O ( The Journal of Organic Chemistry
This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/joc

Water Effect on the Photochemistry of Arylazo Sulfonates
Luca Nicchio, Hawraz Ibrahim M. Amin, Stefano Genualdo, Stefano Protti, and Maurizio Fagnoni*

Cite This: J. Org. Chem. 2025, 90, 6726-6736 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: The effect of water on visible-light-driven generation
of aryl radicals or aryl cations from colored shelf-stable arylazo
sulfonates has been investigated. Photoinduced ionic and radical

decomposition of these salts compete, depending on the media H,0

used. In organic solvents, light-induced homolysis of the N—S bond m

occurs, and the resulting aryl radical may be used to some extent R F;\\ RN

for arylation reactions. On the contrary, in neat water, radical R Organic 7 |
chemistry is prevented by an efficient photoheterolysis, and a W NSOz Na*

reactive aryl cation is otherwise generated. Light (VIS

B INTRODUCTION prototypical case is that of arylazo sulfones I (Scheme 1a),’

Water is considered the elective green medium since it is obtained from anilines via the intermediacy of an aryl

inexpensive, nonflammable, and benign.1 As for organic
synthesis, depending on the solubility of the reagents, “in
water” (where water is the exclusive solvent, and the solution is

Scheme 1. Azo Sulfone (a) or Azo Sulfonate Group (b) in
Dyedauxiliary Group Strategy

homogeneous) or “on water”” (the substrates are virtually a)

insoluble under these conditions) reactions may take place. BluvaED ) ]
However, there are many cases in between, where reactions are Alr' “Organic Ar + N + S0;Me
carried out “in the presence of water”, in “aqueous mixtures”, Dyedauxiliary  solvent

or “in emulsions”.> Nevertheless, there is a debate on the real group J
greenness and utility of water as (a component of) the reaction (Arylation} ("Sulfonylation )
medium. Indeed, most organic compounds are poorly soluble

in water, and only a narrow scope of the transformations is so b) This work

far developed. Moreover, product isolation by extraction BlungED

forcedly required a huge amount of an organic solvent (thus Ar- “Aqueous. Ar' [ Art
affecting the environmental impact of the procedure).3’4 W byedauxiiary ~ solvent

Furthermore, sometimes the “on water” effect on the reaction group

rate is negligible.””

The influence of water on the generation and the reactivity
of high-energy intermediates (e.g, radicals and radical ions) is
another point of discussion, especially since photochemistry
and/or photocatalysis opened new ways for the selective and
mild generation of such species. The widespread use of visible
light has widened the application of these radical processes to
nonstrict adherence photochemistry practitioners even adopt-
ing water as the reaction medium.® Accordingly, to achieve the
desired target, a chemist may induce the radical generation
with a colored photocatalyst’ or having recourse to the
photoreactivity of a colored chromophore present in the
starting compound.®

A rather recent strategy involves the incorporation of a
photolabile colored moiety (the so-called dyedauxiliary group) -

able to release radicals upon visible-light absorption.””* A

diazonium salt. Such yellow-orange crystalline shelf stable
compounds are sensitive to the exposure to blue LEDs (1 =
427 nm) that induces a nitrogen loss with the concomitant
liberation of an aryl and a sulfonyl radical. Arylazo sulfones
have been thus used for both arylations™'® and sulfonylations'"
along with applications in material chemistry'” or as photoacid
generators (PAGs)."” All of the reported processes were
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carried out in organic media (or at least in water/organic
solvent mixtures) imposed by the solubility of the sulfones.

In view of these premises, we thus wonder if radical
chemistry derived by a dyedauxiliary strategy’ may be shifted
to water or aqueous/organic mixtures by designing a suitable
functional group. A literature survey indicates that incorporat-
ing a sulfonate group in arylazo sulfonate II may be the ideal
choice (Scheme 1b). Compounds II are known since 1869
but only sparsely used as photoresponsive surfactants'> or in
polymer chemistry.'®

The complete (or partial) substitution of organic solvents
with water may have several advantages. Despite extraordinary
solvent effects that may be expected for water, the noncharged
nature of radicals pointed to a negligible sensitivity of these
species to aqueous medium. Thus, water is an intriguing
medium for radical synthesis and in most cases a beneficial
effect was observed on the reaction course.'”'® There are
sparse examples of radical arylations in water, and in most
cases the solvent did not hamper the overall efficiency'” with
some exceptions.”” The main advantage of the use of water is
that the competitive hydrogen abstraction of the aryl radical
from the solvent is less efficient when compared to common
organic media,”! although calculations demonstrated that
hydrogen abstraction from water by a phenyl radical is still
slightly exothermic (4.2 kcal mol™').””* Contrary to arylazo
sulfones I, the cleavage of the N—S bond is not accompanied
by the generation of sulfur-based radicals, thus avoiding any
competitive sulfonylations.”® Another intriguing issue is the
possible competitive photogeneration of aryl cations rather
than radicals due to the strong stabilization of the former
intermediates exerted by water (Scheme 1b).

B RESULTS

We thus prepared arylazo sulfonates la—1o (Chart 1) with the
aim to have insights on their (photo)reactivity in view of their

Chart 1. Arylazo Sulfonates Tested in This Work
SO3Na

oN SO3Na SO5Na $0aNa $OsNa
N N i N¢N _N
N~ NcN y N
R Me e cl
R R
Br
1a,R=CN 1h,R=Br  qj R=pr 1m,R=H 10
b, R =Br i,R=0Me g R=O0Ph n, R =Me
¢, R=0Me I, R =SMe
d, R=Ac
e, R=NO,
f, R=Cl
g, R=Me

possible applications in synthesis, material science, or biology.
These compounds have been isolated as yellow-orange solids
(Figure S1) in up to quantitative yields by treatment of the
corresponding aryl diazonium salts with Na,SO; under
controlled pH (ca. 7—8, see Experimental section).

Solubility tests on sulfonate 1c revealed that this compound
is fully soluble in water, methanol, or in alcohol/water mixtures
along with Me,CO/H,0, MeCN/H,O, or 1,4-dioxane/H,0O
mixtures.

