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Abstract

Recent protocols and reactions for catalytic radical perfluoroalkylations (Rr =
CnF2n+1, N > 2) will be described. The production of Rr radicals that effect both
addition and substitution reactions on organic substrates can be realized
through a range of diverse methods such as the well-established visible light
transition metal-mediated photocatalysis, organic dye-photocatalyzed reactions,
by Electron Donor Acceptor (EDA) complexes or more recently through
Frustrated Lewis Pairs (FLP). Thus, perfluoroalkylation reactions of carbon-
carbon multiple bonds, isocyanides, nitrones, hydrazones, p-ketoesters, a-
cyano arylacetates, sulfides, and (hetero)arenes will be described. Specially
emphasis will be made on examples published after 2015 where higher

fluorinated series of fluoroalkylating reagents are studied.

Substrate | |-/ (R’) +) el Substrate o R,

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis Page 2 of 62

Keywords: perfluoroalkylation; organophotocatalysis; transition metal-
photocatalysis; EDA complex; FLP perfluoroalkylation; catalytic

perfluoroalkylations

1.-INTRODUCTION

The prevalence and advantages of fluoro(alkyl)-substituted organic compounds
span a range of different fields such as medicinal chemistry, agrochemistry,
materials science,1 etc., and has motivated a revived interest in synthetic
methods which follow more benign and environmentally-concerned protocols. In
this regard, radical fluoroalkylation methods have come to the forefront as
compared to polar strategies. This is due to the poor stabilization of the
perfluoroalkyl cation or anion species, as compared to the radical
intermediates.” However, designs of new electrophilic perfluoroalkylating
reagents (i.e.: perfluoroalkyl-derived Togni’s reagent) and their use have been
recently proposed.?

As a matter of fact, catalytic methods have prevailed over stoichiometric
protocols. The realm of synthetic catalytic perfluoroalkylation methods extend
from thermal, photocatalyzed or transition metal- / organic dye-mediated ones,
and more recently, to visible light photoactivation of electron-donor-acceptor
(EDA) complexes or frustrated Lewis pairs (FLP). All these methods are able to
produce R radicals.

Perfluoroalkyl halides Rg-X (X = Br, ) can be a source of perfluoroalkyl
radicals Rr. These R radicals can be produced either through direct homolysis
of Re-X bond,* through electron transfer® (ET) processes from either excited

organometallic photocatalyst6 or non-metal photoactive complexes,’ or through
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(transition)metal-mediated thermal ET events. This is so on account of the
accessible reduction potentials of most Re-X as compared to their alkyl halide
analogs.

Other sources of perfluoroalkyl radicals Rr can be fluorinated sulfones
and sulfonyl chlorides that have been amply used as CF,X (X=H/R/F)
radical precursors by the groups of Hu ® and Dolbier, ® and recently discussed in
review articles dealing with these strategies.’®'"2"3

Perfluorobutyl sulfanyl chloride (C4F9SO-CI) has recently been employed
by the group of Liu "' to effect catalytic asymmetric radical
aminoperfluorobutylations of alkenes triggered by CuBr and a chiral phosphoric
acid catalyst.

The bromodifluoromethylphosphonium bromide and triflate salts have
also been exploited as sources of CF,H and CF3;R radicals and have been
developed by the groups of Qing ® and Dilman '"'® . These methods have been
revisited in difluoromethylation reviews.” " The use of Hantzsch esters for
fluoroalkylation (difluoromethylation) reactions also have been proposed by the
groups of Ryu '® and Dilman.""'

Photocatalysts combining a transition metal and organo-ligands have
been the standard choice for effecting fluoro(alkylation) reactions and many
other types of C-C bond formation reactions. 2° The reason for the prevalence of
these methods rely on the favorable redox properties of such catalysts acting in
reductive and oxidative quenching cycles, with readily accessible triplet
manifolds where metal-to-ligand charge transfer complexes ease the redox

exchange of single electrons.?® Thus ruthenium and iridium salts with pyridine-

derived ligands (e.g.: Ru(bpy)sCla, ruthenium-tris(2,2’-bipyridyl) dichloride;
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[Ir(dtbbpy)(ppy)2]PFs , 4,4'-Di-tert-butyl-2,2'-bipyridine)bis[(2-

pyridinyl)phenyl]iridium(lll) hexafluorophosphate and others) are among the
most popular metal-organo photocatalysts to achieve an array of synthetic
organic transformations.?"?

