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Highly reducing organic PCs @%Mggg

d Main structural evolution

S i ‘ X = O, phenoxazine

X = S, phenothiazine
phenothiazine N-aryl dihydrophenazine Ar X = C(Me), dihydroacridine

For a review: Wu, C.; Corrigan, N.; Lim, C.-H.; Liu, W.; Miyake, G.; Boyer, C. Chem. Rev. 2022, 122, 5476-5518.

O A new design...with a free NH group

two new classes of organic PCs
main features

m structure-property relationships

i ® tunable LUMO distribution
O N\H m tunable photoredox properties
12ADBA m free NH allows PCET processes
9-aryl 12-aryl di i1abl
dihydroacridine dihydrobenzoacridine sl el s

In collaboration with Prof. David . Lebceuf — Strasburg, France



The design of a new PC

U Computational studies
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Phothochemical and redox properties

U The Charge Transfer (CT) excited state

Me Q Me
O O MeO OMe
N I N I

H H

W,

H

9ADA 2,7-OMeADA 12ADBA
@ rc H,4a CF;4b CN,4c H,6a CF;6b CN 6c H, 52 OMe, 5b CF; 5¢c CN,5d
Eox (V) 0.79 0.84 0.86 0.44 0.49 0.49 0.76 0.74 0.80 0.80
E*ox (V) -2.88 - 2.68 -2.54 -2.91 -2.76 - 2.69 - 2.37 -2.39 -2.34  -2.31
Aabs (nm) 285 285 280 338 340 342 364 363 364 362
Aem (nm) 362 418 484 362 394 543 420 421 420 443
Eo,o (V) 3.67 3.52 3.40 3.35 3.25 3.18 3.13 3.13 3.14 3.1
Stokes shift (nm) 77 133 204 24 54 201 56 58 56 81
QY (%) 11 4 3 8 1.3 0.7 30 26 29 6
t (ns) 4.2 4.1 14.3 3.3 3.2 4.8 9.0 9.0 8.8 9.4
CT character I I I I n n I:I

with T. Bortolato, G. Simionato, M. Vayer, C. Rosso, L. Paoloni, E. M. Benetti, A. Sartorel, D. Lebceuf, J. Am. Chem. Soc. 2023, 145, 1835-1846
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Preliminary applications in ET R
O Photoreduction processes
Q Me Q Me Q Me
MeO OMe O O
E N ‘ ‘ N ‘ N
H H H
9ADA, 4 2,70MeADA, 6 12ADBA, 5
hv
Br 427 nm H R F 0 F F
PC (5 mol% FaC 440 nm
/Ej ( I /@ ENOH PC (10 mol%) 2 o
. > 3
NC NBu3 (5 equiv.) NC ® NaCO,H (10 mol%
7 MeCO,H (5 equiv.) 8 X 0 ac0: (10 mol%)
Ereq = - 1.92 MeCN, rt, 6 h 5% H,0O/DMSO, rt 11
Eox = - 2.07 eV

o PC, yield (%) o PC, yield (%)
H  4a, <5 6a, 35 5a, 84 H 4a, nd 6a, <5 5a, 85
OMe - - 5b, 78 OMe - - 5b, 76
CF; 4b,<5 6b, 31 5c, 83 CF;  4b,nd 6b, 5 5c, 53
CN  4c, 13 6c, 20 5d, 41 CN 4c, <5 6c, 7 5d, <5

with T. Bortolato, G. Simionato, M. Vayer, C. Rosso, L. Paoloni, E. M. Benetti, A. Sartorel, D. Lebceuf, J. Am. Chem. Soc. 2023, 145, 1835-1846