The UV—visible spectrum of lc in MeOH is shown in
Figure 1 (the UV—vis spectra of other selected sulfonates may
be found in Figure S2a—c). All of the sulfonates tested exhibit
two absorption maxima, one located in the UV region (ca.
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290—320 nm, & = 4000—30,000 M~} cm™) and the other in
the visible zone (ca. 390—430 nm, £ = 100—600 M~" cm™).
The maximum absorption wavelengths and molar extinction
coeflicients of the tested sulfonates are reported in Table SI.
The absorption in the UV region corresponds to the zz*
transition, whereas that in the visible region is due to the nz*
transition in analogy to the corresponding arylazo sulfones.'’
The arylazo sulfonates examined do not exhibit any
fluorescence in water (see Supporting Information for further
details).

We measured the quantum vyield of decomposition of
selected arylazo sulfonates 1a—c in different media as shown in
Table 1. We initially tested an organic/aqueous mixture
(MeCN/water 4:1) as the medium. As apparent from Table 1,
the photoreactivity of the substrates is significant (®_; > 0.4)
regardless of the substituents present on the aromatic ring.
Further experiments on 1c revealed that increasing the amount
of water in the medium (MeCN/water 3:1) caused a slight
decrease in ®_,. Nevertheless, the photochemical consump-
tion in other aqueous mixtures containing acetone or EtOH is
still very efficient (®_, 0.65 in EtOH/H,0 2:1).
Interestingly, the lower value determined is that in neat
water (®_; = 0.32) in accordance with what was previously
observed.”* As a matter of fact, the photoreactivity of arylazo
sulfonates is 1 order of magnitude higher with respect to the
corresponding arylazo sulfones (®_; mostly <0.05)."**

To have more insights into the speed of consumption,
kinetic measurements were carried out on sulfonates 1a, 1b,
and 1g in a MeCN/H,0O 4:1 mixture (Figures 2 and S10). The
consumption of the sulfonates was rapid in the first stage of the
reaction but several hours of irradiation were required for total
disappearance of the substrate.

We focused our attention on the product distribution
obtained by photolysis in different reaction media (Table 2).
The investigations were carried out on substrates la—lc as
models, prolonging the irradiation up to 24 h. As for 1a, the
consumption is not complete after the irradiation period, and
the presence of EtOH or acetone will speed up the process
(consumption always >90%). The reaction led consistently to
benzonitrile 2a albeit 4-cyanophenol 3a was formed in some
cases and quite exclusively in water. However, in MeCN/H,O
(3:1) when the solution was deaerated with a freeze—pump—
thaw method most of the phenol disappeared and 2a became
by far the main product (Table 2).

A similar behavior has been observed for arylazo sulfonates
1b and 1c where photoreduction is the exclusive pathway,
again except in water where variable amounts of phenols 3
were detected along with small amounts of 2. In each case, 1a—
1c are not consumed when dissolved in water or organic/water
mixtures and kept in the dark at room temperature for (at
least) one night.

We then repeated selected photolysis experiments on la—1c
again in neat solvents under UV irradiation (ca. 310 nm) to
ascertain the occurrence of a wavelength selective behavior of
arylazo sulfonates (in analogy with arylazo sulfones).'® The
data are collected in Table 3.

Photolysis in the UV region induced a good conversion of
la—1c and neat water is again the medium where these
compounds showed lower photoreactivity. As for the product
distribution, this did not appreciably differ from that observed
under visible-light irradiation except to the presence of variable
amounts (<10%) of phenols 3a—3c throughout the experi-
ments carried out in mixed organic solvent/water mixtures.
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Figure 1. UV absorption spectrum of a 5 X 107> M solution of sodium 4-methoxyphenylazo sulfonate (1c) in methanol. Inset: absorption in the

Table 1. Quantum Yields of Decomposition (®_;) of
Arylazo Sulfonates la—c in Different Media“®

substrate media D_,
la MeCN/H,O (4:1) 0.46
1b MeCN/H,O (4:1) 0.44
1c MeCN/H,O (4:1) 0.51
1c MeCN/H,O (3:1) 0.40
Ic Me,CO/H,0 (9:1) 0.51
1c EtOH/H,0 (2:1) 0.65
1c H,0 0.32

“Determined at 427 nm.

Moreover, when a covered (with an aluminum foil) water
solution of lc was heated at reflux for 48 h, partial
consumption of the sulfonate (88%) was detected mainly
leading to phenol 3c (89%, based on lc conversion).

We next tested the ability of arylazo sulfonates in the role of
arylating agents. Sulfonates 1a—1c were then irradiated in the
presence of furan or allylphenyl sulfone (CH,=CH-
CH,SO,Ph, APS) in the role of nucleophiles (Table 4).

A 1a solution irradiated in an organic/water mixture or in
neat water led to biaryl 6a in a modest yield (10% in water)
even in the presence of a 20-fold excess of furan (see entries 1,
2). Again, in pure water, the main product is phenol 3a.
Slightly better arylation yields resulted in the photolysis of 1b
where in one experiment the GC yield reached 67% (along
with 8% bromobenzene) and where the isolated yield of 6b

6728

reached 46% (entry 4). Biaryl 6c was isolated in only a 34%
yield in MeCN/H,O 4:1 from 1c (entry 7). The use of neat
water was detrimental for the outcome of the reaction (entries
2, 5, 9) with phenols 3a—c formed at the expenses of 6a—c. A
one shot using APS as the radical trap led to 4-allylanisole 7¢ in
a discrete yield (entry 10). In the latter case, neat water was
not tested due to solubility problems.

