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Abstract: Recent years have witnessed a continuous development of photocatalysts to satisfy the growing
demand of photophysical and redox properties in photoredox catalysis, with complex structures or alternative
strategies devised to access highly reducing or oxidising systems. We report herein the use of peri-
xanthenoxanthene (PXX), a simple and inexpensive dye, as an efficient photocatalyst. Its highly reducing
excited state allows activation of a wide range of substrates, thus triggering useful radical reactions.
Benchmark transformations such as the addition of organic radicals, generated by photoreduction of organic
halides, to radical traps are initially demonstrated. More complex dual catalytic manifolds are also shown to be
accessible: the f-arylation of cyclic ketones is successful when using a secondary amine as organocatalyst,
while cross-coupling reactions of aryl halides with amines and thiols are obtained when using a Ni co-catalyst.
Application to the efficient two-step synthesis of the expensive fluoro-tetrahydro-1H-pyrido[4,3-b]indole, a
crucial synthetic intermediate for the investigational drug setipiprant, has been also demonstrated.

Keywords: PXX; xanthenoxanthene; photocatalysis; C—C; C—S; C—N; B arylation; mechanism; EPR; photo-
redox; highly reducing photocatalyst

Introduction

The field of photoredox catalysis has seen a huge
increase in popularity in the last decade, with numer-
ous useful transformation being discovered that were
not possible, or were much more difficult to obtain,
with non-photoredox methods.!"! The ability to gener-
ate reactive radical species in very mild conditions is
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surely at the root of this popularity. Ru(Il)- and Ir(IIT)-
based complexes are the work-horses in the field:
chemical stability, long excited state lifetimes and
tunability of the photoredox properties through ligand
modifications are among the reasons for this prefer-
ence in the community."™ Early works revealed that
fac-[Ir(ppy);], a homoleptic complex of Ir(Ill) (Fig-
ure 1), was particularly interesting for the strong
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Figure 1. Selection of highly reducing photocatalysts and photocatalytic systems from the literature, along with their reported

photophysical properties. Reduction potentials reported vs SCE in CH;CN.!

reductive properties of its excited state.”! With a redox
potential of —1.73 V vs SCE, it can be used effectively
for the activation of alkyl and aryl halides to form
organic radical intermediates.”™ The peculiar reac-
tivity found with fac-[Ir(ppy);] inspired further work
towards the search of alternative photocatalytic sys-
tems with comparable or higher reducing power (Fig-
ure 1), especially to trigger photoredox activation of
non-accessible substrates because of their lower reduc-
tion potentials. The interest focused mainly on the
development of organic dyes, so that reaction mixtures
could be devoid of metallic impurities, and to avoid
the use of expensive and supply-dependent precious
metals."* The reduction of organic halides has
typically been used as a benchmark reaction, either for
dehalogenation and formation of the corresponding
hydrocarbon, or for addition to electron-rich radical
traps (benzene, pyrrole and similar)."”! This is the case
of phenothiazine (PTH)-based photocatalysts, whose
use was also recently demonstrated for the activation
of in situ-formed arylsulfonium ions."*! Similarly,
dihydrophenazine 1 and phenoxazine 2 were exploited
for the synthesis of CF;-bearing heterocycles, and as
photocatalysts for C-N and C—S bond-forming cross-
coupling reactions as well.”! Benzotriazole 3 was
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1b,4a,52,6,7,8b,f]

designed for the activation of aryl iodides and
subsequent radical addition to furans.'” Carbazole 4
showed a very low reduction potential, allowing
activation of aryl chlorides and fluorides alike.” A
different strategy involved the photoexcitation of an
electron-rich transient species, being it an anion, a
photocatalytically-formed radical anion, an electro-
chemically-formed radical anion, a neutral radical or
an excited state.™™ In these cases the excited state of the
transient species is extremely electron-rich, often
capable of reducing electron-rich aryl halides to their
corresponding aryl radicals.®"®" Two-photon excitation
of a water soluble fac-Ir(ppy); analogue also allowed
the formation and synthetic utilisation of highly
reducing hydrated electrons.™ Other strategies in-
volved the sensitisation of pyrene with [Ru(bpy),]** as
visible light photocatalyst,”” and triplet-triplet annihila-
tion for the generation of a high-energy singlet excited
state.'” In most of the aforementioned cases, demon-
strations of photocatalytic activity have been restricted
to a few benchmark reactions (dehalogenation, addition
to radical traps) and limited efforts have been
dedicated to expand the chemical space of their
reactivity.*’!

2 © 2021 The Authors. Advanced Synthesis & Catalysis
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Considering all the efforts gone to the development
of highly reducing organic photocatalysts, it is surpris-
ing that a molecule as simple as PXX (peri-xantheno-
xanthene, Figure 2a), the O-doped analogue of anthan-
threne, has been so far disregarded. Structural
simplicity, ease of synthesis (see SI) and low cost (raw
material cost estimated at £2.30/mmol, see SI) would
make it an appealing alternative to the more expensive
and structurally complex photocatalysts previously
mentioned.

