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1. Introduction

The development of new methods for introducing a fluorine
atom into organic compounds is crucial for advances in
pharmaceutical chemistry and agrochemistry and plays a
key role in the design of industrially important materials.! 7
Photocatalysis is considered as one of promising methods
for the synthesis of organofluorine compounds. This
approach belongs to green methods for the functionaliza-
tion of organic compounds, because such reactions are
initiated by photon absorption and, unlike other catalytic
methods, do not produce any environmentally harmful by-
products.® Photocatalysis involves absorption of a light
quantum by a catalyst rather than by a substrate (Fig. 1).°
Then the photocatalyst activates the substrate to form
different intermediates.
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The photocatalysis can initiate homolytic C—X bond
cleavage giving a radical or electron transfer to form radical
cations or anions.!? Radicals are highly reactive species and
are involved in diverse reactions. However, the C—H bond
is quite stable, and an organic compound is generally
functionalized on thermal activation by the replacement of
this bond with other bonds that are more prone to homol-
ysis (C—Br, C—1I, C—0, etc.) (Fig. 2). Photocatalytic
activation can give rise to radicals via direct cleavage of a
C —H bond and also can involve other reactive intermediate
species in the reaction. In photocatalytic reactions, mild
activation by a catalyst can be accomplished even under
visible light irradiation (4 > 400 nm).!!-2!

In recent years, photocatalysis has been rapidly devel-
oped, as evidenced by a wide number of publications
retrieved from the Web of Science database. The number
of papers containing the word ‘photocatalysis’ published in
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Figure 1. Photochemical («) and photocatalytic (b) activation of a

substrate (S) with light and a catalyst (C) giving intermediates (I, I')
and a product (P).
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Figure 2. Types of thermal C—H bond activation.

(a, b) The replacement of a hydrogen atom in this bond by a good
leaving group or an atom; ¢, the involvement of the X' radical in
homolytic C—H bond cleavage.

the past ten years exceeds 27000, and photocatalysis is
receiving growing interest. Journals publish special issues
on different aspects of photocatalysis.” A large number of
reviews have recently addressed the use of photocatalysis in
the synthesis of organic compounds.!$-22-43 However, only
some of them cover relevant aspects of the introduction of a
fluorine atom into organic molecules. The goal of this
review is to systematically consider and analyze the data
published in the literature in the past 10—15 years on the
application of photocatalysis in the synthesis of organo-
fluorine compounds. Earlier studies are cited only when
they are required for understanding the issue and high-
lighting new trends in this field. Special attention is focused
on the reaction mechanisms and the selectivity problem of
photocatalysis.

The following designations and abbreviations are used:

Acr — acridinium,

'Ad — 1-adamantyl,

ANQ-2-SO3H — anthraquinone-2-sulfonic acid,

bpy — 2,2'-bipyridine,

CFL — compact fluorescent lamp,

Cp — cyclopentadienyl,

Cy — cyclohexyl,

DABCO — 1,4-diazabicyclo[2.2.2]octane,

DBU — 1,8-diazabicyclo[5.4.0]Jundec-7-ene,

T See, for example, Eur. J. Org. Chem., (15) (2017), Chin. J. Chem., (2)
(2017), Acc. Chem. Res., (10) (2016).

DCE — 1,2-dichloroethane,

DMAP — 4-dimethylaminopyridine,

DME — dimethyl ether,

DMF — dimethylformamide,

dtb-bpy — 4,4'-di-tert-butyl-2,2'-bipyridine,

Eosin Y — 2,4,5,7-tetrabromofluorescein disodium salt,

ET — electron transfer,

glyme — 1,2-dimethoxyethane,

HAT — hydrogen atom transfer,

HBpin — 4,4,5,5-tetramethyl-1,3,2-dioxaborolane,

Hex — n-hexyl,

LED — light-emitting diode,

Mes — mesityl,

Mes-Acrt — 9-mesityl-10-methylacridinium,

Naph — naphthyl,

nc-ZnS — nanocrystalline ZnS,

NFSI — N-fluorobenzenesulfonimide,

NPhth — phthalimido,

P — product,

phen — 1,10-phenanthroline,

PhthSCF3; — trifluoromethylthiophthalimide,

ppyH — 2-phenylpyridine,

PQ — 9,10-phenanthrenequinone,

PyH — pyridine,

RB — Rose Bengal,

rt — room temperature,

S — substrate,

Selectfluor — 1-chloromethyl-4-fluoro-1,4-diazoniabi-
cyclo[2.2.2]octane bis(tetrafluoroborate),

SET — single electron transfer,

TBADT — tetrabutylammonium decatungstate,

TEMPO — (2,2,6,6-tetramethylpiperidin-1-yl)oxyl,

Tf — triflate,

Th — thienyl,

TMEDA — tetramethylethylenediamine,

TMP — 2,2,6,6-tetramethylpiperidine,

Ts — tosyl,
TSSP — tetra(p-sulfonatophenyl)porphyrin,
Um — Umemoto reagent [2,8-difluoro-S-(trifluorome-

thyl)dibenzo[b,d]thiophenium trifluoromethanesulfonate].

2. Classification of photocatalysts and their
characteristics

Photocatalysts used in the synthesis of organofluorine
compounds can be classified according to their chemical

Table 1. Electrochemical parameters of the ground and excited states of selected photocatalysts and the absorption maxima or absorption ranges

(see a).23,26. 32

Photocatalyst (PC) Erea (PC/PC—) Eox (PC/PC*) E’q (PC*/PC—) E%, (PCT*/PC") Absorption /nm
(see?)

Eosin Y —1.14 0.72 1.18 —1.60 539

Rose bengal —0.78 — 2.32 - 320-470
Benzophenone —1.68 — 1.55 — 320-380
Phenanthrene —2.49 1.83 1.10 —1.76 300-350
9,10-Dicyanoanthracene —0.89 1.97 330-440
10-Methylacridinium cation —0.43 — 2.32 — 320-470
Ru(bpy):* —1.33 1.29 0.84 —0.86 450

Ir(ppy)s —2.19 0.77 0.31 —1.73 375

2 The potentials are expressed in volts with respect to calomel electrode. ® The absorption maximum or absorption range for irradiation used in the

reaction.
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Figure 3. Influence of the ligand structure and the nature of metal on the reduction potential of the photocatalyst.
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D is a donor, A is an acceptor, MLCT is metal-to-ligand charge transfer

Figure 4. Visible light-driven photocatalytic oxidation and reduc-
tion cycles.

nature and structure into inorganic, organic and organo-
metallic ones. Inorganic photocatalysts [NasW 0032,
UO2(NOs)2- 6 H20, TiO2, ZnS, etc.] are rather rarely used
in the synthesis of organofluorine compounds and generally
require hard radiation for activation. Organic and organo-
metallic photocatalysts are more widely employed since they
allow fine tuning of electrochemical parameters and the use
of different light sources depending on the characteristics of
the absorption range or absorption maximum of the cata-
lyst. Selected characteristics of the most popular catalysts
are summarized in Table 1.23:2%:32 Most organic com-
pounds are colourless and cannot absorb in the visible
region (4 > 400 nm). By contrast, organometallic catalysts
are generally capable of absorbing visible light. The redox

potential of the catalyst required for the reaction can be
controlled by varying the ligands and metal in organo-
metallic photocatalysts (Fig. 3).13-44

The redox characteristics of a large number of organo-
metallic photocatalysts capable of absorbing visible light
are reported in reviews.!7-2>

Upon light excitation, the photocatalyst can act as an
oxidizing or reducing agent depending on its structure, the
fluorinating agent, the substrate and reaction conditions.
Photocatalytic properties of organometallic catalysts,
including their excited states, were studied in sufficient
detail. These catalysts can be involved in both oxidation
and reduction cycles.3? The schematic representation of the
action of these photocatalysts is shown in Fig. 4. When
exposed to visible light, the catalyst is transformed into the
triplet excited state, the lowest- and highest-energy singly
occupied levels being involved in the oxidation or reduction,
respectively, with the participation of a donor or an
acceptor. This is followed by fluorination of the substrate
with a fluorinating agent and the reduction of the catalyst.

Numerous examples of application of photocatalysts of
different nature, including organometallic catalysts, in the
synthesis of organofluorine compounds are given below.

3. Formation and transformation of the F — C(sp?)
bond

Most photocatalytic transformations of the C(sp’)—H
bond into C(sp®)—F were performed using NF reagents,
with 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]oc-
tane bis(tetrafluoroborate) (Selectfluor) (1) being most
commonly applied.*>~3° The photocatalytic replacement of
a C—H bond by C—F in cyclic and natural compounds 2
was accomplished using Selectfluor in the presence of
1,2,4,5-tetracyanobenzene (3) giving products 4—11 in
good yields with moderate selectivity (Scheme 1).5!

It is assumed that upon photoexcitation, tetracyanoben-
zene (3) oxidizes the substrate to radical cation 12. The
reaction of the latter with the solvent affords radical 13,
which abstracts a fluorine atom from Selectfluor (1)
(Scheme 2).



G.1.Borodkin, V.G.Shubin  Russ. Chem. Rev., 2019, 88 (2) 160—203

163

“TX
NC

(3)

CN Scheme 1

CN

—F

CHCI
\
NT F
G v,

: )
N n
F

Selectfluor (1) n=1-6

F

/\/\M;\

9
C(2):C(3):C(4):C(5) = 2:2:1:1

Selectfluor (1), MeCN,
hv (302 nm), N2, 16 h

4-11(45%—73%)

NPhth

F
F
F 8a 8b

7 (8a:8b =3:1)

Scheme 2
NC QCN
NC CN
3
CH.Cl l by
I
() zems NCQCN
+ R—H
N
H NC CN 2
Solv-H+ ,
, NC CN
NC CN :@:
:@: CH,ClI NC CN
NC CN I, +
N [R—H]
[gj 2BF; 12
N¥
Solv
R
R—-F 13
CH,CI Solv-H*

[%j 2BF;

\
F 1

In many cases, the selectivity of fluorination is deter-
mined by relative stability of the resulting alkyl radicals
(tertiary > secondary > primary), the involvement of the
radical site in the conjugation and, besides, by steric factors.
For example, n-dodecane is fluorinated predominantly at
the atoms from C(2) to C(5) rather than at C(1) (product 9).
Exceptions are the fluorination of norbornane, in which the
unfavourable formation of a radical site at the bridgehead
position could occur (products 8a,b are formed instead),

and the fluorination of compounds in which the tertiary or
secondary carbon centre is shielded by a bulky group
(products 5, 10, 11). The predominant formation of com-
pound 11 can be attributed to high stability of the corre-
sponding allyl-type radical taking into account steric
accessibility of the methylene moiety.

Benzyl fluorides 14 were synthesized under similar con-
ditions (Scheme 3).52 The reaction proceeds with satisfac-
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Scheme 3

1 MeCN
) (302 nm),

15a-1 24h

4 (28% —65%)

14:R" = H: R? = H (a), Me (b), CHz0Ac (c), 5~ j ), CH2CHO (e),

CH2CH=CHCOH (f), CH,C(O)CHCHPh (g), CH>SO,Ph (h);
R2 = H: R = Ph (i), Pr (j), CN (k), Br (I)

tory selectivity in moderate yields, the lowest yields being
observed for compounds 14k (28%) and 141 (36%).

In order to elucidate the mechanism of this reaction, the
following model compounds were used: 1-phenylethyl ace-
tate (15¢) and 2-benzyl-1,3-dioxolane (15d). It was expected
that these compounds can form radical cations accompa-
nied by elimination of benzyl radical 15’ and stable cations.

In the case of radical cation 16d generated from compound
15d, the elimination should occur more easily due to the
formation of more stable cation 16d’ (Scheme 4).

The photofluorination of compounds 15¢,d affords a
mixture of fluorinated derivatives 14¢: 14a and 14d: 14ain a
ratio of ~5:1 and 2: 1, respectively. This is consistent with
the SET radical-cation mechanism of the reaction. This
mechanism was also proposed for the photofluorination of
1,4-dioxaspiro[4.5]decane derivatives 17a—f (Scheme 5).33

Among the photocatalysts used (1,2,4,5-tetracyanoben-
zene, 1,4-dicyanobenzene, acetophenone, anthraquinone,
xanthone, 9-fluorenone), 9-fluorenone (19) provided the
highest yields of acids 18a—f. High selectivity of the
reaction is due to structural features of the starting com-
pounds, the oxidation of which produces stable radical
cation 20.

The visible light-induced photocatalytic conversion of
the C—H bond in the benzylic position of compounds 15
and 21 was performed using Selectfluor (1) in the presence
of ketones as photocatalysts (Scheme 6).°* 9-Fluorenone
(19) catalyzes mainly the formation of monofluorinated
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derivatives 22, while xanthone (23) catalyzes the formation
of difluorinated products 24. The employment of 4,4'-
dimethoxybenzophenone or 3,6-dimethoxyxanthone results
in a decrease in the selectivity of the reaction.
It was assumed that the reaction affords benzyl radical
25 and radical cation 1’ generated through transformation
of Selectfluor (1) (Scheme 7).
Scheme 7
F ﬁ _CHCl ﬁ CHC
_N N
+
L L7
% N
F
/
’

1 H

@L@J

1
25
OH

L

i
Me (e} SN

Interestingly, the photocatalytic photofluorination of
different benzyl compounds with reagents 1 in a continu-
ous-flow system using a compact fluorescent lamp (CFL,
30 W) as a light source in the presence of xanthone (23)
affords exclusively monofluorinated products in 60% —89%
yields.>>

Ketones 27a—f proved to be efficient photocatalysts for
the fluorination of cyclohexane (26) with Selectfluor (1)
promoted by CFL irradiation (Scheme 8).5¢ The yield of
fluorocyclohexane 28 significantly depends on the structure
of the catalyst and is generally 59% —90%. The lowest
yields are observed with 4-nitroacetophenone (27¢, 18%)
and 4,4’-bis(dimethylamino)benzophenone (27f, 17%).

O
R14©—/< F
O .
Selectfluor (1),

(27a-f)
26 MeCN, hv (CFL)

Scheme 8

28 (17%—90%)

27: R2 = Me: R' = H (a), OMe (b), NO (c), Me (d), CF3 (e):
R1 = MezN, R2 = 4-M62N06H4 (f)

Amino acids, peptides and their derivatives, e.g., dipep-
tide 29, are also photofluorinated with Selectfluor at the
benzyl moiety with high regioselectivity. The efficiency of
fluorination depends on the structure of the substrate and
the catalyst (3, 19, 23, 30—34) and on the light source, the
highest yields of fluorinated products being achieved in the
presence of visible light-activated 5-dibenzosuberenone as
the photocatalyst (Scheme 9).57

As was shown by the photochemical fluorination of
phenylalanine derivatives, phthalimide and trifluoroacetyl
moieties are the most efficient N-protecting groups, while

Scheme 9
H Selectfluor (1
(‘) /(‘)L photocataly(st)y
Me N N OEt MeCN, hv
H O H
NPhth 29
F
LK
—> Me N N | OEt
H H
NPhth
Photocatalyst (mol.%) Light wavelength Yield
[nm (%)
1,4-Dicyanobenzene (30) (10) 300 18
1,4-Dicyanobenzene (30) (20) 300 42
1,2,4,5-Tetracyano- (5) 300 21
benzene (3) (10) 300 33
1-Cyanonaphthalene (31) (20) 300 Traces
Benzophenone (27g) (20) 300 40
9-Fluorenone (19) (20) 300 10
Xanthone (23) (10) 300 39
Xanthone (23) (5) Visible light 39
(CFL, 14 W)
Anthraquinone (32) (10) 300 38
Anthraquinone (32) (20) 300 42
9,10-Phenanthrene- (10) 300 22
quinone (33) (20) 300 21
5-Dibenzosuberenone (34) (5) Visible light 73
(CFL, 14 W)

methyl or ethyl groups involved in the ester moiety CO,R!
are the best C-protecting groups (Scheme 10).

Anthraquinone (32) proved to be an efficient photo-
catalyst for selective fluorination of unactivated alkanes
and cycloalkanes with Selectfluor under light irradiation
with a fluorescent lamp (11 W). This method was used to
synthesize fluorinated compounds 36-38 in 39% —68%
yields.>8

Scheme 10
F
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3 3
R SN | OR MeCN, hv (visible light) R SN I OR
F‘iz 0 F‘{z 0]
e (X
o
NR'R2 R3 Yield (%) H NR'R2 R3 Yield (%)
NHC(O)CF3; Me 74 NPhth But 31
NHC(O)CF3; Et 60 NPhth PhsC 28
NPhth Me 78 NPhth 1Ad 20
NPhth Et 80
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Structures 36— 38

R = BzOCHj, BzO(CHz)2, BzO(CHa)s,
MesO(CHa)z, PhC(O), NH2CO, CF3C(O)NH(CHa)2

R\)F\

36
£ R
WR R = OH, C(O)Me,
R NHBoc,
37 E CHMeNHBoc
R = Br, CN
38

The presumptive mechanism involves energy transfer
between anthraquinone (32%) in the triplet state and Select-
fluor (1) followed by the C—H bond cleavage in the
substrate and generation of radical 39, which reacts with a
fluorine atom (Scheme 11). The key step is the reaction of
bulky radical dication 1° with the substrate at the most
sterically accessible position to form a secondary or tertiary
radical. An interesting feature of this reaction is the for-
mation of radical 39 containing the radical site in the
rather than o position with respect to the carbonyl group.