From ET to proton-coupled electron transfer
O Reductive dehalogenation

proposed reaction mamfold

y-terpinene
hv A, Me Me
e @

effect of the base on the PCET

427 nm
cl H
/Ej 5a (5mol%) /Ej 12
NC base (1.2 eq.). h
10 MeCN, time, 2h NC 8 7 Me N @
Erea =-2.08 5 reaction without base ’& NC
Ar N

base screening

e e Y (10 Qﬁ (A S m,m

Me N
MeTBD TBD* N JLN

T™MG DBN DBU
pKa 23.4 23.4 23.9 25.4 26.0 \/l
yield (%) 16 18 16 27 21
vield (%) 23 25 28 40 30 \\\
with 11 Me
MeTBD

with T. Bortolato, G. Simionato, M. Vayer, C. Rosso, L. Paoloni, E. M. Benetti, A. Sartorel, D. Lebceuf, J. Am. Chem. Soc. 2023, 145, 1835-1846
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From ET to proton-coupled electron transfer o

U Mechanistic investigation

cyclic voltammetry with and without base

TH-NMR titration experiments

7

- 5a
1
. —— 52+ MeTBD H-NMR, 600 MHz, CD5CN
' bWl e e
5a + MeTBD (1 eq.)
0.5 4
= M M e Ml
h 5a + MeTBD (0.5 eq.)
Y e b
5a + MeTBD (0.3 eq.)

T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
V (vs SCE)

5a + MeTBD (0.1 eq.)

o

HMMJLWm

77 76 75 7.4 73 7.2

with T. Bortolato, G. Simionato, M. Vayer, C. Rosso, L. Paoloni, E. M. Benetti, A. Sartorel, D. Lebceuf, J. Am. Chem. Soc. 2023, 145, 1835-1846
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From ET to proton-coupled electron transfer (Gedvio

f

U Mechanistic investigation

proposed reaction mamfold

. L0 @’ /@/MeMe
5 s ¥ SO

N /N, 5a PCET
“, manifold

MeTBD

ground state oxidized state

10

with T. Bortolato, G. Simionato, M. Vayer, C. Rosso, L. Paoloni, E. M. Benetti, A. Sartorel, D. Lebceuf, J. Am. Chem. Soc. 2023, 145, 1835-1846
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Why a proton-coupled electron transfer ?

U Applications
—— B PCET manifold

—— M ET manifold —
hv Q Me ‘ Q Me ‘
427 nm
LG 5a or 5e (5 mol%) H
Rg - (R2 N N

MeTBD (1.2 equiv) ' '

15-20 - H Me
y-terpinene, MeCN * o=
53, Elox =-237V Se, E*, =-2.34V
with MeTBD E*,, =-2.81V
halides azides phosphate & phosphonate ammonium salts

from phenylalanine

Cl OPO(OEt Q +NMe3
OEt
. OMe NC @ )kl/\

24 25 32 +NMej
Ereq=-2.60V Ejoq-2.42V Ereq= - 2.45 Vv Ereq = - 2.50 Vv Ereq=-2.35V Ereq=-2.83V  Eq=-2.00V Eoq=- 2.52 Vv Ereq = -2.22V
67 70
53 (64)
( 51) (48) 42 40 = 39
ﬂ ﬂ ﬂ 0 0* =5 o
24h 24h 24h 48h 24h 24h 48h

with T. Bortolato, G. Simionato, M. Vayer, C. Rosso, L. Paoloni, E. M. Benetti, A. Sartorel, D. Lebceuf, J. Am. Chem. Soc. 2023, 145, 1835-1846



How we can build azetidines

Examples of nitrogen-contating heterocycles

improved physicochemical properties —— »

NH NH
7 N\ m
)n= 0,1 v

2D-shape 3D-shape 3Dfshape.
potentially chiral potentially chiral
ring strain

achiral

~——— current prevalence in approved drugs

Current methods for constructing the the azetidine scaffold

LG HN—@)

intramolecular
displacement

o @

N

B-lactam reduction

densely functionalised

Selected examples of drugs featuring the azetidine scaffold

(@) O
HNT N\ N~ CEt N Ar
N I
N
>~/ = Cl @)
~CN
Baricitinib 5-HT, agonist
JAK inhibitor piperidine analogue
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How we can build azetidines