Organic dyes with their high extinction coefficients, *** being
inexpensive, nontoxic, readily available, and easy to separate or extract from
reaction mixtures render them excellent alternatives to metal complexes. As a
matter of fact, organic dyes® such as Rose Bengal,?® Eosin Y, Red Nile,?’
anthraquinone-2-carboxylic, anthraquinone-2-sulfonic acids?® and others®® have
successfully been used in the production of perfluoroalkyl Re or other carbon-
centered radicals triggered by visible light irradiation. Moreover, photocatalysts
absorbing in the red region of the electromagnetic spectrum have allowed even
lower energy irradiation sources to be used capable of effecting reductive
quenching cycles.*

This review manuscript will not include catalytic radical
trifluoromethylation,' difluoromethylation (CHF, / CF2) ', or fluorination
reactions or the radical incorporation of fluorinated groups such as XCF3 /
XCF,H / XRe (X = 0,°* S, *3 Se), as introduction of these groups have been
reviewed and discussed elsewhere. Some radical perfluoroalkylation reactions
% have been reviewed®*, however, the scope of the present approach is to
introduce new catalytic fluoroalkylation (Rg = CF2n+1, N > 2) reactions
developed in the literature since 2015, which have exerted a great impact on
radical fluoroalkylation strategies. On doing so, the perfluoroalkylation of

carbon-carbon multiple bonds, sulfides, isocyanides, nitrones, hydrazones, a-

cyano arylacetates, B-ketoesters, and (hetero)aromatic rings will be described
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according to three main strategies: i.-(photo)catalysis by transition metals; ii.-

photocatalysis by organic dyes; iii.- by EDA complexes or FLP.

2.- RADICAL PERFLUOROALKYLATION REACTIONS BY TRANSITION
METAL-MEDIATED (PHOTO)CATALYSIS

Visible light transition metal-photocatalyzed  perfluoroalkylation * reactions of
organic substrates have been discussed and reviewed in the literature up to
2015. 343" However, new and interesting contributions on catalytic metal-
mediated radical perfluoroalkylation reactions have been introduced since then,

either activated by light or by thermal processes.

2.1.-Perfluoroalkylation of carbon-carbon multiple bonds: olefins and
alkynes

In a very recent report *® von Wangelin and colleagues have disclosed
the highly regioselective cobalt-catalyzed halofluoroalkylation of alkynes
towards the synthesis of highly regioselective halofluoroalkenes under mild
conditions. The procedure utilizes a three-component catalyst comprising of
CoBr», dppbz (1,2-bis(diphenylphosphino)benzene) and zinc in acetone/water.

The substrate scope is illustrated in Scheme 1(A).
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Scheme 1. (A) Scope of the CoBrp-catalyzed perfluoroalkylation of olefins and

alkynes. (B) Proposed reaction mechanism

The authors * carried out several mechanistic probe experiments. The
reaction in the presence of TEMPO did not provide the desired product, instead,
a TEMPO-Rf adduct was encountered. They also found that the initial Co(l)
species formed cannot catalyze the reaction but requires the presence of zinc
(employed only in catalytic amount). The authors %8 observed that the halogen

atom X in the product does not originate from Rg-X via an atom transfer radical
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addition (ATRA %) reaction, but instead is transferred from the cobalt catalyst.
This is an important difference between this reaction and an ATRA 4%-3°
process. Besides, the addition of water did not result in a hydroxyl-
perfluoroalkylated product, which could be indicative that the transfer occurs to
a radical intermediate rather than a carbocation. Intermediate | and Il (Scheme
1B) have been characterized by *'P NMR spectroscopy and MS, respectively.

The mechanistic proposal entails coordinating CoBr;, with dppbz (1,2-
bis(diphenylphosphino)benzene), generating cation A (Scheme 1(B)). Through
reduction by Zn metal, coordination compound I is formed which further
hexacoordinates with Rg-X to generate Ill which is reduced to species IV
capable of releasing Rr radicals that add to the alkyne to afford radical adduct
V. Radical adduct V renders final product VI.

Liu and collaborators ">*' have recently accomplished the
enantioselective aminoperfluorobutylation of olefins employing perfluorobutyl
sulfanyl chloride as source of C4Fg radicals, a chiral phosphoric acid catalyst

((S)-A1, Scheme 2 (A)), and CuBr
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CuBr (10 mol%)
(S)-A1 (5 miol%)
Ag,CO3 (0.6 equiv)
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Scheme 2. (A). Scope of the enantioselective aminoperfluorobutylation of

olefins with chiral phosphoric acid CPA (S)-A1 and CuBr. (B). Proposed

reaction mechanism

The reaction (Scheme 2 (A)) affords high yields of enantioselective

aminoperfluoroalkylated olefins with excellent enantiomeric excess. The

authors®*’
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experiments. The presence of TEMPO, a radical scavenger, afforded trace of
products. A radical clock substrate (i.e.: 1-(2,2-dimethyl-4-(2-
phenylcyclopropyl)pent-4-en-1-yl)-3-(3-(trifluoromethyl)phenyl)urea) afforded a
mixture of rearranged and unrearranged products, purporting the presence of
radicals. Absence of CPA catalyst affords a racemic mixture of C4Fg-substituted

isomers.