The fact of ‘avoidance’ of the carbonyl group was
observed in other photocatalytic fluorination reactions of
aliphatic and cyclic carbonyl compounds. It was shown that
the carbonyl group deactivates the adjacent position
towards photocatalytic fluorination of natural (e.g., steroid
40) and other compounds with a rigid mono-, di- or
polycyclic structure, as well as exocyclic aliphatic ketones,
a hydrogen atom being replaced with a fluorine atom
mainly in the B or y position with respect to the C=0
group (Scheme 12, compounds 41 —48).5°

Apart from Selectfluor (1), N-fluorobenzenesulfonamide
(NFSI, 49) can be employed as a fluorine source.®® The
reaction using compound 49 in the presence of tetrabutyl-
ammonium decatungstate (TBADT, 50a) as the photocata-
lyst produced fluorinated benzyl derivatives 22a—e, as well
as cyclic and acyclic compounds 51 -60 (Scheme 13).19-6!

In the case of cyclic and acyclic compounds, higher
selectivity of fluorination is achieved by introducing a
fluorine atom into sterically accessible methine or methyl-

Selectfluor (1), (PhCO)2

Scheme 11
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/

ﬁ _CHCI ﬁ _CHCI
N N
NJ [NJ
/

1/

F 1

(0]
o 32¢ o 32 \ Ny
e
(0]
hv& I 39
R T
I Me
O

ene moieties, the sites distant from the carbonyl group being
preferable.

Acridinium salts 61 can be employed as photocatalysts
for selective fluorination of alkylbenzenes with Select-
fluor.®> This method was used to synthesize a wide range
of fluorinated benzyl derivatives 22 (Scheme 14).

Besides the formation of benzyl radicals A, this reaction
is assumed to involve benzyl cations B (Scheme 15). A
significant isotope effect (ku/kp = 2.3) observed in the
fluorination of compounds PhCR>Me (R = H, D) indicates
that the C—H bond cleavage is the rate-limiting step.

A photocatalyst based on uranyl nitrate hexahydrate
(62) proved to be highly active for fluorination of alkanes
and cycloalkanes with NFSI (49) but it is unsuitable for
fluorination of simple ketones and alkylarenes
(Scheme 16).93 The latter fact is apparently attributed to
high oxidizing ability of the [UO;]*>" dication (similar to
that of F») and also to ability of simple ketones and

Scheme 12
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F Scheme 13
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alkylarenes to efficiently quench the excited state [UO,]>**  tivated C(sp’)—H bond (derivatives of leucine, furan,
(Scheme 17). bicyclo[2.2.1]heptane, etc.).°® In particular, the photocata-

A combination of the photocatalyst TBADT (50b) with  lytic fluorination of leucine methyl ester salt 63 affords
NF reagents [NFSI (49) or Selectfluor (1)] was applied to  y-fluorinated derivative 64 (in high yield), which is a crucial
introduce a fluorine atom into compounds with an unac-
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Scheme 16
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Me Me (26%) (C(2):C(3)=1.6:1)
R'H or Scheme 17
) RIC=0
[UO,J2+ L [UOJ2+* v~y
1=
(R" = Alk, OAIk) R+ H—[U02]2+
R' = Ar, R2 = Alk
( L )» RH (R2CO) + [UOs2*
Scheme 18
Me ‘

NasW10032 (50b), NFSI (49)

OMe HzSOs 1 N H,0.30°C. 2h
Me  NH (% = 365 nm)
63
Me H
’ . OMe -H2SO.4
Me NH2
64 (90%)

intermediate in the synthesis of odanacatib, a promising
agent for the treatment of osteoporosis (Scheme 18).%4

Methods were developed for the photocatalytic fluori-
nation accompanied by the C—C bond cleavage in the
cyclopropane moiety. Thus, the photocatalytic reaction of
I-hydroxy-1-methyl-2-R-cyclopropanes 65a—i with tetra-
cyanobenzene (3) and Selectfluor (1) gives B-fluorinated
carbonyl compounds 66a—i in good yields with high regio-
selectivity  (Scheme 19).5 The proposed mechanism
involves the photoexcitation of the catalyst, electron trans-
fer giving radical cation 65" and cyclopropane ring opening
accompanied by the CR—C(Me)OH bond cleavage
(Scheme 20). High selectivity of the reaction is apparently
attributed to the formation of the secondary radical site due
to the cleavage of this bond.

The C—F bond formation via the C—C bond cleavage
can occur through decarboxylation. The first example of

NG N Scheme 19
, hv (300 nm)
NC CN E 0
N on @ J L
R Me Selectfluor (1), MeCN, 16 h R Me

65a—i 66a—i (54% —85%)

R = Cy (a), cyclo-CgH1s (b), cyclo-CsHgCHx (c), cyclo-CeH11CH2 (d),
Ph (e), PhCH (f), Ph(CH2)2 (g), Me(CH2)4 (h), Me(CHy)s (i)

Scheme 20
NC oN - [NC CcN "
T =1
NC CN NC CN
3
NC cN "
ﬁ v S on —
NC CN R Me
NC eN| .
~ | - A
NC CN R 65 Me
+ T + F ﬁ
RsN—F +/A<OH —> R3N +
—_Ht R/K/\Me
R 65/ Me
NC CN| NC CN
+. H+ +
NC CN NCT 7 TN

photocatalytic fluorination involving decarboxylation of
aryloxyacetic acids 67a—g with Selectfluor was reported by
Rueda-Becerril et al.°® The authors used the complexes
Ru(bpy)s;Cl, (68a) and Ru(bpy)s(PFe)2 (68b) as the photo-
catalyst (Scheme 21).

The proposed mechanism involves the oxidation of
anion 69, decarboxylation of intermediate 70 giving radical
71 and the reaction of the latter with a fluorinating agent (1)
(Scheme 22) producing fluoromethoxy ethers 72a—h.

Scheme 21

Z O _F
Xn

72a—g (56%—92%)

Selectfluor (1), NaOH,
500 W lamp

Ehadaitt S
Ru(bpy)sY2 (68a,b),
MeCN—H-0, 1 h

(0]
|
O
\/J\OH
Xn 67a—g

Xn = H (a), 4-Ph (b), 4-But (c), 4-F (d), 4-Br (e), 2,4-Bu} (f),
2,4,6-Mes (9);

68 = X2
Ru(bpy)sX2
[X = Cl (a), PFe (b)]
Scheme 22
(0] .. (0]
o | 5 1
O~ oxidation o~
_— —_—
—COg
X 69 X 70
Q/O\ . Selectfluor (1) Q/o\/l:
— —_— >
X 71 X 72




G.I1.Borodkin, V.G.Shubin  Russ. Chem. Rev., 2019, 88 (2) 160—203 169

aorb Scheme 23

RCOH —— R—F

75 76

(a) Cat 73, 74a,b (1 mol.%),
Selectfluor, LED (34 W),
MeCN—-H20 (3:1),rt,6 h

(b) Cat 61c or 77 (5 mol.%), Selectfluor, Cs,COs3,

CFL (23 W), MeCN—H,0 (1: 1), 1t, 4—72h
| : "
e CO: "o WOH
61c

Riboflavin (77)
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Compounds R Method Yield, %

75,76

Scheme 23 (continued)

Compounds R Method Yield, %

75,76

/O
v N b 98
)\ Ph

(0]
/J
w @i;N{ b 94
\ Ph
(0]
0]

/
x N0 b 87
I\ Me

O
4

y QN {ﬁ b 81
i Me

O Me

Meanwhile, the use of iridium (73) and ruthenium
(74a,b) photocatalysts for fluorination of aliphatic carbox-
ylic acids 75a—g with Selecfluor, which also proceeds
through decarboxylation, makes it possible to substantially
expand the range of substrates, resulting in the formation of
structurally different alkyl and cycloalkyl fluorides 76a—g
in high yields (Scheme 23, conditions «).%” It should be
noted that neither the degree of replacement of the alkyl
moiety R nor the presence of the heteroatom in the o or
position to the carboxyl group in starting acid 75 has
significant effect on the efficiency of fluorination.

The mechanism of photofluorination proposed by
Ventre et al.®” involves the formation of alkyl or cycloalkyl
radicals A and radical dication 1’ via the transformation of
Selectfluor (1) (Scheme 24).

Not only transition metal compounds but also organic
photooxidants, such as 9-mesityl-10-methylacridinum per-
chlorate (61¢) or riboflavin (77), can be employed as photo-
catalysts for decarboxylative fluorination of aliphatic
carboxylic acids 75i,r,s, 75ad—af and N-protected amino
acids 75p,q,t—ac with Selectfluor (1) (see Scheme 23, con-
ditions b).%%

The UV-induced photocatalytic transformation of 2,2-
difluoroacetophenone 27g adsorbed on a semiconductor
(TiO,) surface is also based on the C(sp®)—F bond trans-
formation into C(sp?)—H (Scheme 25).%°

The proposed mechanism of the formation of mono-
fluoride 27h involves the following successive steps: reduc-
tion, protonation, F— elimination and keto—enol
rearrangement (Scheme 26).

Therefore, photocatalysis can be used to efficiently
transform C(sp3)—H, C(sp’)—C and C(sp’)—O bonds

aa \ { b 85
Ph

ab (jX b 71

ac O+ b 36

ad b 45
(0]
ae dﬁ b 53
(0]
af Ph O%Okph b 51
Scheme 24
Al/\CI
NJ k\
1/
Al/\m
-/

e Irv

: wh ()

—H +’ R
I —CO2 A
Photo- l
catalyst RCO.H

75

Scheme 25

‘ TiO2, UV (> 340 nm)
CHF, ———————>
EtOH

27g

CHoF Me

27h 27a

into the C(sp®)—F bond and allows the defluorination of
fluoroalkyl derivatives, the selectivity of the reaction being
often determined by stability of the resulting radical.
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Scheme 26

yCHFZ @C .
OH

OCHF, e “ CHF,

— —
—F—
i
SCHF @ACHQF
— —
27h

4. Formation and transformation of the F — C(sp?)
bond

Data on the photocatalytic C(sp?) —H bond transformation
into C(sp?)—F in aromatic compounds are limited to
photocatalytic fluorination of benzene and its halogenated
derivatives 78 with Et4NF-4 HF (79) in the presence of
3-cyano-1-methylquinolinium iodide (80) as the photocata-
lyst. The reaction results in monofluorination giving fluo-
robenzenes 81 as the final products in low yield
(Scheme 27).7° Fluoro- and iodobenzenes do not undergo
this reaction. The proposed mechanism involves the for-
mation of arene radical cation A, which reacts with a
fluoride anion to form radical B. The hydrogen abstraction
from the latter by the HO; radical generated via protona-
tion of O3 affords fluorobenzene 78a and a hydrogen
peroxide molecule.

The C(sp?)—F bond can be formed by means of multi-
component cyclization. Dilman and co-workers’! devel-
oped a method for the synthesis of 3-fluoropyridines 82
based on the coupling of o,a-difluoro-pf-iodoketones 83

Scheme 27

+ EUNF-4HF + Oz
- @@

78 M 81a( 0% yield),
SO M b (0%), ¢ (%),
X =H(a), F (b), Br (d), Cl (c), | (e) d (6%), e (0%)
e
+ =
\
Me . CN
| +
hv
N
\ A
Me _
N F /
02
+ =
N H F F
\ e
Me O; + — + H»0-
B 78a

Scheme 28
(‘) |
R1J>%
F F F
N
83 Lb> ‘ _
R’ N R2
‘O ™S OTMS
A\ —_— — 82
R2 Nal,EtsN =~ “R2

(a) Ir(ppy)s (84) (0.3 mon.%), PPhs, {OE (85) , hv (blue LED),
DMF, rt, 15 h;

(b) NH4OAc, DMF, 120 °C, 3 h; R' = Ph, 4-MeOCgH4, 4-CICgHa,
2,4-Me2CeH3, 2-Naph; R2 = But, Ph, 4-NCCgH4, 4-CICgH4,
4-MeO,CCgHy, 4-FCgH4, 2-BrCeHg, 2,4-MeCeH3, 2—Py, 3—Py,
2-Th, PACH=CH

with silyl enol ethers in the presence of the complex
Ir(ppy)s (84) as the photocatalyst (Scheme 28).7!

The proposed mechanism of the photocatalytic cycle
and cyclization is outlined in Scheme 29. Trimethyliodosi-
lane that was eliminated during the reaction was trapped
with propylene oxide (85) in order to prevent condensation
of intermediate ketone 86. The cyclization of the latter in
the presence of a base at high temperature produced
3-fluoropyridines 82 in high yields.

OTMS Scheme 29
R2
(0]
Al
R1
F F
o 0 oTMS

| Irv I
R? R /Y\).\RZ
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|rIII*

F
83
‘\
hy |r||| H
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An obvious advantage of this method is that it can be
performed in a one-pot manner and tolerates a wide range
of substituents in the starting ketone.

Photocatalytic cyclization of ICF»-substituted N-aryl-
amines 87 allows the synthesis of a wide range of 3-fluo-
roindoles 88 in yields >80% (Scheme 30).72

Scheme 30

X X
R1\ /©/ a
N [ R1\

PPhs, AcONa N -
CFal F
87 R?
88 (80% —98%)

(a) 1) Ru(bpy)z(BF4)2 (0.5 mol.%), hv (blue LED), rt, 12—16 h;
2) SiOy, 1t,4—16 h; X = H, R" = Me: R? = Ph, 4-CICgH.,
4-MeOCgH4, 1-Naph; X = Br, R = Pr": R2 = Ph, 4-MeC¢H4

The proposed mechanism involves the formation of
difluoroindoline derivatives 88’ followed by dehydrofluori-
nation (Scheme 31).

Scheme 31

R1\N/© R1\
—
R2§
F F
o )
N |
Ru"  pPhi
R2 !
F F Ru"
1%

PPhs

hv
"L
R\N
R? F

The hydrodefluorination of polyfluoroaromatic and
heteroaromatic compounds#* is an alternative method for
the synthesis of partially fluorinated derivatives applied in
pharmaceutical and agrochemical industries.”?

This photocatalytic reaction is usually performed in the
presence of Ir(ppy)s (84) with a redox potential (V) of
—2.20 V for Ir'"/Ir".74 Perfluoroarenes and hetarenes have
a low-lying lowest unoccupied orbital, due to which they
can be photoactivated. Photocatalytic hydrodefluorination
of perfluorinated derivatives of benzene, naphthalene and
pyridine series 89a—o can be applied to synthesize function-
alized polyfluorinated mono- and polycyclic arenes 90a—o
(Scheme 32).73 This reaction proceeds smoothly in high
yields for perfluoroarenes containing a wide range of sub-
stituents. Meanwhile, substrates containing alcoholic,
amino or thiol groups are less reactive. However, Senaweera

+

-
HF

Scheme 32
R1 R?
Ir(ppy)s (84), hv
X/ EtNPr;, MeCN, X/
45°C,24h H
89a-o 90a—o
X = CF:R" = 4-F (a), 4-CN (b), 4-C(O)Me (c), 4-CO,Me (d),

4-CO,But (e), 4-CF3 (f), 4-N(Ac)Cy (g), 4-PPh (h), 4-SCOEt (i),
4-NHC(O)Me (j); X = N: R! = 4-F (k), 4-NHC(O)Me (l);

X = CRZ R' = R2 = OCgH4Br-4 (m), R! = NH2, R2 = COMe (n);
R' = 4-NHAc, R? = 4-CF3; (o)

et al.”® functionalized these groups [preparation of ethers
(89m), acylation (89g) and synthesis of thiocarbonates (89i),
respectively] and achieved good yields (50% —72%) with
these substrates. The hydrodefluorination of polyfluori-
nated bi- and tricyclic arenes and hetarenes takes a long
time for completion (72 h) and proceeds in 45% —76%
yields; EtNPr, was employed as the reducing agent. The
use of Ru(bpy)s instead of Ir(ppy)s as the photocatalyst in
the reaction with perfluoropyridine (89k) was shown to
decrease the conversion.

Interestingly, mono- (compound 90p) or dihydrode-
fluorination (compound 91) products can be selectively
synthesized by the reaction with tetrafluorinated methyl
4-(2-methoxy-2-oxoethyl)benzoate 89p depending on the
amount of EtNPr}, (Scheme 33).75

Scheme 33
H
MeO.C F
LI CO.Me
F
F
MeO-C F _a | 90p (94%)
COoMe H
F MeO,C F
F 89 LC,
P CO.Me
H
F
91 (92%)

(a) Ir(ppy)s (84) (0.5 mol.%), hv, MeCN, 45 °C; (b) EtNPT, (1.1 equiv);
(c) EtNPT, (6 equiv.)

Photocatalytic hydrodefluorination of perfluoroarenes
89, including hexafluorobenzene (89a), in the presence of
the highly nucleophilic rhodium porphyrin complex
[(TSPP)Rh']’— (92) produces penta- and tetrafluorinated
derivatives 90a,d,f,q—s and 90k with virtually quantitative
selectivity (91% —99.5%) (Scheme 34).7¢

The C—F bond activation is highly efficient due to the
Si—F and Rh—C bond formation, thereby making this
process thermodynamically favourable (Scheme 35).

