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Tertiary phosphines have been extensively developed as effective organic catalysts/reagents to promote
various modern organic transformations in both racemic and enantioselective fashions. However, their
applications in radical generation and reactions remain relatively less explored. Phosphine-centered
radical species, generated from various tertiary phosphines via phosphine—oxidant charge transfer pro-
cesses, photoredox catalysis and electrochemical oxidations, can give rise to many unprecedented acti-
vation modes and reactions. Single-electron-transfer (SET) reactions associated with tertiary phosphines
in particular have recently gained popularity, affording novel and promising synthetic approaches to chal-
lenging molecular structures from readily available starting materials upon simple operation. Summarized
herein are the historical background and recent breakthroughs in this dynamic field of phosphine-
mediated radical organic reactions.
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1. Introduction

Phosphine organocatalysis has seen prosperous growth in the
past 20 years." The use of tertiary phosphines as promoters for
organic reactions could date back to 1963, when Rauhut and
Currier described their pioneering work of the dimerization of
electron-deficient alkenes in their patent.” To date, countless
efficient methods have been established with tertiary phos-
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phines being used as the reaction catalysts for chemo-, regio-
and stereoselective transformations. However, most of the
well-developed methodologies are limited to electron-pair-
transfer reactions. The development of the single-electron-
transfer (SET) variants is relatively rare (Fig. 1). Numerous
elegant reviews focusing on phosphine organocatalysis have
been well-documented," but a systematic review concentrating
on tertiary phosphine-associated radical reactions has not
been presented.?

The discovery of radical ions derived from trivalent amines
has proven to be a milestone in organic synthesis.* The appli-
cations of such radical species have attracted considerable
interest with numerous efficient synthetic methods established
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Fig. 1 Phosphine-catalyzed electron-pair-transfer reactions and SET
reactions.

in the past 20 years.” In contrast, the applications of trivalent
tertiary phosphine-derived radical species in organic synthesis
are relatively less developed, although they have been estab-
lished for more than half a century.® Given the rapid develop-
ment in radical chemistry and phosphine organocatalysis in
recent years, it has become more and more attractive to
develop novel synthetic methods using phosphine-derived
radical intermediates. The concept of a tertiary phosphinium
radical ion as a reaction intermediate has also proven to be sig-
nificant in modern organic synthesis.

Therefore, we would like to provide an overview on the
radical reactions promoted by trivalent tertiary phosphine
molecules. The postulated reaction mechanisms involved in
these SET processes will also be discussed in detail. This
review article will be organized into four sections: (i) radical
reactions of tertiary phosphines with oxidative reagents, (ii)
radical reactions of tertiary phosphines in irradiative reactions,
(iii) radical reactions of tertiary phosphines in electrochemical
reactions, and (iv) the summary and outlook in tertiary phos-
phine-associated radical reactions. Although several excellent
examples might inevitably be missed out in this review, the
aim is to provide a systematic summarization of the tertiary
phosphine-associated radical transformations and reaction
mechanisms. Radical reactions promoted by phosphorus
molecules other than trivalent tertiary phosphines will be
excluded in this review, since they have already been summar-
ized in the corresponding review articles.” We hope this review
will provide researchers with a scientific auxiliary tool in phos-
phine/radical chemistry, inspiring more strategic synthetic
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applications, and stimulating future mechanistic research
within this dynamic and exciting field.

2. Radical reactions of tertiary
phosphines with oxidative reagents

2.1. Phosphine-associated radical reactions with quinone
oxidants

The generation of radical ion species from tertiary phosphines
was first evidenced by Ramirez and co-workers in 1956.° The
authors observed two different types of interactions between
triphenylphosphine and p-quinones (Fig. 2). Simple p-quinone
1 reacted with triphenylphosphine 2 through a conjugate
addition to form intermediate 3, which finally afforded the
zwitterion 4 through a proton transfer process (Fig. 2a). The
sterically hindered p-quinone 5, however, reacted with 2 at the
oxygen atoms and constructed O-P bonds to give the ion pair I
consisting of the anion 6 and cation 8 as the final product
(Fig. 2b). This reaction was supposed to go through SET pro-
cesses. The triphenylphosphine 2 was oxidized by p-chloranil 5
through two steps of SET reactions which gave the dianion 6
and the radical cation 7 (Fig. 2b, eqn (1)). The radical cation 7
then reacted with another molecule of 5 through SET pro-
cesses to afford the dication 8 (Fig. 2b, eqn (2)).

Although supportive demonstration for the formation of
the radical cation 7 could be observed from paramagnetic reso-
nance absorption measurements, there was no direct experi-
mental evidence for the existence of such a species. In their
following work the authors further studied the reaction mecha-
nism by means of electron spin resonance (ESR) and UV
absorption spectroscopy.” A charge transfer complex 9 was
expected to be formed (Fig. 3, eqn (1)) which rapidly under-
went oxidations by chloranil 5 to give a chloranil semiquinone
radical anion 10 together with a phenoxyradical phosphonium
cation 11 (Fig. 3, eqn (2)).

Bartlett and co-workers also observed unusual catalytic
activities of triphenylphosphine in the reactions with mercap-
tans, where the phosphinium radical cation 7 had been
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Fig. 2 The first evidence of the radical ion species generated from ter-
tiary phosphines.
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Fig. 3 Another possible reaction pathway for the SET reaction between
triphenylphosphine 2 and chloranil 5.
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Fig. 4 Oxidation of the chiral triarylphosphine 12 by TCNQ 13.

suggested as the reaction intermediate.® But there had, again,
been no definitive proof to support the generation of such
phosphinium radical cations until in 1969 when Powell and
Hall reported their observations on the racemization of an
optically active triarylphosphine 12 ° under the oxidation reac-
tion of 7,7,8,8-tetracyanoquinodimethane (TCNQ) 13 (Fig. 4)."°

Powell and Hall used optically active 4-biphenyl-
a-naphthylphenylphosphine 12 to react with the oxidative
TCNQ 13 in the presence of water and a catalytic amount of
HCl. Racemic phosphine oxide 14 and TCNQH, 15 were
afforded in almost quantitative yields. In a control experiment,
optically active phosphine oxide (the chiral form of 14) could
be obtained through oxidation of 12 with H,0, in acetic acid
and the afforded enantiomerically enriched product did not
racemize in the presence of HCl or 15. The results of the
control experiment indicated that the phosphine oxide 14 was
racemized upon its formation from the reaction between 12
and 13. Therefore, a planar or easily inverted phosphinium
radical cation 17 was postulated as the key intermediate for
this oxidative process. Kinetic studies on this oxidation reac-
tion suggested that complex 16 was quickly formed from 12
and 13, and underwent a rate-determining fragmentation with
acids to give the radical cation 17 and the neutral radical 18.
The radical species 17 and 18 then reacted with H,O to give
the final product 14 and 15 and released one equiv. of proton
for additional catalytic cycles. The radical cation 17 was
believed to bear a planar structure or a low inversion energy
barrier and thus gave the phosphine oxide product 14 in
racemic forms.

2.2. Phosphine-associated radical reactions with iodine-
containing oxidants

Perfluoroalkyl iodides can react with trivalent phosphines
through SET processes and generate phosphinium radical
cations together with free perfluoroalkyl carbon radicals.
Various radical chain reactions can therefore be initiated
through this protocol.

Org. Chem. Front,, 2020, 7, 2349-2371 | 2351
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In 1990, Huang and Zhang reported the first organopho-
sphine-initiated radical addition reaction of perfluoroalkyl
iodides 19 with alkenes 20 (Fig. 5)."* Both carbons of the C=C
double bond of the alkenes 20 were functionalized by the per-
fluoroalkyl iodides 19 and the adducts 21 were afforded in
good to excellent yields (Fig. 5a).

The reaction was believed to go through radical addition
pathways (Fig. 5b). Perfluoroalkyl iodides 19 first reacted with
triphenyl phosphine 2 to give a radical ion complex 22, which
would quickly crack to the free carbon radical 23 and the phos-
phinium radical ion pair 24. The free radical 23 could add to
alkene 20 and gave the radical adduct 25, which then reacted
with another perfluoroalkyl iodide 19 to afford the final
product 21 and release the free radical 23 for additional
radical chain propagation processes.