The unsatisfying results obtained in the forging of C—C
bonds led us to consider the use of the arylazo sulfones la—1o
as precursors for the corresponding hydrodediazosulfonyl
derivatives 2a—2o0. To this aim, we employed a mixture of
water and a good hydrogen donor (iPrOH or THF)™ as the
reaction media (Table S). As apparent from Table S, there is
not a clear advantage of the use of iPrOH/H,0 9:1 or THF/
H,0 9:1 as the reducing media. Arenes may be formed,
however, in a >90% yield depending on the sulfonate used.
Thus, arenes 2g, 21 were formed in 92% and 99% yields in
iPrOH/H,0 9:1 but compounds 2c, 2i, and 20 were obtained
in a >98% yield in THF/H,O 9:1 from the corresponding
sulfonates. These data are roughly in agreement with those
obtained starting from arylazo sulfones having the same
substituents present on the aromatic ring of arylazo
sulfonates.”

We then tested the effect of deuterated media on the
photochemistry of sulfonates 1c and le (Table 6). Photolysis
of the sulfonates in MeOD for 2 h at 427 nm led to a mixture
of H-incorporating products 2c,e (by far the main products)
along with a small amount of deuterated 2c,e—d as detected by

https://doi.org/10.1021/acs.joc.5c00314
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Figure 2. Kinetics of consumption of (A) sodium 4-cyanophenylazo sulfonate (1a, 0.05S M) and (B) sodium 4-bromophenylazo sulfonate (1b, 0.05
M) in a MeCN/H,O 4:1 mixture. Irradiation carried out with a 427 nm LED lamp.

Table 2. Products Distribution upon Visible-Light Irradiation of Arylazo Sulfonates la—1c in Different Media

—_— %
R 24 h, Solvent R R

2 3
1a,R=CN
1b, R =Br
1c, R = OMe
solvent 1a“ 1b“ 1c”
conv. (%)° products yield (%)° conv. (%)° products yield (%)° conv. (%)° products yield (%)°

MeCN/H,O (4:1) 73 2a, >99 98 2b, 78 96 2¢, 86
MeCN/H,0 (3:1) 98 (96) 2a, 57 (87)% 3a, 22 (<5)7 97 2b, 82 91 2, 82
EtOH/H,0 (4:1) 95 2a, 51 98 2b, 68 99 2¢, 79
EtOH/H,0 (3:1) 93 2a, 42 99 2b, 62 99 2¢, 99
Me,CO/H,0 (4:1) 96 2a, 68 99 2b, 70 87 2, 41
Me,CO/H,0 (3:1) 94 2a, 92 86 2b, 81 84 2¢, 80
H,O0 77 (61) 3a, 63 (50)°

54 3b, 32, 2b, 11 73 3¢, 61, 2¢, 8
#0.05 M solution of la—c irradiated with a 427 nm LED lamp after nitrogen bubbling. The consumption of 1 was quantified by means of HPLC
analyses. “Yields are based on the arylazo sulfonate consumed. GC yields for compounds 2a—c and HPLC yields for 3a—c. “Solution deaerated
with a freeze—pump—thaw method.

Table 3. Products Distribution upon 310 nm Irradiation of Arylazo Sulfonates la—1c in Different Media

/©/N¢N/803Na 310 nm, RT, N2 /©/H . /©/OH
R 24 h, Solvent R R

2 3
1a, R=CN
1b, R = Br
1c, R = OMe
solvent 1a“ 1b“ 1c”
conv. (%)° products yield (%)° conv. (%)° products yield (%) conv. (%)° products yield (%)°
MeCN/H,O (4:1) 9% 2a, 52, 3a, <5 99 2b, 47, 3b, <5 98 2¢, 92, 3¢, <5
EtOH/H,0 (4:1) 99 2a, 67, 3a, 8 99 2b, 56, 3b, 7 99
H,0 79

2¢, 99, 3¢, <2
2a, 17, 3a, 77 82 2b, 6, 3b, 84 62

2¢, 11, 3¢, 43
“Nitrogen equilibrated 0.05 M solution of la—c irradiated by means of a multilamp reactor equipped with 10 X 15 W Hg phosphor-coated lamps
(310 nm). *Consumption of arylazo sulfone 1 quantified by HPLC analysis. GC yields for compounds 2a—c and HPLC yields for 3a—c. “Yields are
based on the arylazo sulfonate consumed.

GC/MS analysis (see Figures S3—S8). The presence of D,0 Some experiments to spot the reaction intermediates
(10% v/v) did not significantly affect the 2/2-d ratio yield. On

the contrary, when CD;OD/H,0 (9:1) was used as the First, irradiation of la for 24 h in MeCN/H,0 4:1 in the
reaction media, the ratio shifted in favor of the deuterated

presence of TEMPO (10 equiv) under deaerated conditions
derivatives.

involved in the process have been carried out (Scheme 2).

led to adduct 8a in a 56% yield along with a small amount of
6729
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Table 4. Photoreaction of la—1c in the Presence of a Nucleophile

1, (M)
1a, 0.1

1a, 0.05
1b, 0.05
1b, 0.05
1b, 0.05
1c, 0.05
1c, 0.05
1c, 0.05
1c, 0.05
10 Ic, 0.05

entry

O 0 NI NN R W N =

N+ .SO3N
R

1a, R=CN
1b, R =Br
1c, R = OMe

427 nm, RT, N, 24 h

nucleophile, (equiv)

Furan, 10
Furan, 20
Furan, 10
Furan, 20
Furan, 20
Furan, 10
Furan, 20
Furan, 20
Furan, 20
APS, 20

Solvent, Nucleophile

solvent

MeCN/H,O (4:1)
H,0

MeCN/H,O (4:1)
MeCN/H,0 (4:1)
H,0

MeCN/H,O (4:1)
MeCN/H,0 (4:1)
EtOH/H,0 (4:1)
H,0

MeCN/H,O (4:1)

1 (conv. %)

100
100
89
94
100
100
93
98
100
100

o
H OH N
R R R R
2 3 6 7

2/3 (%)"
2a, 11
2a, <5; 3a, 71
2b, 65
2b, 8
2b, 9; 3b, 38
2¢, 52
2¢, S0
2¢, 62
2¢, 8; 3¢, 43
2¢c, 7

6/7 (%)°
6a, 49
6a, 17
6b, 19
6b, 67, 467
6b, 29
6¢, 18
6¢, 41, 347
6c¢, <5
6¢, 16
7c¢c, 65

“Consumption of arylazo sulfone 1 quantified by HPLC analysis. bGC-FID yield based on the consumption of 1. “GC-FID yield determined by

using a pure sample of 6 or 7. “Isolated yield.