The photohydrodefluorination of monofluorinated
compounds using metal complexes was described in the
literature.

Thus, the photocatalytic cycle *Ir(ppy);— Ir!!—Ir!!
involving Bu'OK as the reducing agent (electron donor)
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Scheme 34
F X\ F F X F F X F
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89, 90: X = CR: R = F (a), CO»Me (d), CF5 (f), CHO (q), CO2H (r),
COEt (s); X = N (K)

Scheme 35
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Me,EtSiH Rh! Me,EtSiF
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allows the efficient defluorination of ketofluoroarenes
93a—c. An interesting feature of this reaction is that
defluorination is accompanied by intramolecular annula-
tion to form tricyclic compounds 94a —c¢ (Scheme 36).77

Scheme 36
L i
N Ir(ppy)s (84), hv N
R BU'OK, THF, 70 °C
R
93a-c

94a—c (90%—94%)
93: R = 4-Me (a), 4-MeO (b), 4-NMe;, (c), efc.

Naumann et al.’® developed a method for the trans-
formation of p-fluorobenzoates into benzoates with
hydrated electrons generated by irradiation of the photo-
catalyst Ru(bpy);Cl, (68a) with a light-emitting diode
(green LED).

Photocatalytic hydrodefluorination of polyfluoroben-
zenes in the presence of ZnS and CdS nanocrystallites as
the catalysts, unlike the metal complex-catalyzed reactions,
proceed nonselectively and afford mixtures of fluoroben-
zenes, with a product containing one fluorine atom less than
the substrate (product 90a) predominating.”’® In all cases, at
least 40% of the starting polyfluorobenzene remained
unconsumed.

It is assumed that the photodefluorination proceeds via
a radical-anion mechanism and yields difluorobenzene (95)
as the final product (Scheme 37).

Fs —°
nc-ZnS

or CdS,

Scheme 37

89a DMF, UV
e H* e H*
—
ZF AT
e H*
—
7F*

The employment of nc-CdS leads to an increase in the
reaction time (6 h) and a decrease in the yield of the major
product by ~20%.

Meanwhile, the use of Cu-, Ni- and Pb-doped zinc
sulfide results in a significant increase in selectivity of
photodefluorination of hexafluorobenzene and the predom-
inant formation of pentafluorobenzene (90a).8°

Methods for photocatalytic hydrodefluorination of
polyfluoroarenes using metal-free photocatalysts were
described. In particular, the hydrodefluorination of hexa-
fluorobenzene (89a) and other perfluoroarenes 89f.k,s—u
was performed under mild conditions (45 °C, 12 h) with
high selectivity using aryl-substituted pyrenes (Pyr) (96, 97)
(Scheme 38).8! As in the case of the metal-containing
catalyst Ir(ppy)s (84),”> the hydrodefluorination of per-

Scheme 38
R Pyr (96, 97) (1 mol.%), R
EtNPr)
‘ z & AcNMesy, argon, / ‘ Z P
2, , hv,
X 26 W, 45°C H X
89a,fk,s—u 90a,f.k,s—u
(70% —93%)
89: X = CF: R = F (a), 4-CF; (f), 4-CO.Et (s), 4-MeCgHa4 (t),
4-OPh (u); X = N, R = 4-F (k), etc.;
R? R?
2 RZ
R il uii il R
96,97 = ‘O 96: R" = Me, R2 = H (a);
97:R' = H, R? = C=CBut (b)

e AT
SRA W
1

R2
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2 Fn Fn
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- L = .
R = R =
EtNPr, + 6 a9
2 S
v =< L =
fluoronaphthalene proceeds in significantly lower yield Br Scheme 41
(63%). L . Cat (104) (5 mol.%),
It was assumed that m-complex 98 is involved in the XN 7\
hydrodefluorination, thereby facilitating electron transfer AH + | W QAr
even if AGgr has unfavourable values (up to 0.63 eV) 102 FX 7oh e  Fa 105a—k
(Scheme 39). 103
High regioselectivity of defluorination of compounds
89f,s—u was attributed to the presence of the highest O
unpaired electron density on the C—F bond in the para COzH
position of the resulting radical anion A. Cat = Br X Br
Examples of photochemical hydrodefluorination of O %
alkenes are rather rare. Let us mention the hydrodefluori- HO o 0
nation of perfluorocyclohexene (99) with YbCp; giving a Br Br
mixture of nonafluorocyclohexene (100), octafluorocyclo- 104 (eosin)
hexene (101), hexafluorobenzene (89a) and pentafluoroben-  Com- X Ar n Yield (%) (ratio of o-,
zene (90a) (Scheme 40).82 pound 105 m- and p-isomers)
The photocatalytic dehalogenation of aromatic com-
pounds can be accompanied by the C(sp?)—C(sp?) bond a CF Ph 5 85
formation. Thus, the direct arylation of arenes 102 with b CF CeHsMe 5 78
fluorinated aryl bromides 103 in the presence of the photo- ¢ CF CeH4Pri 5 85(10:10:1)
catalyst eosin (104) under mild conditions affords fluori- d CF CsHsOMe 5 99 (2:1:10)
e CF CeH4F 5 62 (1:1:1)
Scheme 40  f CF CeH4Cl 5 76 (1:4:4)
. F . F g CF  CeHsNO 5 0
E YbCp; E H . h CF Naph 87 (C(2):C(3) = 1:10)
FF FF i FF FF i CF ﬂ 4  57(C(2):C(3)=5:2)
F F F F Ve
929 100
j CH Ph 4 82
F H F F k CH CeHsOMe 4 68 (3:2:12)
- H F F F H
+ + +
FF FF F F F F nat.ed l?iaryls 105a—f,h—k in good yields, except for nitro
FF £ E derivative 105g (0%) (Scheme 41).83
101 89a 90a Meyer et al.83 considered two possible reaction mecha-
nisms: the reductive (Scheme 42, upper part) and oxidative
Cp* = [CsMes] - quenching cycles (Scheme 42, lower part). From the ther-
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EtsN -+ Scheme 42 y Scheme 44
Eosin— aalkene e 2 e,
ELN CeFsAr + HBr
: CeFsBr 105 N Cat o Ak 110a—i
Eosin* A R? Fn ———
r - EtNPr,
v _ X MeCN X
Eosin CeFsBr —Br—> CeFs 89b,c,f k
104 A n=4y>5
. ArH
CeFsBr— 4>7Br* CeF5 —> CgFsAr + HBr F
A 105
Eosin** 7 B
Cat = M F,
CerBr EtaN _
Eosin* X
w
.-
Eosin EtN 108 (Ir(Fppy)s) 109 (Ir(Bu'ppy)s)
104
(a) Ir(ppy)s (84) (0.25 mol.%), 45 °C
X R! Alk Yield (%)
modynamic point of view, the reductive mechanism is more
probable. N F 4-Cy (110a) 79
The key step of the reaction produces pentafluorophenyl
radical A, which nonregioselectively reacts with aromatic N F 4- +®(110b) 61
substrate 102. The radical character of the reaction was
confirmed by trapping the resulting species with the radical N F 4-(CH2)sOH (110c) 53
scavenger based on (2,2,6,6-tetramethylpiperidin-1-yl)oxyl N F 4-(CHz)sCl (110d) 76
(TEMPO) (106), and the structures of the adducts were N F 3-CH(CH20H)Pr (110e) 43
determined by liquid chromatography —mass spectrometry. CF CN 4-Cy (110f) 64
A photocatalytic method for the synthesis of biaryls 107 CF CN 4-CH(Me)CH>CO2Me (110g) 54
was developed based on the C—F bond transformation into  CF CF3 4-CH(Me)CH2COEt (110h) 71
C—C in polyfluorinated benzene and pyridine derivatives CF C(O)Me 4-CH(Me)CH2CO2Et (110i) 50
(891 k.v) using the catalyst [Ir(ppy)s] (84) (Scheme 43).34
(b) Cat (0.25 mol.%), 0 °C
Scheme 43 Cat X R R? R3 Yield Z: E
0,
X Ir(ppy)s (84), hy S e
3 (84), hv
RJE\jLF,, +AH —— > R*@Fn1
- KHCO3, PriNH, Z
X MeCN, 0—45 °C X Ir(ppy)s (84) CF 3-CO,Me H But(111a) 86 >25:1
89b,f k 107a—i (52%—70%)
Ir(ppy)s (84) CF 4-CO,Me H HO 63 >25:1
_ (111b)
107: X=N,R=F,n=4:Ar= @Me (a, 58% yield), Ir(ppy)s (84) CF 4-CO,Me H OEt(111c) 55 >2.5:1
R Ir(ppy)s (84) CF 4-COMe COzEt Et(111d) 53 >25:1
— Ir(Fppy)s (108) N F H But(111e)2 85 24:1
C(O)Me (b, 52%), R*[R"= OMe (c, 70%), I(Fppy)s (108) N F H Pr(111f)a 74 >25:1
g Ir(Fppy)s (108) N F H Bu" (111g)266 16.7:1
MeO
—N I(Fppy)s (108) N F H 5 63 >25:1
But (d, 35%), Et (e, 55%)], 5\ h;%OMe (f, 67%); (111h)2
MeO
MeO Ir(Fppy)s (108) CF F H HO 61 25:1
(111i)
X = CF, Ar = @om 'R = 4-CF3(g,54%), 4-CN (h,57%) Ir(Fppy)s (108) CF 4-CFs  CH,OHCH,OH 63 <1:25
e (1)
Ir(Bu'ppy)s (109) N F H But(111k)2 77 1:25
Ir(Butppy)s (109) N F H Pri(111)2 66 1:2
Iridium photocatalysts based on 2-phenylpyridine Ir(Bu'ppy)s (109) N F H CH(OH)Et 84 1:2.6
[Ir(ppy)s (84)] and its substituted derivatives [Ir(Fppy)s (111m)2
(108) and Ir(Bu'ppy)s (109)] were employed to introduce  Ir(Bu'ppy)s (109) N F H 7117
alkyl, cycloalkyl and alkenyl groups into polyfluoroaro- HO
matic compounds 89 (Scheme 44).85-86 (111n)®

2The alkenylation occurs at the para position.
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Photocatalytic defluorination of perfluoro(het)arenes
89b.c.f.k with both alkenes and alkynes in the presence of
iridium catalysts 108 and 109 proceeds stereoselectively to
form alkyl- and alkenyl-substituted products 110a—i and
111a—n, respectively (see Scheme 44).8¢

It should be noted that the coordination of the iridium
atom by three bidentate ligands gives catalysts 84, 108 and
109, which have a nearly spherical three-dimensional struc-
ture.

By studying the photocatalytic alkenylation of perfluo-
ropyridine (89k) with rert-butylacetylene, the authors
showed that the E:Z isomer ratio in products 11lek is
independent of the emissive energy of the iridium catalyst,
but the relative amount of the Z isomer tends to decrease
with increasing radius of the catalyst molecule
[Ir(ppy)s < Ir(Fppy)s < Ir(Bu'ppy)s].

This catalytic system allows the selective replacement of
the C—F bond with C—H in the ortho position of per-
fluorinated derivatives of pyridine (90l,v—ad) and benzene
90ae —ai (Scheme 45).87

Scheme 45
R? i
~
HN R NHR3
F F
F X H a, b N a, c F H
| ~— 1 J -
P
FONTF FoxF F F
90l,v—ad 89lv—ai CO:Me
(@) Ir(ppy)s (84), hv, EtNPr, MeCN; 90ae —ai
(b) X = N, R" = HNR2, 23 °C;
(c) X = CCOsMe, R = CH,C(O)NHR3, 45 °C
R2 Yield (%) | R3 Yield (%)
C(O)Me (90I) 98 Ph (90ae) 83
C(O)Et (90v) 97 CeH4F (90af) 85
C(O)Pri (90w) 93 CeHsMe (90ag) 94

C(0)CeHsNMe> (90x) 78
C(0)CeHsOMe (90y) 85
C(O)CeHsMe (90z) 86
C(O)CeH4F (90aa) 83
C(0)CeHsNO5 (90ab) 0

CoH4CN (90ah) 82
CH,COEt (90ai) 81

Cy (90ac) 0
Ph (90ad) 76
Scheme 46
R H -
N R H
N SN
Fo A F Ieeviahv | E L _F
| EtNPry | —EtNPry*+*, —F~
= ~
F7 X7 F F7 X7 F
112
R_ M R\N M
F e EtNPr Fo ko H

| ' - EtNPr |
F X F Me)kMe F X F

X =N, CCO2Me

It is assumed that the hydrogen bonding in radical anion
112 between the ortho-F atom and the NH group not only
ensures regioselectivity of the reaction but also increases its
exothermicity (Scheme 46).

Hence, photocatalytic defluorination reactions of aro-
matic compounds have been studied in sufficient detail. By
contrast, data on photocatalytic C(sp?) — F bond formation
reactions are scarce.

5. Introduction of a trifluoromethyl group

Organic compounds containing fluoroalkyl groups are of
great interest in medicinal chemistry due to high metabolic
stability and lipophilicity.88 90

MacMillan and Nicewicz®' were the first to perform
photocatalytic enantioselective alkylation of aldehydes 113
by introducing the CF3; group and using the Ru(bpy);Clz
(68a) —2-rert-butyl-3,5-dimethylimidazolidin-4-one trifluo-
romethanesulfonate (114a) catalyst system (Scheme 47,a).

Scheme 47
(6]
Y/
Br  OCH,CFs } I _o
o a, 23°C
‘ Cat 1 (0.5 mol.%), (R = Hex) R OCH.CF3
H)ﬁ Cat I1 (20 mol.%) (80%)
DMF,
R 26-utidine ﬁ
13 CFsl y CFs
borc, —20°C /\/
IR = Hex, R
(CH2)208Bn, (70% —99%,
(CH2)2CO,Et, 90%—99% ee)
Bn, Cy, efc.]
Me Me\
N BU N oBY
o= \I -TfOH (o= \I -CF3COzH
NH NH
M Me\
Me e But
N u
114a 114b ol T -GracOmM
" NH
Me 114c

PF;

(a) Cat| = 68a, Cat Il = 114a;
(b) Catl =115, Cat Il = 114b;
(c) Catl = 68a, Catll = 114c

115 [Ir(ppy)2(dtb-bpy)]

Later, the enantioselective trifluoromethylation was
performed using the iridium (115) or ruthenium (68a)
photocatalyst and enantiomeric 2-tert-butyl-3,5-dimethyl-
imidazolidin-4-one trifluoroacetates (114b,c) (see Sche-
me 47,b,c).%2

The highest yields and enantiomeric excess values were
observed in the case of the combined application of tert-
butyl-substituted iridium catalyst 115 and imidazolidin-4-
one 114b. The proposed mechanism of trifluoromethylation
involves the following two cycles: a photocatalytic cycle in
the presence of metal complex photocatalyst 115 and an
organocatalytic cycle using imidazolidin-4-one 114b
(Scheme 48).
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Scheme 48
Me
(0]
N\ /
L 4
(0] )”’N t F%
)‘\ Me' N Bu F
H % 116
R M
R [o) e
/
SN
Me . .
O Organic catalytic "
/ 9 y /() 1)
IN cycle Me N Bu'
)u/ CF3
1] t
N Bu 5%/
H Me
114b (0] R
o
o )H/
‘ CFa
H
R Ir(ppy)2(dtb-bpy)  *Ir(ppy)=(dtb-bpy) *
115
CFal Photocatalytic
ET cycle hv
r(ppy)2(dtb-bpy) *
F
116

A method was developed for the trifluoromethylation of
carbonyl compounds, including amides and esters, using the
photocatalyst Ru(bpy)s;Cl, (68a), R3SiX and CFsl as a
source of the "CFj radical (116).°3 The proposed reaction
mechanism is outlined in Scheme 49. In the first step,
ketone 117 is transformed into Si enol 118 in the presence
of R3SiX. Then the visible light-initiated catalyst promotes
the generation of the trifluoromethyl radical (116) from
CFsl followed by the reaction of this radical with enol 118
giving a-silyloxy radical 119, which is transformed into
silyloxocarbenium cation 120 via a SET mechanism. The
latter cation is hydrolyzed to form a-trifluoromethyl-sub-
stituted ketones 121.

o Scheme 49
\
R1
117 R?
CFsl Ru(bpy)3*
R%Sixl \\\
OSiR} | .
CFs Ru(bpy Ru( bpy O
RIZS 116
118 R2 m
OSiR3 iR
R1).\/CF3 /S/ \j
119 R? —R3SiOH

R! = Ph, 4-MeOCgH4, 4-NCC¢Ha; EtO, Me2N, 1-Ad, etc.;
R? = H, Pr, Hex, efc.; R® = Me, Pr, But

The trifluoromethylation of ketones 117 with trifluoro-
methanesulfonyl chloride TfCl was performed in the pres-
ence of eosin Y (eosin Y disodium salt 123) as the
photocatalyst (Scheme 50).%*

Scheme 50
1) MesSiOTf (1.5 equiv.), 0

H EtNPr; (1.5 equiv.) /H\/Rz
R

R~ R 2) TiCl (3 equiv.),
117 Cat (0.5 equiv.), hv CF;

122 (56% —86%)

R2=H:R'=
2-Naph; R’

Ph, 4-FCsH4, 4-C|CGH4, 4-MeCeH4, 2-M606H4, 2-Py,
—R? = (CH2)4

Cat =

NaO

COzNa
O Br

[123 (eosm Y)]

The photocatalytic trifluoromethylation of heterocyclic
compounds 124 and 125 using the catalyst Ru(bpy)s;Cla
(68a) and the reactant CF3l allows the introduction of the
CF;3 group into the heterocyclic moiety under mild con-
ditions (Scheme 51).93

The reactions were assumed to involve trifluoromethyl
(116) and heterocyclic (128) radicals (Scheme 52).