The generation and participation of the radical intermedi-
ates in this reaction was supported by the cyclization reaction
of perfluoroalkyl iodides 19 with diallyl ether 26 (Fig. 5c¢). The

a) reactions of perfluoroalkyl iodides and terminal alkenes
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Fig. 5 Phosphine initiated radical addition reaction of perfluoroiodides
and alkenes.
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free radical intermediate 25 would preferentially react with an
intramolecular C=C double bond when the R group contained
an alkene moiety (e.g., 26). Hence, the tetrahydrofuran deriva-
tives 27 were obtained as the final products from the radical
addition reactions between the perfluoroalkyl iodides 19 and
the diallyl ether 26.

Interestingly, pinenes were also effective substrates for this
radical addition reaction (Fig. 5d). For example, a-pinene 28
reacted with the perfluoroalkyl iodide 19’ in the presence of a
catalytic amount of triphenylphosphine and created the
rearrangement product 29 via a radical-associated ring
opening process. The iodide 29 was further reduced to 30 in a
28% overall yield after purification.

Moreno-Maiias and co-workers further studied this reaction
in 2002."> They monitored the reaction process with *'P NMR
and found that triphenylphosphine had been the only signifi-
cant phosphorus compound detectable at the beginning of the
reaction. The signal for triphenylphosphine oxide appeared
slowly during the reaction with no other phosphorus species
observed. This indicated that the SET process from triphenyl-
phosphine 2 to perfluoroalkyl iodides 19 was a rate determin-
ing step in this radical chain reaction.

It is worth noting that neither the work reported by Huang
and Zhang nor the one by Moreno-Maias and co-workers had
commented on the potential roles of light in the phosphine-
promoted alkene iodo perfluoroalkylation reactions.

In 2019, Czekelius and co-workers reported their discovery
on the key roles of light in this transformation (Fig. 6)."*> They
have repeated some of the previously reported protocols'* for
alkene perfluoroalkylations in the dark and found no conver-
sions could be detected after 48 h. This is strong evidence sup-
porting that the phosphine-associated perfluoroalkylation of
alkenes is indeed a photo-induced radical reaction. The
authors had systematically studied the reaction conditions for
this alkene perfluoroalkylation reaction and found that the tri-
tert-butylphosphine could efficiently promote this transform-
ation under irradiation by a blue LED (461 nm). An electron
donor-acceptor (EDA) complex was likely formed from the per-
fluoroalkyliodide and the trivalent phosphine. The EDA
complex could be activated by blue light and fragment into the
perfluoroalkyl radical 23. The radical 23 could react with the
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CH,Cly, 30°C fJ\R
19 20 e b 2
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Fig. 6 The key role of light in trivalent phosphine associated alkene
perfluoroalkylation.
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alkene 20 through a radical addition process and gave the
radical adduct 25, which could react with another iodide 19 to
afford the final product 21 and regenerate the perfluoroalkyl
radical 23 for additional radical propagation reactions.

In addition, Zhao, He and co-workers further developed
this chemistry and used the iododifluoroacetate 31 as the
alkylation reagent in the phosphine-initiated difluoroalkyla-
tion reaction of alkenes (Fig. 7)."* In their report, they observed
optical absorption by the reactants between 350 nm and
370 nm, which indicated that visible light might play unclari-
fied roles in this transformation. Bis(diphenylphosphino)
methane 34 was used as the radical chain initiator and 1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone 35 was used as
an additive. The additive 35 could reduce the level of for-
mation of the main by-product HCF,CO,C,Hs and thus
enhance the yields of the target products. Two types of reac-
tion products were obtained in this transformation. Alkyl sub-
stituted terminal alkenes gave the 1,2-addition products 32 in
good to excellent yields with a broad range of substitution
groups being tolerated. Substituted styrenes and internal aryl
alkenes led to the Heck-type products 33 in moderate to excel-

ICF,CO,C,Hs 34 (10 mol%)
31 35 (50 mol %)
+

> CHOCFC\/I\ or CyH50,CF,C. _~
[ 2M50,0 ) 2M50LR L
AR THF, 80°C R R

20 32 33
: Ph Ph o E
H 34 ~ ~ 3.
b opn TSP bl '
e o H
1,2-addition products
OCHj
czHSOZCcmvKﬁ czHSOZCcmvK/Ej/
32a, 89% F 32b,97%  CO,CH,
CZH5°20FZC\/K/©\ o CszochZC\/K/©
32c, 93% 32d,65%  OH
| |
C;H50,CF,C CzH5OZCFZC\)\/O
32, 91% 32677% O
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Fig. 7 Phosphine-promoted difluoroalkylation of alkenes.

This journal is © the Partner Organisations 2020

View Article Online

Review

lent yields. The authors also studied the reaction mechanism
through control experiments and provided substantial evi-
dence for the involvement of radical intermediates in such
transformations. The 1,2-addition products 32 were supposed
to be afforded through a similar radical addition reaction
pathway as depicted in Fig. 5b. However, when the R group of
the radical intermediate 25 was a phenyl group (36, generated
from styrene), it would be more stable than the alkyl radical
species, thus giving a cation 37 via a SET process.
Deprotonation of the cation intermediate 37 finally led to the
Heck-type product 33 in generally moderate to good yields.

The deoxygenation of alcohols (38) has always been a valu-
able strategy in organic synthesis.'> Koreeda and Zhang have
proved that such important transformations could be efficien-
tly achieved through a trivalent phosphine-associated radical
reaction process (Fig. 8)."® The phosphite derivative 39 bearing
an iodobenzene unit was used as the key reaction promoter in
this strategy. Alcohol 38 was readily converted to the phosphite
40 by 39 under classical conditions. The iodophenyl-contain-
ing phosphite 40 could fragment homolytically into the radical
intermediate 41 under standard radical initiation conditions.
An intramolecular radical addition process led to the for-
mation of the phosphoranyl radical 42, which could undergo a
B-scission process to give the phosphinate 43 and the free
carbon radical 44. The carbon radical could take away a hydro-
gen atom from the reducing reagent to afford the deoxyge-
nated product 45 (Fig. 8a). Of note, a number of biologically
interesting molecules containing hydroxyl groups'” could be
effectively deoxygenated through this protocol (Fig. 8b).

This phosphite-associated radical deoxygenation strategy
was further developed by Miller and Jordan in 2012.'® They
adapted this method to a catalytic phosphoramidite transfer
process that they had previously developed (Fig. 9).
Phosphoramidite 46 was used as the trivalent phosphite pre-
cursor and phenyltetrazole 47 was used as the reaction catalyst.
The iodophenyl-containing phosphite 40 was efficiently

a) phosphite-associated radical process for alcohol deoxygenation

QCH:; o' BU3SI'IH E

ROH i | P—OCH; — > | P—OCH; —AIBN :
! 1 '

38 0 0 R
; ) 40 9 E

5 {P—0CHj;

! O |

: (R i

i 0 0% '
BusSnH . B-scission 5 '

R=H =— R+ P OCH; ~—— FI’—OCH;J ;

Fig. 8 Phosphite-associated deoxygenation of alcohols.
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Fig. 9 Combination of catalytic phosphoramidite transfer with radical
deoxygenation of alcohols.

afforded from 38 and 46 under the catalysis of 47. The released
amine by-product could be scavenged by the phenyl isocyanate
that had been added into the reaction system. Then the
afforded crude phosphite intermediate (40) was directly sub-
jected to a standard radical reaction condition without purifi-
cation and gave the desired deoxygenated product 45 in good
yields with retention of the optical purities. Highly oxygenated
molecules such as 48 worked smoothly in this transformation,
with the deoxygenated product 49 being secured in 84% yield.

In 2015, Liu, Tan and co-workers reported a phosphine-
catalyzed radical reaction in the one-pot synthesis of
bistrifluoromethylated enamindes (Fig. 10)."> Both the amide
B-C-H and the alkene group of the N-(1-(2-allylphenyl)ethyl)
benzamide 50 were functionalized by Togni’s reagent 51 under
the catalysis of the phosphine 52. The bistrifluoromethylated
product 53 was afforded through multiple SET processes.