U From the idea...to the reaction

hv
: ‘VN visible light c3 N
\\ photosesitiser

sensitisation

Y

¢ o
\r‘\

o A .7;Nf\o—> e
D @ N N
homolytic radical radical-radical
cleavage strain-release combination
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A radical strain release (RSR) approach mediated by visible light

N

N

hv

visible light

Ph

Ph/g N

> A

photosesitiser

with R. |. Rodriguez, V. Corti, L. Rizzo, S. Visentini, M. Bortolus, A. Amati, M. Natali, G. Pelosi, P. Costa

Nat. Cat., 2024, 10.1038/s41929-024-01206-4
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Optimisation process and design of the PC

Al Ph Ph
hv

Kessil lamp

Lz
\
Y

PS (0.25 mol%)
PhCF; 40 °C

Optimisation - selected results

4;"

TXO, 6 ‘ 5TCzBN, 7 PIC-TRZ, 8
S, =3.38eV S, =2.77¢eV S, =2.66 eV
T,=2.88 T,=2.60eV 45:55 T,=255eV
AST=0.5eV AST =0.17 eV AST =0.11 eV
@ 427 nm selectivity @ 456 nm selectivity @ 427 nm
3, yield = 10% 3:4 3, yield = 51% 3:4 3, yield = 32%

Ph N
. N
WN\TS E— dCN_
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N—Ph Ph——N

selectivity
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5
not detected

5,0
&ﬁ#

Bu

z
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z

TBCzTrz, 9

S, =2.79¢eV

T,=274eV
AST =0.05 eV

@ 456 nm

selectivity
3, yield = 79% 3:4

14

with R. |. Rodriguez, V. Corti, L. Rizzo, S. Visentini, M. Bortolus, A. Amati, M. Natali, G. Pelosi, P. Costa

Nat. Cat., 2024, 10.1038/s41929-024-01206-4



The mechanism (oo

U Insights from the laser flash photolysis

hy Ph
- y/ \ N)\Ph Ph
\\S// Ps* PS ~ O P B 1 .> /&
~S< N7 o ,0 N Ph N
N Tol S N/
A ] N, o ST ¢ :
— Tol - -
o o EnT )]\ N ol o P —> @/VN Ts — Ts
Ph Ph
2 o 1 10 11 12 3
Er=2.43 eV (exp. 56.0 kcal mol™)
(calc. 56.1 kcal mol™)
— b) Stern-Volmer quenching — c) Laser flash photolysis (LFP)
10 _ 10 8
8] evidence of 10 evidence of 12 —@1)@750ns
84 8 — (1) @50ns no1
7- 6 [1]1=27 mMm
6 6 gl [1] =46 mM
T e 9 o 44 o 44
> < O 4
# 5y 2] : o
3] Kgy = 5356 M E . 5
- 108 M-1e! .'\_vr’\//-\"\ol‘\ /""\//J
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15
with R. I. Rodriguez, V. Corti, L. Rizzo, S. Visentini, M. Bortolus, A. Amati, M. Natali, G. Pelosi, P. Costa
Nat. Cat., 2024, 10.1038/s41929-024-01206-4



The mechanism

U Insights from the EPR experiments

7N
N ps PS *
N
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N7 >Tol \ /
EnT >

N>=
<
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N\

R

| — PBN+1+2(exp)

6alcuEated
calc. for: 12 (70%), 10 (10%), 11 (20%)