Table S. Photochemical Conversion of Sulfonates 1a—1o

into Arenes 2a—20"
Q/H
R

Nay-SONa o7 nm, RT, N,
Solvent
R
2a-20

1a-10

iPrOH/H,0 9:1 product THF/H,0 9:1 groduct

Ar—N,SO;Na (yield %) (yield %)
la, R = 4-CN 2a, 85 2a, 77
1b, R = 4-Br 2b, 62 2b, 73
1c, R = 4-MeO 2¢, 75 2¢, 99
1d, R = 4-Ac 2d, 79 2d, 64
le, R = 4NO, 2e, 58 2e, 51
1f, R = 4-Cl of, 84 2f, 72
1g, R = 4-Me 2g, 92 2g, 67
1h, R = 3-Br 2h, 47 2h, 76
1i, R = 2-Br 2i, 48 2i, 57
1j, R = 2-MeO 2j, 75 2j, 99
1k, Ar = 2-OPh 2k, 41 2Kk, 35
1, R = 2-SMe 21, 99 21, 99
1m, 2m, 59 2m, 86

R = 2,6-diMe
In, 2n, 90 2n, 98

R = 2,4,6-triMe
lo, R = 2-C], 20, 48 20, 46

4-Br

“Conditions: A 0.025 M solution of la—1lo in the chosen solvent
mixture was irradiated for 2 h at 427 nm (45 W Kessil lamp) under a
N, atmosphere at room temperature. “GC-FID yield determined by
using a pure sample of 2a—2o0.

benzonitrile 2a, confirming that an aryl radical is released in
the reaction.

To assess if a diazonium salt is released during irradiation,
we performed some experiments in the presence of an
excellent nucleophile such as indole. First, no EDA complexes
were detected by mixing increasing amounts of indole to a
solution of 1c (Figure S11). Moreover, indole (20 equiv) was
added to a solution of 1c (0.05 M) in water and kept in the
dark for one night at room temperature. No consumption of

Table 6. Deuteration Experiments on Sulfonates 1c and 1e”

Ney-SONa o7 nm, RT, N,
Solvent
R R

1¢c, R = OMe 2 2e-d
1e, R = NO,
deuterated conv. products y1eld conv. products yield
solvent (%) (%)” (%) (%)”
MeOD 78 2¢,73 2c=d, 5 99  2e,88 2e—d,
11
MeOD/D,0O 99 2¢,91 2c—d, 8 99 2e, 81 2e—d,
(9:1) 18
CD,OD/H,0 S8 26,30 2c—d, 99 2¢,30 2e—d,
(9:1) 28 69

“A 0.025 M solution of arylazo sulfonate 1c, le in the chosen
deuterated solvent was irradiated for 2 h at 427 nm (45 W Kessil
lamp) under a N, atmosphere at room temperature. Deuteration
ratio has been quantified by GC—MS analysis (see Figures S3—S8).

Scheme 2. Trapping Experiments with TEMPO

SO3Na

H
o™
7(} 427 nm, 24 h, N,
T MeCNH,0 41 *
CN
1a 10 equiv. CN 2a,3 %
(0.05 M) 8a, 56 %

the sulfonate resulted. On the contrary the same solution
irradiated for 24 h afforded adducts 9¢ and 10c in 46% and
29% yields, respectively (Scheme 3).

Finally, due to the solubility of compounds 1 in water we
tested compound 1g for the polymerization of a water-soluble
monomer namely acrylamide. Thus, a solution of acrylamide
(S g) in water (S mL) in the presence of 1g (0.02 mol %) was
placed in a Petri dish and irradiated at 427 nm (40 W Kessil
Lamp) for 15 min, showing a marked jellification of the
reaction mixture (Figure S12ab). No polymerization was

https://doi.org/10.1021/acs.joc.5c00314
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Scheme 3. Reactivity of 1c in the Presence of Indole

SOSNa
N
H’N 2~ N OMe
@ _4270m,RT, N, 9¢, 46%
Water O +
N
20eqU|v H,N ~ N OMe
Water | Dark 10c, 29%
No Reaction
OMe

observed under dark conditions or in the absence of 1g (Figure
S12¢,d).

B DISCUSSION

Arylazo sulfonates were sparsely investigated for their possible
use in synthesis.”® The mechanism of photodissociation of
these sulfonates has been largely debated since about 60—70
years ago.”””’~* Our investigation pointed out the general
mechanistic scenario depicted in Scheme 4. First, arylazo
sulfonates are shelf-stable compounds that did not decompose
appreciably in solution (even in pure water) at room
temperature when kept in the dark, and no equilibrium with
a diazonium form (path a) occurred as demonstrated by the
insensitivity to the presence of indole (Scheme 3). Arylazo
sulfonates showed a good photoreactivity in solution as
witnessed by the high quantum yield of decomposition (®_,
> 0.3) with water being the solvent where these compounds
showed better photostability (Table 1).

We thought that the reaction observed may arise from the
singlet excited state, in analogy with arylazo sulfones. The
photochemical behavior of arylazo sulfonates depends on the
media used whether organic/aqueous media or neat water. In
the first case, the reactivity observed pointed to a homolytic
cleavage of the N—S bond to release aryldiazenyl radical I and
then an aryl radical II upon nitrogen loss (Scheme 4, paths
b,c).”” This is confirmed by adduct 8a formed in the presence
of TEMPO (Scheme 2). In solution, the fate of the radical is
hydrogen abstraction from the solvent to give the “reduced”
derivative 2 (Table 2 and Scheme 4, path d). When the
reaction was not carried out by degassing with a freeze—
pump—thaw system, a small amount of phenol may be formed

by%the addition of the aryl radical to adventitious oxygen (path
e).”