The authors'®*

proposed a reaction mechanism as depicted in Scheme
2 (B). C4Fg radicals are generated from the electron transfer reaction of the

corresponding C4F9SO,CI with CuBr and the phosphoric acid. Subsequent

addition of C4Fg radical to alkene | gives the alkyl radical lll, which could be
trapped by Cu(ll) phosphate Il to form a Cu(ll) species IV, in which alkyl radical
intermediate could be trapped by Cu(ll) phosphate to generate a Cu(lll) species
V (Scheme 2 (B)). During this process, the chiral phosphate could control the
facial selectivity of such reaction via both hydrogen-bonding interactions with
the N—H bond adjacent to the aryl group and ion-pairing interactions in a
concerted transition state. Then, reductive elimination of the resulting Cu(lIl)
species V would afford the final product VIl along with the regeneration of the

copper Cu(l) and the phosphoric acid. However, the authors **'

suggested
another pathway (path b) via single-electron oxidization of intermediate IV to the
corresponding carbocation intermediate VI, which undergoes C-N bond

formation to give final product VII.

Employing lower energy light (irradiation wavelengths longer than 500
nm) for chemical reactions remains a challenge to achieve non-toxic,

environmentally-friendly, mild, and selective transformations. In this regard, red
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light has gained attention for its application in “greener” visible-light photoredox
reactions.*? Red light has the benefits of low power (600-700 nm), no risk of
light hazard, and inexpensive lamps. More interestingly, it penetrates even the
turbid media.

Shibata and colleagues * have accomplished the perfluoroalkylation of
olefins and alkynes employing trifluoroethoxy-coated subphthalocyanine and

red-light irradiation. The scope of the reaction is depicted in Scheme 3(A).

A
coated phthalocyanine PC
Rg-1, PC (1 mol%)
Na Ascorbate (5 mol%) | R
NaAcO (1 equiv)
7™ (CH,),0H - (CHa),OH R
MeCN /MeOH, red LED Rg
R
Rg = C4Fg, 92% R
= CgF17, 85% R = OCH,CF3
B 2 (CH,),OH

RE —
Rg-l
1/\ (CH2)40H .
RF RF | PC
h
red Yjght
LED

H\ Ascorbate
(CH2),0H initiation ~~ PC
Re
Ascorbate - /k Re +1°
. PC
[ (CH)OH Re-l
B Re Il
|

Scheme 3. (A) Red-light photocatalytic perfluoroalkylation of olefins. (B)

Proposed reaction mechanism

The authors *° proposed a reaction mechanism such as that illustrated in

Scheme 3(B). They found that the reaction requires both photocatalyst and light

ACS Paragon Plus Environment 10
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(from a red LED) to proceed. In an initiation event, photo-excited trifluoroethoxy
subphthalocyanine PC (Scheme 3A) accepts one electron from sodium
ascorbate to form an anion radical of PC. *® The anion radical of PC [E °peipe =
-0.69 V vs. SCE) could reduce Rg-l (E °=-1.26 V vs. SCE for C4Fgl) to generate
the Rr radical (although this reduction process (from the reduced photocatalyst
to Re-1') is a thermodynamically unfavorable electron transfer by about 0.6 V,
sodium ascorbate and/or sodium acetate probably acts as a Lewis acid to
support this step through the activation of the carbon-iodine bond to bypass this
energy barrier. Next, the Rr radical attacks the double bond to furnish a radical
intermediate 1. The radical species | has enough oxidative power (E °'= +0.47 V
vs. SCE for secondary alkyl radical) * to regenerate an active radical anion
species of the catalyst PC and cation Il, which can suffer nucleophilic attack by
iodide anion to render the final product. The authors * also considered that the
mechanism may proceed through a self-propagating radical chain step, in which
the alkyl radical | abstracts the iodine atom of Rg-I to generate the product and
a Rr radical as the chain carrier (the classical ATRA * reaction). However,
light irradiation is required not only for the initiation of the reaction but also to
maintain the propagation.