The trivalent phosphine 52 first reacted with the oxidative
Togni’s reagent 51 through SET processes and gave the free tri-
fluoromethyl radical 54 and the phosphinium radical cation
55. The carbon radical 54 next added onto the alkene unit of
the substrate 50 and afforded the radical adduct 56. An intra-
molecular 1,5-hydrogen atom transfer (1,5-HAT) process in 56
led to the new radical intermediate 57, which then reacted
with another Togni’s reagent 51 through a SET/deprotonation
process, generating the radical intermediate 58. One electron
could be transferred from 58 to the phosphinium radical
cation 55, and the product 53 was finally afforded via a further
deprotonation step; meanwhile, the trivalent phosphine 52
was regenerated for subsequent catalytic cycles (Fig. 10a).

Various substituents and substitution patterns were well tol-
erated in this protocol and the corresponding products could
be obtained in moderate to excellent yields and stereoselectiv-
ities (Fig. 10Db).

The authors also successfully combined this transformation
with an iodane-associated oxidative enamide cyclization reac-
tion in one-pot. The bioactive molecule 59 bearing a 5-(trifluor-
omethyl)oxazole fragment was achieved in a good yield
through this protocol (Fig. 10c).
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a) phosphine-catalyzed radical reaction for bistrifluoromethylation
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Fig. 10 Phosphine-catalyzed bistrifluoromethylation of allyphenyl
amide.

2.3. Phosphine-associated radical reactions with electron-
deficient nitrogen-containing oxidants

Aryldiazonium salts are also suitable oxidative reactants that
can accept one electron from trivalent phosphine molecules.
Yasui and co-workers reported in 1991 that the 4-nitrophenyl-
diazonium salt 60 could react with triphenylphosphine 2 in
alcoholic solvents 61 and give nitrobenzene 62, triphenyl-
phosphine oxide 63 and ketones 64 as the final products
(Fig. 11a).”° A radical chain reaction mechanism was proposed
for the generation of all the above products. Mechanism-wise,
the 4-nitroarene 60 first reacted with triphenylphosphine 2
through a SET process and gave the radical intermediates 65
and 7. The aryl radical 65 could then react with the alcoholic
solvent molecule 61 through a hydrogen-atom-transfer (HAT)
process to afford the arene product 62 and the radical 66. A
reaction between the radical intermediate 66 and another di-
azonium salt 60 gave the ketone product 64, with the aryl
radical 65 being regenerated for further chain propagation
reactions. In fact, the phosphinium radical cation intermediate
7 could also react with the alcohol 61 and give the deproto-
nated radical adduct 67, which would be quickly decomposed
to give the phosphine oxide 63 and a carbon radical 68.
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a) SET reaction of aryldiazonium salt 60 with triphenylphosphine 2
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Fig. 11 SET reactions of aryldiazonium salts with trivalent phosphines.
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The triphenylphosphine 2 used in this reaction can also be
replaced with the triethylphosphite 69 (Fig. 11b). The for-
mation of additional by-products 71 and 72 was observed in
this case, which further supported the SET reaction mecha-
nism as proposed. The transesterificated phosphate 71 was
supposed to be formed through fragmentation of the deproto-
nated radical adduct 74. The radical coupling reaction between
73 and 65 gave the phosphonium intermediate 75, which then
released one equiv. of the ethyl carbocation and afforded 72 as
the stable product.

Switching the electron-withdrawing 4-NO, group on the
nitrophenyldiazonium salt 60 into electron-donating groups
(e.g., 4-CH3, 76 & 4-OCHj3, 77) was found to have little effect on
the target product yields (Fig. 11c, left part).*!
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Fig. 12 One electron reduction of MV3* by trivalent phosphines.

Similarly, several trivalent phosphines such as dimethyl
phenylphosphonite 78 and methyl diphenylphosphinite 79
were also suitable single-electron donors for this radical chain
reaction (Fig. 11c, right part).>?

The authors also found that 1,1'-dimethyl-4,4"-bipyridinium
dication (methylviologen, abbreviated as MV>*) could be used
as a suitable one-electron acceptor for the SET reactions
employing trivalent phosphorus compounds (Fig. 12).>*> MV>*
was readily reduced by tributylphosphine 80 in the presence of
water, alcohols or thiols. The one-electron-reduced form MV*
was gradually accumulated without the formation of the two-
electron-reduced product of MV®. The generation of the MV*
from MV>" was believed to result from a SET process between
tributylphosphine 80 and MV>* (Fig. 12, top). The afforded
phosphinium radical cation 81 then reacted with the nucleo-
philic compound 82 and gave a phosphoranyl radical 83,
which could be quickly oxidized by MV** to become a phos-
phonium ion 84 and another one-electron-reduced product of
MV". Elimination of an alkyl carbocation (R") from 84 led to
the formation of the oxidized product 85 (Fig. 11, middle).
Diethylphenylphosphine 86 could also be used instead of the
tributylphosphine 80 as the reducing reagent in this reaction.
Water and various alcohols and thiols could be used as the oxi-
dative quenching reagents (Fig. 12, bottom).

Kinetic studies revealed that the reaction was not a simple
first-order reaction.* The reaction rate of the backward SET
process from MV* and 81 (k_;) is comparable with that of the
ionic reaction between 81 and 82 (k,). Since the oxidation
potential of the phosphoranyl radical 83 was estimated to be
much lower than that of MV?>*, the SET oxidation of 83 by
MV>* was believed to be very fast and irreversible. When
benzyl alcohol was used as the oxidative quenching reagent 82
(RXH), benzyl ether was detected as a by-product. This obser-
vation further supported the radical reaction mechanism,
since benzyl ether would be generated during the decompo-
sition process of the phosphonium ion 84 to the oxidized
product 85.

Disubstituted azo molecules are significant nitrogen-con-
taining oxidants in organic synthesis. They are widely
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Fig. 13 Re-investigation of the mechanism of Mitsunobu reaction.

employed in the Mitsunobu reaction® to convert the hydroxyl
group existing in an organic compound into other nucleophilic
groups. It is widely accepted that the first step of a Mitsunobu
reaction involves the formation of a betaine (88) through a
Michael-type nucleophilic addition of triphenylphosphine (2)
to the dialkyl azodicarboxylate (87) (Fig. 13a).”® However, the
yellow to deep red coloured solution generated from mixing
the triphenylphosphine and dialkyl azodicarboxylates
prompted scientists to re-evaluate the reaction mechanism of
the beginning step.””

Mitsunobu has first noted the colour changes in these reac-
tions and suggested that radical species might be generated
during these processes.”® Jenkins and co-workers further
studied the reaction mixtures with electron paramagnetic reso-
nance (EPR) spectroscopy in 1995 and observed the formation
of radicals in these processes.”® With this in mind, Jenkins
and co-workers claimed that it was also possible to form the
betaine intermediate 88 via a radical chain mechanism
(Fig. 13b).

Triphenylphosphine 2 could first react with the azodicar-
boxylate 87 through a SET process to give the radical cation 7
and the radical anion 89 to initiate the radical chain processes
(Fig. 13b, eqn (1)).

When triphenylphosphine 2 was present in an excess
amount in the reaction mixture, the radical anion 89 would
react with another molecule of 2 and afforded the new radical
anion 90 (eqn (2)). The azodicarboxylate 87 could then receive
one electron from 90 to form the target betaine 88, with the
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radical anion 89 regenerated (eqn (3)) for more chain propa-
gation reactions (eqn. (2) and (3)).

In the case that the azodicarboxylate 87 was present in an
excess amount, the radical cation 7 generated from eqn (1)
would react with 87 to give the new radical cation 91, which
then took one electron from 2 to afford the betaine 88 with the
phosphinium radical cation 7 regenerated as radical chain car-
riers (eqn (4) and (5)).

The radical chain would be finally closed when both the
radical cation 7 and the radical anion 89 existed in large
amounts in the reaction mixture, since they would collide into
the betaine 88 through radical coupling reactions (eqn (6)).