The use of PXX is inherited from organic semi-
conductor chemistry, as substituted PXX derivatives
show excellent carrier-transport and electron injection
properties, easy processability, chemical inertness and
exceptional thermal stability.'! This made them a
good choice for applications as organic semiconductors
in transistors,"'” as conducting polymers'"! or prepar-
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ing p-type graphenoid structures.""'*! PXX itself is a
bright yellow solid, showing absorption in the UV and
visible spectrum, with a lower energy peak at 439 nm
(blue light) in CH,CN (Figure 2b,c).!"*! Besides visible
light absorption, of uttermost interest are the electro-
chemical properties of both PXX ground state and
singlet excited state (Figure2c). In the S, state
(PXX*), a remarkable reduction potential E"*(PXX*"/
PXX*) of —2.00V vs SCE has been calculated,
suggesting the possibility of an efficient SET reduction
of a number of organic substrates (Figure 3). The
resulting PXX radical cation has a discrete potential
(+0.77 V), allowing turnover of the photocatalytic
cycle through oxidation of electron-rich reagents. In an
effort to probe the photocatalytic properties of PXX,
our group showed that the dehalogenation of a set of
electron-poor aryl and alkyl halides could be achieved
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Figure 2. Properties of PXX: (a) structure and appearance; (b) absorption and emission (. at 412 nm) spectra of a 10~ M solution
in CH;CN; (c¢) summary of photophysical and electrochemical properties.'"*” Photophysical data determined in CH;CN,

electrochemical data determined vs SCE in CH;CN.
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Figure 3. Reduction potentials of selected organic compounds compared to ground and excited state reduction potentials of PXX.

Values given vs SCE in CH;CN.!'316]
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upon irradiation with blue light (450 nm) in the
presence of DIPEA as electron donor."* These
preliminary investigations prompted us to further
investigate the potentiality of PXX as a more general,
highly reducing photocatalyst, capable of promoting a
variety of different transformations.!'” The possibility
to employ dual-catalytic platforms, wherein PXX
photocatalysis could be coupled to another catalytic
system, was also considered in our investigations.

Herein, we demonstrate the use of PXX as photo-
catalyst for the formation of C—C bonds via activation
of organic halides and subsequent reaction with radical
traps. The f-arylation of cyclic ketones is also shown
when a secondary amine is introduced as organo-
catalyst. The formation of C—N and C—S bonds when
coupled with nickel catalysis is also tackled, and the
application to a synthetic intermediate of setipiprant
through preparation of the corresponding N-aryl
hydrazone precursor demonstrated. The mechanism of
the transformations were further studied by photo-
physical and EPR studies to confirm the role of PXX
as photoreducing catalyst.

Results and Discussion

Activation of Organic (Pseudo)halides and Addition
to Radical Traps

Our investigations started with an attempt to extend
the observed activation of aryl halides to the formation
of C—C bonds. Radical traps such as benzene and N-
methylpyrrole were introduced to reaction mixtures
containing the given aryl halide, PXX and a base. The
arylation of benzene with 4’-bromoacetophenone was
obtained when benzene was used as solvent in the
presence of DBU as base (Table 1, see SI for more
details). The reaction afforded a 42% yield when
carried out at 50°C (entry 1), while a reduced 19%
yield was obtained at 25°C (entry2). Extended

Table 1. The arylation of benzene with 4’-bromoacetophenone.
o) o}

PXX (2 mol%)
/@)k DBU (1 equiv.) /@)k
Br Benzene (0.04 M) R
457 nm LEDs R= Ph 5a
(0.2 mmol) 50°C,15h H 6
# Modification 5a %™ Conv. % 6%
1 - 42 54 8
2 Run at 25°C 19 26 <5
3 Run for 40 h 40 60 17
4 Run for 64 h® 53 75 18

[ Determined by 'H-NMR analysis of reaction mixtures, using
1,3,5-trimethoxybenzene or CH;NO, as internal standard.
] Additional 2 mol% PXX added after 40 h.
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reaction times allow improvement in yields only when
an additional loading of PXX is added (entries 3—4),
suggesting degradation of the photocatalyst during the
reaction.

The arylation of N-methylpyrrole proved more
successful: two sets of conditions were found to be
productive (Scheme 1). Method A involved the use of
Cs,CO; as base in CH;CN at 50°C (see SI for more
details), and allowed the efficient arylation of 4’-
bromoacetophenone and 4-bromobenzaldehyde in 71%
and 75% isolated yields, respectively (Sb and 5c¢).
These conditions performed poorly with other aryl
halide substrates. However, when carrying out the
reaction in DMSO with DIPEA as base at 25°C
(Method B),” a number of aryl bromide and chloride
derivatives could be reacted, including those bearing
ester (5d) and nitrile (5e, Sh) groups. The activation
of bromopentafluorobenzene was also successful, and
compound 5f obtained in 61% yield in a 2.4:1 isomeric
ratio." Heterocyclic bromides were not amenable of
efficient activation, with compounds 5g and 5i
obtained in limited yields. Other radical traps were
also tested: while thiophene did not provide 5j in
useful yields, 1,3,5-trimethoxybenzene proved an
efficient trap affording Sk in 58% yield. The formation
of C—Heteroatom bonds could be also probed, with the
reaction with triethylphosphite affording 51 in 66%
yield.""”! The borylation with B,pin, gave 5m in low
yield (25%);*” further attempts with modified con-
ditions did not provide any significant improvements.

