under-
developed, especially the ones operating in the most convenient
visible region of the spectrum.6

In our quest for efficient environmentally friendly and
sustainable heterogeneous catalysts, we turned our attention to
carbon-based materials,7 in particular fullerenes, as possible
candidates to enable the oxidation of suldes to the corre-
sponding sulfoxides using air or oxygen as the sole oxidant.
Based on the well-known strong electron acceptor properties of
fullerenes, the oxidation of organic substrates, initiated by an
electron transfer and the ensuing formation of the radical
cation–anion pair can be envisioned.8 Moreover, the electron
transfer reaction can be further driven using visible light,
increasing the oxidation potency of the catalyst. Alternatively,
fullerene, as a highly stable oxygen photosensitizer with an
almost quantitative quantum yield over a broad range of
wavelengths, can be utilized in singlet oxygen mediated reac-
tions.9 Indeed, some work in this direction has been reported
previously, using C60 derivatives10 or solid support immobilized
© 2021 The Author(s). Published by the Royal Society of Chemistry
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forms.11 The wider application of C60 in the pure form is limited
by its high price, whereas modied catalysts require additional
functionalization steps using commercial materials. We
hypothesized that the cheap raw material used for fullerene
production, fullerene soot (FS), could also serve as a heteroge-
neous oxidation photocatalyst and that it may be comparable
with pure C60 in terms of the substrate scope, chemoselectivity
and catalytic activity. FS is a low-cost nanomaterial produced by
vaporizing the pure carbon in an inert atmosphere and
condensing the vapor to produce a wide range of structures that
include fullerenes, mostly C60 and C70. For comparison, the
photocatalytic activity of the quasi-heterogeneous C60 nano-
dispersion was also probed.

The oxidation of suldes to sulfoxides has been selected as
a model reaction to assess the catalytic activity of FS. Sulfoxides
are valuable chemical products which have widespread uses in
medicinal chemistry and are also found in the structure of
bioactive natural products.12,13 The main challenge associated
with the oxidation of suldes is related to chemoselectivity
issues, in which over-oxidation to sulfones must be prevented.
In a broader context, the oxidation of noxious (mustard gas or
derivatives) or foul-smelling low-valent organosulfur derivatives
has practical implications in wastewater treatment or the
disposal of chemical warfare agents. To date, the oxidation of
suldes has been achieved using both homogeneous14 and
heterogeneous photocatalysis;15 however, all the reported
examples of heterogeneous catalysis involve additional steps to
prepare the catalyst.

In this report we utilized FS as an off-the-shelf photocatalyst
for sulde oxidation in ethanol and also applied it to other
oxidative transformations, such as the oxidation of boronic
acids, amines or radical cascade cyclization reactions. In addi-
tion to the batch process, a ow reactor with a non-immobilized
heterogeneous catalyst has been developed for larger scale
reactions. A C60 nanodispersion in ethanol has also been
successfully applied for the above described transformations
and in most cases showed an enhanced catalytic performance.

2. Results and discussion
2.1 Reaction scope and catalyst screening

The list of sulfoxides prepared in this study is outlined in Fig. 1.
In addition to simple dialkyl suldes, compounds possessing
a bulky tert-butyl group (2a, 2c, 2e, 2l, 2m–n) or oxidation
sensitive alkene functionalities (2e–f) were also included for
better investigation of the reaction scope. The heterogeneous
catalysts were used in three different forms: untreated FS ([FS]),
a suspension of FS in toluene ([FS in Tol]) or a saturated solu-
tion of C60 in toluene ([C60 in Tol]). The latter solution was used
to prepare the C60 nanodispersion in poor solvents, such as
ethanol or acetonitrile by injecting a saturated solution of C60 in
toluene.16 The as-obtained yellow solution (quasi-
heterogeneous system) was stable for some time, however, in
all cases presented, it eventually converted into an amorphous
precipitate of C60 aer the reaction, enabling easy separation of
the catalyst. Typically, on the 0.2 mmol reaction scale, 50 mL of
the saturated C60 toluene solution (c ¼ 4.2 mM) was used to
© 2021 The Author(s). Published by the Royal Society of Chemistry
prepare the nanodispersion, resulting in a substrate to catalyst
molar ratio of approximately 1400. For the FS suspension in
toluene, 100 mL of stock suspension (2 mg of FS in 4 mL of
toluene) was added to 2 mL of ethanol. For the FS powder, 1 mg
of FS was used for 0.2 mmol of substrate. Taking into account
that commercial FS contains up to 7% w/w of extractable
fullerenes,17 this translates into substrate to catalyst molar
ratios of approximately 20 000 and 2000 for the FS suspension
and FS powder, respectively (assuming that all fullerenes in FS
are C60). Ethanol (95/5 v/v mixture with water) was used as
a green solvent, which is also capable of stabilizing one of the
key reaction intermediates (reaction mechanisms are discussed
below). Another polar, but aprotic solvent, acetonitrile was
chosen as a control in which, similar to ethanol, fullerenes are
virtually insoluble. The reactions were performed using solvents
saturated with O2 (bubbling) in closed borosilicate culture tubes
under irradiation with a 100 W 450 nm blue LED (at 10 cm
distance) with external air cooling.