As a technical note, the formation of the radical cation 91
was detected by EPR analysis during the reactions (eqn (4)).
None of the other radical species was clearly observed in this
study, probably because of the very short lifetime of these
highly reactive transient structures.

Schmidt and Lardy developed a novel method for the anti-
Markovnikov alkene hydroamination through a trivalent phos-
phite-associated radical addition reaction (Fig. 14).*°
N-Hydroxyphthalimide 92 was used as the amination reagent
to react with alkene 93 under the catalysis of phosphite 69 and
gave the hydroaminated product 94 with moderate to excellent
isolated yields. The polar addition product 94’ was observed as
the main side-product at high reaction temperatures.

9 0

P(OC,Hs); 69 H
N-OH + R initiator N
R ey R!

92 0 93 0 9% R
' side- 0 initiator: >‘\ ;
i product N N~ j< 95 |
| N :
! 0 " :
i 0 H\R1 MT \O)L(\% 96 3
: % R :

95 was used as the initiator at 50 °C

0 0
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Fig. 14 Hydroamination of unactivated alkenes.
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Fig. 15 Proposed reaction mechanism for the hydroamination of unac-
tivated alkenes.

Therefore, tert-butyl hyponitrite 95, which displayed a lower
fragmentation temperature, was applied as the initiator for
this radical chain reaction. Excellent anti-Markovnikov regio-
selectivities were observed when using electron-rich alkenes as
the reaction substrates (e.g., Fig. 14, 94a to 94c). However,
when electron-unbiased alkenes were used as reaction sub-
strates, dilauroyl peroxide 96 was needed as the radical
initiator at a higher temperature in order to reach satisfactory
product yields (e.g., 94d to 94f). The radical addition reactions
could be carried out at gram scales without obvious erosion on
the product yields (e.g., 94g). Of note, the phthalimide protect-
ing group existing in the final products could be effectively
removed through simple protocols to give the corresponding
free primary amines in good yields (e.g., 94h).

A radical chain reaction mechanism was proposed for this
phosphite-associated alkene hydroamination reaction (Fig. 15).
The active radical precursor 95 or 96 could fragment into free
radicals under heating conditions and abstracted a hydrogen
atom from the N-hydroxyphthalimide 92 to give the O-centred
radical 97. The radical 97 then added to the phosphite 69 and
gave the phosphoranyl radical intermediate 98, which could
then go through a f-scission step to generate the N-centred
radical 99 with one equiv. of phosphate 70 released. The
phthalimidyl radical 99 could react with the alkene substrate
93 and give the radical adduct intermediate 100. Finally, the
free carbon radical 100 took away one hydrogen atom from the
N-hydroxyphthalimide 92 to afford the target product 94, with
the O-centred radical 97 regenerated for additional propa-
gation reactions.

3. Radical reactions of tertiary
phosphines in irradiative reactions

3.1. Generation and detection of radical species from tertiary
phosphines under irradiation

The characterization of phosphine-centered radical species has
been well established in the early 1970s.>' Meanwhile, ESR
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Fig. 16 ESR studies on the radiation mechanisms for the generations of
phosphine radical species.

spectroscopy has played a key role throughout the 1970s. A
variety of tertiary phosphines were exposed to ®°Co y-rays at
77 K and the reaction mixtures were subjected to ESR ana-
lyses.*”> To cite the trialkylphosphite 101 as an example
(Fig. 16),°*” the phosphine-centered radical cation (e.g., 102),
dimeric radical cation (e.g:, 103), and neutral radical (e.g., 105)
can all be detected through this method. The reaction mecha-
nisms for the generations of these radical species have been
postulated based on the evidence of the detected radicals and
the afforded reaction products. The radical anion 104 gener-
ated from an electron addition to the trialkylphosphite 101
was detected. It might quickly fragment into the neutral
radical 105 and the alkoxyl anion 106. The free O-centered
radical 107 and the C-centered radical 110 could also be some-
times observed due to fragmentations of the dimeric radical
cation 103 and the phosphoranyl radical 108. The trialkyl
phosphate 109 was always noticed as the final product in this
phosphite irradiative transformation.

3.2. Photo-induced radical reactions of tertiary phosphines
with electron-deficient arenes

Electron-deficient aromatic nitriles have long been used as
good electron acceptors in photo-induced electron-transfer
reactions.®® The solution of 1,4-dicyanonaphthalene (abbre-
viated as DCN, 111) could give fluorescence emission at
395 nm when it was exposed to photoirradiation at 320 nm
(Fig. 17, eqn (1)).>* The fluorescence could be effectively
quenched by trivalent phosphines via SET processes (eqn (2)
to (5)).** The photo-excited 111* could accept one electron
from the electron-rich triphenylphosphine 2 and give the
radical ionic pairs 7 and 112 (eqn (2)). The radical cation 7
then reacted with the nucleophilic H,O to give the radical
cation intermediate 113 (eqn (3)), which subsequently trans-
ferred one electron to 111 and afforded the phosphoranyl

Org. Chem. Front,, 2020, 7, 2349-2371 | 2357


https://doi.org/10.1039/d0qo00473a

Published on 22 June 2020. Downloaded on 11/9/2025 12:36:00 PM.

Review
CN
hv @ 320 nm
Q) e 0
111 CN
CN 7% CN 7 -
Ph_..Ph Ph:_Ph
A =" () e
Ph Ph
2 CN J 111 7 CN 112
Ph.¢:_Ph Ph.”_Ph
ot W0 ——— P, ©)
Ph Ph ¥ 2
7 13
CN CN -
Ph.-_Ph _H* Pht_Ph
NMUGQESNN @Y
| | )
ph Q2 pp OH
13 11 CN 114 CN 112
Pht Ph Ph : :
4 H Ph\P/\ (5) ' Ro\p/OR 69, R=C,Hs; i
L, “OH /0 : ! 101a, R = CHj; :
Ph Ph ! OR "B = AN '
: 101b, R= CH(CHy);
114 63 ! 101 :

Fig. 17 Quenching of DCN fluorescence by trivalent phosphines.

cation 114 after a deprotonative process (eqn (4)). A further
deprotonation of 114 led to the formation of the triphenyl-
phosphine oxide 63 as the final product (eqn (5)). It is worth
noting that no intermolecular reaction product from 2 and 111
was observed in this process. The DCN 111 was recovered in
almost quantitative yield after this photolysis reaction. A
further redox process between the radical anion 112 and the
released protons might happen in the reaction system.

As a technical note, the electron transfer process depicted
in eqn (2) would undergo a backward process to re-generate 2
and 111 (111*) in the absence of H,O that was used for the fast
deactivation of the radical cation 7. Moreover, various trivalent
phosphites (e.g., 69, 101a, 101b) also worked well in this
process and gave the corresponding trialkyl phosphates as the
radical reaction products.

9,10-Dicyanoanthracene 115 can also be used as the reac-
tion promoter for this photo-induced SET process.*® Visible
light can activate 115 to generate the first excited singlet state
115*, which is an effective SET reagent for the intramolecular
rearrangement of the 2-phenylallyl phosphite 116 (Fig. 18).>”
One electron was readily transferred from the trivalent phos-
phite 116 to the excited intermediate 115* and the phosphi-
nium radical cations 117 (117a & 117b) were afforded with
elimination of the radical anion 115°". Since the oxidation
potential of the trivalent phosphite is comparable to that of
styrene, both of the radical cations 117a and 117b might be
formed in this SET oxidative step. However, the radical cations
117a and 117b gave the same phosphoranyl radical cation
intermediate 118 through intramolecular cyclization processes.
B-Scission of the phosphoranyl radical cation 118 led to the

2358 | Org. Chem. Front,, 2020, 7, 2349-2371

View Article Online

Organic Chemistry Frontiers

=
<

~
o
>
o0
S
@
>
=)

3

CN 115 CN 115+
ph 115 Ph +~_Ph
H3CO\P j — SET — HaCO\ j or cho\b' j[
H,c0” 07 D N |[HCO™ 07D H,CO™ 07D
116 15 117a 117b

effective reaction substrates

Ph Ph _ 0 Ph
i, 2 ALY
HCO™ ~07 D Mo Yo7 p HN— 0" o

116 116a 0 116b

Fig. 18 Rearrangement of 2-phenylallyl phosphite.

phosphonate-containing carbon radical cation 119, which
absorbed one electron from the radical anion 115™™ to give the
final rearrangement phosphonate product 120 with regener-
ation of the 9,10-dicyanoanthracene 115 for further photo-
induced SET processes. Alternatively, the cyclized radical
cation 118 could absorb one electron from 115" to give the
diradical intermediate 121, which then went through a radical
coupling process to break the ring structure and afford the
target rearrangement product 120.