The activation of electron-poor alkyl halides is also
feasible with PXX. For example, when diethyl 2-
bromo-2-methylmalonate was reacted with indole in
the presence of lutidine as base, the coupling product
5n was obtained in 66% yield (Scheme 2a).*"! Analo-
gously, MacMillan’s arene trifluoromethylation'”!
could be readily obtained (Scheme 2b) using triflyl
chloride. In the reaction with N-methylpyrrole, both
mono- and bis-trifluoromethylation were observed: So
in 33% yield and S5p in 57% yield, respectively. With
3-methylbenzofuran, the main product was 5q (59%,
some was lost during purification due to the high
volatility). Pleasingly, when the same conditions were
applied to the perfluoroalkylation of 3-meth-
ylbenzofuran with perfluorohexyl iodide, an 82% yield
of coupled product, Sr, was obtained.

The mechanism of these transformations was
subsequently examined. Electrochemical data and
results from fluorescence quenching experiments are
reported in Table 2. Building on the calculated reduc-
tive and oxidative properties of PXX* (E"(PXX**'/
PXX*)=-2.00V vs SCE; E"(PXX*PXX* )=
+0.61V vs SCE)," we conjectured that PXX* is
capable of photoreducing all the aryl halide substrates
(Table 2) and at the same time to oxidise DIPEA
(E",,=+40.52 V vs SCE, entry 5), but not N-methy-
pyrrole (E"2,,=+1.04V vs SCE, entry 6). These

© 2021 The Authors. Advanced Synthesis & Catalysis
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Scheme 1. Scope of aryl halides and radical traps in the PXX-catalysed arylation reaction. Method A: radical trap (20 equiv.), PXX
(2 mol%), Cs,CO; (1.2 equiv.), Acetonitrile 0.1 M, 50 °C. Method B: radical trap (10 equiv.), PXX (2 mol%), DIPEA (1.4 equiv.),
DMSO 0.2 M, 25°C. Isolated yields reported unless otherwise stated. Notes: ™ 20 equiv. of 1,3,5-trimethoxybenzene were used. ™

5 equiv. of triethyl phosphite were used. !

Table 2. Redox potentials and quenching studies on PXX (4 x
10°M in CH,CN, intensity of fluorescence recorded at

477 nm).

#  Quencher E.q (V)H ko M's™HP
1 4-Bromoacetophenone  —1.89 (1) 1.3x10"

2 4-Bromobenzaldehyde —1.76 (r) 1.8x10"

3 2-Chlorobenzonitrile —1.80 (1) 3.2x108

4  DIPEA +0.52(0) 3.5x10’

5  N-Methylpyrrole +1.04 (0) N.D.M

[ Determined in DMF (entry 3) or CH,CN (other entries) vs
SCE; (r) refers to a reduction of the quencher, (0) to an
oxidation of the quencher. Obtained from references!'”
(entries 1-2, 4-5) and™ (entry 3).

™ Entries 1, 2, 4: obtained from reference!". Entries 3, 5:
calculated from Stern Volmer plots as kq=Ksy/1, where 7, is
the lifetime of PXX* without quencher (5.1ns in
CH,CN).["

I No quenching observed.

considerations mirror Stern-Volmer investigations™’
which showed that the fluorescence quenching rates
(k, Table 2) observed for PXX with all aryl halides
(from 10° to 10" M 's™", entries 1-3) are considerably
higher than those determined in CH;CN with DIPEA
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3 equiv. of B,pin, were used, along with a DMSO:H,0 9:1 solvent system.

(3.5x10’M's™", entry4) and N-methylpyrrole, for
which no quenching was observed (entry 5). This
suggests that, under illumination, aryl radicals are
formed together with PXX**, as also reported in a
previous work by us.'* Based on the information
gathered, the most likely mechanistic pathway is
outlined in Scheme 3.°! After photoreduction of the
aryl halide and formation of the corresponding aryl
radical (7), this reacts with suitable unsaturated
systems (radical traps) to form the new C—C bond.
Oxidation of the resulting radical adduct 8 by PXX**
and subsequent deprotonation of 9 close the catalytic
cycle.

Merging Organo- and Photocatalysis: f-Arylation
of Carbonyl Compounds

The merging of photoredox catalysis with organo-
catalysis has been among one of the main initiators of
the field, with the a-alkylation of aldehydes from
Nicewicz and MacMillan being the seminal
example.”” Typical organocatalysis intermediates such
as enamines and iminium ions can readily participate
in redox and radical reactions, either in conjunction
with a photocatalyst or by exploitation of their intrinsic
photoreactivity.” In 20132015, the group of Mac-

© 2021 The Authors. Advanced Synthesis & Catalysis
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N
Acetonitrile, 457 nm LEDs H
(0.2 mmol) 25°C,15h
5n 66%
b)

PXX (2 mol%)

B :r:” = [ A KoHPO4 (3 equiv.) :r:” N | A Re
Rg—X Ry Ay Gae

Acetonitrile 0.125 M st X

2 equiv.) Radical trap 457 nm LEDs i
(2 equi) (0.2 mmol) 25°C, 15 h Sor
Using triflyl chloride O\V/O

3 \

50 33% 5p 57% 59 59%
o JOENMR) (1SF-NMR)
Using perfluorohexyl iodide R F

I—CeF13 ——

Scheme 2. (a) Reaction of a bromomalonate substrate with
indole as radical trap. (b) Perfluoroalkylation of heteroarenes.
F-NMR yields (using C¢F, as internal standard) are provided
for the trifluoromethylation products due to volatility of the
products, isolated yield reported for 5r.

450 nm light

basek
+
®<H ArX
X Ar
9

Scheme 3. Postulated mechanism for the PXX-photocatalysed
addition of aryl radicals to radical traps (in this case, a 5-
membered heterocycle).