As shown in Fig. 1, the oxidation efficiency varies depending
on the solvent or catalyst used. In most cases, FS performed
well, delivering sulfoxide products in good yields. On average,
the reaction was completed in 48 and 24 h using the FS or C60

nanodispersion, respectively. Suldes with tert-butyl groups
were also successfully oxidized, indicating the high tolerance to
steric hindrance of this catalytic system. Remarkably, the
challenging substrate, dibenzyl sulde 2g, known for its
propensity to fragment into benzaldehyde during oxidation,
was smoothly oxidized to the expected sulfoxide. The lowest
yields were obtained with substrates 2j and 2k. It should be
noted, however, that these substrates, similar to dibenzylsul-
de, are also sensitive to fragmentation via enolization owing to
the increased acidity of the CH2 protons between the sulfur
atom and ester group (vide infra). In our case the moderate
yields obtained were still higher than those obtained using
other reported oxidation methods.18 The alkene functionality in
2e–f was compatible with the reaction conditions. In the few
cases tested, the sulfone by-product was not detected in
signicant amounts, based on the NMR analysis of the crude
product. Control reactions without light, oxygen or catalyst did
not deliver tangible amounts of the products. As expected,
fullerene depleted FS, obtained aer continuous extraction with
1,2-dichlorobenzene was notably less efficient, providing 2b in
only a 20% yield. Non extractable carbon nanotubes, that are
probably present in FS might be responsible for the small
amount of the product formed. A control experiment using
single walled carbon nanotubes did indeed afford a 13% yield of
2b, whereas powdered activated charcoal provided no oxidation
product.

Comparison of the three different catalysts revealed some
notable trends. In the majority of cases, FS delivered as
a suspension in toluene provided higher yields of the products
in both solvents. At rst glance, these results can be easily
rationalized by assuming the possible extraction of fullerene
components from carbon black. This assumption is also
corroborated by the slightly enhanced performance of the C60

nanodispersion compared to FS. In FS, the active fullerenes are
less accessible by the substrate and are competitively adsorbed
RSC Adv., 2021, 11, 4104–4111 | 4105
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Fig. 1 Exploration of the substrate scope. FS: fullerene soot; Tol: toluene. For experimental details see the ESI.† aMixture of diastereomers;
bcomplex mixture; cdouble oxidation product.
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on carbon black. The C60 in nanodispersion, on the other hand,
is more accessible and has a greater effective surface area. On
the other hand, in quite a few cases FS performed better than
the C60 nanodispersion, which might be attributed to the
combined action of C60 and C70. For instance, a slight increase
in the yield (�5%) was observed for substrate 1f using the
nanodispersion of C60/C70 (1 : 1 molar ratio). The change in
morphology of FS upon treatment with toluene is an alternative
explanation for the enhancement of the catalytic properties.
Indeed, notable changes were observed in the scanning electron
microscopy (SEM) images obtained aer stirring FS into toluene
(Fig. S2†). Stirring with toluene resulted in a much ner powder
(0.80 mm) compared to the untreated FS (1.43 mm) which might
contribute to the enhanced performance of this system. Strik-
ingly, in contrast to our study, the previously reported related
photocatalyst, fullerene-modied carbon nitride, produced
4106 | RSC Adv., 2021, 11, 4104–4111
sulfone as the main product in ethanol and was not able to
discriminate between different types of suldes.11b