This photo-induced radical reaction showed good func-
tional group tolerance (e.g., 116a, 116b) with the corres-
ponding phosphite rearrangement products being obtained in
moderate to good yields.

In 1991, Yasui and Ohno reported a photo-induced SET
reduction of 10-methylacridinium iodide 122 by triphenyl-
phosphine 2 in aqueous solutions (Fig. 19).>® The hydrogen-
ated 10-methylacridan 123 and the triphenylphosphine oxide
63 were afforded as the final products. The 10-methyl-
acridinium ion of 122 was activated under visible light
irradiation to give the excited state 122*, which was ready to
accept one electron from triphenylphosphine to give the free
radical 124. Homo radical coupling of the radical 124 gave the
dimer intermediate 125. The intermediate 125 was stable in
aqueous methanol and could be isolated in good yield at the
early stage of the reaction process. However, in acetonitrile the
dimer 125 was further reduced since it was slightly soluble
into the reaction system. The dimer 125 could also absorb
visible light to form the excited state and get one electron from

This journal is © the Partner Organisations 2020


https://doi.org/10.1039/d0qo00473a

Published on 22 June 2020. Downloaded on 11/9/2025 12:36:00 PM.

Organic Chemistry Frontiers

A hv @ > 360 nm
p + PPhy —= T,
N ) CH,CN/ H,0

CHz 192 2 CHy 423 63
IR
hv |
+ — S
N | N N
" CHy 122 CHy 122+ "PPh, CHy 124
*
Q Q O radical
coupling
HyC—N N—CHj | <1 H,c—N N—CH,
125+ i 125
PPhy H,0 122+ r
- OH OH 0
PPhs AR PPh3 = PPha
124 & H C 124,
()
CH; 126 CH3 123

Fig. 19 Reduction of 10-methylacridinium ion by triphenylphosphine.

triphenylphosphine to crack into the free radical 124 and the
carbanion 126. The carbanion 126 could be protonated by the
aqueous system to give the final product 123. The triphenyl-
phosphinium generated during the SET processes could react
with H,O or the alcoholic solvents to form the phosphoranyl
radical 127. Transferring one electron from 127 to the elec-
tron-deficient methylacridinium ion of 122* led to the phos-
phoranyl cation 128, which was finally deprotonated to afford
the phosphine oxide 63 as the product. The counter anion of
I" existing in 122 was considered as the base to facilitate the
deprotonation step of the intermediate 128.

The authors also observed two different reaction pathways
between the 10-methylacridinium iodide 122 and the isopropyl
diphenylphosphinite 129 (Fig. 20).>° An intermolecular nucleo-
philic addition of 129 to 122 happened in the dark to give a
phosphonium ion 130, which gradually decomposed to give
the phosphine oxide 132 as the final product (Fig. 20, pathway
A). However, when the reaction system was irradiated with
visible light under an argon atmosphere, 10-methylacridan 123
and isopropyl diphenylphosphinate 133 were formed as the
final products (pathway B).

The formation of 10-methylacridan 123 and isopropyl
diphenylphosphinate 133 was believed to go through a photo-
induced radical reaction pathway.’® It has been mentioned
that 122 could be activated by visible light to form the excited
state 122* (Fig. 19). The excited methylacridinium 122* was
readily to accept one electron from the trivalent phosphine
species 129 and afforded the radical 124 and the phosphinium
cation 134. Reactions of these radical intermediates with water
gave the new radical cation 135 and the phosphoranyl radical
136 as the reaction intermediates. An electron transfer process
between 135 and 136 finally produced the desired product of
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Fig. 20 Photo-induced reduction of 10-methylacridinium iodide by
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123 and 133, respectively. It should be noted that, the electron
transfer process between 135 and 136 could be promoted by a
catalytic amount of I,, which could crack into the free iodo
radicals I' to carry on the single electrons between 135 and
136.

3.3. Photo-induced radical reactions of tertiary phosphines
with iodonium salts and iodides

Disubstituted iodonium salts*" are reactive reagents and can
be used as effective single-electron oxidants in the radical reac-
tions with tertiary phosphines. Particularly, alkynyliodonium
tetrafluoroborate 137 could react with triphenylphosphine 2 at
—78 ©°C in dichloromethane wunder sunlight irradiation
(Fig. 21).*” The synthetically useful (alkylethynyl)triphenylpho-
sphonium salt 138 was afforded as the final product in almost
quantitative yield. The reaction was believed to go through a
visible light-induced SET process. The hypervalent iodine(m)
was activated by sunlight irradiation and obtained one electron
from triphenylphosphine 2 to give the radical cation 7 and the
iodo radical 139. Radical 139 added onto the triphenyl-

+ +
R—=——I—Ph hv (from sunlight] R—=—=—PPh
I + PPhy —wltomsunlehy * + Pl
BF, CH,Cly, - 78 °C BF4
137 2 138
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Fig. 21 Preparation of (alkylethynyl)triphenylphosphonium salts
through photo-induced radical reactions.
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phosphine 2 to afford the phosphoranyl radical 140, which
underwent an intramolecular ligand coupling process to give
the new phosphoranyl radical 141 with elimination of a phenyl
iodide. The phosphoranyl radical 141 transferred one electron
to the iodonium salt 137 and gave the target product 138 with
the regeneration of the iodo radical 139 for additional radical
propagation reactions. In our opinion, the SET process
between the phosphoranyl radical 141 and the phosphinium
radical cation 7 could also happen and facilitate the formation
of the final product 138 with the regeneration of triphenyl-
phosphine 2.

It has also been well-known that trivalent phosphines can
react with various alkyl iodides through SET processes and
generate reactive radical intermediates for versatile reactions
(for details, see section 2.2). Visible light has also proven to be
crucial in some of these transformations (section 2.2, Fig. 6)."*
Moreover, the formation of a phosphine-iodine complex
radical (e.g., Ph;P-I') have been observed via EPR spectroscopy
in the early 1970s.*®

However, in the field of photoredox catalysis,** the most
applied reaction catalysts were expensive transition-metal com-
plexes*® and organic dyes.*® To address the shortcomings of
existing catalysts, the application of inexpensive and readily
available phosphine-iodine complexes as catalysts in photo-
redox reactions became attractive.

Very recently, Shang, Fu and co-workers disclosed a photo-
induced, triphenylphosphine and sodium iodide co-catalyzed
decarboxylative alkylation reaction (Fig. 22).* The aliphatic
redox-active ester 142 was used as the alkyl radical precursor to
react with silyl enol ether 143 through photocatalytic SET pro-
cesses (Fig. 22a). The alkylated ketones 144 were afforded as
the final products in moderate to excellent yields. The reaction
could tolerate a broad range of substituents and substitution
patterns. N-Heteroarenes 145 could also be used as the alkyl
radical acceptors in this protocol, with the Minisci-type reac-
tion products 146 being afforded in good yields with excellent
regio-selectivities (Fig. 22b). Gratifyingly, this photocatalytic
Minisci-type decarboxylative alkylation reaction could also be
carried out in enantioselective fashion (Fig. 22¢). In this case,
chiral phosphoric acid 150 was used in a catalytic amount
instead of trifluoroacetic acid in the photo-induced radical
coupling reaction between 147 and 148. The corresponding
Minisci-type product 149 was afforded in an excellent yield
and optical purity, only under slightly adjusted -catalytic
conditions.