The experiments in deuterated solvents pointed out that the
aryl radical may abstract a hydrogen atom either from a C—H
bond (e.g, in MeOH) and, although with a lower efficiency,
also from the O—H bond of water or the alcohol. The latter
pathway is favored when a C—D bond is present in place of a
C—H bond (e.g,, in CD;0H). In fact, the bond dissociation
energy (BDE) of the H—CH,OH bond is only 96 kcal mol™*°
and the H abstraction from a phenyl radical is largely favored
especially if the aromatic ring bears an electron-withdrawing
group (the BDE values of the Ar—H bond in benzene and 4-
nitrobenzene are 113 and 117 kcal mol™, respectively).*® The
latter values made feasible (although not favorable) the H
abstraction of the aryl radical from water (BDE of the H—OH
bond = 118.8 kecal mol™!)*° but favorable from the O—H bond
in MeOH (BDE = 105 kcal mol™).*

In the presence of a 7 nucleophile, some arylation resulted
(products 6 and 7, Table 4) especially in non-H donating
solvents such as MeCN. This can be safely attributed to the
addition of the aryl radical onto furan (Scheme 4, path f) or
allylphenyl sulfone (path f’). In these cases, no azo adducts
were detected in the end mixture.

The scenario dramatically changed in neat water. Photolysis
of la—c in water did not lead to appreciable amounts of
compound 2 but the corresponding phenols 3a—c were formed
instead even by deaerating the solution by the freeze—pump—
thaw technique (Table 2). Accordingly, water diverts the
photocleavage of compounds la—o and prevents any aryl
radical formation. Thus, a heterolytic cleavage may be
alternatively envisaged to give a diazonium salt III (path g).
This salt may be trapped by very nucleophilic partners such as
indole to give the azoadducts 9¢c and 10c (path h).”” In the
presence of less nucleophilic derivatives (e.g, furan)*® the
azocoupling is not so favored® and loss of nitrogen led to an
aryl cation Ar* (IV, path i). At this stage, addition to water
(path k) or to a nucleophile (Scheme 4, path j) became
competitive paths to give phenols and arylated products,
respectively.'” The direct photolysis of the thus-formed
diazonium salts III*" may be safely excluded since the latter
compounds did not absorb the visible photons used in the
reaction. However, degradation to diazonium salt (albeit
inefficiently) may be likewise induced by prolonged heating in
water at 100 °C.

Scheme 4. Proposed Mechanism for the Medium-Dependent Photoreactivity of Arylazo Sulfonates la—o
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At any rate, contrary to arylazo sulfones, a wavelength
behavior of arylazo sulfonates did not operate in this case since
the product distribution observed under visible (427 nm) or
UV (ca. 310 nm) light irradiation was roughly the same.

B CONCLUSIONS

In conclusion, we explored the medium-dependent photo-
reactivity of arylazo sulfonates, shelf-stable compounds having
a —N,SO;Na group as a dyedauxiliary moiety. This is one of
the rare examples where an aryl radical is formed in a (mixed)
aqueous mixture with no need of biphasic systems or
surfactants.”’ Photoinduced ionic and radical decomposition
competes depending on the media used. When the media was
made mainly of an organic solvent (e.g, MeCN, an alcohol,
etc.), photohomolysis of the N—S bond occurred, thus
releasing an aryl radical prone to be used in arylation reactions.
As for the latter point, no advantage on the substitution of
—N,SO,R for a —N,SO;Na group resulted."’

Interestingly, the peculiar structure of these sulfonates allows
their solubility in neat water. Here the radical chemistry is
prevented by an efficient photoheterolysis that releases the
corresponding diazonium salt prone to being added to a strong
nucleophile (maintaining the nitrogen atoms) or decomposed
into an aryl cation. In the latter case, competition of water with
the nucleophile strongly affected the arylation yield, and
phenol is preferentially formed.

Finally, the great solubility of compounds 1 in water may
make them ideal photoinitiators for free-radical polymer-
izations.

B EXPERIMENTAL SECTION

General Information. 'H and *C NMR spectra were recorded
on 300 and 75 MHz spectrometers, respectively. The attributions
were made on the basis of 'H and *C NMR experiments; chemical
shifts are reported in parts per million downfield from TMS. GC
analyses were performed using an HP SERIES 5890 II equipped with
a fire ion detector (FID, temperature 350 °C). Analytes were
separated using a Restek Rtx-SMS (30 m X 0.25 mm X 0.25 ym)
capillary column with nitrogen as a carrier gas at 1 mL min™". The
injector temperature was 250 °C. The GC oven temperature was held
at 80 °C for 2 min, increased to 250 °C by a temperature ramp of 10
°C min~, and held at this temperature for 10 min. HPLC analyses
have been performed by means of a JASCO instrument equipped with
two PU980 pumps and a UV97S detector (Thermo Fisher ODS-
Hypersyl column). Anilines Sla-o, furan, allyltrimethylsilane, allyl
phenyl sulfone, sodium sulfite, and solvents (HPLC grade) were
commercially available and used as received.

General Procedure for the Synthesis of Arylazo Sulfonates
Ta—o0. Compounds 1la—o were obtained by a procedure previously
reported.”” The chosen aniline (S1a-o, 10.0 mmol) was dissolved in
HCI 1.5 M (20 mL) in a reactor flask covered with an aluminum
sheet. After cooling to 0 °C, a solution of sodium nitrite (10.0 mmol,
1.00 equiv) in water (S mL) was added over a period of approximately
10 min under stirring. The resulting mixture was then stirred at 0 °C
for 20 min. A solution of sodium carbonate (6.0 mmol, 0.60 equiv)
dissolved in water (5 mL) was thus added to the so formed
suspension of arenediazonium chlorides to reach a pH = ca. 7.5. A
cold solution of sodium sulfite (10.0 mmol, 1.00 equiv) in water (S
mL) was rapidly added, and the resulting mixture was stirred for
additional 15 min at 0 °C. The suspension was then heated to 30 °C
by a heating mantle for 3 h, then filtered, and the liquid phase
concentrated in vacuo until incipient crystallization. The solution was
kept in a refrigerator for 16 h. The obtained colored solids (1la—o)
were filtered under vacuum, washed with methyl-tert-butyl ether
(MTBE 50 mL), and dried in vacuo.
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Caution! Anilines may be carcinogenic chemicals, constitute
significant safety hazards, and must be handled with extreme care.