2.2 Development of the ow reactor

The notorious drawback of all photochemical reactions is the
short penetration length of light into the reaction mixture. This
limitation severely reduces the scale of batch processes. To
overcome this obstacle, larger scale reactions are typically
carried out using a ow system which is easily implemented for
homogeneous processes. As anticipated, our attempt to scale up
the reaction with substrate 2b to the gram scale under standard
conditions was not successful, resulting in incomplete conver-
sion, even aer weeks of irradiation. Although heterogeneous
reactions are routinely performed under ow, insoluble
reagents or catalysts are typically immobilized in the stationary
phase, which is not always feasible for photochemical reac-
tions.19 We sought to develop a ow process with
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Recyclability of the FS catalyst. (b) SEM image of the FS
powder before the reaction (top) and after 10 cycles (bottom).
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a heterogeneous catalyst within the mobile phase. For this,
a ow loop was assembled, consisting of a mini-peristaltic
pump connected to 3 mm Teon tubing and passing through
a reservoir of FS suspension in ethanol and a high surface area
irradiation section (Fig. 2a and b). The reservoir was connected
to either the cylinder of oxygen or another mini-peristaltic
pump that acted as an adjustable air feed. We found that the
ow of the well mixed suspension could be maintained with
a ow rate of 30mLmin�1 without sedimentation of the catalyst
powder, even at the tube turning points (Fig. 2c and d). If
necessary, the irradiated part can be refrigerated with either
water or a fan. Using this setup, gram quantities of 2b were
obtained in a 94% yield within 5 d with a turnover number of
11 000.

2.3 Recyclability studies

The long-term stability is one of the most important charac-
teristics of a heterogeneous catalyst. Owing to the extremely low
solubility of FS in ethanol, the catalyst can be quantitively
recovered aer the reaction by simple ltration or centrifuga-
tion. The chemical stability of FS was evaluated by performing
the oxidation reaction of 2b for 10 reaction cycles. Essentially,
no drop in catalytic activity was noted (Fig. 3a).

In order to check whether the chemical nature of FS had
changed during the reaction, Raman measurements on fresh
and recycled FS were carried out. Aer the reaction, the FS was
ltered, washed with ethanol and dried. The spectra of both
samples were almost identical, demonstrating the structural
and chemical integrity of the catalyst. The SEM measurements
showed that in contrast to the FS in toluene, the size of the
particles increased signicantly during cycling of the catalyst,
Fig. 2 (a) Schematic representation of the flow system; (b) working
unit assembly; (c) FS dispersion flowing through the irradiated section;
(d) snapshot of the FS dispersion under flow in the tubing; (e) FS
dispersion in ethanol before the flowwas initiated; and (f) flow reaction
under irradiation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
but surprisingly did not compromise its catalytic activity
(Fig. 3b). The formation of fullerene oxides by the action of
singlet oxygen has been demonstrated previously; however,
even small quantities of alcohol almost fully suppresses this
reaction.10b
2.4 Reaction mechanism

The mechanism of sulde oxidation with oxygen has been
a subject of many studies over the years. Based on the data
obtained from the pioneering work performed by Foote20 and
Clennan21 and the later extensive studies reported by Bacioc-
chi,22,18b Albini23 and others,24 it is now generally accepted that
oxidation of suldes with oxygen can proceed either through
energy transfer or electron transfer pathways. In the energy
transfer mechanism, an excited sensitizer (in our case fullerene)
undergoes intersystem crossing to produce a triplet state, which
via energy transfer generates singlet oxygen, 1O2 (Scheme 1a).
Singlet oxygen reacts with sulde 1 to produce a key
Scheme 1 Mechanisms for sensitized sulfide oxidation (a) and (b) and
the commonly observed side products (c).

