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as a photolabile group for
intramolecular carbon–carbon cross-coupling
reactions†
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Efficient cyclization reactions play a pivotal role in the synthesis of extended polycyclic aromatic

hydrocarbons (PAHs) and graphene nanoribbons. Although efficient reactions have been developed,

a simple yet versatile method that is compatible with most functional groups is still lacking. Herein, we

report the use of phenylsulfonates as a photolabile group to generate aryl radicals that undergo a radical

cyclization reaction to produce triphenylene derivatives. The phenylsulfonate group proves to be a highly

adaptable and robust photolabile group, and compatible with Suzuki cross-coupling conditions. Kinetic

and optimization experiments have been conducted, shedding light on the potential of this reaction as

a versatile tool for the synthesis of PAHs.
The synthetic methodologies employed for the preparation of
polycyclic aromatic hydrocarbons (PAHs) and graphene nano-
ribbons (GNRs) involve the synthesis of a phenyl-rich precursor,
followed by multiple intramolecular C–C cross-coupling
reactions.1–4 The oxidative dehydrogenation reaction,
commonly known as the Scholl reaction, is the primary method
used for the latter.5 This reaction requires an excess of oxidant
such as iron(III) chloride, aluminum(III) chloride and DDQ,5–10

which can be incompatible with several chemical func-
tions.5,11,12 Moreover, the Scholl reaction oen leads to rear-
rangement, oligomerization and halogenation, making it
unsuitable for the synthesis of several structures.13–18

Recently, our research group revisited and optimized the
photochemical cyclodehydrochlorination (CDHC) for the
synthesis of PAHs and GNRs.18–20 While this reaction offers
numerous advantages that we exploited for producing a variety
of PAHs and GNRs,1,18–20 it exhibits signicant drawbacks, some
of which are intrinsic and related to the reaction mechanism
under irradiation.21 Among others, the need for anchimeric
assistance by a freely rotating neighboring aryl and the relatively
high energy required for the homolysis of the C–Cl bond cause
signicant limitations for the use of this reaction.

To overcome these issues, the substitution of the chlorine
atom with a photocleavable group capable of cleanly generating
either a phenyl radical or a cation intermediate, which would
subsequently undergo an intramolecular SRN1 or SN1 reaction,
has been explored. In this context, photochemical methods
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ne, Québec, G1V 0A6, Canada. E-mail:

tion (ESI) available. See DOI:

the Royal Society of Chemistry
utilizing triazene22–24 and arylazo sulfone25 have been developed.
While elegant, the preparation of both triazene and azosulfone
moieties necessitates the use of sensitive diazonium interme-
diates, which is a signicant disadvantage for introducing
multiple functionalities on a single aryl, as oen required for
the synthesis of large PAHs.

Another photocleavable group that has been used to
generate aryl radicals is the phenylsulfonate.26 The photolysis
mechanism proposed by Scaiano and coworkers involves the
generation of the phenoxy radical, leading to the extrusion of
SO2 and the subsequent generation of the aryl radical (Fig. 1,
le pathway). More recently, Fagnoni and coworkers explored
the use of aryl sulfonates to generate triplet aryl cations,
through the photoheterolysis of the Ar–OS bond, that can
undergo a coupling reaction with different p nucleophiles
(Fig. 1, right pathway).27 Reactions with monosubstituted
alkenes28 and various substituted phenyl moieties29 have been
Fig. 1 Mechanistic pathways for the photocleavage of the phenyl-
sulfonate moiety.
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reported with relative success. In most cases, the yields are
limited by a competing mechanism that involved the homolytic
cleavage of the ArO–S bond. Fagnoni and coworkers hypothe-
sized that the later mechanism is largely preferred as the ArO–S
bond cleavage proceeds from the singlet excited state (fast
process) while themechanism yielding to the cleavage of the Ar–
OS bond requires intersystem crossing (ISC) to the triplet state
(slow process). Despite the predominance of the former mech-
anism, the photochemical homolytic cleavage of the ArO–S has
been underexploited for the generation of aryl radicals, which is
an increasingly demanded intermediate for carbon–carbon
cross-coupling reactions.30

Herein, we report the use of phenylsulfonate as a photo-
cleavable group to generate aryl radicals that further engaged in
an intramolecular radical cyclization to afford various triphe-
nylene derivatives. Reaction parameters, including the
concentration, the solvent and the nature of the functional
group added on the phenolic part of the phenylsulfonate have
been studied. Experiments conducted using triplet quenchers
suggested that this reaction proceed through the triplet state.