The authors have studied the reaction mechanism through
both experimental and computational methods (Fig. 23).
Control experiments have confirmed the essential roles of Nal,
PPh; and irradiation. The non-covalent complex 151 was
formed reversibly from Nal and PPh; and was ready to coordi-
nate with the aliphatic redox-active ester 142 to afford the
charge transfer complex 152. The complex 152 fragmented
under visible light irradiation to give the phosphine-iodine
radical 153 and the radical anion 154. The radical anion 154
was not stable and was readily to fragment into the alkyl
radical 155 and the anion 156 with the elimination of CO,.
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Fig. 22 Triphenylphosphine and sodium iodide mediated photo-
catalytic decarboxylative alkylations.

The alkyl radical 155 reacted with the protonated quinoline
157 through a radical addition process to give the radical
cation 158, which then reacted further with the phosphine-
iodine radical 153 through a SET process to afford the desired
product 159 with elimination of the corresponding counter
acidic by-products (160 and 161).

3.4. Photo-induced radical reactions of tertiary phosphines
with transition metal complexes

Tertiary phosphines can also transfer one electron to the
excited state of various transition metal complexes and give
the reactive phosphinium radical cation intermediates for SET
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Fig. 23 Postulated reaction mechanism for the photocatalytic decar-
boxylative alkylation.

transformations. The combination of the transition metal-cata-
lyzed photo-redox transformations with tertiary phosphine
associated radical reactions can provide effective protocols for
several otherwise challenging synthesis tasks.

In 2018, Xie, Zhu and co-workers reported a phosphine-
associated photoredox approach for the deoxygenative
functionalization of carboxylic acids (Fig. 24)."® Aryl carboxylic
acids 162 could be effectively deoxygenated through this proto-
col and react with alkenes 163 to give the aryl alkyl ketones
164 as the final products. The iridium complex salt 165 was
used as the photoredox catalyst. Both the stoichiometric
amount of triphenylphosphine and the irradiation with blue
LED were essential for this transformation. A wide range of
substrates bearing different substituents and substitution pat-
terns could be used in this approach, with the target ketone
products being afforded in moderate to good yields (Fig. 24a).
Of note, this method was useful in the late-stage modification
of complex structures. A variety of structurally sophisticated
bioactive molecules could be effectively transformed to their
corresponding ketone derivatives with moderate to good yields
and stereoselectivities (e.g., 164").

The reaction was believed to go through a photo-redox SET
process (Fig. 24b). The Ir(m) complex 165 was activated by the
blue LED light to the excited state and then absorbed one elec-
tron from triphenylphosphine 2 to afford the Ir(n) complex
and the phosphinium radical cation 7. The radical cation 7
reacted with the deprotonated carboxylic acid 166 through a
SET process and gave the phosphoranyl radical 167. B-Scission
of the phosphoranyl radical 167 led to the acyl radical 168 with
elimination of the triphenylphosphine oxide 63. The acyl
radical 168 could react with the alkene substrate 163 through a
radical addition process to give the radical adduct 169, which
absorbed one electron from the reduced Ir(m) complex to
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Fig. 24 Phosphine associated photoredox catalytic deoxygenation
reaction for ketone synthesis.

afford anion 170 with regeneration of the photo-redox catalyst
Ir(m) for subsequent photocatalytic cycles. The anion 170 was
protonated to give the final ketone product 164.

Almost at the same time, Doyle, Rovis and co-workers inde-
pendently disclosed the generation of phosphoranyl radicals
from trivalent phosphines through photoredox catalytic SET
processes (Fig. 25).*° They adopted this polar/SET crossover
reaction platform in the direct deoxygenation of both alcohols
and carboxylic acids (Fig. 25a, 171). Of note, several structu-
rally sophisticated natural products containing carboxylic
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Fig. 25 Phosphine associated photoredox catalytic deoxygenative
reactions of alcohols and carboxylic acids.

groups could be efficiently converted to the corresponding
aldehydes in good yields through this protocol (e.g., 172a).

This phosphine-associated photoredox deoxygenation
process can also be applied in the intramolecular cyclization
reactions of various functionalized carboxylic acids (Fig. 25b).
The acyl radicals generated during the deoxygenative process
were keen to add onto the unsaturated functional groups exist-
ing in the same molecule and the corresponding cyclic carbo-
nyl compounds were given as the final products in moderate
to excellent yields.

The reaction was believed to be initiated via a reductive
quenching process of the excited photoredox Ir*(m) catalyst
(Fig. 25c¢). Triphenylphosphine 2 was effectively oxidized to the
radical cation 7 by the excited Ir*(m) catalyst. A deprotonative
ionic addition reaction between the substrate 171 and the
radical cation 7 gave the phosphoranyl radical 173, which was
readily fragmented into the carbon radical 174 and the phos-
phine oxide 63 through a p-scission process. An HAT took
place between the radical 174 and the thiol additive (ArSH) to
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Fig. 26 Phosphine associated photoredox catalytic deoxygenation
reaction for deuterated aldehyde preparation.

produce the target deoxygenative product 172. It should be
noted that, the thio radicals (ArS’) generated from the HAT
process went on to oxidize the reduced Ir(u) catalyst to help
complete the photoredox catalytic cycle, with the corres-
ponding thiols (ArSH) being regenerated upon protonation for
additional HAT reactions.

This phosphine-associated photo-redox catalytic process
can also be used in the preparation of deuterated aldehydes
(Fig. 26).°° However, due to the strong bond dissociation
energy of D-O-D (118 kcal mol ™), it is very difficult for the
acyl radical to directly obtain a D atom from D,O. Therefore, a
thiol catalyst 175 was applied in this protocol to tune the equi-
librium with D,O and the HAT rate in the catalytic process
(Fig. 26a). Deuterated aromatic aldehydes were prepared in
moderate to excellent yields with excellent deuterated rates of
the aldehyde protons. Although aliphatic carboxylic acids also
worked well in this process, the deuterated rates of the corres-
ponding aldehyde protons were relatively lower. A variety of
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complex bioactive carboxylic acids were amenable in this trans-
formation, with the structurally complex deuterated aldehydes
being afforded in moderate to excellent yields with excellent
aldehyde proton deuterated rates (e.g., 177a, 177b).

From the mechanistic perspective, the acyl radical 178
could be generated through similar SET processes between the
carboxylic acid 176 and triphenylphosphine 2 (Fig. 26b). Then
an atom transfer process took place between the radical 178
and the deuterated thiol catalyst 179 to afford the desired
deuterated aldehyde product 177. The released thiol radical
went on to obtain one electron from the reduced Ir(u) complex
to give the thiol anion (R-S7) and the Ir(m) to complete the
catalytic cycles.

Very recently, Wang and co-workers successfully synthesized
a variety of y,y-difluoroallylic ketones through the photo-
induced, triphenylphosphine-associated deoxygenative reac-
tion of carboxylic acids (Fig. 27).>' Terminal a-trifluoromethyl
alkenes 180 were used as the radical acceptors to react with the
acyl radicals generated from the aromatic carboxylic acids 162.
v,y-Difluoroallylic ketones 181 bearing various substituents
were secured in moderate to excellent yields (Fig. 27a).

The reaction was believed to go through a similar photo-
redox mechanism as depicted in Fig. 24b (Fig. 27b). The aro-
matic acyl radical 168 was generated from the carboxylic acid
162 through a phosphinium-associated radical reducing
process. The addition of the radical 168 to the terminal alkene
180 led to the formation of the radical adduct 182, which was
further reduced to the carbanion 183 through a SET process
with the oxidized photocatalyst Ir(i). A B-fluoride elimination
process within the carbanion 183 finally gave y,y-difluoroallylic
ketone 181 as the target product.

Besides carboxylic acids and alcohols, strained cycloketone
oximes 184 are also suitable substrates for the generation of
phosphoranyl radical intermediates under photoredox catalytic
conditions (Fig. 28).>> The N-O bond of the oxime molecule

a) photoredox synthesis of y,y-difluoroallylic ketones
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Fig. 27 Photo-induced deoxygenation/defluorination reaction for the
synthesis of y,y-difluoroallylic ketones.
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can be directly cleaved via this protocol. Various aliphatic
nitriles were afforded in moderate to excellent yields from the
oxime and alkene substrates under mild photoredox catalytic
conditions (Fig. 28a).