In order to elucidate the detailed mechanism of photo-
catalytic trifluoromethylation of heterocyclic compounds
124 and 125 with CF3l, Su et al.°® applied a microreactor
technology to record UV-Vis spectra in flow. The quantum
yields and rate constants of individual reaction steps were

Scheme 51
R2 R2
Ru(bpy)sCl2 (68a), hv
ALY ror i e )
R X ) ; R X CFs
124a-e 126a-e
Compound 126 X R’ R2 Yield (%)
a NH CHO H 71
b NH COzxMe H 80
c NMe H H 95
d O Et H 92
e S NH2 CO2Me 92
R2 R2

N\ . Ru(bpy)sCl» (68a), hv N\ .

R'"+ CFal —— v~ o R
X TMEDA, MeCN, rt X
125a—e (R, R? = H, Me) 127a-e

Compound 127 X R? R? Yield (%)
a NH CF3 Me 90
b NH Me CF3 94
c NH CO,Et CF3 81
d NMe Me CF3 94
e NMe CF3 H 95
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Scheme 52
NR3
“Ru'(bpy)s
hv NR;w
Ru'(bpy)s Ru(bpy)? Me
N—cF,
N
"CFs CF3l H
Me 116 ]ﬁ* -
A\
Me Me
N . N ;
125b o, O, o
N N
128 H H
Scheme 53
U + CF, Rulbpy)sCl. (68a), v @\CF
[\‘] TMEDA, MeCN l\‘l 3
Me Me 125¢
124c
pathway a
“Rull(bpy)s (Me2NCH2)2
hv
Ru'(bpy)s (MezNCHZ);* pathway b
Rl CFl
(bpy)s Re(bpy). .
hv
CFs+ |- CFal Ru'(bpy)s 116 + 1
116 “Ru"(bpy)s
(Me2NCHy); ™ (Me2NCH2)2

evaluated for the trifluoromethylation of N-methylpyrrole
(124¢), which provide evidence that the formation of the
trifluoromethyl radical (116) proceeds by pathway a rather
than pathway b (Scheme 53). This process cannot be
assigned to radical chain reactions.

The trifluoromethyl group was introduced into aromatic
and heteroaromatic products 129131 using TfCl and the
catalyst Ru(phen);Cl, (132) (Scheme 54).97

Trifluoromethanesulfonyl chloride is easily reduced with
the catalyst to the radical anion TfCl—", which is decom-
posed into the CF; radical (116), SO, and C1— (Scheme 55).

The employment of TfCl in the presence of iridium
photocatalyst 115 allows the regioselective trifluoromethy-
lation of exocyclic double bonds in saturated heterocycles
133 in high yields (Scheme 56).%8

Electrophilic Umemoto reagent (Um) 134 is successfully
employed as a CF3 radical source in the presence of photo-
catalysts.

Thus, the photocatalytic hydroxyfluoromethylation of
alkenes 135 with the Umemoto reagent (134a) in the
presence of the catalyst Ir(ppy)s (84) proceeds in high yields
with 100% regioselectivity (Scheme 57).%°

The proposed mechanism of hydroxytrifluoromethyla-
tion (see Scheme 57,a) involves the formation of the CF3

ArH Scheme 54

TfCl,
Ru(phen)sClz (132)

Y Z CF3
Y N
R%}\CFg Pe I CFs
= X R2

129 (82%-94%) 430 750, _g0%)

K2HPO,,
MeCN, hv

131 (73%—92%)

R=H,Y=H: Y=2Z=CH,X=N, R = H, NHBoc,
X = NH, NMe; = H, R2 = MeO; MeO, MeS, efc.
R=Me,Y =H: Y=2Z=CH,X=N,
X=0,S§, efc. R!' = R2 = Me;
Y=CH,X=2Z=N,
R! = R2 = Me;
Y =CH, X =N,
Z=N,R'=R2=Cl, etc.
Scheme 55
H
F3C— ‘S Cl
*Ru''(phen);
SO, + CI—
TfCI—
u''(phen), Ru'l(phen), CF3
\HHF SET

131
F 16 F /’H+
L

R@ R /’”H R ””H
~—

Scheme 56
(0] (0]
H I o
R a X3
N 1o > N
Cwn ),
133

(a) Ir(ppy)2(dtb-bpy)PFs (115), hv, MeCN, rt,2h; n =1, 2

radical (116) and cation 136, which reacts with water to
form alcohol 137 (Scheme 58).

The exclusion of water from the reaction system and the
use of ruthenium catalyst 68b resulted in the formation of
vinylic substitution products 138 (see Scheme 57,5).100

Oxotrifluoromethylation of alkynes 139 affords o-tri-
fluoromethyl ketones 140 via rapid keto-enol tautomeriza-
tion of the initially formed vinyl alcohol (Scheme 59).10!

Photocatalytic oxotrifluoromethylation of 1,6-enynes
141 with CF3SO,;Na (142) in the presence of 9,10-phenan-
threnequinone (PQ, 33) as the photocatalyst produces
trifluoromethyl-substituted benzofurans, benzothiophenes
and indoles 143 (Scheme 60).102

The proposed mechanism implies the use of trifluoro-
methyl (116) and vinyl (144) radicals and involves the
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Scheme 57 Scheme 59
CF3 R?
R? + BF4 CF3
>7< \ 137 (41%—98%) 140 50%—81%
R?
R’ CF3
135 134a b _— (a) Ir(ppy)s (84) (2 mol.%), hv, Um (134a), Me>CO, H20, rt, 12 h;
R? R R2 = Me: R = H, MeO, OH, F, Cl, Br, MeC(O)NH, Me:N;
R' = AcNH: R2 = H, Bu", Cy, Ac, efc.
138 (37% —82%)
(a) Ir(ppy)s (84) (0.5 mol.%), hv, Me2CO, H20, rt, 2—4 h; Scheme 60
R2 = R® = H: R! = 4-XCgHa (X = MeO, F, Cl, Br, AcO, F5C); R
R'" = Ph, R2 = H: R® = Me, Ph; R" = Ph, R% = H: R2 = Me, Ph; = PQ, v, CF4SO:Na (142)_
(b) [Ru(bpy)s](PFs)2 (68b) (2 mol.%), hv, DMSO, rt, 2 h; ’ ”M C3N HZO
R® = H: R' = R2 = Ph, 4-XCgH4 (X = MeO, Cl, Br); X oL, 2
R'" = R2 = Ph: R® = Me, Ph; R' = Ph: R2 = 4-BocNHCgHj,
141 143 (36% -7 5%

R3 = H; R = 4-MeOCgHa, R® = Me, Ph; R2 = Ph,
R3 = H: R! = 3-Py, Me(Ph)CHCHy, 4-O;NCgHa

X = NBoc, O, S; R = Ph, CgH4X (X = 4-Cl, 4-OMe, 4-OH, 3-Cl, 3-Me,
2-Br, 2-CF3), 2-Naph, 3-Th, efc.

Scheme 58
+ IPpy)s Rt oH . L . ,
CF; )VRS + HO — —— R3 formation of vinylic carbocation 144" through the exo-dig-
R2 . . . .
(pathway a) or cationic (pathway b) cyclization
[P 137 CFs (Scheme 61).
/ (PPY)s A/\ This mechanism was confirmed by trapping the tri-
\* [Ir"(ppy)s] fluoromethyl radical (116) with the 2-methyl-2-nitrosopro-
i he O!8 labelling of the benzylic position of
Inv( H.0 pane dimer and t g ylic p
[ir(ppy)el § product 143a (see Scheme 61).
An efficient method for the synthesis of 6-trifluoroethyl-
N ) phenanthridines 146 was developed based on trifluorome-
CFs —> R thylation of biphenylvinyl azides 145 using the Um
116 CF3 136 CF3 (134a)—Ir(ppy)s (84) system (Scheme 62).103
The photocatalytic trifluoromethylation of «-(1-hydro-
CFi xycycloalkyl)-substituted styrenes 147 with Umemoto
116 reagent 134b proceeds via ring expansion to form cyclo-
alkanones 148 — 150 (Scheme 63).104
Scheme 61
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Scheme 62

RZ
O _ Ipy)s (84). v R
O P Um (134a), Na;HPO,,

DMF, rt, 12 h
146 (66%—90%) CF3
R' = H: R2 = H, CF3, MeO, But, Cl; R2 = H: R' = Me, F, etc.
Scheme 63
HO X CF3
) + T~
v ).,

R 134b

148-150 (33%—90%)

(a) [Ru(bpy)]s(PFs)2 (68b) (1 mol.%), hv, TMSOTf, DMF, rt, 8 h;
148: X =0, Yisabsent,n=1,m=0:R = H (a, 27% yield );

F (b, 29%);

149: X = CHy, Yisabsent,n=1,m = 0; R = H (a, 74%),

4-F (b, 73%), 4-Cl (c, 60%), 4-Me (d, 78%), 4-Ph (e, 82%),
4-OMe (f, 90%), 2-Me (g, 39%), 3-Me (h, 51%);

150: X =CH2, Y = CHz,n=1,m=1; R =H (a, 52%),

4-OMe (b,47%);Y =0,n=1,m=1;R=H (c, 41%)

The ring expansion involves the 1,2-alkyl migration in
cation A as the key step (Scheme 64).

2-Aryl-2-(2,2,2-trifluoroethyl)cyclopentanones  149a—
d,h,i were also independently synthesized by Woo and

Kim,'9> who showed that the time of this reaction can be
decreased to 15 min by using the Ru(phen);Cl, (132) —Um
(134a) catalyst system in acetone (Scheme 65).

A photocatalytic procedure was developed for the direct
vicinal halotrifluoromethylation of styrenes and alkenes 135
with  Umemoto reagent 134a using the catalyst
Ru(bpy)s](PFs)> (68b) and the reactants TMSHal
(Hal = Cl, Br) or CsHal (Hal = Br, I) (Scheme 66).19¢

The main steps of the reaction responsible for selectivity
are as follows: the reduction of Umemoto reagent 134a
resulting in generation of the trifluoromethyl radical (116),
which adds to alkene to form benzyl-type radical A, the
oxidation of the radical A to cation B and the reaction of
the latter with a halogen source (Scheme 67).

The Umemoto reagent was employed in the photocata-
lytic synthesis of trifluoromethyl-substituted heterocyclic
compounds 153 (Scheme 68).107

Togni reagent 154 can be used as a trifluoromethyl
radical source in photocatalytic trifluoromethylation.
Thus, the Togni reagent (154)—Ir(ppy)s (84) system was

Scheme 65

Ru(phen)sCly, hy
_ >

Me>CO, rt,
15 min

CF3
149a—d,h,i

R = H (a, 77%), 3-Me (h, 73%), 3-F (i, 66%), 4-Me (d, 73%),
4-F (b, 70%), 4-Cl (c, 70%), etc.

Scheme 64
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S
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7
TMS = SiMes CF3
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Scheme 66
Ru(bpy)s(PFs)2 (68b), hv
/—/ rn,2.5h
135 BF4
CF3 134a
MesSiCl cl R R = H: Ar = 2-MeCgHyg4,
[ CHCls 2-BrCgHa, 4-ButCgHa,

Ar CFs 4 AcOCcH4, 4-CICeHa:

| 151 (45%—-83%) R = Ar = Ph; R = BnOCH;,
Hal R Ar = Ph, etc.;
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MeCN Ar CF3 Ar = 4-AcOCgHyg4, 4-CICgH4,

2-Naph; R =H, Hal = I

152(25%—T77%)  Ar = 4-AcOCgH., 2-Naph, efc.

h Scheme 67
.
bpy) u(bpy);*
134a XHaI
Ru(bpy )En CF;
Hal R
‘CF3 5 \ < 152
116 "R
A
Scheme 68
PPY)3 (84), hv
134a LiCO3, MeCN,
i, 12h

153 41%—80%

R' = OH: R2 = H, OMe, Cl, Br, NHAc, NHTs, NHBoc;
R' = NHTs: R2 = H, OMe, ClI, Br, NHAc, NHTs, NHBoc, etc.;
X =0,NTs,NBoc;n=1-3

/O Scheme 69
N
SR 4 o Ir(p.py)g (84) (2.5 mol.%), hv‘
N I/ Li,CO3, MeCN, rt, 3 days
\
R? CF;
R2 = H:R' = H, Me, Ph, Bn;
— >—R2 R2 = Ph: R' = H, Me, Bn;
R2 = CF3: R' = H, Me, Bn,
R? = Me: R' = H, Bn, efc.

(41%—90%) R1

employed to introduce a CF5; group at the C(4) position of
benzimidazoles 155 (Scheme 69).108

The proposed mechanism of this reaction is shown in
Scheme 70.

Photocatalytic trifluoromethylation of 1-aryl-2-methyl-
substituted alkenes 156 with Togni reagent 154 allows the
synthesis of o-trifluoromethyl ketones 157. It should be
noted that this method is applicable only to electron-rich
alkenes, the corresponding products being formed in low to

Scheme 70
H CF;
N ers _N
+ > - + />
N> N\ N\
N\
R? 1
N R
\R , LigCOgl —H*
Ir(ppy)s
It ppy
“Irt( PPY)3
O
/
|
\
CF3;
Scheme 71

Ru(bpy)s(PFs)2 (68b)

(5 mol.%),
R! MgSOQa, hy _
R2 DMAP, DMSO, rt, 48 h

154
Me
—> R
R2 CF3
R3 157
R! R2 R3 Yield (%)
H OMe H 40
H NO2 H 0
H OMe 3-OMe 23
2-OMe H H 17
2-OMe H 6-OMe 27
2-OMe OMe H 8
3-Br OMe H 29
2-OMe OMe 5-OMe 20
3-OMe OMe 5-OMe 31

moderate yields (8% —40%). Electron-deficient alkenes
(R'=R3=H, R?2=NO0,) do not undergo this reaction
(Scheme 71).10°

Li et al.'% proposed two possible reaction mechanisms.
One of them involves the oxidation of radical A with the
complex Ru!(bpy); to carbocation B (pathway «). In an
alternative mechanism, the initial stabilization of radical
cation C with a DMSO molecule (intermediate 158) is
followed by the reaction with the CF3 radical (pathway b)
(Scheme 72). Upon the addition of H,'80 to the solvent,
product 157 did not contain '80. Consequently, DMSO is
the most likely source of oxygen in the product. Meanwhile,
the proposed mechanism via pathway b implies the migra-
tion of methyl and aryl groups during the transformation of
intermediate 159 into the reaction product, which seems
doubtful.

The more probable mechanism involves the attack of
radical cation C at the C— Me moiety by a DMSO molecule
(see Scheme 72, intermediate 160, pathway c).
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pathway a pathway b Scheme 72
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~l

Photocatalytic trifluoromethylation of isonitrile-substi-
tuted methylenecyclopropanes 161 allows the synthesis
of 6-(trifluoromethyl)-7,8-dihydrobenzo[k]phenanthridines
162 under mild conditions in good yields (Scheme 73).119 @j\

The proposed mechanism involves the reaction of tri-
fluoromethyl radical 116, which is generated from the
radical anion of Togni reagent 154', with an isonitrile
moiety followed by cyclization and cyclopropane ring open-
ing (Scheme 74). I

Zhu et al.'"! described the use of CF3SO,Na (142) as a N
trifluoromethyl radical source in the photocatalytic hydro-
fluoroalkylation of terminal alkenes 163 (Scheme 75). The O O
highest yields of the trifluoromethylation products were
achieved in the presence of iridium catalyst 73, whereas
the employment of the ruthenium catalyst Ru(bpy);Cl>  F,c

(68a), as well as of other fluorinating agents (CF3;CO2Na, c CFs
CF3CO,H, TMSCF3) in this reaction was not successful. N/ N7 >
The possible reaction mechanism is shown in N ‘ .
Scheme 76.
Photocatalytic trifluoromethylation of alkenes 164 with O O O ‘
N~

CFsl in the presence of the ruthenium catalyst Ru(bpy);Cl»
(68a) and 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU) pro-
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Scheme 75
Ir-Cat (73), hv

X

Q VA cpasozNamQ YO
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(71%—88%)

X =0,n=4:R=H (77% yield), OMe (82%), Br (74%), CHO (78%),
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Xis absent,n =0, R = H (0%);

o Scheme 76
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(0.1 mol.%), hv

DBU, MeCN, rt,
164 2-10h

RWCFg
165 (78%—95%)
n = 1: R = O(CH2)sOH, NHC(O)CrH;s-n;

n=2:R=Ph;n=4:R=0H, OTMS, OSO,Ph, OC(O)NMey,
OC(O)Ph, OC(0)C7H15-n; n = 8: R = CHO, C(O)Me

n=9:R=Me
*Ru(phen)3* NR;
hv +.
NRj
Ru(phen)3* Ru(phen)s
. +
CF3| NR’ NRI 1=
‘CF3
116
R CF3— > CF;
— R/\/\CF3 NR% NR3

NR} = DBU

vides a convenient route to functionalized trifluoromethy-
lated alkenes 165 having an E configuration under mild
conditions (Scheme 77).