RSC Adv., 2021, 11, 4104–4111 | 4107
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intermediate, persulfoxide 3. The reaction of the latter with
another molecule of 1 yields two molecules of sulfoxide 2. In
another mechanism, the excited photosensitizer acts as an
oxidant and abstracts an electron from sulde 1 resulting in
a pair, a radical cation 5 and a radical anion 4 (Scheme 1b). Aer
the electron transfer from 4 to O2, a superoxide radical anion is
formed which can combine with 5 to generate the same per-
sulfoxide 3, as in the case of the singlet oxygen mechanism. It is
worth noting that 3 is a strongly nucleophilic species and its
reaction with another nucleophile, sulde 1 is expected to be
very slow. In fact, persulfoxide 3 can be trapped with electro-
philic diphenylsulfoxide and the product formed, diphe-
nylsulfone, can be used as a marker for the presence of 3.
Therefore, thiadioxirane 6 has also been proposed as a possible
source of electrophilic oxygen in some cases, although some
computational studies reported by Albini and co-workers
suggest that this intermediate can probably form only from
the high energy radical cation 5, but not from 1 and singlet
oxygen, that is only in the electron transfer channel.23b Alter-
natively, for the electron transfer mechanism, direct reaction of
the radical cation 5 with oxygen to produce 7 was also proposed
to account for the notable difference between these two mech-
anisms. For substrates having labile hydrogen atoms in the a-
position to sulfur, especially benzylic suldes (2g) or thioacetic
acid derivatives (2j–k), the formation of an electrophilic
hydrosulfoperoxide 8 is possible via proton transfer (Scheme
1c). Unfortunately, 8 is prone to Pummerer rearrangement to
form hydroperoxide 9, which typically further decomposes into
an aldehyde and various S-oxidized products. For this reason,
this type of substrate oen suffers from low yields in oxidation
reactions. To account for the fact that the singlet oxygen
oxidation of suldes proceeds much faster in the presence of
protic solvents, such as alcohols or water despite the signi-
cantly shorter lifetime of 1O2 in these solvents, the formation of
H-bond stabilized persulfoxide 10 or alcohol adduct 11 was
postulated and experimentally conrmed.25 These stabilized
intermediates also possess the electrophilic oxygen required for
the oxidation of another sulde molecule, as opposed to the
nucleophilic oxygen in 3. It should be noted that in many cases
sulde oxidation is taking place via the combination of both
mechanisms depending on the structure of sulde, the sensi-
tizer and the solvent.

The high efficiency of the FS mediated oxidation in ethanol
provides a strong hint that the reaction proceeds via the singlet
oxygen mechanism. The poor results obtained with thioanisole
1m, known to be a poor substrate in 1O2 oxidations also
corroborate this assumption. To evaluate the relative contri-
bution of the energy and electron transfer mechanisms,
quenching experiments with various additives were performed
using dialkylsulde 2a as a control (Table S7†). The presence of
a radical species was conrmed by strong inhibition with
TEMPO. Selective singlet oxygen quenchers, Co(acac)3 (ref. 14g)
and DABCO also signicantly reduced the reaction rate. In
contrast, 1,4-dimethoxybenzene, capable of reducing the radical
cation 5 has little effect, indicating the negligible fraction of the
electron transfer process. Likewise, 1,3-dinitrobenzene had very
little impact on the reaction yield. The superoxide radical anion
4108 | RSC Adv., 2021, 11, 4104–4111
scavenger, 1,4-benzoquinone, also reduced the oxidation yield,
indicating the contribution of the electron transfer mechanism.
This result, however, should be taken with caution as some
degradation of the scavenger was observed, presumably owing
to its reaction with persulfoxide 3 or water to generate the
hydroxylated quinones among other products.26 The possible
intermediacy of thiadioxirane 6 was ruled out with the unsat-
urated substrates 2e and 2f, as the formation of epoxide was not
observed, in line with the proposed energy transfer mecha-
nism.27 Taken together, the results obtained corroborate the
involvement of singlet oxygen as the main oxidant for the dia-
lkyl suldes.

As seen from Fig. 1, the oxidation of suldes with FS in
acetonitrile did not proceed at all, except for two substrates (2p–
q). Taking into account the sluggish singlet oxygen mediated
reaction in this solvent, one may assume a mechanism occurs
in which the electron transfer process to fullerene requires tight
contact between the sulde and fullerene surface.28 The
substrates, having a long, sterically non-demanding alkyl or
polyethylene glycol chain, can interact with the fullerene
surface via dispersive forces facilitating the electron transfer
event.29 This interaction might be too weak for other substrates
owing to the bulky or too short alkyl chains. The signicant
contribution of the electron transfer in the oxidation of 1q in
acetonitrile was also evident from the drastic reduction in yield
from 85% to 35% that was observed upon using the sulde
radical cation quencher 1,4-dimethoxybenzene (Table S7†).

The photooxidation of thioanisoles with FS via the singlet
oxygen mechanism was very sluggish, limiting the scope of our
method to dialkyl suldes. On the other hand, systems oper-
ating under a charge transfer regime are well-documented in
the literature and deliver the corresponding alkyl aryl sulfoxides
in a high yield. We reasoned that the direct electron transfer
from thioanisole to fullerene was inefficient and therefore
a sub-stoichiometric amount of triethylamine was introduced
as a mediator. Indeed, under these modied conditions thio-
anisole 2r and its derivatives 2s–u were oxidized in good yields
(Fig. 4a and Tables S2, S3†). Most likely the very efficient elec-
tron transfer from triethylamine to 3C60 generates an amine
radical cation which then oxidizes thioanisole into the reactive
compound 5, regenerating the starting amine.30

