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in visible-light driven phosphine-mediated

Jiaxu Feng,? Luca Nicchio,?¢ Liting Liu,? Yingying Wu,? Kui Lu,*2 Stefano Protti*? and Xia Zhao*?

Among the large literature on the use of trivalent phosphines in the activation of electrophilic unsaturated reagents, but the

DOI: 10.1039/x0xx00000x

application of such derivatives for the generation of radical intermediates has received attention only in the recent decade.

The present review aims to provide a detailed description of the phosphine-mediated photocatalyzed and photoredox

catalyzed protocols for the formation of both carbon-carbon and carbon-heteroatom bonds proposed in the last decade.

1. Introduction

Since the seminal experiments published in early ‘60s, the
potentialities of trivalent phosphines as organocatalysts in
synthesis have been intensively exploited. ! However, in a large
part of the literature available, the nucleophilic addition of the
phosphine moiety on an electrophilic reactant (e.g. olefins,
alkynes or allenes) promotes the formation a reactive
zwitterion specie, which is then converted into the desired
productZ10 via electron-pair-transfer reactions On the other
hand, only few strategies based on a single-electron-transfer
(SET) mechanism have been proposed,! but the same SET
strategies are on the basis of the successful application of
phosphines as redox active cocatalysts in photoredox catalyzed
processes.'?2 Such premises increased the attention for the
development of phosphine-promoted visible light driven
protocols, enabling chemical paths that are poorly or not
accessible via thermal approaches. As described in Scheme 1,
phosphine photo-organocatalysis has been reported to occur
via three different paths, namely:

a) B-scission of a phosphoranyl radical (path a). Trivalent
phosphine undergoes photoinduced Single Electron Transfer
(SET) and the resulting radical cation PR;** is trapped by a
suitable (thio)alcohol R-XH. The resulting phosphoranyl radical

aDepartment of Chemistry, College of Sciences, Tianjin University of Science
&Technology, Tianjin 300457, China, E-mail: lukui@tust.edu.cn

b-photoGreen Lab, Department of Chemistry, University of Pavia, Viale Taramelli 12,
27100 Pavia, stefano.protti@unipv.it

¢ Institut de Chimie des Substances Naturelles (ICSN), CNRS UPR 2301, Université
Paris-Saclay, 1 avenue de la Terrasse, 91198 Gif-sur-Yvette Cedex, France.

d.College of Chemistry, Tianjin Key Laboratory of Structure and Performance for
Functional Molecules, Tianjin Normal University, Tianjin 300387, China,
hxxyzhx@mail.tinu.edu.cn

t Footnotes relating to the title and/or authors should appear here.

Supplementary Information available: [details of any supplementary information

available should be included here]. See DOI: 10.1039/x0xx00000x

releases a carbon centred radical via 3-scission of the C-X bond.
The process is thermodynamically driven by the stoichiometric
formation of a stable phosphine oxide or sulphide as the by-
product.

b) a-scission of a phosphoranyl radical (path b). The a-
scission occurring in the phosphoranyl radical described in path
b releases, via C-P bond homolytic cleavage, a carbon centred
radical. Such behavior is kinetically favored by the presence of
an unpaired electron occupying a P-X antibonding orbital. The
competition between paths a and b was described to strictly
depend on the relative bond strengths of the C-X and P-C
bonds.!3

c) Formation of an Electron Donor Acceptor (EDA) complex.
In some case, a visible light absorbing EDA complex!* could be
formed via the in-situ interaction of electron-poor alkyl halides
(e.g. perfluoroalkyl iodides) and trivalent phosphines via single
electron transfer process. The photoinduced homolytic
cleavage of the C-halogen bond then affords the desired alkyl
radical.’*

B-scission
» R1

; R3sP=X

’ <+ RUXH .R
@D - bh - RoxER
SET X=0,8 R
R'Y H o
Y=Br | a-Scission

[R=Y~PR; | — R +Y +PR;

R-X-P(
path c R

EDA complex

Scheme 1. Conceptual overview of phosphine-mediated

photoredox processes.
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Since all the examined paths have been applied to organic
synthesis, the present review aims to provide the readership
with an overview of the most recent applications of phosphines
in the visible light driven formation of Carbon-Carbon and
Carbon-Heteroatom bonds. The classification is based on the
first chemical bond formed, in accordance with the proposed
mechanism. The use of continuous flow conditions as well as
the application of the developed procedures in late stage
functionalization approaches have been likewise considered
and discussed in the following sections.

2. Carbon-Carbon bond formation.

Hydroalkylation reactions. The photocatalytic Nal-PPh; mediated
decarboxylative alkylation of silyl enol ether 2.2 and redox-active
esters 2.1 affords a-substituted acetophenones 2.3 in discrete to
satisfactory yield. The reaction occurs under transition metal-free
conditions (Scheme 2), in the presence of a stoichiometric excess of
Nal.'> The same strategy also promotes the Minisci-type alkylation of
N-heterocycles and an analogous enantioselective o-amino
alkylation with the assistance of a chiral phosphoric acid in catalytic
amounts.

blue LEDs (456 nm)

(0]
I _nph TMSO PPh; (20 mol %)
o~ +

o)
A M Ay

alkyl Nal (1.5 equiv)
21 Ar 22 MeCN, r.t., 15 h 2.3, 40 examples
0.2 mmol (1.5-2.0 equiv.) up to 92% yields

Scheme 2. Light driven, photocatalytic Nal-PPh; mediated
decarboxylative alkylation of silyl enol ethers and nitrogen-based

heterocycles.