The best results as regards regio- and stercoselectivity
and product yields were achieved with terminal alkenes. The
reaction with internal unsaturated compounds gave a mix-
ture of E and Z isomers in lower yields.!!?

The difunctionalization of alkenes resulting in the
C(sp?) — CF3 and C(sp?)—C(sp?) bond formation was per-
formed using CF3SO,Na (142) in the presence of benzophe-
none (27g) or anthraquinone (32) as the photocatalyst.!!? In

this work, o,B- (166) and v,6-unsaturated ketones (167) were
used as substrates, which were subjected to tandem radical
cyclization giving 2,2,2-trifluoroethyl-substituted phenanth-
ren-9-ols 168 and anthrones 169, respectively (Scheme 78).
In both cases, the yields of the cyclic products were on
average 30% —50%: the presence of a strong electron-with-
drawing substituent in alkenes promotes an increase in the
yield of the product (168h, 70%). The nature of the
substituent in the (het)aryl group has no significant effect
on the yield of the final product.

<
O + CF3SOQN8
R N 142
(0]

166 -

Scheme 78

Ph2CO (27g), hv
B iefa). v
MeCN, rt, 4—13 h

—
CF3
R1
OH 168 (30%—70%)
R2 = H:R" = H (a, 45%), OMe (b, 47%), Cl (¢, 30%), F (d, 44%);
R'" = H: R2 = Me (e, 30%), But (f, 38%), OMe (g, 47%), F (h, 70%);
= OMe, R2 = F (k, 50%)
F
@i o 0B
r (Het)
169 (35% —-55%)
* MeCN, rt, 70 min;
o 32
R" = H: Ar = 3-CI-4-FCgH3 (a, 47%), 2-CICgH4 (b, 59%),

1-Naph (¢, 43%), Ph (d, 51%), 4-Py (e, 46%), 2-Th (f, 39%):
R' = 4-OMe, R2 = 4-FCgHa (g, 44%), efc.

The proposed reaction mechanism involves the addition
of the trifluoromethyl radical (116) to the double bond in
alkene 166 followed by the attack of the resulting radical
170 on the adjacent aromatic ring (Scheme 79).

Similarly, radical 171, generated through the addition of
the CF; radical (116) to alkene 167, is transformed into
product 169.

The formation of trifluoroethyl derivatives of phenan-
thridines 172 from N-arylacetamides 173 proceeds by a
similar mechanism involving cyclization steps
(Scheme 80).114

The employment of 2,2,2-trifluoroethyl iodide (174) and
cobalt photocatalyst 175 in the reaction with styrenes 135
allows the synthesis of allyltrifluoromethanes 176 in mod-
erate to high yields (Scheme 81).11°

A study of the influence of the nature of metal complex
catalysts (84, 177—180) on the selectivity of trifluoroethy-
lation of styrenes showed that dimerization is the main
reaction pathway regardless of the ligand structure
(Scheme 82, product C).''® However, the use of the hete-
rogeneous catalysts UiO-67-Ir(ppy)2 179) and
UiO-67-Ir(ppy¥)> (180), which were prepared by the inser-
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Scheme 79

Esinieeitiseatlsde
52/
S s - B

169

o Scheme 80 R’ R1 Scheme 81
175 (20 mol.%), hv
O | R? Ru(phen)sClz (132) (2 mol.%), hv Ar)\ + I/\CF > Ar )\/\CF3
N

3 EtNPr, rt, 24 h
TfCl, MeCN, rt, 12 h 135 174 176 (51% —83%)

R = H: Ar = 4-R?CgH4 (R? = Bu', MeO, AcO, MezN, HO, MeS),

- 2-Naph; R' = Ar = Ph, efc.;
SnPh3
o) O- *H\o
CF3 Me / /
172 (49—77%) 175 = fN\ I Me
X Co
Me™ N7 |\ I
173: R' = R2 = H; R? = Me: R" = H, 4-F, 4-Cl, 4-Br, 4-CN, 4-Et, \ ‘ N7 e
4-But, 4-Ph, 4-OMe, 3-Me, etc. O-H—O
PyH
Scheme 82
7
Cat (5 mol.%),
(Pr;NHCHo)2, hy
+ CF3CHal 4>M oN. 1.0
eCN, F20,
174 t, 48 h
OMe
135a
HO CF3 O\ CF3 Meo
. I CFs F o178
+ +
[Ir(ppy)2(Etadebpy)]
CF3
OMe OMe MeO
181a 181b © 182 Oy _-OH
f 0,
Cat Yield (%) O 1) Z1Cla DV,
S 120°C

181a 181b 182

+
. )

2) [IVLoCll
—_ >

Ir(ppy)s (84) 10 9
[Ir(ppy)2](Etdcbpy)Cl (177) 20 772
[Ir(ppyF)2](Etodcbpy)Cl (178) 32 8 60 N
UiO-67-Ir(ppy)2 (179) 60 11 28 HO™ "o HO
UiO-67-Ir(ppy")2 (180) 76 18 2 c X %
= (5= O Y
179 F
(Ui0-67-Ir(ppy)2) 180

(UiO-67-Ir(ppyF)2)
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tion of complexes 177 and 178 into the Zr'V-metal-organic
framework (UiO-67), made it possible to significantly
improve the selectivity of the synthesis of trifluoroethylated
styrenes.

The photocatalytic trifluoromethylation of alkenes 183
with the participation of diazonium salts 184 and
CF3SO,;Na (142) affords fluorinated azo compounds 185
(Scheme 83).!''7 The reactions were assumed to involve
trifluoromethyl and phenyl radicals.

Scheme 83
Br
R2
)\VRS +4-BrCeHsN{ BF; + CFaSO,Na —> N%N
R™ 83 184a 142 RZ%\/RB
R' " CFs

(a) Ru(bpy)sClz -6 H20 (0.5 mol.%), hv,
MeCN, 40 min; R2 = R3 = H: R" = Bn,
Ph(CHaz)2, 4-BrCsH4CHa, PhO(CHz)s, AcCOCH,,
TMSCH_, Bu, Cy; R® = H, R? = Me,

R' = Ph(CHy)z ; R' = H, R2 = R3 = Et, efc.

185 (34% —92%)

The possible reaction mechanism includes the trapping
of CF3-containing radical 186 with diazonium salt 184b to
form radical cation 187 and the reduction of the latter with
the species [Ru(bpy);]>" giving the final product 185
(Scheme 84).

Scheme 84
hv
,//_\ i
[Ru(bpy)s]2* *[Ru(bpy)s]** Naw
CF3SO2Na '\‘l
142 [Ru(bpy)el?* 185 Ph
‘CFs3 S0,

oh ™ e e, T
186 phNIBF; X
184b |

The photocatalytic transformation of acrylamides 188 in
the presence of aryl diazonium salts 184a—j and erythro-
sine B (189) as an organic photocatalyst was applied to
prepare 3-trifluoro-2,3-dihydroindol-2-ones 190
(Scheme 85).118

4,4'-Dimethoxybenzophenone (191) is an efficient pho-
tocatalyst for trifluoromethylation of unsaturated N,O-
heterocycles [pyrrolinediones 192 and 2,5-furandione (193)
with CF3SOxNa (142)] (Scheme 86).!!° The reactions pro-
ceed through diarylmethyl (194) and cycloalkyl (195) radi-
cals (Scheme 87).

The photocatalytic reaction of N-(het)aryl-N-hydroxyl-
amides 196 with perfluoroalkyl iodides 197 in the presence
of ruthenium catalyst 68b provides the most common
approach to the synthesis of perfluoroalkoxy-substituted
arenes and hetarenes 198 (Scheme 88).120

The reaction is accompanied by the N—C migration of
the OR¢ group (Scheme 89).

Scheme 85

(I

F3C //O

N
N a
~
R1©/ R Rre H a N—ps

188
184a—j
R’ 190
(a) 189 (5 mol.%), hv, MeOH, —50 °C, 4—6 h;
184: R = 4-Br (a), H (b), 4-Me (c), 4-MeO (d), 4-F (e), 4-Cl (f),

3-Cl (g), 2-Cl (h), 2-CN (i

COzNa

(i), 2-F (j);
RT=H, R® = Me: R = H (41%),
4-Me (83%), 4-MeO (38%), 4-F (70%),
180 | 4-Cl (73%), 4-Br (80%), 3-Cl (34%),
O O 2-Cl (35%), 2-NC (0%); R' = H,
NaO R3 = Et: R2 = 2-F (26%), 4-F (67%);
R! = 5-Cl, R® = Me, R? = 4-CI (57%), efc.

Scheme 86
O% X
—0

(4-MeOCgHa)2C=0 (191)

N—X hv ‘
—Q >
= CF3S02Na, MeCN,

(CF3)2CHOH, rt, 6 h FsC
192,193 (27%—61%)

X = MeN, Bu"N, BnN, PhN, O, 2-MeCgH4N, 2-F3CCgH4N,
2-MeOCeH4N, 4-C|CeH4N, 3-BrCeH4N, etc.

Scheme 87

O% X
QZO
hl(_ Ar —0

195 \116

0 * H
‘ \ X
Ar Q:o
CF3802Na
(CF3)2CHONa
(CF3)2CHOH
116
Scheme 88
Ac Ac
| Ru(bpy)s(PFs)2 (68b) |
N\OH (0.5 mol.%), hv NH
R + Ri—| — > R
K2CO3, MeCN,
196 197 0°c,12h OR¢
198 (27% — 87%)
R¢ = CF3: R = H, 4-But, 4-Br; R = 4-But: R = CF(CF3)C2Fs,

(CF2)sCF3, (CF2)2Cl, (CF2)2Br
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Ri—1 Scheme 89
197
Ru(bpy)3*
hy
*Ru(bpy); " Ri—1-
Ru(boy)* J\ -
SET (bpy)s
Rf
Ac Ac Ac Ac | Ac Ac
N N N N e ‘ NH
“~OH —H ~o— ~o —> 0 | —» “OR, —» 7 .
+ -
OR¢
196
/‘Ac /‘Ac
N NH
/H
/Rf /Rf
(0]
198
Scheme 91
6. Introduction of CF,X groups H20
24 group [PhsPCFoBr]*Br~ ——2» [: CF2] + 2HBr + PhsP=0
Among various fluorine-containing alkyl groups, the 204  PPh 206
. . . . 3
difluoromethyl group is an important structural unit. The iNaL H20

introduction of this moiety into a molecule generally leads
to an increase in the binding ability and lipophilicity of the
drug. Besides, this group is isosteric and isopolar to such
groups as OH and SH.!2!'-123 [t was shown that (difluoro-
methyl)triphenylphosphonium bromide (199) can be used as
a "CF,H radical source.!?* The reaction of terminal alkenes
200 with this reagent in the presence of the catalyst Ir(ppy)s
(84) affords bromodifluoromethylation products 201 in
high yields (Scheme 90,a). In the presence of DBU, the
reaction proceeds via dehydrobromination to form difluoro-
methyl-substituted alkenes 202 predominantly in the FE
configuration. The use of the catalyst Ir(ppy)s; (84) in the
presence of the Nal —Ph;P—KHCO3;— H,O system allows
the selective difluoromethylation (product 203), while the
formation of bromodifluoromethylated by-products 201 is
suppressed (see Scheme 90,5).125

The photocatalytic hydrodifluoromethylation of alkenes
with (bromodifluoromethyl)triphenylphosphonium bro-

Scheme 90
Br
46» RZJ\/CFzH

201 (71%—94%)

DBU CFH
)= + [PhaPCF,H] *Br— — > Rz~ "2
R 199 202 (75% —83%)

200
b R'. H
T O

203 (36%—87%)

R1

(a) Ir(ppy)s (84), CuBrz, DMF, hv, rt, 10 h; R" = H: R? = (CH),Ph,
(CH2)30C6H4CO2Et-4, (CH2).0C(O)Ph, (CH2)sCO2H, ONaph, etc.;
(b) Ir(ppy)s (84), PhsP, Nal, KHCO3, H20, THF, hv, rt, 10 h;

R' = H: R2 = (CH>)2Ph, (CH2)eBr, (CH2)sOH, (CH2)sCHO,
<CH2)8002H, (CHQ)zOBZ, CH2P(O)P|"I2, C5H40Me-4

[PhsPCF;] HCFl HCFBr

e
PPh;
[PhsPCF,H]Y
Irv / \ X O\
o X
(e} THF (o)
*Ir||| |r|||
hv 14 y .,

(0]

H20 or HBr

PhaP + X~ + CF,H
205

R
[PhsPCF,H]X - TCFZH

R
e THF

mide (204) presumably gives, apart from the ‘CF,H radical
(205), difluorocarbene (206) (Scheme 91).12°

Noto et al.'?® developed a method for the regioselective
aminodifluoromethylation of terminal and internal alkenes
135 containing aromatic substituents based on the com-
bined use of S-difluoromethyl-S-di(p-xylyl)sulfonium tetra-
fluoroborate (207) and perylene (208) as the photocatalyst
(Scheme 92).126

The C—N bond is formed via the Ritter reaction
(Scheme 93).

Iridium photocatalyst 84 and bromides BrCF>R (209)
were employed to introduce a CFzR group [R = H, COzEt,
C(O)NEt,, CF2Br, efc.] into uracils and pyridinones 210, as
well as into coumarins and quinolinones 211
(Scheme 94).127

This reaction presumably proceeds through difluoro-
methyl (212) and cycloalkyl (213) radicals as the key
intermediates (Scheme 95).
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Scheme 92 BrCF,R *Ir'”(ppy)g Scheme 95
Per (208) AcHN R hv
4> O
135 o MeCH, 20, Ar CF2H n
r,6h : Ir CFzR
Me (300/0 _ 76%) CF2R |r|v(ppy)3 (ppy)3 X ‘ 2
CF.H (0]
SET Y
207 X ‘ o
R = H: Ar = Ph, 4-MeCgHg, 4-FCgH4, 4-CICgH4, 4-BrCeHa, N |
Y CF2:R K2HPO,
4-AcOCgHy4, 3-OHCCgH4, Mes; R = Me, Ar = Ph; R = Ar = Ph, efc.; )(k/j/CFzR Xk 2 2 4
e Y Y
Rase
208)
Scheme 96
= N = N R2 a
R! + BrCF,COsEt —>
Scheme 93 ~__N \/)—g
AcHN R 214
A CF,H . Z N R
r 2 1
Me Me h» R >~ _N /
CF2H . o
207 0 Ritter amination (60% —94%) CF,CO,Et
e Per (208) R
N
(a) Ir(ppy)s (84), hv, K2CO3, DMSO, rt, 24 h;
_ pert- —/—e AT CFaH R! = H: R? = 4-Me, 4-Cl, 4-Br, 4-F, 4-CF3, 4-CN, 3-Me, 3-MeO, 3-Br;
CF2H R R? = H: R' = 7-Me, 8-Me, 6-Cl, 8-Cl, ec.
205
v
R Ar CFoH o Scheme 97
A /= /
; 73, hv
R COx('Ad) + |—CF,COEt —— " »
NiBr2-glyme, L (216),
Scheme 94 215 NaHCO3, DME,
// rt, 30 h
‘ ‘ , COx('Ad)
CF,R? —> R
In 84), hv
>‘( ‘ + BrCF,R2 K(:‘;)gg' (D'\;S;, X ‘ CF2CO2Et
Z 2 4, ;A (45% —67%)
Y% R 209 i, 24 h o~ >y R? ° °
210 (39% —98%)

X =Y =NH, Z = CH: R' = H, Me, CF3, R2 = COzEt; X = Y = NMe,
Z = C(O): R' = H, R2 = CO,Et, CF,Br, C(O)NEt,, etc.
KoHPO4, DMSO,

R X O
\©ij + BrCF,CO.Et
= 209a rt, 24 h
211
-
CF2COzEt

(45% —92%)

X =NH:R=H,Br; X=NMe,R=H; X=0:R =H, Me, OMe,
OH, NEt,, efc.

Yin et al.'?® developed a photocatalytic method for the
selective introduction of a CF,CO:Et group into imi-
dazo[1,2-a]pyridines (Scheme 96).