Ph
2* 12
E; =2.43 eV (exp. 56.0 kcal mol™")
(calc. 56.1 kcal mol™")
15
10
14
. 5 %7 5 05
\\S//o | .\; 0 :; 0
N~ “Tol standard conditions tBu/N Ph % é 1
N as in Fig. 2 = ¥
> N\T g -5+ &-0'5—
N Ph Ph By + s i
ulr N -1
1 2 l}l Ph -104—— PBN + 2 (exp.)
0 13 —PBN +1 + 2 (exp.) s
. 339 342 345 '
PBN spin trap Magnetic Field /mT

with R. |. Rodriguez, V. Corti, L. Rizzo, S. Visentini, M. Bortolus, A. Amati, M. Natali, G. Pelosi, P. Costa
Nat. Cat., 2024, 10.1038/s41929-024-01206-4
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Generality of the process (adiinee

U Selected examples

via:
@) N //O hv Ar
S L 0 N

N @ Kessil lamp 456 nm
h;N > l_N—l=0 > N—5=© )
3 Ar PS9 > v e ( o

(0.25 mol%)
PhCF, 40 °C H

1 2 3,14-39 b

Generality of the process

Ph Ph Ph
Ph Ph \”/ \n/
\ﬂ/ o) N N
N —_ R N—Ts
N o O\““\CN Ts o\\\\\<>

i 2-
27 30 31 cis 71:?,/ 3'3Id trans
67% yield 72% yield* 61% yield* ) ?:'%/Igr
Ph_ _Ph
Me 0
Ph_ _Ph N _o
o. ,0 \\\\\CN—S/
\\ // 0 Me
N S
_— R N—Ts N
S A —
N —_—
H Me Ph Ph [\|] \ y
. 34-35 /
N
€ 82% yield N \
1:1dr
: 36 CFs 37
CSD 2305657 from celecoxib 71% vield Fs3C

17
with R. I. Rodriguez, V. Corti, L. Rizzo, S. Visentini, M. Bortolus, A. Amati, M. Natali, G. Pelosi, P. Costa

Nat. Cat., 2024, 10.1038/s41929-024-01206-4



Extending the reactivity
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N
O\\ //O SOMOBhil hv via:
/ phile
N \. Kessil lamp 456 nm X .\x
3 )j\ o > X ON—Ts [
A H X PS 9 o [
(0.25 mol%) N—Tsg
1 40-42 43 or 44 ACOLE 40 °C 45-51 -
Ar = 4-MePh 1.5eq. o)
'l'MS
SOMOphile  Tyg—Sis SOMOphile N=SCF;
T™S
43 0O

H
W N—Ts

91% vield

H ]
Me

47
88% vyield F3C

“ F,CS F,CS
N 5= =0 W N—Ts O\\ N—Ts

45 2_} 48 49

60% yleld

69% yield 40% yield

Celecoxib derivatives

Q F,CS (l)l
F,CS 1 3 —_
N Cn-s20 X On—s=0
O\\\ E Me O E Me
N

' /1
NS NS
50 51
71% vyield FsC 42% yield F3C
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with R. I. Rodriguez, V. Corti, L. Rizzo, S. Visentini, M. Bortolus, A. Amati, M. Natali, G. Pelosi, P. Costa
ChemRxiv 2024, 10.26434/chemrxiv-2024-f5g9p



Synthetic usefulness of the products

O O 3, @=rPh,@=1s

1,4-diiodobutane

\ 25@=prh, @=Ns K2COs >
- N-@ 28@=p10, @=Ts 57% yield
HCI, acetone
gquantitative from 53
., CI H2N}<>N_-|—S sodium
HaN NaHCO, _ ™ naphthalene
A N—@ o T
.‘ ' quantitative O 56 DME
key synthetic 81% yield
53@=rPh, @=Ts intermediate
54,@=rh @ =Ms
55,‘= p-Tol, . =Ts
NalO,

RuClj * H,O (5 mol%)

52% yield

H,N
X )NH

58

HN

) WY N—Ts
/\

O 61

1,5-diazaspiro[2,3]hexanone

with R. I. Rodriguez, V. Corti, L. Rizzo, S. Visentini, M. Bortolus, A. Amati, M. Natali, G. Pelosi, P. Costa
Nat. Cat., 2024, 10.1038/s41929-024-01206-4
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State of the art in photoredox catalysis