Jiao and co-workers *° have accomplished the radical
azidoperfluoroalkylation of olefins employing Ru(bpy)s;Cl, as photocatalyst, and
Re-l as perfluoroalkyl radical source in the presence of NaN3. The scope of the

transformation is depicted in Scheme 4(A).
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A Ru(bpy)sCl, (5 mol%) )
R2 BnEt;NBr (10 mol%) 1 R ,
AOR®  + CyFol + NaNg R%\(R
1 - N
R Nal (0.6 equiv) 3 C.F
DMF / dioxane 49
blue LED
‘ ‘ /K _C4Fq /@/\/Cﬁg /@)vcfsa MGD)VCJQ
68% 80% 65% 70%

blue LED

/E\

R3 R2 . R2
reductive quenching . N3 1 3
C4F —_— > RS —  » R R
NaN3 cycle 4l R N3
C4F
C4Fg 4r9

C4F9

radical adduct |

Scheme 4. (A) Scope of the azidoperfluoroalkylation of olefins (B) Proposed

photocatalyzed mechanism

The authors *° probed that the azidofluoroalkylation product is not formed
by the relay of iodofluoroalkylation product and subsequent substitution with the
azido N3 anion. Another important observation that threw light into the
mechanism is that the addition of either NaN3 or Nal to the excited Ru-catalyst
resulted in a strongly enhanced quenching effect. These results indicated that a
reductive quenching of Ru"* by either NaN3 (or Nal) was involved in the
mechanism, as shown in Scheme 4(B). The proposed mechanism (Scheme

4(B)) starts by excitation of the Ru" photocatalyst by irradiation with a blue LED,

ACS Paragon Plus Environment 12
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generating a Ru' excited catalyst (triplet state), capable of oxidizing the azide
anion to the azide radical and producing Ru'in the process. This reduced state
of the Ru catalyst is an excellent reductant to C4Fg-l, generating C4F¢ radicals in
the process and re-establishing the catalysts into its original oxidation state (i.e.
II). These C4Fg radicals add to the olefin to generate radical adduct I. Adduct I is

trapped by azide radical to form the product.

2.2.-Perfluoroalkylation of carbon-nitrogen double bonds: nitrones and
hydrazones

Dilman and collaborators “ have recently reported the perfluoroalkylation
of nitrones employing an iridium photocatalyst and ascorbic acid as reducing

agent. Some examples are illustrated in Scheme 5(A).

A
Ir(ppy)2(dtbbpy)PFg (0.5%)
o:KrRZ Asc-H, collidine (1.5 equiv) HO\N,R2
| + RF-I >
R1 DMSO, blue LED, RT, 2h R R
Me Me

! 1
_N CoFs N CeF13 e
. Ph N
92% 99% 92% © 83% CF5 86%

B —
O.+.R2
Tl Irv | ﬂN *o. _R2 I Irv O— R? AscH Asc HO- R2
h . 1 h .
Re-| &, Re + I R J\ A.:L» J\ ;4 J\
F R R 1
F orAsc RY" Re
I m
C
IrIV IrII
[l OX|dat|ve Al reductlve
ycle ycle Asc
13
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Scheme 5. (A) Examples of perfluoroalkylation of nitrones. (B) Generation of R¢
radicals and ulterior addition to nitrones. (C) Oxidative and reductive quenching

cycles of the photocatalyst

The authors “° postulate a reaction mechanism such as that shown in
Scheme 5(B) & (C). There exist two possibilities for the production of R¢
radicals. In the oxidative quenching cycle (Scheme 5(C), left), the excited Ir'"
photocatalyst reduces Re-l to R radicals (and iodide anion) rendering the
catalyst in a high oxidation state (Ir'V), which is re-generated by ascorbate
anion. In the reductive quenching cycle of the photocatalyst (Scheme 5(C ),

" bhotocatalyst is reduced by ascorbate anion to an Ir"

right), the excited Ir
species, which is an excellent reductant to Re-.I yielding R radicals. Once R¢
radicals are generated, addition to nitrone | (Scheme 5(B)) renders nitroxyl

radical Il, which is further reduced by ascorbate or the Ir"

catalyst to anion ll.