Millan reported a series of p-functionalisations of
saturated carbonyl compounds (aldehydes and cyclic
ketones).””? While the a position of carbonyl deriva-
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tives is easily accessible from the formation of enolate
or enamine intermediates, limited examples were
reported for the § functionalisation without using a.f-
unsaturated compounds in the first place. In particular,
a p-arylation reaction was carried out with fac-
[Ir(ppy);] as photocatalyst and electron-deficient ben-
zonitrile derivatives as reactants.”’*) When the reaction
of cyclohexanone with 1,4-dicyanobenzene was tested
in the same conditions using PXX as photocatalyst
(Scheme 4), B-arylated product 10a was obtained in
79% yield.

Applying the reaction conditions to other ketones,
f-arylated derivatives could be obtained in 60-72%
yields with different cyclohexanone precursors (10b—
¢). Cyclopentanone 10d was also obtained in 54%
yield, while cycloheptanone 10e could not be recov-
ered in good amounts (less than 10% yield by NMR).
When turning to other cyanoarenes, only 4-cyanoph-
thalide afforded 10g in a modest 35% yield. Other
substrates provided limited or no conversion (10f, 101)
or complex reaction mixtures (10 h).

The mechanism of this transformation was further
studied by photophysical and EPR studies. Stern-
Volmer fluorescence quenching experiments (Table 3)

NC PXX (2 mol%)
Azepane (20-40 mol%)
DABCO (5 equiv.)

AcOH (20-40 mol%) N
H20 (20 equiv.) |
i DMPU 0.25 M
TSt 452 nm LEDs, 23 °C, 64 h
(5 equiv.)

Cyclic ketones

[o] o
CN CN EtO

10a79% o 10b 60% 100 72%
CN
10d 54% 10e < 10% (NMR)

e

109 35% 10h 10i
complex reaction < 10% (NMR)
mixture

10f not
observed
Scheme 4. Scope of the PXX-catalysed pS-arylation of cyclic

ketones with cyanoarenes. Isolated yields reported unless
otherwise stated.
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Table 3. Redox potentials and quenching studies on PXX (4 x
10°M in CH,CN, intensity of fluorescence recorded at

477 nm).
|
0
NCD/ NC CN NC/©:I</ N7 N
11d 12

1a 11b 1c

#  Quencher Eq (V)M ko M~ 's™H4
1 1la —1.64 () 1.6x10"

2 11b ~1.90 (1) 12x10'

30 1le ~1.59 (1) 1.6%10"

4 11d ~1.53 (r) 1.5%10"

5  Cyclohexanone  —2.33 (1) N.D.F

6  Azepane ~10.9 (o)™ N.D.I

7 12 +03-+05 )  1.4x10"

8 DABCO +0.69 (0) 2.2x10°

[ Determined in CH;CN; (r) refers to a reduction of the
quencher, (0) to an oxidation of the quencher. Entries 3 and 4:
experimentally determined (see SI). Other entries: obtained
from reference.!"”

) Typical values for cyclic secondary amines.

I Typical values for enamines of cyclic secondary amines.

4l Calculated from Stern Volmer plots as ko= Ksy/z, where 7, is
the lifetime of PXX* without quencher (5.1 ns in
CH,CN) [l

) No quenching observed.

revealed that all four electron-poor cyanoarenes exam-
ined (entries 1-4) to be efficient quenchers of PXX*,
with quenching constant values in the order of
10" M 's™'. This result comes as no surprise, as all
their reduction potentials are accessible by PXX* (E'*
(PXX*"/PXX*)=—-2.0V vs SCE). With cyclohexa-
none (entry 5) and azepane (entry 6) no fluorescence
quenching was observed. However, a limited quench-
ing was detected when cyclohexanone, azepane and
acetic acid where combined in a single solution. We
thus prepared and analysed enamine 12 as quencher
(entry 7). Notably, a high quenching constant was
obtained (1.5x10"°M's™"), of the same order of
magnitude as that obtained with the cyanoarenes (1.2—
1.6x10"M's™"). DABCO is also a possible quench-
er, but with a two orders of magnitude lower rate (2.2 x
10°M's™", entry 8).

Taken all together, these results suggest both an
oxidative photocatalytic mechanism (Scheme 5a, right
side), reliant on the photoreduction of cyanoarenes,™
and a reductive photocatalytic cycle (Scheme 5a, left
side), based on the photooxidation of 12 and/or
DABCO.? In the former mechanism, PXX* would
reduce the cyanoarene to its radical anion 13, while the
resulting PXX** cation (E= +0.77 V vs SCE) would
be capable to oxidise enamine 12 to its radical cation
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7

14, reforming PXX. In the latter cycle the parts would
be inverted, with PXX* oxidising enamine 12 to 14,
and the resulting highly reducing PXX*™ (E=-2.16 V
vs SCE) reducing 11a to 13. In either case, the so-
formed enamine radical cation 14 would undergo
deprotonation by DABCO in the £ position to form 57m-
enaminyl radical 15. Subsequent steps include radical-
radical coupling between 15 and 13 to give 16, loss of
a cyanide to give enamine 17 and final hydrolysis to
the product (10a) while regenerating the
organocatalyst.*™

To further support the mechanistic propositions,
EPR measurements were performed to identify the
presence of the relevant radicals (Figure 4). The
reaction with 1,4-dicyanobenzene 11a and cyclohex-
anone yielding product 10a was performed in the
presence of N-tert-butyl-a-phenylnitrone (PBN) as a
radical spin trap.