Shi and co-workers applied a photoredox-promoted
hydroalkylation strategy to the preparation of a library of DNA-
tagged alkenes by using xanthates as the alkyl radical precursors in
the presence of Ir[FCF;(CF3)ppyl.(dtbbpy)PFs as the photoredox
catalyst.’® Phosphine organocatalysis was successfully merged with
photoredox catalysis in the conversion of ynoates 3.1 to electron-
poor olefins 3.3 under metal-free conditions, as described in Scheme
3.7 The procedure involves a Giese-like coupling of 3.1 with
alkylating agents trifluoroborate salts 3.2 in the presence of 4-CzTPN

as the photoredox catalyst.

Ry BF3K

EWG
R X =
2 R3 *+ H/
3.2 3.1
- 0.1 mmol
(2 equiv.) )

Blue LEDs (455 nm)
4CzTPN (3 mol%)
PPh3 (20 mol%)

AcOH/AcONa 1:1 (2 equiv)
N,, MeCN, r.t., 24 h

Ry~ A EWG

R
2R3

3.3 18 examples
up to 70% yield

Scheme 3. Giese-like functionalization of ynoates 3.2 by dual
phosphine organocatalysis and photoredox catalysis.
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Mercaptans 4.2 have been recently proposed as electron-deficient
precursors of carbon centred radicals in the hydroalkylation of
styrenes 4.1 under blue light irradiation and in the presence of
transition metal based species [Au,(pu-dppm),]Cl, (Scheme 4a).18
Such versatile strategy was successfully applied to the
functionalization of small amino acids fragments as well as the
preparation of polymers (an example in Scheme 4b). The same target
was achieved under photocatalyst free conditions by Su and co-
workers,? and exploited the partial oxidation of triphenyl phosphine
to the corresponding triphenylphosphine oxide, that in turn forms an
EDA complex with the yet unreacted PPhs; the species is responsible
for both the absorption of light and the initiation of the radical chain
process.t®

a)

Blue LED ;
[Au(u-dppm)]oCl, (2.5 mol%) R
PhsP (1.3 equiv.)

MeCN, r.t., 24 h Ar)\RC\EWG

R‘l
R? + HS T EWG
Ar

41 4.2
; 4.3, 40 examples
0.2mmol (1.2 equiv.) o 10 97°% yiF;Id
b)
N o
+

\/©/\ HS%O/\/OjﬁSH
(e}
4.4 0.2 mmol 4.5 (1 equiv.)
Blue LED

[Au(u-dppm)],Cl;, (2.5 mol%)
Ph3P (2.4 equiv.)
MeCN, r.t., 60 h

O
O/\/O A o) ;
o ~_0
4.6 © TOWAS

m
Mn = 6.735E+3 g/mol D = 1.472E+0

Scheme 4. Visible light driven Gold-catalyzed hydroalkylation of
styrenes 4.1 in a) synthesis and b) in polymerization processes.

Perfluoroalkyl radicals have been generated and in turn employed
for the hydroalkylation of electron-poor olefins (including fluoxetine
and sertraline derivatives) from the hydrated form of
hexafluoroacetone (5.2, Scheme 5) and trifluoro-acetaldehyde.?° In
this case, a key role is played by phosphoranyl radical 5.4, arising
from the coupling between triphenylphosphine radical cation and
5.2.20

This journal is © The Royal Society of Chemistry 20xx
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Blue LEDs (450 nm)
[Ir(dFCF 3ppy),dtbbpy]PFg (2 mol%) R

) O
PPhj (3.6 equiv) J\)I;({;Fs
R? CF3

51 5.2 5.3, 50 examples
(0.2-0.5 mmol) (0.2-0.4 mmol) up to 95% yield

HO><C_)-|;Ph3
‘—» FaC” “CFy 41

5.4

R HO_ OH
.

R2§ CF3 "CF3

MeCN (0.1 M), Ar, 24-36 h

Scheme 5. Photoredox-catalyzed phosphine-mediated

bifunctionalization of electron-deficient alkenes.

In  situ deprotonation of phenol 6.4 generates o-
phosphinophenolate anion that acts as a photoredox organocatalyst
for activating trifluoromethyl groups in trifluoroacetamides,
acetates, trifluoromethyl (hetero)arenes (6.1, Scheme 6) and even
trifluoroalkanes. This approach enables the difluoroalkylation of
non-activated alkenes and polyfunctionalized aromatics, including
the antipsychotic compound trifluoroperazine.?!

Purple LEDs (427 nm)
6.4 (10 mol%)
Cs,CO3 (30 mol%) R F

1-AdSH (20 mol%
: e Ar(Het)X/\R

HCO,Li (2 equiv.)
6.3, 17 examples

Ar(Het)—CF3; + R

6.1 6.2
0.2 mmol  (1.5-2.0 equiv.)

DMSO (2 mL), r.t., 24 h
OH up to 92% yield
PPh,

6.4
tBu

Scheme 6. Photoredox organocatalyzed difluoro(hetero)arylation
and difluoroalkylation of non-activated olefins.