Oxime 184 could add onto the phosphinium radical 7 via a
deprotonative ionic addition process to give the phosphoranyl
radical 185, which was prone to decompose to the ring-
opening cyano radical 186 with elimination of the phosphine
oxide 63 (Fig. 28b). Radical addition reactions between inter-
mediate 186 and alkenes led to the formation of the elongated
cyano radical 187, which then reacted with the reduced photo-
redox catalyst Ir(un) through a SET process to give the anion
intermediate 188. A protonation or a fluoride elimination of
intermediate 188 finally gave the desired elongated aliphatic
nitrile products.

Qing and co-workers have disclosed a photoredox catalytic
reaction for the hydrotrifluoromethylthiolation of alkenes 20
and alkynes 189 (Fig. 29).”* Trifluoromethanesulfonic anhy-
dride (abbreviated as Tf,0) was used as the trifluoromethyl-
thiolation reagent in this process; methyldiphenylphosphine
(PPh,CHj3) was used as both a reducing reagent for the Tf,O
and a radical carrier for the radical chain reactions. A broad
scope of trifluoromethylthiolated alkanes 190 and alkenes 191
were afforded through this approach in moderate to excellent
yields (Fig. 29a).
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Fig. 29 Photoredox catalytic hydrotrifluoromethylthiolation reaction.

Tf,0 was reduced using 2 equiv. of trivalent phosphine
(PPh,CHj3) through deoxygenative processes and gave the thio-
sulfonate 192 with elimination of 2 equiv. of phosphine oxide.
The thiosulfonate 192 reacted with another trivalent phos-
phine molecule and generated the trifluoromethyl-
thiophosphonium salt 193. The intermediate 193 obtained
one electron from the photo-activated Ir*(m) catalyst to afford
the thio radical 194 with the elimination of the phosphine
(PPh,CHj3). The released PPh,CH; could help reduce the oxi-
dized Ir(wv) to regenerate the photocatalyst Ir(m) for continuous
catalytic cycles. The afforded free thio radical 194 reacted with
the alkene substrate 20 and gave the radical adduct 195.
Electron transfer between the radical 195 and the trivalent
phosphine (PPh,CH;) made the phosphinium radical 196 and
the carbanion 197. Radical cation 196 could react with the
intermediate 193 in the presence of H,O and gave phosphine
oxide together with trivalent phosphine (PPh,CHj;) catalyti-
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Fig. 30 Photo-induced deoxygenation reaction of sulfoxides.

cally. Protonation of the carbanion 197 by the afforded acidic
species achieved the trifluoromethylthiolated alkane 190 as
the final product (Fig. 29b).

A short time later, Rossi-Ashton and co-workers reported
the photoredox catalytic deoxygenation reaction of sulfoxides
198 with the assistance of triphenylphosphine (Fig. 30).>* Both
the photoredox catalyst 165 possessing a high excited-state oxi-
dation potential and the catalyst 199 with a high excited-state
reduction potential were able to promote this radical process.
Thioether product 200 comprising both aromatic and aliphatic
substituents was afforded in good to excellent yields.

Since both the photoredox catalysts 165 and 199 bearing
entirely different excited-state potentials promoted this radical
reaction well, the authors proposed two distinct reaction path-
ways for this transformation (Fig. 31). The photoredox catalytic
sulfoxide deoxygenation reaction could be initiated either by a
phosphine oxidation process or by a phosphine-sulfoxide
adduct reduction process. Given that the excited-state oxi-
dation potential of the photo-redox catalyst 165 is greater than
that of the PPhj, effective single-electron oxidation of the PPh;
was enabled to give the trivalent phosphine radical cation 7
through a reductive quenching process of the excited Ir*(ur)
catalyst (Fig. 31a). Nucleophilic attack of the sulfoxide 198 to
the radical cation 7 led to the formation of a new radical
cation 201, which was ready to crack into the sulfide radical
cation intermediate 202 with the elimination of the phosphine
oxide 63. A SET process between the reduced Ir(u) catalyst and
the radical cation intermediate 202 finally afforded the target
thioether product 200 with the regeneration of the photoredox
Ir(m) catalyst at the ground state.

Alternatively, when the photoredox Ir(m) catalyst 199 with a
highly excited-state reductive potential was used, an oxidative
quenching cycle might operate in this radical transformation
(Fig. 31b). In this scenario, an unclarified sulfoxide-PPh;
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deoxygenation.

adduct might be initially formed, which could accept one elec-
tron from the excited Ir*(u) catalyst to give a highly reactive
oxidated Ir(iv). The oxidative Ir(iv) then absorbed one electron
from the PPh; to initiate the following radical deoxygenation
reaction of sulfoxides and regenerate the photoredox Ir(m)
catalyst at the ground state for additional photo-induced cata-
lytic cycles.

Mercaptans can be used as the alkyl radical precursor
through the Combination of a photoredox catalytic process and
radical chain reactions.>® Hashmi and co-workers reported in
2019 that trivalent phosphines could act as the desulfurization
reagent in the photocatalyzed reductive C-C coupling reaction
between terminal arylalkenes 203 and the electron-deficient
mercaptans 204 (Fig. 32).°° Various substituents could be
installed on the aryl rings of the terminal alkenes 203, and the
electron-withdrawing groups on the mercaptan 204 could be
ester groups, ketone groups, cyano groups, or electron
deficient aryl/alkyl groups. Functionalized alkanes 205 were
obtained as the final products in moderate to excellent yields.

Mechanistically speaking, the reaction was postulated to go
through a combination of a photoredox catalytic cycle with a
chained radical propagation process. The electron-deficient
mercaptan substrate 204 could first react with the gold catalyst
to give a new gold complex 206, which could be activated by
blue light to give the excited state 206*. The excited gold
complex 206* was ready to fragment into the reduced gold
species and the thio radical cation 207 through a ligand-to-
metal charge transfer process. The thio radical cation 207
could be coupled with the triphenylphosphine and gave the
phosphoranyl radical 208 after deprotonation. Phosphoranyl
radical 208 could then react with the terminal alkene 203
through a f-scission/radical addition process and give the
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radical adduct 209 with the elimination of triphenylphosphine
sulfuride. The radical adduct 209 could absorb a hydrogen
atom from the mercaptan substrate 204 and afford the thio
radical 210 and the final product 205. The thio radical 210
could couple with another triphenylphosphine and give the
phosphoranyl radical 208 for other rounds of radical propa-
gation reactions. On the other hand, the reduced gold complex
could transfer one electron to the radical adduct 209, thereby
regenerating the gold catalyst and releasing another equiv. of
the final product 205 after an additional protonation step.

The C=N double bonds of aromatic imines 211 could be
alkylated by mercaptans 212 through the photoredox catalytic
radical reactions (Fig. 33).>” The functionalized secondary
amines 213 could be afforded as the final products in moder-
ate to good yields (Fig. 33a). Likewise, the mercaptan 212
could be oxidized by the excited state of the photocatalyst Ir(ur)
* to give the sulfinium radical cation 214, which could be
coupled with the triphenylphosphine to form the phosphora-
nyl radical 215 after deprotonation. p-Scission of the phosphor-
anyl radical 215 led to the alkyl radical 216 with the elimin-
ation of triphenylphosphine sulfuride. The alkyl radical 216
could be coupled with the amino radical anion 217 that was
generated from the SET reaction between the imine 211 and
the reduced photocatalyst Ir(u), delivering the amino anion
218 (Fig. 33b, pathway A). Alternatively, the amino anion 218
could be afforded through the SET process between the
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reduced photocatalyst Ir(i) and the amino radical 219 that was
generated from the radical addition reaction of 216 and the
imine substrate 211 (Fig. 33b, pathway B). Protonation of the
amino anion 218 provided the desired functionalized amine
product 213.