Results and discussion

To study the efficiency of the phenylsulfonate moiety as a pho-
tocleavable group for the synthesis of PAHs, a simple o-ter-
phenyl derivative (compound 3, strategy 1, Scheme 1) was
prepared. Starting from the commercially available compound
1, the phenylsulfonate group was formed using a standard
condensation reaction with phenol is the presence of a base to
provide compound 2 in excellent yield. This compound was
engaged in a Suzuki cross-coupling reaction with 2-(biphenyl-2-
yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane to produce
compound 3 in 70% yield. The later reaction demonstrates the
compatibility of the phenylsulfonate group with Suzuki–
Miyaura reaction conditions, which is crucial for the use of this
functional group in the synthesis of larger, more complex PAHs
and GNRs.
Scheme 1 (a) Synthetic pathway for the preparation of triphenylene
from chlorosulfonyl derivatives and (b) an alternative strategy involving
the preparation of fluorosulfonyl derivatives as precursors.

35228 | RSC Adv., 2024, 14, 35227–35231
Despite the success of this synthetic pathway, we decided to
explore a different strategy in which the phenylsulfonate group
is introduced aer the Suzuki–Miyaura coupling. This approach
allows to eventually overcome the steric hindrance caused by
the phenylsulfonate group (strategy 2, Scheme 1). The o-ter-
phenyl was rst prepared using a selective Suzuki–Miyaura
coupling between 2-iodobromobenzene and 2-(biphenyl-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane to give compound 4 in
88% yield. Then, a uorosulfonyl group was introduced in 35%
yield using the modied method developed by Willis and
coworkers.31 Finally, condensations with different substituted
phenol derivatives were achieved in good to excellent yield.
Phenol substitution in para position with either electron-
donating (NH2) or electron-withdrawing (F, NO2 and CN)
group allows for a modication of the electronic properties of
the phenylsulfonate group, which can inuence its reactivity
towards irradiation with UV light (vide infra).

With different o-terphenyl derivatives in hands, attempts at
preparing triphenylene 4 through UV irradiation have been
made. As the reference set of conditions, the unsubstituted
compound 3 was irradiated at 300 nm in degassed THF.
Surprisingly, compound 3 was totally consumed aer 48 hours,
leading to the formation of the cyclized product (triphenylene 4)
in 95% yield (Scheme 1). Then, an investigation was undertaken
to identify the optimal solvent and concentration for the cycli-
zation reaction. The concentration of the reagent is a critical
factor in photochemistry as low concentrations reduce the
solution absorption. As depicted in Fig. 2a, a direct correlation
was observed between concentration and reaction rate, with
lower concentrations resulting in faster conversions. In fact,
fast conversion was observed at 10−3 M and further dilution did
not improve the reaction rate. Increasing the concentration to 5
× 10−3 M resulted in only a marginal decrease in the reaction
rate, whereas doubling that concentration to 1.0 × 10−2 M led
to a substantial decrease. For practical reasons, further reac-
tions were carried out at a concentration of 5 × 10−3 M.
Fig. 2 (a) Photolysis of 3 in different concentrations in THF. (b)
Photolysis of 3 in different solvents at a constant concentration (5 ×
10−3M). (c) Photolysis of different substrates (Scheme 1) in THF. (d) UV-
vis spectrum of 3 in THF. All these experiments have been conducted
at 300 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The effect of the solvent was studied, and the results are
reported in Fig. 2b. Interestingly, acetonitrile, dichloro-
methane, toluene and cyclohexane yielded almost the same
reaction rate. Moreover, none of these solvents allowed for
a total conversion of compound 3, even aer 48 hours of irra-
diation. Fortunately, THF prove to be waymore efficient, both in
terms of reaction rate and conversion, the latter being almost
complete aer 120 minutes.