The difunctionalization of multiple bonds is currently one of the
the most widely adopted approaches for constructing structurally
complex  molecules.2225 In  this context, the 1,2-
iodoperfluoroalkylation of alkenes via C-C and C-lI bond formation
was described to occur under visible light (461 nm) irradiation of a
mixture of olefin 7.1 (Scheme 7), perfluoroiodoalkanes 7.2 and a
catalytic amount of tri-tertbutylphosphine. The reaction mechanism
involves an Atom Transfer Radical Addition (ATRA) chain path
initiated by the formation of an EDA complex between 7.2 and the
tBusP organocatalyst.26 The same synthetic target was achieved by
having recourse to a merged photoredox/copper catalysed strategy,
in the presence of fac-Ir(ppy); as the photoredox catalyst and
Cu(MeCN), as the cocatalyst, respectively.?’

Kessil Lamp (461 nm)
R’ BusP (10 mol%) I Ry

— + Rf_l 2 (
R2 RS DCM,30°C,1-6h  Roq rs
71 7.2 7.3, 21 examples

0.5 mmol (1.1 equiv.) up to 96% yield

Scheme 7. Visible light induced iodo

perfluoroalkylation of alkenes.

photochemical

A 1,3-carbobromination strategy for the conversion of allyl
carboxylates 8.1 to isopropyl carboxylates (sIPC) 8.3 was recently

This journal is © The Royal Society of Chemistry 20xx
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reported in literature (Scheme 8a).22 The suggested, nanchains
radical mechanism is shown in Scheme 8b antAhVeIVeEX e fSPATERIBH
of a visible light absorbing EDA complex 8.4, between the phosphine
(dppm) and 8.2. Upon irradiation, 8.4 decompose in the bromo-
phosphine B and alkyl radical 8.5 (path a). The latter is trapped by the
olefin moiety in allyl carboxylate 8.1 (path b) and the obtained
secondary alkyl radical undergoes 1,2-radical migration (1,2-RaM) to
generate the more stable intermediate 8.7 (path c). Subsequently,
bromo-atom transfer process from B to 8.7 affords the desired
product (path d).28

a)

R
R _O 100 W blue LED )\
\f Br—R dppm (10 mol%), Na;CO3 (2.5 equiv.) 07 ~o
+ r— F
© D DCE (0.04 M), 90 °C, 24 h Br\g\,RF
R® R 8.2 R? R®
8.1 (3 equiv.) 8.3, 32 examples
0.2 mmol

up to 88% vyield

b)
Ph_
{ Ph:_p D BrRF} Br—R:
h R
\ 8.4 o 8.2
a R = CH,PPh,
Ph H Ph_ Py
Ph:P*Br + @R; Ph:_P
R R
8.5 dppm OBz
BzO Br-atom Br Re
Me Me b transfer Me” Me g3
8.1 d/ o8z
BzO. RF + B B + MEI%\’R#\SG
c X
M .
Me Me \\1,2-R8M / 87 radical
8.6 8.2 chain
‘ T propagation
v I s
o]
Ph
Ph
%o\ 27
LN RF & o\/Z\/RF
Me/r
Me Me" Me
[1,21-TS [2,3]-TS

Scheme 8. The photoinduced and phosphine-catalyzed
difunctionalization of allyl carboxylates.

Acylation reactions. Aliphatic ketones play a crucial role in post-
transformation and late-stage functionalization processes, making
them privileged targets in organic synthesis.?®>3% Symmetric and
asymmetric dialkyl ketones 9.3 have been obtained via Ir(lll)
photocatalyzed hydroacylation of styrenes (9.1, Scheme 9) by
aliphatic acids 9.2 in the presence of diphenyl methyl phosphine as
reported in Scheme 9.3 In this case, a key role is played again by
phosphoranyl radical 9.4 that in turn undergoes B-scission to release
the desired acyl radical. Analogously, aromatic carboxylic acids were
employed as precursors of acyl radicals in the preparation of a,a’-
diaryl carbonyls via photoredox catalyzed acylation of 1,6-conjugate
addition of p-quinone derivatives.3? By following an analogous
pathway, acyl oximes have been employed as the acyl radical

J. Name., 2013, 00, 1-3 | 3
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precursors in the hydroacylation of 1,1-diarylethylenes and a-

trifluoromethyl styrenes.33

Blue LEDs ,
[Ir(dF-Me-ppy),dtbbpy]PF (1.7 mol%) u
Al

)\Af 2,6-lutidine (1.0 equiv), Ph,S, (5 mol%) R
9.2 PMe,Ph (2.0 equiv)

r

9.3 37 examples

| 3 equiv. MeCN (0.5 M), 24 h
05mmol q ) (05M) up o 86% yield
)iy
R™ 70
_PJ
1
Me” P
9.4

Scheme 9. Hydroacylation of styrenes 9.1 by carboxylic acids.

