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A versatile, inexpensive and sustainable protocol for the preparation of valuable bis-indolyl methanes via
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exploits the peculiar behavior of arylazo sulfones as non-ionic photoacid generators (PAGs), was applied
to the conversion of a variety of aliphatic and aromatic aldehydes into diarylmethanes in good to highly
rsc.li/obc satisfactory yields, employing a low-catalyst loading (0.5 mol%) and irradiation at 456 nm.
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lysts” have been proposed. More recently, different approaches
have been applied with success to this target, including,
among others, organocatalysis (Scheme 1b),® electrochemistry
(Scheme 1c)’ and even photochemistry,'*® the potential of
which in terms of sustainability has been pointed out in the
last decades."'™® In this context, the peculiar behavior of
Schreiner’s thiourea was exploited to promote a photoacidic
process under blue light irradiation (Scheme 1d)."*

Since 2014, the group of Kokotos is actively involved in the
design of innovative organic photocatalysts and photoinitiators
and their use in sustainable photocatalyzed processes.'*
Furthermore, in the last decade the research group of Fagnoni
and Protti has investigated in detail the photoreactivity of
arylazo sulfones.'® Such bench stable compounds contained a
photolabile dyedauxiliary substituent (CH3SO,N,) that, upon
visible light irradiation, undergoes N-S bond homolysis and
releases an aryl/methanesulfonyl radical pair.’>* Among the
different applications of arylazo sulfones in synthesis'® and in
chemistry of materials,"® their use as non-ionic photoacid gen-
erators (PAGs) able to generate methanesulfonic acid in
oxygen-saturated or air equilibrated solution has been recently
investigated.” We thus decided to merge the experience of our
groups to propose a fast, versatile and efficient procedure for
the visible-light driven synthesis of diarylmethanes via
Friedel-Crafts type synthesis of coupling of aldehydes and
(hetero)arenes (Scheme 1e).

Results and discussion

We began our investigations by studying the reaction between
3-phenyl propanal (1a) and 1H-indole (2a) to form 3,3"-(3-phe-
nylpropane-1,1-diyl)bis(1H-indole) (4). A detailed optimization
of the synthetic procedure considering the irradiation time
and wavelengths, catalyst loading, substrates concentration
(see Tables S1-5 in the ESIt) has been pursued.'® In particular,
we screened a number of common organic solvents
(Table S2t), but despite the different green media tested,
chloroform proved to be the best (Table S2,T entry 3). We then
tested differently substituted arylazo sulfones (3a-h) as PAGs
with p-tert-butylphenylazo sulfone (3d) affording the most sat-
isfactory yield (96%) with a very low catalyst loading
(0.5 mol%, Table 1)."® Finally, control experiments pointed out
that the simultaneous presence of light and the arylazo sulfone
is mandatory for the positive outcome of the reaction
(Table S81)."® We thus optimized the reaction conditions as
follows: aldehyde 1 (0.5 mmol, 0.5 M), indole 2 (1.1 mmol) and
arylazo sulfone 3d (0.5 mol%) in chloroform (1 mL), irradiated
at room temperature for 6 h at 456 nm (40 W Kessil lamp).
Having in hand the optimized-reaction conditions, we
turned our attention in exploring the substrate scope (Schemes
2 and 3). Initially, we employed indole (2a) as representative
heteroaromatic and a variety of aliphatic aldehydes were tested
(Scheme 2). We began our investigation with aliphatic deriva-
tives, since in literature, to the best of our knowledge, there is
a single example concerning the photochemical conversion of
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Table 1 Arylazo sulfones as catalysts for the Friedel-Crafts-type reac-
tion between indole (2a) and 3-phenyl propanal (1a)

H

O
Sk of
@/\)L ©j> (05 mol%) Q

Toho, 3
(0.5 mmol) (1.1 mmol) hv (456 nm) O 4 O
Arylazo sulfone (0.5 mol%) Yield of 4 (%)
3a, G = 4-CH,CO 63
3b, G = 4-CH, 86
3¢, G = 4-Cl 76
3d, G = 4-tBu 96
3e, G = 3-CH,CO 89
3f, G = 3-CN 90
3g, G = 3-Br 90
3h, G = 2-Br 92

“Yield after isolation by column chromatography.

v (456 nm)
d (0.5 mol%)

@Q

1.1 mmol

0
®J\H/R' *

1a-p (0.5 mmol)

CHCl3 (1 mL), 6 h, rt.

Ci1Hog

5,64%

H
N
Y

8, 70%

10,G=H, 89%

11, G = 2-Br, 66%
12, G = 4-Br, 81%
13, G = 4-CN, 94%
14,G = iPr, 71%
15, G = 4-CF5 92%
16, G = 4-Cl, 87%,
17, G = 4-OMe, 41%
18, G = 4-NO, 96%

23,40%, 18 h

24, 17%, (after 18 h
irradiation, 5 mol% 3d)

Scheme 2 Substrate scope: substituted carbonyls.

This journal is © The Royal Society of Chemistry 2023
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RZ
o hv (456 nm) N
" mR1 3d (0.5 mol%) )
+ N
R? CHCI3 (1 mL), 6 h, r.t.