331 3315 332 3325 333 3335 334 3345 335 3355 336

Magnetic Induction / mT

- Q (0]
O ? H,0
N + : 2!
Ph\9N7< 0
)/ K
: PBN Ph
18a

15

o-
|
N\|<
Ph
18b

Figure 4. Continuous wave EPR spectra of a reaction medium
composed of 1,4-dicyanobenzene, cyclohexanone, azepane,
PXX, AcOH and CH;CN with the addition of PBN spin trap
measured at rt and (a) before light irradiation, (b) after 30
minutes of irradiation at 450 nm; (c) reaction medium without
1,4-dicyanobenzene after ca. 2 hours of irradiation at 450 nm;
(d) reaction medium without cyclohexanone, azepane and acetic
acid after 30 minutes of irradiation at 450 nm. Below: structure
of PBN-trapped radicals 18a and 18b.
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Scheme 5. Proposed mechanisms for the PXX-photocatalysed fS-arylation of cyclic ketones: (a) reductive and oxidative quenching
mechanistic cycles; (b) downstream pathway with formation of the product and regeneration of the organocatalyst.

The reaction mixture was measured before and after
30 minutes of irradiation at 450 nm (Figure 4). Whilst
before irradiation no detectable EPR signal was
observed (Figure 4a), after 30 minutes of irradiation a
clear triplet of doublets pattern arose (Figure 4b).
Simulation of the signal in Figure 4b highlighted the
presence of two PBN-trapped radical species (R1-PBN
and R2-PBN), characterized by the following spin
Hamiltonian parameters R1-PBN: g,,=2.006, a,,-
(*N)=1.47 mT, a,,(" Hp)=0.36 mT (spectral contrlbu—
tion 23 %) and R2-PBN: g,,=2.006, a,,("'N)=
1.51 mT, a,,(' Hg)=0.18 mT (spectral contribution 77
%). Cross checks have been performed by removing
each of the reaction substrates (i.e., either 1,4-
dicyanobenzene or cyclohexanone + azepane) to prove
that the trapped radical species observed do indeed
come from the reaction and are not byproducts from
PBN decomposition under irradiation or other species
present in the reaction medium. When 1,4-dicyanoben-
zene was removed from the reaction medium, another
spectrum like that in Figure 4b was detected, with the
same trapped radical species (Figure4c). On the
contrary, when cyclohexanone and azepane were

Adv. Synth. Catal. 2021, 363,115 Wiley Online Library

removed from the reaction medium, no paramagnetic
species were detected in continuous wave mode (Fig-
ure 4d).

This evidence seems to indicate that the PBN-
trapped radical species (signals R1- and R2-PBN) both
arise from the combination of azepane and cyclo-
hexanone. Given the systematic lack in the literature of
comparative examples about PBN-trapped cyclohexa-
noyl radicals in CH;CN, we resort to DFT to assign
the signals of radicals R1-PBN and R2-PBN.The
structure of 3-cyclohexanoyl PBN adduct 18b as well
as its enamino form 18a, derived from addition of
PBN to 5m-enaminyl radical 15 (Figure 4), were first
geometry optimized at the B3LYP/def2-TZVP level of
theory (SI). Spin Hamiltonian parameters were calcu-
lated on the optimized structures at the PBEO/EPR-II
level of theory, i.e. a commonly used combination of
functional and basis set for the light elements such as
H and B-F. These calculations returned the following
spin Hamiltonian parameters; PBN-trapped cyclohex-
anoyl adduct 18b: g,,=2.006, a,,(''N)=1.12mT,

a;(* Hg)=0.37 mT; PBN-trapped cyclohexanoyl ad-
duct enamino form 18a: g,,=2.006, a,,('"N)=

8 © 2021 The Authors. Advanced Synthesis & Catalysis
These are not the final page numbers! 77