The  photoinduced phosphine-catalyzed  cyclization  of
bromodifluoroacyl arenes 10.1 with olefins has been recently applied
to the preparation of a wide range of cyclic gem-difluoroacyl
compounds 10.3 under photocatalyst-free conditions (Scheme 10).34

(0]
R* _R%,
Foos \[ Y
R B
Fo R%
10.1 10.2
(2 equiv.) 1 mmol
. Blue LEDs
DCE, 90 °C, 24 h, N, Na,CO3 (2 equiv.)
DPPM (10 mol%)
(o}
F
R F  10.3, 34 examples

R2 up to 94% yield
3

Scheme 10. Blue light mediated, photocatalyst-free preparation
of cyclic ketones 10.3.

Anhydrides 11.2 have been employed as acylating radical agents in
the photocatalyzed 1,2 conversion of alkenes 11.1 into 1,4-
Dicarbonyl derivatives (11.3, Scheme 11). In the proposed
mechanism, the photoexcited photocatalyst
(Ir[dF(CF3)ppyl.(dtbbpy)PFe)* undergoes reductive quenching by
triphenyl phosphine, and the resulting radical cation PPh;** is then
trapped by 11.2 to form the complex 11.4 which allows the otherwise
unfavorable reduction of the carboxylic moiety in 11.2 (£, = -1.41
V vs SCE) by Ir(ll). Acyl radical 11.6 arising from the decomposition of
intermediate 11.5 is in turn trapped by the C=C double bond of 11.1,
and the resulting radical 11.7 undergoes reduction to carbanion 11.8,
which reacts with another molecule of 11.2 to form the diacylated
product. In the presence of a proton source (e.g. water), 11.8 is finally
converted into the corresponding hydroacylated derivative 11.9. 3°

4| J. Name., 2012, 00, 1-3

Journal Name

View Article Online

a) 30 W Bue LED.1039/D4@6Q207gK
R2 O O  IfdF(CF3)ppyla(dtbbpy)PFg (1 mol%)
+ 1
RN R NEN PhsP (15 equiv), Rigel, A
MeCN (0.2 M), r.t., N, R
11.1 11.2 11.3, 31 exampl
0.2 mmol (1.4 equiv.) up to 92% vyielc
b)
1.3
PhsP Ph3P 0
11.2
R2 P
+e 11 9
PPh3 ,
R
(1) A O Ar 1@ s
“Ir(ll1y 11.4 R 11.8 R
Ir*
Ir*
hv (VIS)
0 11.1
. + o} R?Z O
T
(Il Ar” “O-PPh; B

R

1.5
\f 16 1.7

Scheme 11. A) Visible light driven photoredox-catalyzed 1,2-
difunctionalization of olefins; b) suggested mechanism.

Ir(111) = Ir[dF(CF3)ppyla(dtbbpy)PFg

1,6-Dicarbonyl derivatives 12.33638 gre suitable via a regioselective
1,6-addition of acyl radicals (in turn generated from carboxylic acids
12.1 under Ir(ll) photoredox catalyzed conditions) onto electron-
deficient 1,3-dienes (12.2, Scheme 12a).3° When exposed to visible
light, the excited photoredox catalyst undergoes oxidative quenching
by 12.2, generating the radical anion 12.6 (Scheme 12b, paths a and
b). As a result, triarylphosphine is oxidized through a single-electron
transfer process, while restoring the starting photoredox catalyst
(path c) and the resulting phosphoranyl radical intermediate 12.4
(path d) decomposes and releases acyl radical 12.5 (path e) which
then couples with 12.6 (path f). Protonation of the so-generated
carbanion 12.7 by water (path g) affords the desired product 12.3.3°

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qo02079k

iR alficidis Hedhed uniter € CRative Sorfindiis AttriBufon RoSdRmalcid 38 ﬁp&fe&i_i?enég.

o uUuuuuuuuusSDdSSDS S sOpendogessiricleluigiedondl decepbrs 224.Pownioaged @0 3250123024652, & & v 0 0 S VO N O UT A W N —
SORINNEGN =083 a0 S by

+Organic:Chemistry-Frontiers -

Journal Name

a)
o R O
1 X 4
RJLOH + R WLR
R2
12.1 12-2
0.1 mmol (3 equiv.)

10 W Blue LEDs,

DCM:H,0 (2.0 m, 9:1), 12 h | [MAFCF3ppy)2dibbpylPFe (2 mol%)
P(p-anisole); (1.2 eq.)
Di-iso-butylamine (20 mol%)

o R R
12.3, 34 examples

up to 96% yield
>95:5 E:Z

b)

-+
(p-anisole);P (p-anisole);P

s

1 v

0 124
J\O,P(panisole)a

hv \@ b 12.2 (p-anisole)sP=0

®

*Ir'"

= OEt /P& 12.5
/\/\n/ R

Ir = [Ir(dFCF3ppy),dtbbpy]PFg 126 ©
f 12.3
o gT H,O
R)MOEt
127 ©

Scheme 12. Regioselective, photoredox catalyzed decarboxylative
acylation of electron poor 1,3-dienes 12.2.

A divergent approach for the selective preparation of alkyl nitriles
(13.2, Scheme 13a), alkenyl nitriles (13.3) and alkyl dinitriles (13.4)
from alkynes has been proposed by Chu and co-workers.*° As pointed
out in Scheme 13a, the choice of phosphine is critical in determining
the reaction outcome. Notably, a wide range of polyfunctionalized
substrates, including Warfarin analogues, pharmaceutics, sugars and
Vitamin E can be selectively functionalized under the tunable
conditions (some examples are depicted in scheme 13b).