Given the high selectivity of the current method for dialkyl
suldes, that is not observed in other reported systems, an
experiment to perform the chemoselective oxidation of the
model bisulde 1v, possessing both dialkyl and arylalkyl sulde
moieties, was attempted. This chemoselective oxidation is not
trivial as the persulfoxide formed at the reactive site can indi-
rectly oxidize the arylalkyl thiol sulfur via oxygen transfer. This
was indeed observed in compound 1v with all catalysts in
ethanol, in which disulfoxide was obtained in a 68–81% yield
(Fig. 4b and Table S1†). The yield is remarkable considering that
the only source of oxygen for the arylalkyl sulde part of the
molecule is an intramolecular oxygen transfer. The efficiency of
the intramolecular oxidation was also demonstrated with an
external nucleophilic quencher, triphenylphosphite (P(OPh)3).31

Despite being a much better electrophilic oxygen acceptor
compared to sulde, the amount of monooxidized product
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) The amine mediated oxidation of the thioanisoles. (b)
Probing of the intramolecular oxygen transfer in bisulfide.

Fig. 5 (a) Radical cyclization of N,N-dimethylaniline and N-phenyl
maleimide (HAT: hydrogen atom transfer). (b) Oxidation of aryl boronic
acids and amines.
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increased only marginally using 5 equivalents of P(OPh)3. In
addition, no signicant co-oxidation of diphenylsulfoxide
Ph2SO was observed in this model system, highlighting the
electrophilic nature of the intermediate involved. The reaction
in acetonitrile was less efficient, as observed in all previous
cases. Moreover, the ratio of the di- and monooxidized products
was signicantly smaller, in accordance with the nucleophilic
nature of the non-stabilized persulfoxide intermediate and the
more sluggish oxygen transfer reaction (Fig. 4b).
2.5 Other synthetic applications

Having established the FS and C60 nanodispersion as an effi-
cient, selective and recyclable heterogeneous photocatalyst for
sulde oxidation, we attempted to probe whether its use can be
extended beyond this particular application while maintaining
green reaction conditions. Encouraged by the enabling effect of
the amine to promote the electron transfer mechanism, the
addition–cyclization cascade reaction between N,N-dimethyla-
niline 12 and maleimide 13 was tested rst, using the C60

nanodispersion as a photocatalyst in an air atmosphere (Table
S4†).32 In this reaction, the amine radical cation 12a produced
upon electron transfer is converted into the neutral radical 12b
during deprotonation (Fig. 5a). Subsequent addition to mal-
eimide, cyclization into an aromatic ring and a hydrogen atom
and proton transfer to the superoxide radical anion affords the
cyclization product and hydrogen peroxide.

In another application, the superoxide radical anion was
generated using the C60 nanosuspension in ethanol and the
amines for arylboronic acid ipso-hydroxylation to the corre-
sponding phenols.33 Almost quantitative yields were obtained
for the aryl- and pyridyl boronic acids 15 (Fig. 5b). Sterically
more hindered diisopropylethylamine (DIPEA) was more effec-
tive than triethylamine in this case. The oxidative trans-
formation of amines to the corresponding imines by singlet
© 2021 The Author(s). Published by the Royal Society of Chemistry
oxygen was also possible with this photocatalytic system. Thus,
1,2,3,4-tetrahydroisoquinoline 17 was subjected to the C60

nanodispersion and TMSCN in an O2 saturated solution. The
one-pot imine formation and trapping with TMSCN afforded
product 18 in an excellent yield (Fig. 5b and Table S5†). Like-
wise, imine 20 derived from dibenzylamine 19 was quantita-
tively obtained under identical conditions (Table S6†).34
3. Conclusions

In summary, we have successfully introduced a new entry,
fullerene soot, into the family of heterogeneous photocatalysts
for oxygen activation. The commercially available inexpensive
mixture, composed solely of carbon, was shown to be a compe-
tent catalyst for singlet oxygen-based oxidation, whereas the C60

nanodispersion can also be successfully applied for superoxide
mediated oxidation or cyclization reactions. The catalysts
described herein are very efficient (substrate/catalyst molar
ratio up to 20 000), robust and can be easily recycled. In addi-
tion, the feasibility of large scale photooxidation with the
heterogeneous catalyst dispersed within the mobile phase of
a ow reactor has been demonstrated. The results disclosed in
this report set the stage for many other conceivable applications
of carbon-based photocatalysts to advance the eld of green
chemistry.
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