published by Wiley-VCH GmbH


http://asc.wiley-vch.de

FULL PAPER

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

1.03 mT, a,,('Hg)=0.11 mT. Theoretical 'Hy isotropic
hyperfine coupling constants are significantly different
between the two optimized structures, and almost
completely match the values measured for the two
experimental signals, R1-PBN and R2-PBN, of
0.36 mT and 0.18 mT. As to the '“N isotropic hyperfine
coupling constants, the theoretical values are generally
significantly lower than the experimental values shown
by radicals R1-PBN and R2-PBN; however, the differ-
ence between the two values is much more contained,
i.e. 0.09 mT, resembling the 0.04 mT separating the
experimental values (on the contrary the 'Hy are much
further apart, i.e. 0.26 mT for the theoretical values
and 0.18 mT for the experimental values). Based on
the comparison between theory and experiments, one
could assign the R1-PBN signal to the PBN-trapped
cyclohexanoyl radical (18 b) and the R2-PBN signal to
the enamino form of the PBN-trapped cyclohexanoyl
radical (18a), unambiguously providing evidence for
the formation of radical 15 in the reaction mixture.
EPR also allowed to ascertain further aspects of the
reaction mechanism. Fluorescence quenching studies
suggest that both oxidative and reductive mechanisms
(Scheme 5a) are possible, and in the case of the
reaction with all the components (Figure 4b) both
mechanisms fit the EPR results. Considering the high
value of the fluorescence quenching constant and the
high concentration of the cyanoarenes in solution, the
oxidative photocatalytic cycle seems favoured. How-
ever, the fact that an almost identical EPR spectrum is
obtained in the absence of 1,4-dicyanobenzene (Fig-
ure 4c) would suggest that a reductive quenching cycle
is in operation. While reduction of cyanoarenes by
PXX* is possible, the fate of the resulting radical ion
pair might not include reaction with enamine 12 and
eventual delivery of the product, as other processes can
occur. For example, upon irradiation cyanoarenes are
known to form complexes with electron donor mole-
cules (D) such as pyrenes.”® These complexes are
usually in equilibrium with the spin-correlated radical
ion pair [D**-cyanoarene® ] following single electron
transfer. Back electron transfer (BET) could then
occur, with the result of quenching of the radicals, a
process that is facilitated by CH;CN when used as a
solvent.”® A similar behaviour can be postulated for
the interaction of cyanoarenes with PXX as an electron
donor. Further experiments involving time-resolved
EPR and other spin-chemistry techniques, which are
beyond the scope of this paper, will be used to quantify
kinetic aspects of the interaction of PXX with
cyanoarenes. Nonetheless, under our reaction condi-
tions the complete absence of EPR signals when
cyclohexanone and azepane are not added to the
reaction medium (Figure 4d) seems to suggest that the
kinetics involving the dicyanobenzene radical anion,
including BET, are much faster than the trapping
reaction with PBN and that none of the dicyanoben-
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zene radicals live long enough to be seen as a free, not
trapped species over the time scales of the continuous
wave EPR experiment.

Nickel-PXX Dual Catalysis: Cross-Coupling Reac-
tions

In recent years, nickel catalysis has seen renewed
interest for the possibility to replace catalysts based on
more precious metals and the development of new
cross-couplings reactions,”™’ often in combination with
photoredox catalytic manifolds.®” Examples include
cross-couplings using Ni-photoredox dual catalysis to
form C-heteroatom bonds:®"! C-N,5* C-0,B*
C-SP*1%34 and C-PP°!. Considering the chemical
stability and low cost of PXX, we envisaged to use it
as the photocatalyst partner in the Ni-catalysed cross-
coupling reaction to form C-heteroatom bonds. At first,
we have explored the reaction of aryl bromides with
secondary amines to form C—N bonds. Applying a
standard set of conditions®® with NiBr,,DME as Ni
source, DABCO as base and PXX as photocatalyst
revealed a very efficient reaction, providing quantita-
tive yields of 19 a in the reaction of pyrrolidine with 4-
bromobenzotrifluoride (Table 4).

The reaction was robust as small variations were
well tolerated. For example, the PXX loading could be

Table 4. Screening of conditions for the PXX-photocatalysed
Ni-photoredox cross-coupling of pyrrolidine and 4-bromoben-
zotrifluoride.

Standard conditions:
Pyrrolidine (1.5 equiv.)

NiBr,-DME (5 mol%)
PXX (2 mol%)
DABCO (1.8 equiv.)
CF /©/

CF; DMA, 0.2 M

457 nm LEDs 3
(0.2 mmol) 25°C15h 19a

#  Modification Yield %™  Conv. %™
1 4 mol% PXX 97 100
2 none (2 mol% PXX) 94 100
3 1 mol% PXX 99 100
4 0.5 mol% PXX 99 100
5 0.2 mol% PXX 99 (87) 100
6 0.1 mol% PXX 96 100
7 0.2 mol% PXX, 10 mol% Ni 99 100
8 0.2 mol% PXX, 1 mol% Ni 96 97

9 NiCl, DME as Ni source 95 100
10  DMF as solvent 95 100
11 Acetonitrile as solvent 79 98

12 No PXX 13 13

[ Determined by '"H NMR analysis of crude products, using
1,3,5-trimethoxybenzene as internal standard. Isolated yield
in parentheses.
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varied from 2 mol% to 0.1 mol% without losses in
efficiency (entries 1-6). Similarly, Ni loading can also
be reduced to 1 mol% with only a minor reduction in
yield (entry 8). Alternative Ni salts and solvents also
provided efficient reactions (entries 9-10) with the
exception being CH;CN, still giving 79% yield
(entry 11). Lastly, in absence of PXX only minor
reactivity is observed (13% yield, entry 12), in line
with the hypothesis of background photoactivity of the
Ni complexes advanced by Miyake and co-workers."*

The conditions found above were thus applied to a
range of aryl halides and amine reaction partners
(Scheme 6). Secondary amines efficiently deliver
coupled products 19a—c (79-87% yield), with reac-
tions almost devoid of impurities. Unfortunately,
primary amines showed only limited reactivity (19 d—e,
20% yield by NMR), and every attempt to increase the
yield (for example, by heating the reaction mixture to
50°C) did not provide any improvement. Pleasingly,
benzophenone hydrazone is also a competent substrate,
and derivative 19f was obtained in 72% yield.
Guanidine 19g was obtained in limited yields (11%),
and also in this case attempts to improve them were
not fruitful. Examining other aryl bromides, electron-
poor substrates provide products in good yields (19 h—
i, 69-77% yield), while for electron-rich ones the
reaction is more difficult, and 19j was obtained in

PXX (0.2 mol%)
. NiBr,-DME (5 mol%)
.