This journal is © The Royal Society of Chemistry 20xx
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P(p-Me-Ph); (2.5 equiv.)

TMSCN (2.5 equiv.)

& Sl
13.2, 18 examples
up to 82% yield

13.1
0.2 mmol

= Blue LEDs

EtOH,70°C,6 h

PC-Il (1 mol%)
P(p-OMe-Ph)s (70 mol%)
TMSCN (1.2 equiv)

Blue LEDs, | PC-I (2 mol%) X CN
TMSCN PPh3 (10 mol%) MeCN : H,O 4:1 o/\P

(3.2 equiv.) | K3PO4 (40 mol%) 35°C,2h 13.3, 17 examples

MeCN, 35°C, 6 h up to 82% vyield

N PC-I: Ir[dF(CF3)ppy]2(dtbbpy)PF
=] 3)PPYyl2 PYy)FPFe
Q)\r R13.4, 46 examples b 1. 1 4Fppy)o(phen)PFe
up to 97% yield
CN
Rilpivirine
(treatment of HIV)

H H
/©/N\|//N N
|
NC NS~Me A eN

Vitamin E derivative

Scheme 13. a) Phosphine/photoredox catalyzed divergent
cyanation of alkynes and b) selected applications.

Arylations. The incorporation of fluorine atoms and fluorine-
containing functional groups into complex (hetero)aromatic
cores is a flourishing research area, in view of the opportunity
to fine-tune key physicochemical properties including, among
the others, solubility, metabolic stability and bioavailability.41-48
In this context, the use of phosphine as radical initiator in the
perfluoroalkylation of electron rich heterocycles 14.1 (including
indoles) has been proposed only recently. In the case described
by Jin and co-workers,*® and suitable at Scheme 14a, an EDA
complex (14.4) between the chosen perfluoroalkyl iodide 14.2
and the phosphine catalyst is involved. Visible light irradiation
promotes a single electron transfer, and the so generated
perfluoroalkyl radical Rg* which is in turn trapped by the
heteroaromatic core. The obtained radical species 14.5 is thus
oxidized by another molecule of 14.2 to release, after
deprotonation of the Wheland intermediate 14.6, the desired
product 14.3 and so restarting, at the same time, the radical
chain. The protocol was found successful also when starting
from indoles conjugated to bioactive fragments such as
Zomipitran and Melatonine.*®

Analogously, the introduction of gem-difluoromethyl group into
alkenes and (hetero)cyclic cores (including dimethyl uracil) has
been reported to occur via a visible-light promoted phosphine-
catalyzed difluoroalkylation strategy. >°
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a) 3
R blue LED Rs
PPh; (20 mol%)
N MeOH, N r.t. N
14.2 141 R? R?
(2 equiv) 0.1 mmol 14.3, 34 examples
up to 90% vyield
b)
CHs CHg
hv
142 4 R y —m—M— R@f\gﬂ%
N PPh; N
14.1] H H 143
R:.
[RFI -—PPhal H*
vy 444 CHj CHs
< ¢
145 Rel 1 146
- 14.2
Scheme 14. Visible light-driven phosphine-catalyzed

perfluoroalkylation of indoles.

As mentioned earlier, nitrile is one of the most prevalent and
versatile units in organic synthesis, acting as a precursors of different
functional groups including amines, aldehydes, amidines, ketones,
carbamates and carboxylic acids.® The research group of Yi
accomplished an intriguing photoredox-neutral ring-opening
pyridylation of cyclic oximes 15.1 (Scheme 15) by cyanopyridines
15.2, to afford a wide array of pyridyl-alkylnitriles 15.3 with
satisfactory selectivity (Scheme 15).52

_OH
I @)
RA»
X

15.2
15.1
(1.5 equiv.) 0.2 mmol
X=C,N,O
n=1,2
30 W Blue LEDs
DCM, Ar, r.t. | fac-Ir(ppy)s (2 mol%),
PPh;3 (3 equiv)
N=
O 15.3, 36 examples
up to 95% yield
R™ "X” "CN

Scheme 15. Photoredox-neutral ring-opening pyridylation of cyclic
oximes.

Extrusion reactions. In 2023, Tobisu and co-workers described a
nickel/Ir(ll) photoredox/phosphine promoted intramolecular C-C
coupling occurring in allyl esters 16.1 for the preparation of
asymmetric ketones 16.2. in good yield (Scheme 16a).>3 The same
conditions have been applied to obtain cyclic ketone (16.4, Scheme
16b) via functionalization of allyl esters bearing a tethered alkene
moiety (16.3). 3

6 | J. Name., 2012, 00, 1-3
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3 View Article Online

blue LED (40 W) DOI: 10.1039/D4Q002079K
0 NiCly(dem) (15 mol%), phen (2.5mol%) o)
Arko/\/ PC-1 (1.0 mol%), PPh3 (1.2 equiv) ACM
TFE/toluene/MeCN (1/2/2)
16.1 40°C, 18 h
0.2 mmol

16.2,15 examples
up to 81% yield

P PF6

z

. \NfCF3
- N Ir‘
5 CF3 N
N PC . |
b)
o blue LED (40 W)
NiCly(dem) (15 mol%), phen (2.5mol%) o Y
©\)\o/\/ PC-I (1.0 mol%), PPhs (1.2 equiv) N
X/\/’\Y TFE/toluene/MeCN (1/2/2)
40°C, 18 h X
X=NTs, O; Y=H, Me 16.4, 3 examples
16.3 up to 53% yield
0.23 mmol
Scheme 16. Nickel/photoredox/phosphine catalysed

preparation of ketones from allyl esters.