U How can we activate two opposite redox cycles at once?

oxidative quenching reductive quenching

potent reductant potent oxidant
hy@ — h\/@
/ . /
- ®
nmo/u\T/
N
|
R

Ph

Erea=-29V @ prototypical structure

..+
X

e
E

@ prototypical structure

e can we merge two opposite catalytic manifolds?  —-————

with C. Rosso, G. Barison, N. Michelazzo, A. Sartorel, P. Costa, M. Natali. Submitted
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Identification of the exciplex intermediate

O TAS at fs analysis

0.0154
0.0101
0.0054

0.00

— 03

450 ' 550 ' 650 450
Wavelength (nm) ]

550 i 650
Wavelength (nm)

L
s ==

o 30 600 0
Time delay (ps)

300 "~ 600

Time delay (ps)

[ 0
o Ph
OQ )
/T™0TBS
O3 N
S A = L 1bBdc
tdecay = 0.38 ps T, T~
tise = 0.4 ps exciplex
tgecayr = 50 ps tyecay >1 Ns
hv tdecay2 > 500 ps
Ph
70

Sy

from the fs TAS experiments

with Mateos, J., Vega-Pefialoza, A., Rigodanza, F., Costa P., Bonchio, M., Sartorel, A., Natali, M.
Nat. Synth. 2023, 2, 26-36
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From PCET to ATRP with the same PC

U Atom transfer radical polymerization

Br light source Br
EtO + OMe >~ EtO n
Ph Me MeCN, rt Ph  Me

21 22 23

‘ = initiator . = monomer

CO-5Me CO Me
2 / \ 2
n+1
Me
(or 21) ATRP
cycle
Activation Deactivation
PC Br
COZMe
COZMe
n Me - COzMe
Me
24 22 25

25

Manuscript under review



From PCET to ATRP with the same PC

Q Atom transfer radical polymerization NC NC
Q Me Q Me Q Me ‘
O 0 hv: pC O Oy _OMe MeO OMe
Br light source Br
ol s o e A pBen (T LT CLC
Ph Me MeCN, rt Ph  Me Me Me Me
21 99  [211[22]:[PC] = 10:1000:1 23 4d 6d 5o
Entry PC Wa‘(’ﬁ:i;‘gth PO'{?r"rfg'(Zha;“O” CO”(‘(’)Z';S'O” M, (kDa) M, (kDa) B M/M)  I* (%)
1 4a 390 9 >08 19.8 12.6 1.59 78
2 4b 390 7 85 18.7 13.4 1.40 63
3 4c 390 2 95 13.1 8.4 1.56 113
4 4c 400 4 98 18.5 13.9 1.33 70
5 6a 390 2 84 12.1 8.6 1.41 98
6 6b 390 2 76 13.8 9.6 1.43 79
7 6c 390 2 86 13.2 9.0 1.46 96
8 6c 400 4 81 17.4 12.6 1.38 64
9 5a 427 6 86 10.8 6.9 1.52 124
10 5b 427 6 81 25.8 13.2 1.96 61
11 5¢ 427 6 >08 13.1 8.2 1.57 119
12 5d 427 6 >98 12.4 8.0 1.55 122
13 4d 400 4 76 19.8 13.1 151 58
14 6d 400 4 91 16.3 12.2 1.34 74 26
15 5e 427 6 >08 16.2 12.2 1.44 80




From PCET to ATRP with the same PC

U Atom transfer radical polymerization

60 - hv. OFF ‘hv. OFF ‘hv. OFF  hv

50 S
= 40
c
] —=—4cC
@ 30-
© —e—6C
c —a— Ba
O 20 -
o

10 -

0_

0 30 60 20 120 150 180 210
Time (min)