1a

(0.5 mmol) 2u-z (1.1 mmol)

29, 95%

31, 92%

Scheme 3 Substrate scope: substituted indoles.

an aliphatic aldehyde (1a), that led to 4 in 61% yield."**
Moving to linear substrates, bis-indoles 5 and 6 were isolated
in good to high yields. Also, we explored three different cases
in the class of a,a-disubstituted aldehydes, and in all cases,
the desired products 7-9 were obtained in good yields
(66-70%, Scheme 2). We then explored the scope of the aro-
matic aldehydes. Benzaldehyde provided the double addition
product 10 in a good yield. Bromine incorporation either in
the para-position or the ortho-position of the aromatic ring
was well tolerated, leading to products 11 or 12 in good to
excellent yields. Both electron-withdrawing and electron-donat-
ing groups were well tolerated, and derivatives 12-18 were iso-
lated in good to excellent yields, with the only exception being
that of 4-methoxy derivative 17 (41%). Finally, heteroaromatic
thiophene-2-carboxaldehyde (1q) afforded diarylmethane 19 in
79% yield. To further extend the scope of this synthetic propo-
sal, we also envisaged the use of aliphatic aldehydes having
double and triple bonds, as well as ketones. Oleyl aldehyde 1q
was employed successfully, leading to 20 in 40% yield. Another
naturally occurring compound, cinnamaldehyde, led to 21
only in discrete yield, whereas aldehyde 1s that contains a
triple bond was also efficiently converted to the corresponding
arylated compound 22. In the cases where low yields were
obtained, the starting aldehyde (or its corresponding acid via
photooxidation) were identified in the NMR of the crude reac-
tion mixture. Unfortunately, ketones did not prove as good
substrates. Cyclohexanone required prolonged reaction time
(18 h), affording 23 in 40% yield, while acetophenone only
gave 17% yield of the isolated product 24 even after 18 h of
reaction and an increase of the catalyst loading up to 5 mol%.

This journal is © The Royal Society of Chemistry 2023
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The latter result comes as no surprise, since when we
attempted the same reaction (acetophenone with indole in
CHCl;) for 18 h under dark in the presence of 5 mol%
MeSO;H, an extremely low yield of 6% of 24 was obtained.

Once the substrate scope of the carbonyl counterpart was
investigated, we moved in testing the scope of indoles in
photochemical reaction (Scheme 3). A variety of N-substituted
indoles were functionalized making use of 3-phenyl propanal
(1a) as the reaction partner. Sterically hindered 2-methyl
indole was proved to act as a competent nucleophile, providing
access to 25 in 95% yield. Then, the substitution pattern on
the nitrogen of the indole was probed. Simple N-alkyl substitu-
ents, like methyl, butyl or benzyl, secondary alkyl substituents,
like cyclopentyl, aryl substituents, like phenyl or allyl substitu-
ent were well tolerated, leading to the desired products 26-31
in good to excellent yields.

The photochemical behavior of the arylazo sulfones as
visible light PAGs has already been studied in literature'” and
a proposed mechanism is described in Scheme 4. Visible-light
excitation of 3d results in the homolytic cleavage of the N-S
bond to release nitrogen and an aryl (Ar’)/methane sulfonyl
(CH;S0,") radical pair (Scheme 4a, path a)."> The CH;S0," is
then trapped by oxygen (path b) and generates methanesulfo-
nic acid CH3;SO;H. Protonation enhances the electrophilic
character of the carbonyl moiety, making it susceptible to
nucleophilic attack from the indole (Scheme 4b, paths a and
b), leading to intermediate I. Aromatization to II (path c) and
protonation thus leads to iminium derivative III (path d),
which after indole’s nucleophilic addition (path e) and aroma-
tization of the so obtained cation IV (path f) affords the

o}
N~
NI
) hv (456 nm) .0,
N CH3SO;" ——=, CH3SOzH
1 = :
tBu 3d N, + Ar

CH3SOzH
a

Scheme 4 Proposed reaction mechanism for (a) methanesulfonic acid
generation and (b) synthesis of BIMs.
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desired product 4-31. In order to verify the reaction mecha-
nism, aldehyde 1a reacted with indole (2a) in the presence of
0.5 mol% of MeSO3H under dark and a lower 63% yield of iso-
lated 4 was obtained after 6 h.

Conclusions

In conclusion, a simple, cheap and efficient photochemical pro-
tocol was developed for the activation of aldehydes in their reac-
tion with indoles, leading to triarylmethanes. This method
relies on a small organic molecule, an arylazo sulfone, belong-
ing to an intriguing class of shelf-stable and colored com-
pounds for the visible-light photochemical catalytic release of
acid under blue LED lamp irradiation. This slow-released acid
activates efficiently both aliphatic and aromatic aldehydes to
react, leading to diarylmethanes in good to high yields by
adopting only a very low catalyst loading (0.5 mol%). We believe
this activation mode will find more applications in the near
future.

Experimental

General procedure for the photochemical reaction between
indoles and aldehydes

In a glass vial, catalyst 3d (0.9 mg, 0.0025 mmol 0.5 mol%) in
CHCl; (1 mL), aldehyde 1 (0.50 mmol, 0.5 M) and indole 2
(1.10 mmol) were added consecutively. The vial was left stir-
ring under blue LED bulb irradiation (456 nm) for 6 h (except
where otherwise noticed, see ESIT for further details). The
desired product was isolated after purification by column
chromatography.
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