Xu and co-workers described in 2019 a single example of
phosphine/iodide-based photocatalytic decarboxylative [2+2+1]
annulation of 1,6-enynes and N-hydroxyphthalimide esters,
providing the corresponding cyclopenta[alindene 17.3 in 60% yield
(Scheme 17). The procedure can be considered as a transition metal-
free alternative to fac-Ir(ppy)s catalyzed approach described in the
same paper. >4

_Ph 0
Z + N-O,
oS
CO,Me o O
171 17.2
0.1 mmol (3 equiv.)

blue LEDs

DMF, r.t., 24 h | PPh3 (20 mol%)
TFA (2.0 equiv.), Nal (2.0 equiv.)

QO

CO,Me
17.3, 60% yield

Scheme 17. Preparation of spyroderivative 17.3 via
phosphine/iodide-based photocatalytic decarboxylative [2+2+1]
annulation.

3. Carbon-Heteroatom bond formation

C-S bond formation. The incorporation of a trifluoromethylthio
moiety (-SCF3) in pharmaceuticals and agrochemicals is able to finely
tune their lipophilicity and electronic properties.**47:5> Qing and co-
workers disclosed a facile and mild strategy for the Ir (II)-photoredox
catalyzed hydrotrifluoromethylthiolation of unactivated alkenes

This journal is © The Royal Society of Chemistry 20xx
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(18.1) or alkynes (18.2) by using trifluoromethanesulfonic anhydride
(Tf,0) as the SCF3 radical precursor, in the presence of H,0 as the
proton source (Scheme 18).56

1814 Ry
0ommol o+ (CF380,),0
/R2
= 18.3
=Z
182 R! (3 equiv.)
0.5 mmol

f Blue LEDs
n-BuyNPFg (2 equiv.)
Ir(dF-ppy)s (1.5 mol%)
DCE (0.1 M), Ny, rt., 12 PMePh, (3 equiv.), H,O (2 equiv.)

H R?
R A SCP: or R%SCFg,

18.4, 18 examples 18.5, 5 examples

up to 92% yield up to 60% yield
up to 3.5:1 Z/E
Scheme 18. Visible light mediated

hydrotrifluoromethylthiolation of unactivated alkenes and
alkynes.

The visible light-induced hydrosulfonylation of alkenes in the
presence of N-amidopyridium salts 19.1 as precursors of sulfonyl
radical which has been recently proposed in a photocatalyst free
fashion, via the formation of a photoreactive EDA complex between
19.1 and triphenyl phosphine (or HCO3™ anion, Scheme 19). Notably,
the protocol was extended to the functionalization of bioactive
molecules including estrone and fructopiranose.>’

; X
RGeS |
BF4 I{l /Rz \\\/\R
Bt FSS,
o] 19.2
191 (1.5 equiv.)
0.1 mmol
Blue LEDs

DMSO, N, :t., 18 h | p(4-FPh), (1.2 equiv.)
NaHCO3 (1.5 equiv)

R_I R?
2
X 0 °
R _ 19.3, 38 examples
N up to 82% yield

Scheme 19. 1,2-difunctionalization of olefins via blue light driven C-
aryl and C-S bond formation.

Disulfides 20.1 have been employed as sulfur source in the
photoredox catalyzed, alkoxy phosphine-mediated
thioesterification of carboxylic acids 20.2 that was successfully
applied to the functionalization of complex pharmaceutical-derived
carboxylic acids including cholesteryl ester transfer protein inhibitor
Dalcetrapib (Scheme 20).8

This journal is © The Royal Society of Chemistry 20xx

ARTICLE
?I\ s Ar View Article Online
R Son T AT DOI: 10.1039/D4Q0O02079K
20.2 20-1
(1.5 equiv) 0.2 mmol
Blue LEDs
MECN (0.2W:1 f1r(dF (Me)opy).(dtobpy)IPF (2 mol%)
2, 1 Ph,POEt (1.5 equiv), pyridine (1.5 equiv)
(0]
1”\ _Ar  20.3, 40 examples
RS up to 93% yield

Scheme 20. Phosphine-mediated thioesterification of carboxylic
acids 20.2.

In 2021, Jiang and co-workers reported the photoredox catalytic
phosphite-mediated deoxygenation and Wolff rearrangement of 1,2-
diketones via ketenes to afford the corresponding (thio)esters (21.4,
Scheme 21, path a) by using Pyrazine derivative DPZ as the visible
light absorbing photocatalyst.>® The same approach is on the basis of
the preparation of B-lactams 21.5 (path b) via a Staudinger [2+2]
cycloaddition with imines.5°

RXH (X =0, S) R’
P(OEY); (2.0 equiv) XR

Rz\/o
21.2

(0]

R! 21.4, 24 examples
0.2 mmol up to 95% yield
(0] 3 W blue LED, path a
R1JI\H/R2 DPZ (0.1 mol%)
DCE, Ar, r.t., 48h
211 0O
0.1-0.2 mmol
I\ _N._CN o. AP
DPZ = 2 - I P(OEt); (2.0 equiv.) j:'Nk
N” “cN 1
Y Ar1/%N,Ar2 R Rz A
21.3 21.5, 25 examples
0.1 mmol up to 99% yield
path b
Scheme 21. Photoredox catalytic phosphite-mediated

deoxygenation and Wolff rearrangement of a-diketones.