Caution! Sodium nitrite is a very toxic compound and must be
handled with extreme care.

Sodium 2-(4-Cyanophenyl)diazene-1-sulfonate (1a). Compound
1a was obtained from 4-aminobenzonitrile (S1a, 1.181 g, 10 mmol) in
a 63% yield (orange solid, 1.45 g). Spectroscopic data of 1a are in
accordance with the literature.”*® 1a. '"H NMR (300 MHz, DMSO-
dg): 6 8.12—8.01 (m, 2H), 7.92—7.82 (m, 2H). BC{*H}NMR (75
MHz, DMSO-dy): § 152.7, 133.9, 123.1, 118.2, 113.8. mp (dec) = 211
°C. HRMS (ESI) m/z: product unstable during the analysis.

Sodium 2-(4-Bromophenyl)diazene-1-sulfonate (1b). Compound
1b was obtained from 4-bromoaniline (S1b, 1.72 g, 9.99 mmol) in a
63% vyield (yellow solid, 1.8 §) Spectroscopic data of 1b are in
accordance with the literature.” 1b. 'H NMR (300 MHz, DMSO-
dg): 6 7.83—7.74 (m, 2H), 7.72—7.64 (m, 2H). BC{'H}NMR (75
MHz, DMSO-d): 6 149.3, 132.6, 125.3, 124.4. mp (dec) = 213 °C.
HRMS (ESI): product unstable during the analysis.

Sodium 2-(4-Methoxyphenyl)diazene-1-sulfonate (1c). Com-
pound lc was obtained from 4-anisidine (Slc, 1.23 g, 10.0 mmol)
in an 86% yield (yellow solid, 2.06 g). Spectroscopic data of 1c are in
accordance with the literature.”® Ic. '"H NMR (300 MHz, DMSO-
dg): 6 7.82-7.69 (m, 2H), 7.17-7.05 (m, 2H), 3.85 (s, 3H).
BC{'H}NMR (75 MHz, DMSO-d,): § 162.3, 144.1, 124.6, 114.6,
55.6. mp (dec) = 201 °C. HRMS (ESI): product unstable during the
analysis. "H NMR spectroscopy was used to determine the purity of
the compound (>99%, 1,3,5-trimethoxybenzene as the internal
standard).

Sodium 2-(4-Acetylphenyl)diazene-1-sulfonate (1d). Compound
1d was obtained from 4-aminoacetophenone (S1d, 1.35 g 9.97
mmol) in a 61% yield (orange solid, 1.53 g). Spectroscopic data of 1d
are in accordance with the literature.” 1d. 'H NMR (300 MHz,
DMSO-dy): & 8.18—8.11 (m, 2H), 7.89—7.79 (m, 2H), 2.64 (s, 3H).
BC{'H}NMR (75 MHz, DMSO-d,): § 197.4, 152.9, 138.8, 129.6,
122.5, 27.0. mp (dec) = 190 °C. HRMS (ESI): product unstable
during the analysis.

Sodium 2-(4-Nitrophenyl)diazene-1-sulfonate (1e). Compound
le was obtained from 4-nitroaniline (Sle, 1.38 g, 9.99 mmol) in a
78% vyield (yellow solid, 1.97 g). Spectroscopic data of le are in
accordance with the literature.*> 1e. 'H NMR (300 MHz, DMSO-dy):
5 8.49—8.32 (m, 2H), 8.02—7.87 (m, 2H). *C{'"H}NMR (75 MHz,
DMSO-dg): 6 153.9, 148.9, 125.1, 123.4. mp (dec) = 186 °C. HRMS
(ESI): product unstable during the analysis.

Sodium 2-(4-Chlorophenyl)diazene-1-sulfonate (1f). Compound
1f was obtained from 4-cloroaniline (S1f, 1.274 g, 9.99 mmol) in a
69% vyield (yellow solid, 1.53 é) Spectroscopic data of 1f are in
accordance with the literature.**” 1f. 'H NMR (300 MHz, DMSO-
dg): 6 7.82—7.73 (m, 2H), 7.70—7.60 (m, 2H). BC{*H}NMR (75
MHz, DMSO-dy): & 149.0, 136.5, 129.6, 124.3. mp (dec) = 206 °C.
HRMS (ESI): product unstable during the analysis.

Sodium 2-(4-Methylphenyl)diazene-1-sulfonate (1g). Compound
1g was obtained from 4-toluidine (S1g, 1.05 g, 9.80 mmol) in a 91%
yield (yellow solid, 1.96 g). 1g. 'H NMR (300 MHz, DMSO-dy): &
7.73=7.57 (m, 2H), 7.41—7.34 (m, 2H), 2.39 (s, 3H). *C{'H}NMR
(75 MHz, DMSO-dg): § 148.3, 142.1, 130.0, 122.5, 21.0. mp (dec) =
198 °C. HRMS (ESI): product unstable during the analysis.

Sodium 2-(3-Bromophenyl)diazene-1-sulfonate (1h). Compound
1h was obtained from 3-bromoaniline (S1h, 1.71 g, 9.92 mmol) in a
57% yield (orange solid, 1.97 g). 1h. '"H NMR (300 MHz, DMSO-
dg): 67.82 (t, ] = 2.0 Hz, 1H), 7.77 (dt, ] = 8.0, 2.0 Hz, 2H), 7.54 (t, ]
= 8.0 Hz, 1H). BC{'H}NMR (75 MHz, DMSO-d,): 6 151.5, 134.4,
131.7, 124.0, 122.7, 122.5. mp (dec) = 175 °C. HRMS (ESI): product
unstable during the analysis.