Next, the reaction rates for the formation of triphenylene
from substrates with various functional groups attached to the
phenolic part were examined in THF under irradiation at
300 nm for 2 hours. The results are presented in Fig. 2c.
Unsubstituted phenol derivative 3 underwent the fastest
conversion to form compound 4. Unexpectedly, both the
electron-donating (NH2, 7c) and electron-withdrawing (F, NO2,
CN, 7a, 7b and 7d, respectively) groups led to a signicant
decrease of the reaction rate, the –NH2 and –CN group giving
the worst result with a negligible amount of compound 4
produced aer 2 hours. It is noteworthy that other parameters
such as the molar extinction coefficient and the intersystem
crossing (ISC) rate might be inuenced by the functionalization
of the phenylsulfonate group, changing its photochemical
behaviour.

To broaden the scope of the reaction, the formation of a 5-
membered ring to form uoranthene 9 was attempted (Scheme
2). Following a 96 hours photolysis at 300 nm in THF, two
distinct reaction products were observed: the desired uo-
ranthene 9 and 1-phenylnaphthalene 10, resulting from the
desulfonylated product, in a ratio of 1 : 4 (GC result, 10% yield).
This result is consistent with reported radical ring closure
experiments using halogens (Br and I) as photolabile groups,
suggesting that the phenylsulfonate group indeed generates
aryl radical upon irradiation with UV light as shown in Fig. 1
(singlet pathway).32

To gain better insight into the reaction mechanism, a triplet
sensitization experiment was conducted using thioxanthone.
Two solutions of compound 3 in THF at 5 × 10−3 M, one
without a triplet sensitizer and the other with 20% molar of
thioxanthone, were irradiated at 365 nm in THF for 48 hours.
Interestingly, the reaction mixture containing the thioxanthone
yielded complete conversion of compound 3 within 48 hours
while the one without produced only traces amount of
compound 4. This result indicates that the photochemical
decomposition of phenylsulfonyl to form the aryl radical
proceeds through the triplet state, contradicting the initial
hypothesis stating that the generation of aryl radicals through
the homolysis of the phenylsulfonate group goes through
a singlet state as shown in Fig. 1. To conrm this result, a triplet
Scheme 2 Synthetic pathway giving fluoranthene after photolysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
quenching experiment was performed using triethylamine and
DABCO as quenchers to validate this result.33 Interestingly,
these experiments showed that the photocyclization is ca. four
times slower for both quenchers compared to the same reaction
conducted without a quencher (see ESI† section for the experi-
mental details). These results support the hypothesis of
a triplet-mediated pathway for the fragmentation of phenyl-
sulfonate to generate an aryl radical.

In earlier work, Scaiano26 and Protti34 independently showed
that the photolysis of phenylsulfonate produced three distinct
radicals. Thus, attempts at trapping these radicals using
TEMPO were made in various conditions. Interestingly, none of
these radicals were either trapped by TEMPO (20 eq.) or led to
the formation of a photo-Fries product, commonly observed for
similar substrates.27 In addition, the mechanism proposed by
Scaiano26 involved the homolysis of the ArS–O bond rst to form
a phenoxy radical, followed by the extrusion of SO2. Despite all
our attempts, phenol was never isolated or detected by HRMS or
NMR, but unidentied peaks can be observed in the NMR
spectrum of the crude mixture (see the ESI† section). This result
suggests that phenol might be engaged in side reactions that do
not involve the desired cyclized product.
Conclusion

In conclusion, we have successfully developed a novel intra-
molecular photochemical cyclization reaction utilizing the
phenylsulfonate group as an aryl radical precursor to prepare
PAH derivatives. In contrast to other reports, this study suggests
that both direct and triplet-sensitized irradiation of aryl bearing
a phenylsulfonate group lead to the formation of an aryl radical.
The possibility of using a triplet sensitizer to generate an aryl
radical is a major advantage since low energy visible light can be
used instead of high energy UV irradiation. The phenylsulfonate
group demonstrated robustness, modularity and versatility,
making it a good alternative to known photocleavable groups
for aryl radical generation. Future work will focus on incorpo-
rating the phenylsulfonate group into more complex structures
to explore the potential of multicyclization reactions in collab-
oration with photocatalysts.
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