C-N bond formation. A photoredox catalyzed anti-Markovnikov
hydroamination of olefins 22.2 by sulphonamides 22.1 in the
presence of tricyclohexylphosphine and TRIP-SH as the cocatalysts
was recently described (Scheme 22a).5? As illustrated in Scheme 22b,
the mechanism involves a merged photoredox/hydrogen Atom
Transfer (HAT)/ phosphine organocatalysis cycle, where P-N bond a-
cleavage occurring in the radical intermediate 22.4, in turn generated
by coupling of PCy;** with 22.1 plays a key role in the generation of
the amido radical 22.5, that is in turn trapped by 22.2, to afford
intermediate 22.6. The latter undergoes hydrogen atom transfer
with TRIP-SH to release the desired product.®! A similar visible light
driven anti-Markovnikov hydroamination of alkenes (including cyclic
olefins and vinyl ethers) was carried out also by using N-
hydroxyphthalimide as the functionalizing agent and triethyl
phosphite as the cocatalyst.®?
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a) Blue Kessil Lamp, PCy; (2.5 mol%)
N | [Ir(dF(Me)ppy),(dtbbpy)IPFg (2 mol%) O‘\S"O S
o) I~ TRIP-SH (10 mol%) AN
R/Ar/S‘NH o \ PhCF3 (02 M), rt, 24 AT H/\tH
2 |
221 222 22.3, 27 examples

hv up to 89% yield

0.5 mmol (1 equiv)
b) /\

“Ir(lll) Ir(1)

4o
TRIP-S"
PR
Rme |
22.1 R™ W ™ =
Q.0 Ir(ll TRIP-SH
HN-SC .
ro Ar R/P\““R TRIP-S
A R
HAT
R R \i<
224 22.2

22.5 H H H H
Ir(111) = [Ir(dF (Me)ppy)2(dtbbpy)]PFg

Scheme 22. Visible light driven anti-Markovnikov hydroamination of
olefins.

The synthesis of pyrrolines from y,5-unsaturated oximes (Scheme
23) was recently described to take place in the presence of
Ir(dF(CF3)ppy),(dtbbpy)PFs, tris(4-methoxyphenyl)phosphine and 4-
methoxyphenyl disulphide as the photoredox catalysts and the
cocatalysts, respectively.5® Such strategy is based on the reductive
quenching of the photoexcited iridium catalyst by tris(4-
methoxyphenyl)phosphine (E,/,[ArsP**/Ar;P] = +0.87 V vs. SCE), that
is converted in the corresponding radical cation which add itself onto
the oxime moiety. The so generated phosphoranyl radical 23.3
undergoes N-O bond B-cleavage, to deliver iminyl radical 23.4 that in
turn undergoes intramolecular 5-exo-trig cyclization. Hydrogen atom
transfer (HAT) from 4-methoxythiophenol (arising from the
corresponding disulphide) to carbon centered radical 23.5 afford the
desired product.

a)
blue LEDs

OH Ir(dF(CF3)ppy)2(dtbbpy)PFs (1 mol%)
N R® (4-OMeCgHy4)3P (1.8 equiv.)
W i
R! R2 (4-OMeCgHy4),S, (0.25 equiv.)
23.1 NazPOy4 (1.0 equiv.)
DCM, 25°C,12h

R3
RN

23.2, 22 examples

0.1 mmol up to 97% vyield
b)
H+
ArSH
23.2
HAT
it ) N‘
ArS 235
SET Ph
éAr3 T 5-exo-trig
. 0 .
PArs +PAr3 23;1 -~ N PBscission N
-H = N Z
-4 Ph
Ar = 4-OMeCgHy Ph 23.3 ArsP=0 234

8| J. Name., 2012, 00, 1-3

Scheme 23. Light driven intramolecular hydrojmination,of
oximes 23.1. DOI: 10.1039/D4Q002079K

N-hydroxyl azoles 24.2 (Scheme 24) were successfully employed in
the regioselective hydroazolylation of alkenes under Iridium
photoredox catalysis conditions, in the presence of
triphenylphosphine. The N-O bond cleavage that occurs in the
phosphoranyl radical cation 24.4 has been suggested as the key step
in the reaction mechanism. An analogous mechanism was exploited
for the preparation of N-arylphthalimides via photocatalyzed radical
N-arylation of (hetero)aryl derivatives by N-hydroxyphthalimides. 64

blue LEDs (490 nm) -
[Ir(dFCF3ppy).dtbbpy]PFg (1 mol%) '\\ L

7T Jo N\\
RA *t[ N

. X ,N1 -~
"Ny PPhg(1equiv), DCM, rt, Ar, 24 h N\J \
OH N7
24.1
24.2 24.3, 44 examples
up to 82% yield
N
PPhs @E N
N
P
PR
244 Ph

Scheme 24. The photoredox catalyzed hydroazolylation of
alkenes.