Sodium 2-(3-Methoxyphenyl)diazene-1-sulfonate (1i). Com-
pound 1i was obtained from 3-anisidine (S1i, 1.23 g, 10.0 mmol)
in a 90% yield (yellow solid, 1.56 g). 1i. 'H NMR (300 MHz, DMSO-
dg): 5 7.53—7.46 (m, 1H), 7.41-7.36 (m, 1H), 7.27—7.24 (m, 1H),
7.17—7.12 (m, 1H), 3.83 (s, 3H). *C{'H}NMR (75 MHz, DMSO-
dg): § 160.0, 151.6, 130.3, 118.3, 116.3, 105.8, 55.4. mp (dec) = 164
°C. HRMS (ESI): product unstable during the analysis.

https://doi.org/10.1021/acs.joc.5c00314
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Sodium 2-(2-Bromophenyl)diazene-1-sulfonate (1j). Compound
1j was obtained from 2-bromoaniline (S1j, 1.672 g, 9.72 mmol) in a
77% yield (orange solid, 2.14 g). 1j. "H NMR (300 MHz, DMSO-dy):
5 7.89=7.79 (m, 1H), 7.53—7.46 (m, 2H), 7.43—7.35 (m, 1H).
BC{'H}NMR (75 MHz, DMSO-d,): § 148.0, 133.8, 133.0, 128.8,
123.7, 118.0. mp (dec) = 217 °C. HRMS (ESI): product unstable
during the analysis.

Sodium 2-(2-Phenoxyphenyl)diazene-1-sulfonate (1k). Com-
pound 1k was obtained from 2-phenoxyaniline (S1k, 1.85 g, 10.00
mmol) in a 94% yield (yellow solid, 2.8 g). 1k. "H NMR (300 MHz,
DMSO-dy): § 7.57-7.45 (m, 2H), 7.46—7.37 (m, 2H), 7.29-7.13
(m, 2H), 7.13-6.96 (m, 3H). 3C{"H}NMR (75 MHz, DMSO-d,): &
156.5, 154.5, 141.5, 133.4, 130.2, 123.9, 123.8, 119.7, 119.1, 117.3.
mp (dec) = 86 °C. HRMS (ESI): product unstable during the
analysis.

Sodium 2-(2-Methylthiophenyl)diazene-1-sulfonate (1l). Com-
pound 11 was obtained from 2-methylthioaniline (S11, 1.23 g, 10.00
mmol) in a 99% yield (orange solid, 3.00 g). 1L."H NMR (300 MHz,
DMSO-dy): 6 7.55—7.47 (m, 1H), 7.46—7.37 (m, 2H), 7.28—7.19
(m, 1H), 2.46 (s, 3H). BC{"H}NMR (75 MHz, DMSO-d,): § 146.6,
140.1, 1322, 125.3, 124.6, 117.3, 14.1. mp (dec) = 59 °C. HRMS
(ESI): product unstable during the analysis.

Sodium 2-(2,6-Dimethylphenyl)diazene-1-sulfonate (1m). Com-
pound 1m was obtained from 2,6-dimethylaniline (S1m, 1.23 g, 10.00
mmol) in a 78% yield (yellow solid, 1.83 g). Im. '"H NMR (300 MHz,
DMSO-dg): 6 7.20—-7.09 (m, 3H), 2.14 (s, 6H). BC{"H}NMR (75
MHz, DMSO-dg): & 149.6, 129.0, 128.8, 128.0, 17.6. mp (dec) = 189
°C. HRMS (ESI): product unstable during the analysis.

Sodium 2-(2,4,6-Trimethylphenyl)diazene-1-sulfonate (1n).
Compound In was obtained from 2,4,6-trimethylaniline (Sln, 1.4
mL, 10.00 mmol) in a 57% yield (yellow solid, 1.43 g). 1n. 'H NMR
(300 MHz, DMSO-dy): 6 6.94 (s, 2H), 2.26 (s, 3H), 2.16 (s, 6H).
BC{'H}NMR (75 MHz, DMSO-d;): § 146.8, 137.8, 129.9, 129.6,
20.6, 18.0. mp (dec) =208 °C. HRMS (ESI): product unstable during
the analysis.

Sodium 2-(2-Chloro-4-bromophenyl)diazene-1-sulfonate (10).
Compound lo was obtained from 2-chloro-4-bromoaniline (Slo,
2.06 g, 10.00 mmol) in a 94% yield (yellow solid, 2.71 g). lo. 'H
NMR (300 MHz, DMSO-d): & 8.03—7.98 (m, 1H), 7.71-7.65 (m,
1H), 7.40-7.35 (m, 1H). BC{'H}NMR (75 MHz, DMSO-d,): 6
145.9, 134.8, 133.0, 131.4, 125.4, 119.3. mp (dec) = 153 °C. HRMS
(ESI): product unstable during the analysis.

General Procedure for the Irradiation of 1 in Neat Solvents.
In a dried Pyrex (or quartz) vessel, arylazo sulfonate 1 (0.05 mmol)
was dissolved in the chosen solvent mixture (1 mL). An inert
atmosphere was settled up by purging nitrogen into the solution for 3
min and then the vial was capped. The solution was then irradiated
with a 427 nm Kessil Lamp (Figure S9a) (or 310 nm phosphor-
coated lamps) at room temperature in a photochemical reactor for 24

The consumption of 1 was quantified by HPLC analysis.
Conversion to arenes 2 has been evaluated by GC-FID analysis and
quantified via calibration curves with internal standard (dodecane 0.5
uL/mL); phenols 3 in the photolyzed solution were quantified by
HPLC calibration curve analysis.

Caution! Ultraviolet light is damaging to biological tissues. Caution
is required when working with the lamp and protective eyewear must
be used. In some cases, the solution was deaerated with a freeze—
pump—thaw method. Caution! Extreme care should be taken both in
the handling of the cryogen liquid nitrogen and its use in the Schlenk
line trap to avoid condensation of oxygen from air.

General Procedure for Photochemical Hydrodeamination
and Deuteration of 1. In a dried Pyrex vessel, arylazo sulfonate 1
(0.025 mmol) was dissolved in the chosen solvent mixture (1 mL).
An inert atmosphere was settled up by purging nitrogen into the
solution for 3 min, and then the vial was capped. The solution was
then irradiated with a 427 nm Kessil Lamp at room temperature in a
photochemical reactor for 2 h (Figure S9a). Conversion to 2 has been
evaluated by GC-FID analysis and quantified via calibration curves
with an internal standard (dodecane, 0.5 yL/mL). Deuteration ratio
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has been quantified by GC—MS analysis by comparison of the
intensity of the appropriate mass picks and then normalized (see
Figures S3—S8).