An efficient procedure for the enantioselective difluoro-
and perfluoroalkylation of B-ketoesters 215 was developed
based on cooperative photocatalysis and asymmetric Lewis
acid catalysis (Scheme 97).12°

The participation of the ‘CF,CO,Et radical (212a) in
this reaction was confirmed using the radical scavenger

aan

Bn (216) Bn

Scheme 98
>(j< + ‘CF,COEt —> >(j<

212a

106 217 CFgCOzEt

(TEMPO, 106), and the structure of adduct 217 was
determined by NMR spectroscopy (Scheme 98).12°

The proposed reaction mechanism is shown in
Scheme 99.
gem-Difluorinated phosphonium salts 218 were

employed in the photocatalytic synthesis of B-difluorohy-
droxyalkyl-substituted benzenes 219 (Scheme 100).130

The possible mechanism involves the formation of alkyl
radicals 220, 221 and Hantzsch ester radical cation 222
(Scheme 101).

gem-Difluorohomoallyl alcohols 223 were synthesized
by the photocatalytic replacement of iodine in B-iododi-



188 G.1.Borodkin, V.G.Shubin  Russ. Chem. Rev., 2019, 88 (2) 160—203
o—INiL] Scheme 99
INiL)* [N 7—» &oozmd
CO,('Ad)
*|pll Il (215) J 212a
‘CF Et
\ CF2CO> INiLL]
N 212a o
/7 0
| —CF2COzEt
/O O'Ad
/ CF,COEt
CF2COEt . [0]
e INiLI- — [NifL]
o o Scheme 100 Scheme 103
osiM EtOWOEt .
iMe :
v Me” "N Me OTMS NZBF“
B o e Y
NC + R /o ENPRm12n Ph
184a,d—fhk—r 226 (20%—90%)
)w(v N (a) Ru(bpy)sClz -6 H20 (68a), hv, Cs,CO3, MeCN, rt, 2 h;
184: R = 4-Br (a), 4-OMe (d), 4-F (e), 4-Cl (f), 2-Cl (h), 4- (k),
4-NO; (l), 4-CF3 (m), 4-COEt (n), 4-CN (o), 3-NO (p), 3-CF3 (q),
219 8%— 8%) 2-NOs (1)
R = 4-XCgH4 (X = H, OMe, CO2Me, CN, CI, PhCHy)
fluoromethyl-substituted alcohols 224 by the vinyl moiety
Scheme 101 (Scheme 102).13!

The visible light-initiated reaction of a-aryl-fB,B-di-
fluoroenol silyl ether (225) with aryldiazonium tetrafluoro-
borates 184a,d—fh,k—r in the presence of ruthenium
catalyst 68a affords difluoroketones 226 rather than diazo

OSIMe3 OSIMe3 compounds as the major products (Scheme 103).'32 In most
PPhs X -CN cases, the reaction proceeds in high yields; however, the
presence of an electron-withdrawing substituent in the ortho

position of the starting diazo compound leads to a signifi-

cant decrease in the product yield [184r (20%), 184h (40%)].

The reactions are inhibited by the addition of TEMPO
(106), which attests to the participation of radicals in the
photocatalysis and indicates that the reaction proceeds

OS|Me3 OSiMes
— % CN . . Scheme 104
%Ar + Ar
221 Ar I -« Al
—TMS
XN (0] OTMS
+
. ‘\ FoF N=N—AF
Me H Me Ar Ar
Ru(bpy)sClz 6 H0 / OTMS
L (68a), hv
Ar —N,BF;
Scheme 102 Ar — NZBF4
OH 1) Me2CISICH=CHb, OH OTMS OTMS pathwaW
| EtsN,MeCN /k
R > R N N S CcE
2) Ir(ppy)s (84), hv, NaOAc, PhsP CF2 2
F F o oa)NHF F F OTMS
224 223 (73%-91%)
N FoF . OTMS  (s,CO0, F. E
R = Ph, 4-MeOCgHs, 4-NCCgHs, 4-MeO,CCsHs, 4-CICeH., PNEGN + /k — Ar
‘ Ar” XCF pathway 2 Ar
4-PhC5H4 s etc.; (6] ' z H
O
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predominantly by pathway [/ rather than pathway 2
(Scheme 104).

A selective procedure for the synthesis of B,B-difluoro-
ketones 227 is based on the cleavage of a,a-difluorinated
iodides 229 (Scheme 105).133 The proposed mechanism
involves the visible-light-induced reduction of iodide
R!'CF,I (228) with the catalyst Ir(ppy)s (84) as the key
step, which is confirmed by a comparison of the reduction
potential of this iodide and the potential for the *Ir''/Ir!V
pair (—1.11 and —1.73 V, respectively).

Scheme 105
OSiMe3
e LV
RICF,l + 7 "R3 o> R1)S/\R3
228 R2 /A , PhaP, MeCN, )
220/ (g5) r, 24 h R

227 (54% —90%)

R" = Bn, R? = H: R® = Ph, 4-MeOCgHy, 4-IC¢H4, 2-Naph,
2-Th; R" = Ph(Me)CH, R2 =H: R® = 4-MeOCgHj4, furan-2-yl;
R' = 4-Me02CCgH4CH>, R2 = H: R3 = 4-CICgH,4, But, etc.

The photocatalytic reaction of cinnamic acid derivatives
(230) with BrCF,COzEt (209a) in the presence of iridium
catalyst 84 proceeds via decarboxylation giving difluorome-
thylstyrenes 231 (Scheme 106).134

Scheme 107

(6] NTs
R? N\ Ir(ppy)s (84), hv OH

)VR1 * S R* CF2H
R3 AN / \ Mezco Hzo Ra 2

Ph CFH o4
135, 183 232 R?

R' = R? = H, R3 = 4-XC¢H4 (X = H, Me, MeO, B, Br, Cl, F);
R? = H, R® = Ph, R" = Me, CH,0H, Ph; R' = H; R2 = Me, R® = Ph;
R'=H,R2=R%=Cy;R' =R2 = Me, R® = Ph

Scheme 108
(0]

H ) BroFReRe > @

234 (25% —93%)

233 R

CFR?R3

(a) [Ir(ppy)s] (84), hv, HCO2Na, CH.Cly, rt, 24 h;

= CgH4, R2 = F, R® = COzEt: R' = H, Me, Ph, 4-MeCgH,,
4 CICsH4, Aris absent, R? = F, R® = COEt: R" = Ph,
4-PhC6H4, 4-C|CSH4, 4- MeOC6H4, 4- FCGH4, 4- MeC6H4;
Aris absent, R" = Ph, R? = F: R3 = F, P(O)(OEt),,
furyl carbonyl, C(O)CsH4sOMe-4, morpholinocarbonyl,
C(O)NH —cyclo-C7H13; R2 = H, R® = CO,Et

Scheme 106
R
X CO2H BrCF2COEt (209a)
X Ir(ppy)s (84), hv, 1t, 24 h
CcmOZEt
X CF,COEt
(E)-lsomer )-lsomer
R X Isomer ratio (E: Z) 231
batch conditions continuous-flow
reactions
H 2-Me 6:94 92:8
H 2-MeO 9:91 87:13
H 2-F 14:86 91:9
H 2-Cl 8:92 90:10
Me H 10:90 90:10
Me 4-Br 18:92 90:10

The use of a continuous-flow system with a controlled
reaction time allows the synthesis of predominantly the E
isomer. Meanwhile, the reaction in batch affords the Z
isomer as the major product. The reaction with arylpro-
piolic acids proceeds in a similar manner.

The photocatalyst Ir(ppy)s (84) was also used for
hydroxydifluoromethylation of alkenes 135 and 183 with
PhS(O)CF>H(NTs) (232) (Scheme 107).135

The photocatalytic cascade difluoroalkylation of
alkenes 233 followed by intramolecular cyclization provides

BrCF,CO,Et Scheme 109

2093 (1" (ppy)al*

CF2COzEt

Ph X 212a

\Y
\ o [™(ppy)a]

[Ir'"'(ppy)s]

Ox OO
base

CF,COEt CF,COEt

—0
—

Ph 0
CF,COEt

a route to oxygen heterocycles 234 in moderate to high
yields (Scheme 108).136

The radical character of the reaction (Scheme 109) was
confirmed by its suppression upon the addition of the
radical scavenger TEMPO (106).

The selective photocatalytic difluoroalkylation of
alkenes 235 with the participation of CO, and ruthenium
catalyst 68a is an efficient and environmentally friendly
route to oxazolidin-2-ones 236 (Scheme 110).137

The reaction of bromo- or iododifluoromethylsilanes
237 with electron-deficient alkenes 238 in the presence of
heterocyclic carbenoids 239 was performed under visible
light irradiation by a radical chain mechanism
(Scheme 111).138
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Scheme 110
R1._ _R? [
a o\,
‘ H + CO, —> EtO,CF2C N—R
R3 \R4 R
235 r2 R®

236 (30% — 86%)

(@) Ru(bpy)2Clo- 6 H20 (68a), hv, BrCF,CO,Et (209a), DABCO, DMF, rt,
10 h; R = R2 = H: R® = Ph, 3-MeCgHa, 3-CICsHa, 4-MeCgHs,
4-CICeH4; R' = Me, R2 = H, R3 = Ph; R* = Bn

Scheme 112
R:SPh
N\ aorb
cersrer 2 [(a]
X 241 X
240 242 (52% —90%)

(a) Ir(ppy)s (84), 2,6-Iutidine, DMF, hv, rt, 12 h, Rf = CFy;
(b) [Ru(phen)s]Cl; (132), TMEDA, MeCN, hv, 24 4, Rf = (CHy),,

n=2,4;Ar= CeHs: X = NH, NMe; Rr = (CF2)n,n =1, 2, 4,
X =0, S, Rf = CFy; Aris absent, X = NMe,
Rf= (CF2)n,n=1,2,4,R" = H, etc.

Scheme 111
NHC - BHa (239),
Me3Si X hv ;
R v, MesSi R
|>(F MeCN, rt Dading
238a—¢e F F
237a,b

(46% — 77%)

238: R = CO2But (a), CO2Cy (b), CO2Me (c), CO2(CH2)2C=CH (d),

CN (e); Me
237: X = Br(a), | (b);
NHCBH3 = [ )—BHs
\
(239) Me
Me
/
Me3S| [ ) BHs
\/R
Me3S| R
Me38|>\
F F H

Arylthiofluoroalkylation of unactivated heteroaromatic
compounds and alkenes 240 with readily available phenyl-
thiofluoroalkyl bromides 241 in the presence of Ir or Ru
organometallic photocatalysts 84 and 132 allows the simul-
taneous introduction of a sulfur atom and a fluoroalkyl
group into molecule 240 under mild conditions
(Scheme 112).139 It should be noted that different combina-
tions of a photocatalyst, a base and a solvent enable one to
prepare compounds 242 in high yields regardless of the
reactivity of the arylthiofluoroalkyl radical.

The thiofluoroalkylation of alkenes 238f—k affords
either heterocyclic (243) or acyclic alkenyl products (244)
(Scheme 113).13° The reactions of aryl- and diphenylethy-
lene-substituted alkenes 238j,k yield acyclic compounds
244a.b as the major reaction products, while the reactions
of aliphatic alkenes 238f—i performed under the same
conditions give cyclization products 243a—d.

Another approach to the photocatalytic synthesis of
difluoromethyl-containing organosulfur compounds 245 is
based on the reaction of gem-difluorinated organozinc

Scheme 113

Ir(ppy)s (84), hv

A
R + PhSCFBr o tidine, DMF. i, 12h

238f-k 209

F F
> S

Fr RA\)QS

R F 244ab
243a—-d

243:R = n-CgH17 (a, 75%), Ph(CH2)2 (b, 76%),
PhCO2(CHz)4 (¢, 80%), 4-CICeHsC(O)NHCH: (d, 70%);
244: R = 4-MeOCgH, (a, 81%), Ph,C=CH (b, 90%)

Scheme 114
FF F F
123, hy
f R1
o %SRZ

245 (51%—54%)

R’ 2
R S
ZnBr ¥ SgTT

246 247

R? = Et,NC(S): R' = Ph, 4-MeO,CCg¢Ha4; R' = R%2 = Ph

compounds 246 with disulfides 247 as electrophilic agents
(Scheme 114).140

A new method was developed for the introduction of the
PhSO,CF, group into nitrogen, oxygen and sulfur hetero-
cycles 248 in the presence of ruthenium photocatalyst 68a
(Scheme 115).14!

Pyrrole derivatives (248a—e) and furan derivatives
(248f—h) were regioselectively difluoromethylated in posi-
tion 2 of the heterocycle. The lowest regioselectivity of the
reaction was observed for thiophene and its derivatives
248i—1. Su et al.'! failed to detect the adduct of the
CF,2SO,Ph radical and the radical scavenger TEMPO
(106). They employed radical clocks to trap this radical
(Scheme 116, lower equation). The reaction of PhSO,CF>I
with allyl ether 249 gave cyclic product 250, which attests to
the participation of the PhSO,CF; radical in the reaction.

S-Perfluoroalkyl sulfilimino iminium salts 251 were
proposed as sources of Ry radicals (Rf= CF3, C4F9,
CF;,Br, CFCl,) in the photocatalytic alkoxyperfluoroalky-
lation of alkenes 135 and 183 (Scheme 117).142 The radical
character of the reaction (Scheme 118) is confirmed by its
inhibition in the presence of TEMPO (106) or Ox.

Photocatalytic ethoxycarbonyldifluoromethylation of
alkenols 147 with ethyl bromodifluoroacetate (209a) affords
difluoroalkyl-substituted cyclic ketones 252 via difluoroal-
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Scheme 115

Ru bpy)3CI2 -6 H0

68a), h
Het —H + PhSO,CFyl 8™ o Het GF,50,Ph

248 K2HPO4, CH2Cl2,

40°C,24h
R
248 = {/ % [X = NH: R = H (a), 2-CO2Et (b);
X X = NMe: R = H (c), 2-CH>COsMe (d),
2-C(O)Me (e); X = O: R = H (f), 2-Et (g),
2-OMe (h); X = S: R = H (i), 2-Me (j), 2-Ph (k),
R 3-OMe (I)];

©\/\g [X = NH, R = Me (m); X = NMe: R = Me (n),
X

n-CsHi (o), Pr (p), Ph (q)]

Scheme 116
{/ \\ Ru(bpy)sClz -6 HzO (68a), hv @\
N K2HPO., CH,Cla, 40 °C, N~ CF2S0:Ph
| TEMPO (106) |
Me Me (traces)
248c
| CF>S0,Ph
68a, hv _
+ PhSO2CF2l ' 1ipo,, CH,Cly, 40 °C
250 (86%)

kylation and 1,2-alkyl migration (Scheme 119).!%3 Upon the
addition of TEMPO (106), reaction products were not
detected, which is indicative of the participation of radicals
in the key steps of the reaction.

Photocatalytic carbodifluoroalkylation of secondary
and tertiary homopropargyl alcohols 253 in the presence

Scheme 117
Et. + _Et
- h )\/ o Ir(ppy)s (84), ~ om
| ~ hy e
+ e
R1)\VR3 "‘“ MeOH, rt, R1>%/R3
2-16h
135, 183 S R
Ph” Ry 251 f

R' = 4-Bu'CgHa, R2 = R3 = H: Rf = C4Fs (72%), CF2Br (77%),
CFCl, (66%); R1 = 3-MeCeHs , R? = R® = H: Ry = C4Fo (68%),
CF2Br (65%); R! = 4-MeOCgH4, R2 = R3 = H: Ry = C4Fq (77%),
CF2Br (76%), CFClz (65%); R = 4-CICeH4, R2 = R® = H:
R = CF2Br (67%), CFCl, (64%); R' = Ph, RZ = H, R® = Ph,

= CFCl, (58%); R' = AcMeN, R2 = R3 = H, R = C4Fo (83%), efc.

Etw_ I:] _Et Scheme 118
| TfO- ,,v OMe
N
R/\ MeOH
*Ir( PPY)s r(ppy)s s —-H* R
f

K Ry

Ir(ppy)s

Rf4>R/\

Scheme 119

OTMS
Ar + BrCF,CO.Et —> %ConozEt

209a
147 X 252 (29% —73%)

(a) Ir(ppy)s (84), hv, KoCO3, DMF, 1t, 3 h;
X = CHa: Ar = Ph, 4-MeCgHg4, 4-FCgH4, 3-FCgH4, 4-CICeHa4,
3-MeCgHg4; X = O: Ar = Ph, etc.

Scheme 120
R Ar?
In 84), hv
X + BrCF,COzEt %’
HO — Ar2 209a e
253 Art CF,COEt
. —
R=H L CHO
_ (21%—58%)
Ph CF,COzEt
41> — 0
(R = Ar', /
Az = ph) AT

(43%—65%) Ar'

Ar2 = Ph: Ar' = R'CgH4 (R = 4-Me, 4-MeO, 4-Br, 3-Me);

Ar' = Ph: Ar2 = R2C¢H4 (R? = 4-F, 4-Br);

Ar! = 4-BrCgH4, Ar2 = Ph; R = Ar! = Ph, 4-MeCgHa, 4-MeOCgHa,
4-FC6H4, etc.

of iridium catalyst 84 proceeds via 1,4-aryl migration
(Scheme 120).144

In a similar reaction, 1,3-diarylpropynones 254 undergo
radical cyclization to form 3-aryl-2-ethoxycarbonyldi-
fluoromethylindenones 255 (Scheme 121).14°

Scheme 121

84, hy
+ BrCF,CO,Et
K2COj3, DMF,
209a

R2 25°C,12h

R'"=H:R2 = H, 4-Me,
4-MeO, 4-F, 4-But;

R'" = 4-Me: R? = H,
4-Me, 3-MeO, 4- But, etc.