N
b) hv |!|
O @) 427 nm O Os _OMe
e
EtO + OMe — —» EtO o
Ph Me ID = 2 mm, vol. = 570 uL Ph  Me
21 22 Rt =4 h, MeCN, rt 23
monomer MMA, 28.2 mmol Conv. (%) = 86
M, = 15.8
M, = 19.1
p=1.21
I* (%) = 54

27

Manuscript under review



Shining Light on Aryl Ketones

U Why aryl ketones?

aliphatic ketones

Mk X)(ll

M «»»\
(/ ’\\

aromatic ketones

3(m, m¥)
1(I‘\, TC*) R2/,1 A " 1(n, Tc*) 3(7t, TE*)
RZI,} o A R1 O N A,’-/,}l o 4 A,'-/,,Tl TO "
ISC T,
S mmmm AR
S A ISC 1 A %
T1
T 3(n, n*)
h 1 hV )
. 3(n, ) Arjy
., O ﬂ
2'1 " 1
Ar
R =M =W
1y —O ’, O
1 N ® T, highly energetic @’- W ® S; and T, close
10 e inefficient ISC to T, 1 e efficient ISC to T,
R R? = -alkyl
For a pertinent paper see: Mateos, J., Cuadros, S., Vega-Pefialoza, A., Dell’Amico, L. 28

Synlett 2021, doi: 10.1055/a-1403-4613, and Angew. Chem. Int. Ed. 2021, 60, 1082-1097



hv: 450 nm
6 (20 mol%)

MexrX + 1" so,ph

8 DBU (20 mol%)
3a 4a solvent (0.50 M)
1 equiv. n equiv. 24 h,rt

(a) phenolate PC screening

counterion 7a 7b
Mo, 277 nm 258 nm
Eoo 4.48V 481V
Eox +0.30V +0.34V
E*ox -4.18V -4.47V
yield (5a)° 47% 56%
residual (6)° 350, 87%

(b) optimization of the reaction conditions

entry?® 4a (equiv.) solvent
1 1.0 MeCN
2 1.5 MeCN/H,0 (3:1)
3 1.5 MeCN/H,0 (3:1)
4 1.5 MeCN/H50 (3:1)
5 1.5 MeCN/H,0 (3:1)

3
b5a

oM
> eN)\/\SOZPh

PC formed in situ

pre-PC

(6a-e)

312 nm 372 nm
3.97V 333V

+0.50V +0.65V

-3.47V -2.68V
52% 53%
<5% 8

additives
and conditions

NaAsc (25 mol%)
NaAsc (25 mol%)
in the dark

NaAsc (25 mol%)
without 6e and DBU

NaAsc (25 mol%)
8h

85%

>99%

0%

8%

>99%

+ DBU

———

- DBU

(0) Me
378 nm

3.28V
+0.74V

-2.54V
85%
>99%

>99%

>99%

>99%

>99%

>99%

S0,Ph

yield % (5a)° residual % (6)°



An energy-transfer strategy to aziridine

reaction scope - selected results

(*)-3
71% yield

(#)-3

51% vyield CFs

(*)-3
45% yield

Tol

(£)-3 N=
71% yield

(+)-3
67% yield

Ph

hv /&

kessil lamp 456 nm F1) N

-

sensitiser 5
(0.25 mol%)

MeO. ll ll _OMe
N—Ts

\\“

(*)-3
70% vyield

52% yleld

Ph Ph

T

N
R N—Ts
yoi
NC

(+)-3
71% yield

)-3 :

PhCF3 40 °C (£)-

Ph Ph

N\Ts =

FF
N Ts

\\“

(*)-3
44% yield

v 0

38% yield

Ph Ph

N
\}CN—TS
(*)-3

71% yield

Me

o

Ph._ _Ph

T s
}CN—S?O

(*)-3
60% yield

Ph Ph

(%)-3
67% yield

Ph Ph

v
&
F 30

(*)-3
71% vyield
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