Irradiation of Arylazo Sulfonates in the Presence of
Nucleophiles. In a dried glass vessel, arylazo sulfonate 1 (0.01—
0.1 mmol) was dissolved in the chosen solvent mixture (1 mL). An
inert atmosphere was settled up by purging nitrogen into the solution
for 3 min, then the nucleophile (10—20 equiv) was added, and the
vessel was capped. The solution was then irradiated with a 427 nm
Kessil Lamp at room temperature in a photochemical reactor for 24 h
(Figure S9b).

Consumption of 1 was quantified by HPLC analysis comparing
chromatographic areas before and after irradiation. Conversion to
derivates 2, 6, and 7 has been evaluated by GC-FID analysis and
quantified via calibration curves with internal standard (dodecane, 0.5
uL/mL).

In selected cases, reactions have been performed on a 0.05-0.5
mmol scale to isolate and characterize the products. After irradiation,
solvent was removed and products 6, 9, or 10 purified by silica gel
flash column chromatography (eluent mixture CyHex/EA).

2-(4-Bromophenyl)-furan (6b). From 71.9 mg (0.25 mmol, 0.05
M) of 1b and 365 uL (5.0 mmol, 20 equiv) of furan in S mL of
mixture MeCN/H,O 4:1. Purification by silica gel flash column
chromatography (eluant mixture, CyHex/EA from 99:1 to 9:1)
afforded product 6b in a 46% yield (23.4 mg, pale yellow, viscous oil).
Spectroscopic data are in accordance with literature.”> 6b. '"H NMR
(300 MHz, chloroform-d): § 7.66—7.42 (m, SH), 6.71—6.44 (m, 2H).
BC{'H}NMR (75 MHz, chloroform-d): § 152.9, 142.3, 131.7, 129.7,
125.2, 1209, 111.7, 105.4.

2-(4-Methoxyphenyl)-furan (6c). From 59.5 mg (0.25 mmol, 0.05
M) of 1c and 365 uL (5.0 mmol, 20 equiv) of furan in S mL of
mixture MeCN/H,O 4:1. Purification by silica gel flash column
chromatography (eluent mixture, CyHex/EA from 99:1 to 8:2)
afforded product 6¢ in a 34% yield (14.8 mg, colorless viscous oil).
Spectroscopic data are in accordance with literature.'” 6c. 'TH NMR
(300 MHz, chloroform-d): & 7.66—7.60 (m, 2H), 7.45 (dd, J = 1.8,
0.8 Hz, 1H), 6.98—6.92 (m, 2H), 6.54 (dd, J = 3.3, 0.8 Hz, 1H), 6.47
(dd, J = 3.3, 1.8 Hz, 1H), 3.86 (s, 3H). “C{'H}NMR (75 MHz,
chloroform-d): § 159.0, 154.0, 141.4, 1252, 124.0, 114.1, 111.5,
103.4, 55.3.

3-((4-Methoxyphenyl)diazenyl)-1H-indole (9c). From 59.5 mg
(0.25 mmol, 0.05 M) of 1c and 586 mg (5.0 mmol, 20 equiv) of
indole in 5 mL of H,0. Purification by silica gel flash column
chromatography (eluant mixture, CyHex/EA from 99:1 to 80:10)
afforded product 9c in a 46% yield (29.1 mg, yellow oil). 9c. 'H NMR
(300 MHz, chloroform-d): § 8.66—8.51 (m, 2H), 7.97 (d, ] = 2.9 Hz,
1H), 7.91-7.84 (m, 2H), 7.42—7.37 (m, 1H), 7.33—7.28 (m, 2H),
7.03—6.98 (m, 2H), 3.89 (s, 3H). BC{'H}NMR (75 MHz,
chloroform-d): & 160.8, 148.0, 1369, 1364, 129.4, 124.3, 123.5,
1232, 122.9, 119.3, 114.3, 1114, 55.7. HRMS (ESI) m/z: calcd for
CysH N;O [M + H]*: 252.1131; found, 252.1126.

2-(4-Methoxyphenyl)-3-((4-methoxyphenyl)diazenyl)-1H-indole
(10c). From $9.5 mg (0.25 mmol, 0.05 M) of 1c and 586 mg (5.0
mmol, 20 equiv) of indole in S mL of H,O. Purification by silica gel
flash column chromatography (eluant mixture, CyHex/EA from 99:1
to 85:15) afforded product 10c in a 29% yield (26 mg, yellow oil).
10c. 'H NMR (300 MHz, chloroform-d): § 8.71—8.59 (m, 1H), 8.48
(s, 1H), 7.98 (d, ] = 8.8 Hz, 2H), 7.87 (d, ] = 8.9 Hz, 2H), 7.42—7.36
(m, 1H), 7.32—7.27 (m, 2H), 7.07 (d, ] = 8.8 Hz, 2H), 7.01 (d, ] =
8.9 Hz, 2H), 3.93-3.86 (m, 6H). BC{'H}NMR (75 MHz,
chloroform-d): § 160.6, 160.5, 148.8, 135.5, 132.0, 130.6, 124.3,
123.8, 123.7, 123.1, 120.5, 114.5, 114.3, 110.8, 55.7, 55.6. HRMS
(ESI) m/z: caled for C,,H,oN;O, [M + H]*: 358.1550; found,
358.1543.

General Procedure for the Photopolymerization Tests. A
solution of acrylamide (S g) in water (S mL) in the presence of 1g
(0.02 mol %) was placed in a Petri dish (Figure S12a) and irradiated
at 427 nm (40 W Kessil Lamp) for 15 min.

Photolysis induced a marked jellification of the reaction mixture
(Figure S12b).
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Caution! Acrylamide may be a carcinogenic chemical and may
constitute significant safety hazards and must be handled with
extreme care.
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