255 (68% —78%)

The mechanism of this reaction is shown in Scheme 122.

Photocatalytic vicinal difluoroalkylation and aminosul-
fonylation of alkynes 256 with ethyl 2-bromo-2,2-difluoro-
acetate (209a) in the presence of hydrazine derivatives 257, a
complex of 1,4-diazabicyclo[2.2.2]octane with SO, and
9-mesityl-10-methylacridinium  perchlorate (Mes-Acr™)
(61c) as the photocatalyst proceeds with high stereoselectiv-
ity (Scheme 123).146
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Scheme 122
O
I/
y/ CF,COzEt
Ar
(0]
©)\
Ar
BrCF,CO,Et SET "CF,CO,Et
2002 1 \, 22
\ CF,COzEt
hy
it
6] O
// I/l
O’ CF,COzEt 74H+> ’ CF,COEt
Ar Ar
Scheme 123
= HaN—NH
a
R + BrCF>,COsEt + —>
209a X
256 257
O _
/\
CFzCOzEt

(a) 61c, hv, DABCO - (SOz)2, DMF, rt, 12 h;
X = O:R = H (71%), 2-Me (77%), 4-Me (88%), 4-MeO (80%),
4-Ph (82%), 4-Cl (45%), 4-Br (68%); X = CHy: R = 4-MeO (55%),
4-NH; (82%), efc.

The reaction is inhibited by the addition of TEMPO
(106). The probable mechanism of the formation of product
258 is shown in Scheme 124.

Fluorinated sulfones 259 were used as a source of the
CF>;H radical (205) in the photocatalytic synthesis
of fluoroalkyl-substituted phenanthridines 260 (Sche-
me 125).'%7 For a wide range of substituents in isonitriles
261, the yields of the reaction products were higher than
58%, the lowest yields being observed in the presence of
strong electron acceptors [260j (27%), 260k (37%)] or the
MeO group in the ortho position of the free aromatic ring of
the starting isonitrile [260f (20%)].

» EID Ng
261
HF,C

=N
OO

R'  260a-I

Scheme 125

[Ru(bpy)s]Cl2 -6 H20 (68a),
CFH hv ~

N32003, DMSO, I't, 4h

A0
\

R2 = H:R' = H (a, 78%),

4-Me (b, 73%), 4-Ph (c, 69%),
4-CF3 (d, 73%), 4-OCFs3 (e, 81%),
2-OMe (f, 20%), 3-OMe (g, 44%):
R'" = H: R2 = 4-Me (h, 58%),
3-Me (i, 55%), 4-CF3 (j, 27%),
4-NO (k, 37%), 4-F (1, 82%)

A method for the synthesis of 3,3-difluoro-2-oxoindoles
263 was developed based on the photocatalytic difluorome-
thylation —amidation of anilines 262 (Scheme 126).148

The photocatalyst Ir(ppy)s (84) is presumably involved
in the formation of the CF,COEt radical (212a) and
arenonium ion 264 (Scheme 127).

A similar mechanism was proposed for the reaction of
substituted benzenes 78 with BrCF,CO»Et (209a) in the
presence of photocatalyst 84 and the base Bu'OK giving
ethyl 2-aryl-2,2-difluoroacetates 265 (Scheme 128).14°

The reaction is very sensitive to the bulkiness of the
substituent in the aromatic ring, which is apparently attrib-

Scheme 124
EtO,CCF,
0. _O-
1 ~ . _Ar
R \N/NH2 DABCO " (SO5); ‘S o
B w1 -0 -
*\?2 R1/"“ NH» - \‘S/ "
R2 ~GH 2
N
257 Ar |
R RZ
Ar—— ——> \ R'__NH,
256 EtO,CF.C "\‘
R2
'CF,CO2Et g
Zo (Mes-Acr* )req R' _NH
212a l‘\l
F_F (Mes-Acr* R?
Br CO.Et j N
v
209a Mes-Acr+
DABCO - (SO2)2 61c o
O P \
- Ar \S/ Ar S<
/C+ ~O-—Br.__CO:Et E/ “NH | No
O,2SN —S \
N FOF EtO2CF,C NRIR® Et0,CF,C
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Scheme 126 Scheme 128
R 1) Ir(ppy)s (84), hv,
NayCOs, CHxCl, tt, 24 h, Ir(ppy)a (84), hv CF2COE
+ BrCF,COzEt > + BrCF2C02Et — >R
N/H 2) EtOH, 60°C,6—-14 h Bu'OK, DMSO,
‘ 209a 209a rt, 18—24 h 265
R2
CF,COzEt CF,COzEt
. Ofﬁ \C[ ]j
a78A>201 (b, 69%,5:1)
263 (48% —85%) R2
R2 = H: R' = Me (72%), Cl (73%), Br (66%), | (70%), Pri (78%), CF2COzE
EtO (48%), CF3 (55%); R?> = Me: R" = Me (85%), F (79%), etc.
CF2CO%Et OMe
(c, 65%, 1.5:1) (d, 91%, 3:1)
Scheme 127 CF>COsEt
BrCF,CO,Et » s -
209a ppy \@\
CF2CO2Et
*CF,CO,Et IM(ppy)s (e,78%,0:m:p=4:1:5) (f,79%,0:m:p=6:1:2)
212a IMV(ppy)s

SET

Z jc:cmozEt i :CFQCOQEt
F_F
R@o

N

263 H

L
NH2

CF,COEt
{I base
R —_ >
NH

uted to steric hindrance to the insertion of the CF,CO,Et
radical (212a). The reactions with monosubstituted ben-
zenes containing electron-donating substituents afford pre-
dominantly ortho and para isomers.

A method for the photocatalytic synthesis of difluoro-
alkyl-substituted isoquinolinones 266 was developed based
on the cascade radical cyclization of isonitriles 267
(Scheme 129).159 The authors employed the Cul-catalyzed
cyclization in the CuBr-bis(pinacolato)diboron [(Bpin):]
system (100 °C, 8 h) as an alternative approach to the
synthesis of quinolines, thus making it possible to prepare
products in comparable yields.

The pathway of photocatalytic difluoromethylation of
N-substituted 1-(2-allyloxyphenyl-3-amino)prop-2-en-1-
ones 268 and 269, which allows the synthesis of functional-
ized CF»-substituted benzoxepines 270 and 271, depends on
the number of substituents at the amino group
(Scheme 130).'5! 1t was assumed that in the presence of
two methyl groups at the nitrogen atom (compound 269),
the resulting imino cation 272 is hydrolyzed (Scheme 131,
pathway a), while in the presence of an NRH group, the
reaction proceeds via deprotonation followed by tautome-
rization (pathway b).

The Smiles rearrangement of sulfonates 273 initiated by
the photocatalyst Ru(bpy);Cl>-6 H,O (68a) was used to
introduce the CF,CH,OH group into the aromatic ring,

The position of the substituent in the minor regioisomers is marked
with an asterisk

W + BrCF,COSE

209a

R R1

CF2CO.Et
266 (60% —90%)

Scheme 129

Na2COgz, DMF,
rt,24 h

R'=H,R? = Ph; R2 = H: R
R? = Me, 4-F, 4-Cl, 4-Br, etc.

= 4-Cl, 2-Br; R' = 4-Me:

s Scheme 130
BrCF,CO2Et —>
209a NHR!
Z NHR! 0\
o /' CF,COEt
(268)
O
o) 270 (33%—61%)
-] OH
o F \
(269) CF,CO%Et
» R2
(0]
271 (33% —64%)

(a) 123, hv, NaOAc, CH,Cl,—H20, rt, 48 h;
R' = H, Bu", cyclo-C3Hs, Cy, Bn u gp.; R2 = 4-Me, 4-MeO, 4-F,
4-Cl, 4-Br, 5-Me, 5-F, 5-Br, efc.



194 G.1.Borodkin, V.G.Shubin  Russ. Chem. Rev., 2019, 88 (2) 160—203
(0]
Re RP RO Scheme 131
R - ’T‘ N
o/\H R3 ?
R¢ HO
BrCF,CO-Et (268, 269) R1 O\
209a W7 CF2CO2Et
6] pathway a
PSS R
—HNMe
RZ\KI/R3 (RO H) o
* el 271 R?
Ir Ir'v o \ NaOAc, H20 Vs
\ Re HN
S Y/
1
hv R ! CF>CO,Et
T o pathway b 1
—Ht
22 (R®=H) 0~ 270
thereby allowing the synthesis of (het)aryl-substituted Scheme 132
difluoroalkanols 274 (Scheme 132).152 O 0
The proposed mechanism involves the radicals S Br Ru(bpy)sClz-6 H20 (68a), )@OH
ArCF,CH,0S0; (275), BuyN—CH—Pr" (276) and the Ar O% NBuZ, HCORH, rt, 1_16h
radical cation [NBu3][HCO,H]"* (277) (Scheme 133). 273 274
A method was proposed for the direct introduction of
the CFQP(O)(QEt)z group into arenes and .hetarenes in the Ar: /(g[R = H (89% yield), CI (87%)];
presence of iridium photocatalyst 84, allowing the synthesis R7Ng
of (het)aryldifluoromethyl phosphonates 278 in good yields
(Scheme 134,a).'33 The reaction presumably proceeds with Rﬂ* [X=S,R =H (32%); R = CO;Me: X = O (73%),
the participation of the CF,P(O)(OEt), radical. X NMe (43%)];

Photocatalyst 84 also exhibits high efficiency in the
hydrophosphonodifluoromethylation of mono- and disub-
stituted alkenes, providing a route to functionalized alkyl-
and alkylaryl-substituted difluoromethylenephosphonates
279 (see Scheme 134,b).134

Unlike other C(sp?)—Hal bonds (Hal = I, Br, Cl), the
C(sp’)—F bond is chemically inert, which hinders the

=
Ej@ [X =CH (60%), N (72%)]
X

et al.l>> reported the first example of the photocatalytic
C(sp?)—F bond scission in trifluoromethylarenes 280 and

selective monodefluorination of compounds ArCF;. Chen  their transformation to difluoromethylarenes 281. The
F F Scheme 133
[NBUIJ[HCOH] ** Ru' (reductant) Ar 0802 <--ooo
217 sbT 215 !
NBu3 | ArSO3CH,CFBr
—SO ! 3 2 2
[NBug][HCozH]% z ;
*Ru"" (oxidant : ?
; ) ArSO3CH2CF2Br BulN" pp
v 2
Ru! (cat) 213 276
F.F
X __oH
Ar
274
ArH ; Scheme 134
a - Ar—CRPO)ORY):, (a) Ir(ppy)s (84), hv, KsPOu, CHoCl, rt, 35 h;
(R10):P(O)CFBr —| R? 278 (b) Ir(ppy)s (84), hv, K2CO3, HSCH,CO2Me, MeCN, tt, 48 h;
= R —P(O)(ORY: 278: R = Et: Ar = Ph (76%), 2,5-MexCeH3 (78%), 2,5-ClCoHs (41%),
R? . 2,3,5-Me3CeH2 (79%), 2,3,5-(MeO)3CeH2 (82%), 2,3,5-Cl3CsH2 (35%),
b R3 279 1- Naph (82%), 2,5-( MeO)zCstN (83%),

279: R" = Et, R2 = H: R® = NaphO(CHy)2 (51%), A O2C(CHy)s [Ar' = Ph (60%), 4-MeCgHa (72%)], TMSCH; (72%), Cy (25%); R

NTs
R2 = Me, R® = 4-MeOCgH4CH2 (73%); R’ =Et, R2 = Et, R® = @ (73%); R' =

(CH2)2

(63%),

b (85%) , etc;
o

[ Qs (90%),

= Et,

(0]
Me, Et, Pr; R2 = Me; R3 = ©:Z</N(CH2)2

A\
O
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=
L
TMP, HBpin, DCE
S0 g °C, 24 4

RZ

R? = Me: R' = H, 4-MeO, 4-Bu, 4-F, 4-Cl; R' =

T™MP = >(j< HBpin =7u(
O .0

Scheme 135

84 hv

R1

\Rz 281 (41% —82%)

H: R2 = Ph, Bn, etc.

*Ir'” T

NC 280

/‘)< TMP-Bpin* g
NC NC
r||| -

Bpin F

TMP + F—Bpin

authors assumed that the photocatalytic cleavage of this
bond affords aryldifluoromethyl radical 283, which selec-
tively reacts with the double bond in N-arylmethacrylamide
282 (Scheme 135).

Related indolin-2-ones containing the CF:HCR» group
in position 3 were synthesized by the visible light-induced
reaction of 3-alkylideneindolin-2-ones 284 with difluorome-
thyltriphenylphosphonium bromide (199) in the presence of
photocatalyst 84 (Scheme 136).15¢

The key step of the reaction presumably involves the
addition of the difluoromethyl radical at the double bond.

The three-component photocatalytic difluoroalkylaryla-
tion of 4-methoxystyrene (135a) with BrCF,CO;Et (209a)

and indoles 248 affords indole derivatives 285 in 46% —90%
yields (Scheme 137).157 The authors suggested that the
reaction proceeds through the generation of the ‘CF,COEt
radical (212a), which reacts with methoxy-substituted styr-
ene 135a to form radical 286; the subsequent oxidation of
the latter gives benzyl-type cation 286" followed by its
reaction with indole derivatives (see Scheme 137).

The three-component difluoroalkylation of substituted
benzaldehydes 287 with N-aminomorpholine (289) and
BrCF>,CO:Et (209a) in the presence of 1,2,3,5-tetrakis(car-
bazolo)-4,6-dicyanobenzene (CzIPN) (288) as the photo-
catalyst produces o,a-difluoroketone hydrazones 290 in
51% —93% yields (Scheme 138).1°8

R? R2 CFoH Scheme 136
R3 R
/ 84, h R2 = R3 = Me, R* = H: R" = H, 5-Me, 5-OMe,
R =0 + [PhsPCF2HI*Br~ 1| veoN. ! —0 5-Ac, 5-CF3, 5-F, 5-Cl, 5-Br; R" = R* = H,
N 199 h10h N R2=R3=Me;R' =R*=H,R2 = Et,
\ (44%-91%) R* R3 = Me, efc.

284 R4



196

G.I1.Borodkin, V.G.Shubin  Russ. Chem. Rev., 2019, 88 (2) 160—-203

Scheme 137

N
Q / F

R1%:::Ij§> . = s COLEL
N Meo * BrCF2COEt A50nc, CHCl,
\ 135a 209a . 48h R'=H, R2 = Bn;
248 R2
R2 = H: R' = 5-MeO,
6-Me, 6-MeO, 6-Cl,
BrCF,CO-Et  *Irll(ppy)s hv o re - e
209 lr”'(ppy '
™ CFzCozEt
IrV(ppy)s
286/ CF.CO,Et
CF,COEt
AgBr + CF2C02Et /@/v
212a
Me0/©;5:
o Scheme 138 Scheme 139
0
I bN\ NH. Ir(ppy)s, hv NH;
Ho O e, N R + CFal R
R + \ K2COs, DCE,
L\/N\NH COzEt 262 rt,24h CeF1a
2
287 289 R FOF

290

(a) BrCF,COEt (209a), CzIPN, hv, Na;HPO4, DMF, rt, 12 h;
R = H, 4-Me, 4-OMe, 4-F, 4-Cl, 4-Br, 4-CN, 3-Me, 3-F, 3-Cl, 3-Br,

3-CN, efc;
N
CN CN
CzIPN =

(288)

7. Synthesis of compounds with perfluoroalkyl
groups C,F,,(n > 1, m > 3)

He et al.'>® developed a visible light-mediated mild and
operationally simple method for perfluoroalkylation of
anilines 262 with C¢F 3l in the presence of iridium catalyst
84 (Scheme 139).159

Rose Bengal (RB) (291) is also an efficient photocatalyst
for the introduction of perfluoroalkyl groups into anilines
262, pyridines and pyrimidines 292 (Scheme 140).160- 161

The observed acceleration of perfluorobutylation upon
introduction of electron-donating groups into the aromatic
ring of aniline was attributed to the participation of cationic
o-complex 293 in the reaction (Scheme 141).160

Organic dyes 123, 189, 294297 were employed as
photocatalysts for iodoperfluoroalkylation of alkenes
(Scheme 142).162 The yield of the reaction product substan-
tially depends on the nature of the catalyst, the structure of

R = 4-Me (77%), 4-Pri (72%), 4-CF3 (91%), 4-OEt (72%), 4-F (76%),
4-CI (90%), 4-Br (83%), 4-1 (91%), 4-CN (43%), etc.