R. _H DABCO (1.8 equiv.) |
o)
R DMA, 0.2 M

(0.2 mmol)

A mines.

QQNQ Sons

19a 87% 19b 79% 19¢ 79% 19d 20% (NMR)

Peaadcanlicse

(1.5 equiv.) 457 nm LEDs 19
25°C,15h

19e 20% (NMR) 19f 72% 199 11% (NMR)
Aryl halides
O O] ol
4
NC MeO
19h 77% 19i 69%2 19j 26%"

Scheme 6. Scope of the Ni-photoredox C—N cross-coupling.
Isolated yields are reported, unless otherwise stated. '"H NMR
yields are determined using 1,3,5-trimethoxybenzene as internal
standard. Notes: ™ Reaction time: 64 h. ™ 4-Anisyl iodide used
as substrate.
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26% yield only by using 4-anisyl iodide in place of the
bromide congener.

The good reactivity found with benzophenone
hydrazone was particularly intriguing. Products such as
19f can be regarded as masked hydrazines, important
substrates for the formation of indole rings through a
Fisher indole synthesis reaction.®””’ When coupling
conditions were applied to 4-bromofluorobenzene and
benzophenone hydrazone, N-arylhydrazone 19k was
obtained with 95% NMR yield (Scheme 7). While 19k
was found to be prone to hydrolysis (both through
aqueous washings and column chromatography on
silica gel), the reaction mixture after evaporation of the
solvent can be directly subjected to Fisher indole
synthesis conditions with an enolisable ketone to form
fluoro-tetrahydro-1H-pyrido[4,3-b]indole 20 in 68%
yield (over two steps). Indole derivative 20 is a crucial
intermediate for the investigational drug setipiprant,
under study for treating asthma and scalp hair loss.”"
Considering that the reaction was performed on a
synthetically useful mmol scale, it demonstrates the
possibility to scale this reaction up in a laboratory
setting.

The attention was then turned to the C—S bond-
forming cross-coupling reaction. Under conditions
analogous to those suggested by Oderinde and co-
workers,'® the reaction between 4-tolylbromide and
octanethiol was found to be difficult (Table 5, entries
1-2). By replacing the former with 4-tolyl iodide the
reactivity changed dramatically, and the coupled
product 21 a could be obtained quantitatively (entry 3).
It was possible to reduce the loading of PXX and Ni
pre-catalyst to 0.2 mol% and 5 mol% respectively
(entries 4—6). Changing the Ni pre-catalyst or solvent

Br

Q/ PXX (0.2 mol%)

iBro- 9 Ph
2 weoeme| T
(1 mmol) (1.8 equiv.) N\N/ -

Ph |
DMA, 0.2 M

HZN\N/)\ i 0 3

Ph 457 nm LEDs 10
25°C,40h 19k 95% ('°F-NMR)

(1.5 equiv.) (1 mmol scale)

o , N
\lé -HCI :
NH .H,0 H : oH

(15 iv) N N
.5 equiv. ! '
F 'F f

TSOH NH N

(8 equiv.) 20 ! Setipiprant 0!
EtOH, reflux 68% (over : '
15h two steps) .

Scheme 7. Application of the Ni-photoredox C—N cross-cou-
pling to 20, a synthetic intermediate of setipiprant.
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Table 5. Screening of conditions for the PXX-photocatalysed
Ni-photoredox cross-coupling of 4-halotoluenes and octane-
thiol.

Standard conditions:
PXX (2 mol%)
NiCl,-DME (10 mol%)
dtbbpy (10 mol%)

S
Pyridine (2 equiv.) /©/ \/\O

ie
N

DMA 0.1 M 21a
457 nm LEDs, 25 °C, 15 h
(1.5 equiv.)

# X Modification Yield %™
1 Br none 23
2 Br 0.2 mol% PXX 0
3 I none > 99
4 I 0.4 mol% PXX > 99
5 I 0.2 mol% PXX 98
6 I 0.2 mol% PXX, 5 mol% Ni/L > 99 (93)
7 I NiBr, DME as Ni source 99
8 1 DMEF as solvent > 99
9 | Acetonitrile as solvent > 99
10 1 No PXX 0

[ Determined by '"H NMR analysis of crude products, using
1,3,5-trimethoxybenzene as internal standard. Isolated yield
in parentheses.

(DMF, or CH;CN) did not provide any loss in
reactivity (entries 7-9). In the absence of PXX, the
reaction does not proceed at all (entry 10).

With the conditions found in entry 6, a brief scope
of the transformation was examined (Scheme 8). Aryl
iodides bearing elecron-rich groups worked well (21 a—
b, 93-98% yield) and in the case of an electron-poor
system the aryl bromide could be used as substrate:
12 ¢ was obtained in 93% yield using 4-bromobenzoni-

PXX (0.2 mol%)
NiCl,-DME (5 mol%)

! _H dtbbpy (5 mol%)
| R
R Pyridine (2 equiv.)

(0.2 mmol) (1.5 equiv.) DMA 0.1 M 21
457 nm LEDs, 25 °C, 15 h
/©/ S\/\O /©/ S~ n-oct /©/ S~ n-oct
MeO NC
21a 93% 21b 98% 21c 93%2
_m F;JHBoc
e 00
21d 85%° 21e 92%

Scheme 8. Scope of the Ni-photoredox C—S cross-coupling.
Isolated yields are reported. Notes: ™ 4-Bromobenzonitrile used
as substrate. ™ Reaction time: 40 h.
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trile. Examining other thiols, a more complex system
as found in a protected cysteine is still amenable to
reaction: a 85% yield of 21d was obtained after 40 h.
An aryl thiol in thiophenol is also a viable substrate,
and 21 e was isolated in 92% yield.