The development of innovative strategies for the amidation of
carboxylic acids is yet of interest in organic synthesis, due to the
widespread presence of amide moieties in fine chemicals, in
peptides as well in polymeric materials.®>-7°

In this context, we noticed the preparation of differently
substituted amides via a merged photoredox/cobaloxime catalyzed
deoxygenative activation of carboxylic acid.”* The protocol, that
requires PPh; as the redox active cocatalyst, has been performed on
different biorelevant substrates and was considered for late-stage
functionalization. Furthermore, the process has been optimized also
under continuous flow conditions, for the preparation of peptides in
satisfactory yield (Scheme 25).7%72 Carboxylic acids have been used
also as acyl radical precursor in the preparation of differently
substituted acyl hydrazides by deoxygenative hydroacylation of
azobenzenes.”?

This journal is © The Royal Society of Chemistry 20xx
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Blue LEDs
)Ok H PC-PFg (1 mol%) i
+ N. i A ° R
RIAr oH R "R, cobaloxime A (5 r.nol %) RIAr N
251 PPh3 (1.0 equiv) I‘?
: 252 poM, rt, Ny 12h 2
0.2 mmol (1.5 equiv.) 25.3, 71 examples

up to 96% yield

Selected examples for peptide synthesis

Ph
Boc (@] Bn H (@]
\ \
J oM N OMe
N~ kN/H( ® Cbz \;)kN
H o = oo

Boc-Pro-Phe-OMe Cbz-Ala-Phe-OMe

Ph
e L0

FmOC/N\E)kH/\(N\E/U\H OMe
A~ Mo 2 Mo

Fmoc-Val-Gly-Ala-Phe-OMe

Scheme 25. Merged photoredox and cobaloxime preparation of
amides via deoxygenative amidation of carboxylic acids.

Carbon-halogen bond formation. Carboxylic acid derivatives have
been employed in the preparation of halogenated substrates via acyl
radical.  N-(acyloxy)phthalimides have been subject to
triphenylphosphine photocatalyzed iododecarboxylation by using
Lithium lodide as the iodine source, to afford a wide range of both
cyclic and acyclic alkyl iodides (26.2, Scheme 26).7 Notably, when an
organic base (DBU) is added, 26.2 undergoes elimination to afford
selectively the corresponding alkene in a one pot fashion.”
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4 Blue LEDs (465 nm)

45 o) PPh; (10 mol%) |
o NPhth Lil (1.5 eq.)

46 N acetone, r.t., 24 h _N

47 GP” 26.1 P

48 0.2 mmol 26.2

49 ,/mu (0.4 mmol)

50 60 °C,15h

: 9

52 o)

53 26.3, 5 examples

54 up to 89% yield

55 Scheme 26. Triphenylphosphine photocatalyzed

56 iododecarboxylation of N-(acyloxy)phthalimide.

57

58

59

60
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Carbon-Hydrogen bond formation. In 2023, Styder, and €os
workers established the photocatalyzed activatin GPvateP BPTAE
interaction of phosphine radical, which could provide H atom to
further reacted with alkenes (27.1 or 27.2) under mild condition
(Scheme 27).7> This transfer hydrogenation methodology have been
applied also to the reduction of naphthalenes 27.5. Furthermore,
photochemical skeletal editing of 2-substituted quinolines can be
achieved to afford the 2,3-disubstituted indoles via a hydrogenative
rearrangement in slightly modified conditions.”

a)

;
AR 14 H\)\(R1

R2 0.2 mmol )
R
or Blue LEDs (455 nm) 27.3, 24 examples

2 [Ir(dFCF 3ppy),(dtbbpy)]PFg (2 mol%) o/ vi
R P(-MeOPh); (25 equiv.) up to 91% yield
\ @)\/R 2,4,6-PrCgH,SH (20 mol%) or 2
R
MeCN (0.05 M), H,0 (0.15 ml), R
272 Ar, 20°C, 48-72 h )
0.2 mmol R H H

27.4, 12 examples
up to 88% yield

b)

Blue LEDs (45 nm)
[Ir(dFCF3ppy).(dtbbpy)]PFg (2 mol%) H

P(4-MeOPh); (4 equiv.) H
i R1 2,4,6-PrCeH,SH 20 mol%) _ -, o
MeCN (0.05 M), H,0 (0.15 ml), H
Ar, 20°C, 48-72 h
27.5 H

0.2 mmol 27.6, 16 examples

up to 92% yield
Scheme 27. The photocatalyzed activation of water and further
application.

Conclusions

In recent years, radical phosphine chemistry has emerged as an
elegant and prominent strategy for broadening the horizons of
(visible) light driven methodology, with attention to the design of
late stage functionalization protocols for pharmaceutical design and
bioactive and natural molecules synthesis. Despite the nice
advancements reported in literature, however, there are still several
drawbacks that has not been solved yet, since the design of
stereoselective processes is still underdeveloped and the use of
triarylphosphines in stoichiometric excess>®’> involves the release of
rather noxious phosphorous based by-products. In this context,
researches should see to methodologies that employ trisubstituted
phosphines as effective organocatalysts (e.g. in the cases where an
EDA complex with an electron poor alkyl halide is formed)?® as a
promising strategy to overcome these limitations.
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