4. Radical reactions of tertiary
phosphines in electrochemical
reactions

Electrochemical oxidation can also be used for the generation
of tertiary phosphine-derived radical cations 220 (Fig. 34,
eqn (1)).°® The radical cations 220 are too reactive to be

detected when their parent phosphines were oxidized in the
cavity of an ESR spectrometer, but they are readily to dimerize

-e +e
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Fig. 34 ESR studies on the electronic oxidative generation of phosphi-
nium radical cations.
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in polar solvents to form a new radical cation 221 (e.g,
CH;CN, eqn (2)). Clean ESR spectra of such dimeric radical
cations 221 can be obtained through anodic oxidative pro-
cesses. For instance, the electronic oxidative formation of the
transient dimeric radical cation 222 was detected by Roberts
and co-workers in 1975 via ESR analysis.*®

It has been well established that the kinetic stabilities of a
radical species rely on the steric hindrance around the radical
center.>® Therefore, a variety of crowded trivalent phosphines
have been synthesized and examined in the anodic oxidation
reactions.®® Several of the phosphinium radical cations gener-
ated from the very bulky triarylphosphines were found persist-
ent enough to be observed by ESR at even room temperature.
An ESR signal of the phosphinium radical cation 223 gener-
ated electrochemically from the structurally crowded trimesi-
tylphosphine could be observed at —111 °C (Fig. 35).

As expected, however, the conventional phosphinium
radical cations are extremely reactive and are prone to react
with various nucleophilic reagents such as H,O, arenes, and
electron-enriched heteroatoms.®® For example, triphenyl-
phosphine 2 could be oxidized electrochemically in the pres-
ence of H,O and gave the triphenylphosphine oxide 63, fol-
lowed by the elimination of two protons (Fig. 36, eqn (1)).

223 86

Fig. 35 ESR spectrum of the phosphinium radical cation generated
electrochemically from a bulky triarylphosphine.
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Fig. 36 Reactions of electrochemically generated phosphinium radical
cations with heteroatoms.
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Amide 224 can react with the phosphinium radical cation 7
and give the benzonitrile 225 under electrochemical con-
ditions. The carbodiimide 227 can be effectively afforded elec-
trochemically through the reactions of the radical cation 7
with urea 226, in up to 92% yield (eqn (2) and (3)).

Electron-rich cyclic alkenes 228 can react with the triphenyl-
phosphine 2 under electrochemical conditions and produce
the phosphonium salts 229 as the final products in moderate
to excellent yields (Fig. 37).°> The nucleophilic addition of
alkenes 228 to the electrochemically generated radical cation 7
can give a new radical cation 230, which can then be deproto-
nated to become the neutral radical 231. An additional one-
electron anodic oxidation of the radical 231 can lead to the for-
mation of the final product 229.

5. Summary and outlook

Trivalent tertiary phosphines are one class of the most important
nucleophilic reagents in organic synthesis. They could not only be
used as reactive electron-pair donors, but also be used as single-
electron reductants. Although the generation and detection
methods of the radical species from trivalent tertiary phosphines
have been established for over half a century, the applications of
the SET processes associated with them in organic synthesis have
been relatively scarce. However, the significance of tertiary phos-
phine associated radical transformations has been recognized in
recent years and a number of excellent synthetic methodologies
have been developed based on this strategy. In particular, the com-
binations of the tertiary phosphine-associated SET processes with
photoredox catalysis or electrochemical synthesis have provided us
with promisingly new approaches to achieve challenging molecular
structures from readily available starting materials via simple
operation.

Nevertheless, challenges still exist in the radical transform-
ations promoted by trivalent tertiary phosphines. One of the
main shortcomings within this research field lies in the lack of
chirality controls in these SET reactions. The phosphine
reagents used in these radical reactions are usually oxidized to
phosphinium radical cation intermediates by either the reac-
tion substrates or the photoredox catalysts. The afforded phos-
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phinium radical cation intermediates generally act as radical
carriers or single-electron reductants that do not participate in
most of the new bond forming processes. It is therefore
difficult for a chiral phosphine catalyst to transfer any chiral
elements into the reaction. As a result, limited success has
been achieved in the phosphine-promoted enantioselective
radical reactions.

The application of a chiral non-covalent co-catalyst is one of
the promising protocols to solve this problem.”” H-bond
donating organocatalysts and Lewis acids are both suitable
candidates for the chiral co-catalysts used in the phosphine-
catalyzed enantioselective radical reactions. They could not
only coordinate with the electron-rich functional groups exist-
ing in the reaction substrates but also have interactions with
the radical species generated from the other reactants, thus
making the radical coupling/addition reactions happen in
stereoselective fashions.

Alternatively, the combination of the phosphine-promoted
radical reactions with other organic or transmetallic catalytic
enantioselective processes may also provide us with effective
ways for various asymmetric phosphine-radical-associated
reactions. For example, the activation of an aldehyde substrate
by a chiral amine or NHC catalyst via covalent bond formation
generates chiral reactive intermediates that can react with the
radical species generated through phosphine-promoted SET
processes in an asymmetric fashion.

The limitation in activation modes is another drawback long-
standing in the trivalent phosphine-promoted SET transformation.
The ways for the generation and the very short lifetimes of the
Pcentered radical cation intermediates both have severely
restricted their reaction modes. For example, electron-deficient
iodides have frequently been used for the generation of phosphi-
nium radicals to initiate the radical propagation chain reactions.
Electron-neutral or electron-rich halides are not applicable in such
reactions, which is probably due to their high bond-dissociation
energies and the mismatched oxidative potentials. The design and
preparation of new trivalent phosphine catalysts bearing various
functional groups to change their reductive/oxidative potentials is
a promising method to make breakthroughs in the scope of phos-
phine-promoted radical reactions. On the other hand, the newly
designed functionalized trivalent phosphine molecules may extend
the lifetimes of the corresponding P-centered radical species, and
it would therefore be possible for less reactive substrates to have
interactions with the P-radicals before they collapsed into inert
species.

Although the trivalent phosphines have played significant
roles in various photo-induced radical reactions, their appli-
cation in electrochemistry is relatively less investigated. It has
been proven that radical species could be generated under
electrochemical conditions, but limited success has been
achieved in the phosphine-induced electrochemical reactions.
Given the rapid and remarkable development in the field of
electrochemistry in the last decade, trivalent phosphines
should have prospective applications within this field. For
example, the generation and application of the corresponding
phosphoranyl radical intermediates under electrochemical
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conditions would be more attractive, since the use of the costly
noble metal photoredox catalysts could be avoided in the
preparation of valuable functional products (e.g., the func-
tional products prepared in section 3.4).

However, compared with the electron-pair transfer reactions
catalyzed by tertiary phosphines, the phosphine-promoted
radical reactions have provided us with unprecedented acti-
vation modes and achieved challenging transformations that
had previously been not reliable. For instance, electron-neutral
or electron-rich alkenes cannot be used in the phosphine-cata-
lyzed electron-pair-transfer reactions, while they can be effec-
tively functionalized through radical pathways promoted by tri-
valent phosphines. Functional molecules such as alcohols, car-
boxylic acids, and oximes cannot be activated by phosphine
catalysts through electron-pair-transfer processes, but they can
be efficiently transformed into various interesting products via
phosphine-associated SET pathways.

Compared with the radical reactions catalyzed by amines
and NHC catalysts, the trivalent phosphines bear different acti-
vation modes and could embrace a different set of reaction
substrates for SET transformations. Conventionally, trivalent
amines and NHC catalysts react with one of the reaction sub-
strates through electron-pair-transfer steps to give electron-rich
intermediates, which are prone to be oxidized by external oxi-
dants through SET processes to afford reactive ionic radical
species for additional transformations. Therefore, aldehydes,
ketones and related carbonyl compounds took significant posi-
tions as the reaction starting materials in the radical trans-
formations catalyzed by amines and NHC catalysts. Trivalent
phosphine molecules can be independently oxidized to give
the reactive radical cation intermediates at the beginning of
the radical reactions, and therefore can be used in the acti-
vation of various functional molecules such as alcohols, car-
boxylic acids, oximes and others. The SET activation modes
provided by trivalent phosphines can be developed into a
widely used activation strategy with a broad scope of reaction
substrates applicable for the efficient preparation of various
functional molecules.

To date, the development of synthetic methods involving
radical species generated from tertiary phosphines has
attracted more and more attention. With the rapid develop-
ment of photoredox catalysis and electrochemical synthesis,
SET reactions associated with tertiary phosphines will defi-
nitely make essential contributions to the development of
novel, efficient and sustainable synthetic protocols.
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