The mechanistic understanding of these cross-
couplings typically rely on the possibility to control
the oxidation state of the Ni centre by the photo-
catalyst, which would circumvent difficult steps such
as the reductive elimination of C-heteroatom bonds
from a catalytic Ni(Il) complex intermediate.'®****"]
Further studies have revealed that energy transfer
mechanistic manifolds are also possible, extending the
range of photocatalysts that can be applied to these
transformations as different photophysical properties
are relevant depending on the mechanism 233040
When considering the C—N cross-coupling, electro-
chemical considerations make us believe that PXX acts
in controlling the oxidation state of the metal. Recent
studies from MacMillan and co-workers revealed a
Ni(I)/Ni(III) pathway to be operating, where the photo-
catalyst acts as an initiator by reducing key Ni(II)-
amino complexes (resting state) to Ni(I).”*! The high
reducing power of PXX* and PXX* (—2.00 V and
—2.16 V, respectively) well matches the requirements
found by MacMillan for the iridium photocatalysts
(E<—1.26 V vs SCE), whereas the oxidising poten-
tials of PXX* and PXX*" (+0.61 and +0.77,
respectively) are high enough to oxidise DABCO, as
suggested by our quenching studies and electrochem-
ical considerations (Table 3, entry 8). Taking all this
together, we hypothesized the catalytic cycle depicted
in Scheme 9. Once the Ni(I) species 23 is formed by
reduction of Ni(Il) (22), oxidative addition of the aryl
bromide generates an aryl-Ni(IIl) species 24 that can
undergo reductive elimination to furnish the C—N bond

vyt N—Ar R
450 nm g N—H
light 1>—<R
R\ R\ R\ Il\r
NNl N—Ni(l) N—Ni(lll)
R R R |
22 23 Br 24

Scheme 9. Postulated mechanism for the PXX- and Ni-cata-
lysed C—N cross-coupling reaction.
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Sl —
27
S—Ar
/
R
21

Scheme 10. Postulated mechanism for the PXX- and Ni-
catalysed C—S cross-coupling reaction.

(product 19). Turnover of the photocatalyst can be
achieved by oxidation of DABCO. A similar reductive
quenching cycle with initial oxidation of DABCO by
PXX* could also be considered.

PXX might take a similar role in the mechanism of
the C—S cross-coupling reaction as well. Building on
the studies performed by Oderinde and co-workers, !
we postulate the possibility of reduction of Ni(Il) to
catalytically-competent Ni(I) by PXX*. Moreover,
oxidation of the thiol is a likely step, which PXX**
(+0.77 V vs SCE) seems to be able to achieve (e.g.,
benzylthiol has an oxidation potential of +0.83 V vs
SCE in CH;CN)." Based on these considerations, a
possible mechanism is depicted in Scheme 10. PXX*
effects the necessary reduction of Ni(II) complexes
such as 25 to Ni(I) (26), enabling the oxidative
addition of the aryl bromide to form an aryl-Ni(III)
complex 27, which undergoes reductive elimination to
form the aryl sulfide 21. Generated PXX*" oxidises
the thiol, forming after deprotonation thiyl radical 29,
which can be intercepted by the Ni(I) centre (28 to 25).

Conclusion

In conclusion, the ability of PXX as photocatalyst to
promote a wide variety of radical reactivities was
demonstrated, in particular in reactions typical of the
more common yet expensive Ir(IIl) complexes. The
relatively high reduction potential of its excited state
allows reduction of aryl, alkyl and perfluoroalkyl
halides (and chlorides in particular); the resulting
organic radicals can then add to suitable radical traps
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to form new C—C bonds. Turning the attention to more
complex catalytic manifolds, PXX photocatalysis has
been successfully coupled with both organocatalysis
and metallocatalysis. In the first instance, a f-arylation
of cyclic ketones with cyanoarenes was shown to be
productive. A range of mechanistic experiments have
revealed that a reductive mechanism cycle seems more
probable than the normally-accepted oxidative catalytic
cycle. It was also possible to identify adducts of the
radical trap PBN with potential radical intermediates.
Some Ni-catalysed cross-couplings were also promoted
by PXX-based photocatalysis, allowing the formation
of C—N and C-S bonds from aryl halides and
demonstrating effective partnership with metallocatal-
ysis. To the best of our knowledge, this work is one of
the few examples of wide demonstrations of reactivity
for a new highly reducing organic photocatalyst, thus
adding another precious tool to the array of photo-
catalysts to be chosen for expanding the chemical
space of photoredox reactions. Compared to other
photocatalysts, PXX stands out for its very low
reduction potential of the singlet excited state (—2.0 V
vs SCE) coupled to structural simplicity, low cost and
ease of preparation (see SI). Further studies are
underway to expand the application of PXX-based
photocatalysis to the preparation of other classes of
compounds.

Experimental Section

Experimental procedures and characterisation data are reported
on the supporting information (PDF). Geometry optimisation
data for adduct 18a (XYZ).Geometry optimisation data for
adduct 18b (XYZ). EPR computational data for adduct 18a
(OUT). EPR computational data for adduct 18b (OUT).
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