Scheme 140
NR3
a
R? Ry
R? (X =Y =CH)
R2
é S\ X Rfl
R1
Y A\ NR3 E@(
262, 292 (Y N) )\

o g
I
(@) RB, hv, Cs2C03, MeCN, rt; RB = | O O

291 (Rose Bengal)

[0)

R' = R2 = R3 = H: Ry = C4Fg (98%, isomers p: 0 = 70:30),
CgF17 (80%, isomers p:o = 60:40), C4Fgl (65%, isomers p:o =
65:35), R" = R2 = H, R® = Me: Rf = 4-C4Fg (96%), R' = R® = H,
= 4-C4Fq: R2 = 2-OMe (95%), 2-Me (93%), 2-Br (45%);
= 5-C4Fe, R2 = 2-NO; (5%), 4-OMe (94%), 4-Me (81%), 4-NO, (0%):
(b) RB, DMF or Cs>CO3, MeCN or DMF, hv, 20 h;
X = CH, R' = R2 = H: Ry = 5-C4Fs (34%), 3-C4Fg (25%);
X = CH, R2 = H: R" = 3-NHy, Rf = 4-C4Fg (12%); R' = 5-Me,
= 4-C4Fg (47%); X = N, R" = 4-NHp, R = 5-C4Fg:
R2 = 6-NH, (48%), 6-OH (64%), efc.
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Scheme 141
H C4Fg H C4F9 RB
CO;- 291
R ET R
hv
293 NH2 ; NH
‘C4F CaFol _
CaCO; are 49 co?
> RB** RB’
CaHCO3
CaFg R "CqFy = CaFsl
262 NH2 f
R I~
NH2
Scheme 142 Photocatalytic hydroxyfluoroalkylation of alkenes 135
Cat, hv, R{l R with perfluorobutyl iodide in the presence of ruthenium
Z" “CgHi7 N2,5,05, MeCN, /[ catalyst 68a giving fluorobutyl-substituted alkanols 298 was
238l H,0,1h | CgH17 accomplished in the H;O —MeCN — Bu3N system with high
301 regioselectivity (Scheme 144,4).'93 The reaction presumably

R¢ = is0-C3F;, C4Fg, CeF13;

X X

o] 0z X=Br,Y=H,Z=Na(123, eosinY);

X=1,Y =H, Z = Na (189, erythrosine B);
Cat = X X =Y =Z=H (294, fluorescein);
Y CO2Z X =Br,Y = Cl, Z = Na (295, phloxine B)
Y Y
Y
QO i
MezN S “KiMes O‘O SOuNa
296 (methylene blue)

297 (alizarin red)

the substrate and the type of a light-emitting diode (LED)
lamp. In the absence of water and Na,S,0Os3, the reaction
does not proceed. The yield of the product decreases with
decreasing wavelength of emission light of the LED lamp
[blue (4 = 470 nm) < green (525 nm) < red (660 nm)] and
in the series of the photocatalysts: erythrosine B,
eosin Y > fluorescein, methylene blue > alizarin red.

After the addition of the perfluoroalkyl radical to alkene
2381, the reaction may proceed by the following three
mechanisms: radical chain (7), cationic (2) and radical (3)
(Scheme 143). Experiments with the addition of TEMPO
(106) after short-term irradiation, as well as the absence of a
product containing the hydroxy group attest to pathway 1,
while mechanisms 2 and 3 are less probable.

involves oxygen (Scheme 145).

OH Scheme 144
— 4 LR
R R2 CaFo
% + C4Fol — 298
R? Ns
135 ﬁ " )vc‘th

(a) Ru(bpy)2Cl, -6 H,O (68a), blue LED, BusN, MeCN —H0, rt;
R'" = H: R2 = 2-Naph (68%), 2-MeCgsH4 (59%), 3-MeCeH4 (78%),
Me(CHz)7 (39%), 4-RCgH4 (R = H (64%)), Me (75%), Cl (45%),
Ph(CH.)2 (43%)); R' = Me: R2 = Ph(CH>)2 (56%), Ph (73%);

(b) Ru(bpy)sCl2 -6 H20 (68a), blue LED, NaN3, BnEtzNBr, Nal,
DMF —dioxane, 30 °C, 12 h;

R' = 2-Naph (68%), Ph(CH2)2 (41%), Me(CH2), [n = 7 (36%),

9 (43%)]; 4-RCsH4 [R = Me (80%), But (67%), 4-Cl (71%),

4-Br (53%), 4-CN (37%)], etc.

A related reaction in the presence of NaNj affords
azidofluoroalkyl derivatives 299 (see Scheme 144,5).164

The perfluorobutylation of coumarins 211 using the
salts K>C,04 or Cu(OAc), in the presence of anthraqui-
none-2-sulfonic acid (ANQ-2-SOsH, 300) as the photocata-
lyst presumably proceeds through the formation of
perfluorobutyl radical 301 (Scheme 146).163

The visible light-induced reaction of o-diisocyanoarenes
302 with perfluoroalkyl iodides 197 in the presence of

Ryl
EY* f

AN

R
-+ Rf —>

mexj\

Na28406 or |

EY—

Na28203 orl—
EY = eosinY

Scheme 143

1
—> R R + 'R
- /\A ) .

2 -
RN R e R R R

—-e +
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hy Scheme 145
/—\ I
*Rull RU o o. BUIN OH
n . : - R 2 u3
BusNor0; \' R RX» R/\/ HR)\/Rf W R)\/Rf
Ru' hv
Ryl BujN + O ——= 05" + BujN**
BuiN*or Oz
R? - R? R3R N CaFo Scheme 146
m ANQ-2-SO3H (300), hv, R m f COz S
> X
N K2C204, Cu(OAC);, N 0
R 070  DMF-CH.CL R 0" o
211
C20;° co;* CaFg

R = C4Fg: R' = R2 = R3 = H (77%); R! = 7-OMe, : n-C4Fol @\/*j:

R2 = R® = H (68%); R! = 7-OH, R2 = H, R® = 4-Me (99%); ANQ-2-SOsH~* o0 g

R' = 7-C(O)Me, R2 = 6-C(O)Me, R3 = 4-Me (60%): R' = 7-OMe,

R? = 5-OMe, R3 = 4-Me: Ry = C4F¢ (67%), CF3 (26%)

C.05~
i ANQ-2-SO3H*
SOsH ‘\ C4Fg
hv™~ ANQ-2-SO3H
N
‘ 300 0
O 300
R3 Scheme 147 5 5 5 5 Scheme 148
5 n. _Bn n. _Bn hy
R NC BnoNH, fy Ri+ N { N f}
+ CF3(CFo)pl ———— > H
1 NG 197 MeCN, rt, 24 h 304 s
R
302 R NC
R3 RS Bn._+-_Bn
. Nt R? NC
R2 N R? N.__~(CF2),CFs > Rt N
N ~N
SO0 O a
~ ~ 3 R
R N~ (CF2.CFs R N7 R
303a 303b R2 NC R2 N . Ri Ry
- - g)
O 7
R? R2 R3 n Yield (%) R’ N "Ry R N Rf
303a 303b —> 303a + 303b

Me Me H 0 82 —

Me Me H 2 50 -

Me Me H 3 69 — The radical cyclization is also a key step in the photo-

Me Me H 5 61 — catalytic synthesis of perfluoroalkylated azaspirocyclic

Me Me H 6 68 — cyclohexadienones 305 (Scheme 149).167

Me Me H 7 65 — The photocatalytic reaction of nitrones 306 with per-

OMe OMe H 7 66 — fluoroalkyl iodides 197 in the presence of ascorbic acid

OMe H H 7 40 32 (AA), collidine and iridium catalyst 115 produces fluori-

H H OMe 7 28 33 nated hydroxylamines 307 in up to quantitative yields

H H H 7 50 - (Scheme 150).1%% The lowest yields (40% —67%) were

H H H 0 76 — observed in the case of CF3 substituents.

OMe OMe H 0 73 — Therefore, numerous compounds can be used as per-
fluoroakyl radical sources in photocatalytic fluoro-
alkylation reactions: CF3l, CF3S0,Cl, CF3SO;Na,

amines  gives  2-fluoroalkyl-3-iodoquinoxalines 303  [Ph;PCF,H]* Br—, Togni reagent, Umemoto reagent, etc.

(Scheme 147).1%6 The reaction proceeds through intermedi-

ate complex 304 as a double radical insertion (Scheme 148).
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Scheme 149

Ir(ppy)s (84), LED (5 W)

K2CO3, H20, DMF,

R1
R2
/®/\N -
o) 0¢Kr

rt, 18 h
/
N
_ > Rt .
~0
07 Rf
305
Hal = I, Br; Rf = C4Fo, R' = H: R2 = But (55%), Bu" (61%), Pri (62%):

= C4Fq; R? = But: R" = Br (64%, enantiomer ratio 1.2: 1), Cl (67%,
enantiomer ratio 1:1.4); R' = H, R? = But: Rf = n-CgF 17 (62%),
C1oF21 (65%), CH2CF3 (72%), CF3 (72%)

Scheme 150
o) R2 HO R2
\jl/ 4R Ir(ppy)2(dtb-bpy)PFe (115), hv \N/
[ d — >
R 197 ﬁﬁé r(1:o|I|d|ne, DMSO, R Ry
306 307 (40% —99%)
R! = Ph, R? = Me, R¢ = CF3(CF2), (n =0, 2, 3);

R' = Ph, R2 = Bn: Rf = CF3, PhCHzCFz;
R" = 2-Py, R, = Me: R = CF3, CF3(CF2)y, etc.

8. Photocatalytic thiofluoroalkylation

The application of photocatalysis for the introduction of
functional CF3;X groups (X = S, CH>S) into different sub-
strates is an important issue considering environmental and
economic factors. Mukherjee et al.'®® showed that com-
pounds 308 -310 with an unactivated C(sp?)—H bond can
undergo thiotrifluoromethylation in the presence of iridium
photocatalyst 73 and trifluoromethylthiophthalimide (311),
thereby providing a route to a wide range of trifluorothio-
methyl derivatives 312 (Scheme 151).

Thiotrifluoromethylation of arylalkenes 135 with 1-(tri-
fluoromethylthio)pyrrolidine-2,5-dione (313) in the pres-
ence of iridium photocatalyst 314 affords
hydroxytrifluoromethylthio derivatives 315 (Sche-
me 152).170 The reaction mechanism presumably proceeds
through the formation of the trifluoromethylthio radical,
which reacts with alkene followed by oxidation to the
arylalkyl carbocation.

The employment of trifluoromethylthiosaccharin (316)
as a CF3S radical source enabled the photocatalytic tri-
fluoromethylthiomethylation of alkenes 135
(Scheme 153).17!

The reaction mechanism (Scheme 154) was confirmed
by trapping the CF3S radical (317) with 2-methyl-2-nitro-
sopropane used as a radical scavenger.

Scheme 151
- R
RH Ir-Cat (73), hv, MeCN ~ RSCFs R = W WR @X
NPhthSCF3 (311), PhnCO2NBuUj, rt
308—310 3 (311), PrCONBu, 312 OBz "
o 308 309 310
NPhthSCF5 = NSCF n=3:R=H, Me; R = CO,;Me, n=1(40%),
¢ n=2,R=H C(O)NHj, CH20AG, 2 (70%)
(311) © v (80% —90%) CH,0Bz,
CH2ONPhth (65% — 75%)
|||/\ NPhthH
Ir I PhCOO~
NPhth i /// NPhth—
SET PhCOOH
PhCOO"
NPhth* \H AT
NPhthSCFg
W\ OBz OBz
F3CS H
Scheme 152
0
// R3 R3 OH
Ir(M 14), 42
N—SCFs + , AR [Ir(MeOppy)s] (314), 425 nm Ar>S<SCF3
\ M62C07H20, rt R1 R2 MeO
R1
O 313 135 314 =

R' = R2 = R3 = H: Ar = Ph, 4-MeCgHa, 4-ButCgH4, 4-MeOCgHy4;
R' = R2 = H, R3 = Me: Ar = 4-AcOCgHa, 4-CICgHa, efc.

315 (54% — 95%)

OMe
[Ir(MeOppy)s]
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Scheme 153 Scheme 156
o\\ y
Ir(ppY)a (84), hy ! [ [oHes
_— >
N—SCFs ArH, MeCN, rt CFsCH2SH + -
Me 0 Me
Ar 316 O (92%)
R? RS
(a) Cat (73), NiCl> - glyme (319), hv, dtb-bpy, PyH, MeCN;
SCF
Rz CFs
(45% - 85%) RS P Rs 4 pyh
Ar = 2,4,6-(MeO)3CgH2: R' = R® = H, R? = OMe, OAc, NMeAc, Ph,
N(Boc)z, NPhth; R' = H, R2 = OMe, R3 = Me, Ph; R' = R2 = OMe, Ir"
R3 = Me; Ar = 3,4-(Me0),CeHs, 2,4-(MeO)2CsHs, 3-Me, i
4-MeOCgH3: R' = H, R2 = But, efc. Ir Cycle
& L,,Nl”X
The practical method for the photocatalytic synthesis of Irt! 4\/
trifluoromethylthio-substituted ketones 318 based on styr- L,Ni'— Ni Cycle L,Ni'X <——- LnNi”X2

enes employs a combination of CF3SO,Na (142) and CS; as
sources of the SCF3 radical (317) (Scheme 155).172

Oderinde et al.'”? proposed a photocatalytic method for
the introduction of the SCH>CF3 group into the aromatic
ring in the presence of the Ir[dF(CF3)ppyla(dtb-bpy)PFe
(73)— NiCl, - glyme catalyst system (Scheme 156). The reac-
tion mechanism presumably involves a double catalytic
cycle with the participation of iridium (73) and nickel
(319) catalysts.

et Ir“
Ar—X /—k
L,,Nl'”Ar Ar—S

Scheme 154
\\ // *Ir(ppy)s
+
N SCFs PPY)s R ArH o
7H+
SCF3
SCFs R
Ir(ppy)3 SCF3
'SCF3 4> R
317 SCFs
Scheme 155
(0]
R? osi Il _scr 2 1 "
, X eosin Y (123), hv (535 nm) 3 R? = H, R = H, 4-Me, 4-EtO, 4-But, 3-Me, 4-Cl, 4-Br, 4-F,
R > R1 R1— -
CF3SO,Na (142)’ CSy, it R R2 3-C|, 3-Br, 2-C|, 4-N02, 4-MeC02, R'=R2 = Ph,
135 R = 3-MeO, Rz = COZH, etc.
318 (63% —92%)
SO /\
S=C
CF3SO2Na T CF3; > F:CS—C—S "SCF3
142 EY* 116 ; 317
EY— 0, CS
R
hv R <©/\/
EY
A . SCF3
| SCF R
3 SCF3 SCF3
1



G.1.Borodkin, V.G.Shubin  Russ. Chem. Rev., 2019, 88 (2) 160—203

201

9. Conclusion

This review shows that there is a great variety of methods
for the synthesis of organofluorine compounds by photo-
catalysis. The design of new photocatalysts based on both
organometallic and organic compounds, including those
capable of being activated by visible light, has attracted
extensive attention. The redox properties of photocatalysts
and a wide range of substrates determined by experimental
methods enabled chemists to develop rational methods for
the synthesis of organofluorine compounds. Recent studies
on photocatalytic fluorination demonstrated that these
methods have a considerable potential in different fields of
organic synthesis. Photocatalysis allows the defluorination
of polyfluoroaromatic compounds without harmful metal-
containing reagents, which have been employed earlier in
such transformations. Photocatalysis proved to be efficient
for generation of fluorinated alkyl radicals, enabling the
synthesis of libraries of tri- and difluoromethylated arenes,
hetarenes and other compounds, which can be used as
biologically active compounds. Due to mild conditions,
photocatalysis can be applied to introduce different fluo-
rine-containing groups into organic molecules. It should be
emphasized that these procedures require simple, safe and
cheap fluorination reagents. The ease of light-induced
functionalization of alkanes, alkenes, aromatic and natural
compounds with fluorine-containing groups inspired chem-
ists to develop new multistep processes, that include addi-
tional steps of cyclization, rearrangements, etc. These
reactions provide synthetic routes to complex organic com-
pounds inaccessible by other methods. Examples are the
above-considered methods for the synthesis of fluorinated
pyridines, indoles, acridines, phenanthridines, etc. The use
of visible light as an initiator of organic reactions is
attractive because it is not absorbed by organic compounds,
thereby eliminating side reactions associated with typical
photochemical processes initiated by ultraviolet light. In
most cases, reactions are atom-economic. The use of visible
light generally provides an environmentally friendly alter-
native to the classical synthetic methodology and, conse-
quently, such procedures for fluorination of organic
compounds follow green chemistry principles. Since photo-
catalytic processes involve radical steps, the enantioselec-
tivity of reactions is sometimes difficult to control. The
development of new chiral catalysts and catalytic systems
makes it possible to perform enantioselective transforma-
tions in these cases also.

This review is an attempt to summarize the state-of-the-
art in photocatalysis applied to the synthesis of organo-
fluorine compounds, which is a rapidly growing field of
research. An investigation of the mechanism of photocata-
lytic transformations will give deeper understanding of
relevant theoretical concepts and provide the basis for the
development of selective fluorination reactions. The issue of
selectivity of photocatalysis is closely related to the study of
properties of reactive intermediates, such as radicals, car-
bocations and radical ions, involved in the reactions. The
use of quantum chemical methods will give better insight
into the properties of these species and provide the basis for
understanding the detailed mechanism of these reactions.
Further investigations in the field of organic photocatalysis
should be focused on the development of practical selective
fluorination methods using readily available and cheap
starting reagents and photocatalysts. Photofluorination

reactions should be predictable, which requires a deep
knowledge of their mechanism. The unique way of photo-
catalytic activation of organic compounds combined with
the employment of fluorinated building blocks or fluorinat-
ing reagents creates the basis for the development of new
methodologies in organofluorine chemistry.
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