Anion lll is protonated by ascorbic acid to give final perfluoroalkylated

hydroxylamine IV. Reactions of nitrones with partially fluorinated iodides require

the use of morpholine instead of collidine (2,4,6-trimethylpyridine) as base.
Hashmi and coIIeagues47 have accomplished the Au-catalyzed

photoredox perfluoroalkylation of hydrazones.' The scope of the transformation

is represented in Scheme 6(A).
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A
E [Au(u-dppm),](OTH), (2mol%) E
NTR Br-Re - RN
)l\ * imidazole (3 equiv), MeCN, RT )l\
Ar” H quiv), : Ar” Rg
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[Au-AuT] [Au' Au”Br]2+ K/N‘N

Scheme 6. (A) Substrate scope for the Au-catalyzed perfluoroalkylation of

hydrazones.(B) proposed reaction mechanism

Probe experiments such as the addition of radical trap TEMPO or
electron-scavenger 1,4-dinitrobenzene significantly inhibited the product
formation. The key radical intermediate (Rg = CF,PO(OEt),) was observed by
EPR spectroscopy. The mechanism involves irradiation of I, which generates
the long-lived excited species Il, which in turn is a strong reductant

(E°([Aul* I*[Auzl®) = -1.5 — 1.7 V). Following ET from Il to Br-R¢ affords radical
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R and intermediate lll. Radical Rr attacks hydrazone to produce the three-
electron n-bonding intermediate IV. Oxidation of radical IV by gold species lll (to
give V), followed by deprotonation affords the perfluoroalkylated product VI.

In a more recent report, Shi and Shen *® have informed the visible light-
mediated perfluoroalkylation of hydrazones *° through the use of Ir(ppy)s
photocatalyst in DMF as a solvent. The scope of the transformation is illustrated

in Scheme 7.

N’NJ Ir(ppy) 3 (1 Mol%) Re QO

N\
+ RF'l - =
R RS 3W Blue LED R R3

R2 R
R =H, Rg = C4Fg 88%
R' =Me, R2R3 = H, Rg = C,Fq 69%
R' = Cl, R2R3 = H, R = C,Fy 92%
R' =CN, R2R3=H, R = C,Fq 90%

Scheme 7. Scope of the perfluoroalkylation of hydrazones with Ir(ppy); catalyst

The proposed mechanism is similar to that shown in Scheme 5(C)
(oxidative cycle) except that the Ir(lll) photocatalyst is regenerated from the
oxidized Ir(1V) species through the oxidation of the aminyl radical (like adduct

IV, Scheme 6(B)) to the hydrazonium ion (V , Scheme 6(B)).

2.3.-Perfluoroalkylation of the a-position of carbonyl compounds: B-
ketoesters and 2-acyl imidazoles

Xiao and colleagues * have recently informed the enantioselective radical
perfluoroalkylation of B-ketoesters through an asymmetric photoredox>® and

nickel catalysis. The scope of the transformation is illustrated in Scheme 8(A).
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23 i Ir(lln) (- CO,Ad
Re-I
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f@éﬁ

[Ni/L1]

Ir(I11)
28 i

32 Scheme 8. (A) Scope of the enantioselective radical perfluoroalkylation of -
34 ketoesters through an asymmetric photoredox and nickel catalysis. (B)

36 Proposed reaction mechanism

The authors *° suggested a radical pathway based on probe experiments.
The reaction was completely inhibited by radical scavenger TEMPO. In the
45 presence of 1,1-diphenylethylene (a radical trap), a perfluoroalkyl-substituted
47 product (i.e.:2-perfluoroalkyl-1,1-diphenylethylene) was isolated. The authors
49 noticed that continuous irradiation is necessary, indicating little or no radical
51 propagation. Also, an oxidative quenching cycle of the photocatalyst was
considered by the authors. However, on the basis of redox potentials (E*

Ir(IN/Ir(IV) = -0.89 V vs SCE higher than the E C4Fol/C4Fg° = -1.24 V), an

59 17
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oxidative quenching cycle (that in which Ir(lll) is oxidized to Ir(IV)) has to be
ruled out. Therefore, a reductive quenching cycle of the photocatalyst should be
operational (see Scheme 8(B)) where the Ir(Il) photocatalyst reduces Rg-l to R
radicals and, in turn, Ir(lll) species is re-formed. Therefore, ET from the [Ni/L1]
to the photocatalyst (E Ir(l11)*/Ir(Il) = +1.21 V vs SCE) is thermodynamically
favorable. It has also been demonstrated by the authors *° that the emission of
the excited photocatalyst is quenched by [Ni/L1], purporting that an ET within
the pair takes place. On the basis of these and other experiments,SOa the
proposed mechanism (Scheme 8(B)) entails photoexcitation of the
photocatalyst | by visible light, affording species excited Il which can suffer
reductive quenching by complex IV to yield complex V and Ir(Il) (species Ill).
This Ir(ll) species is a strong reductant of Re-1 , affording Rg radicals and
regenerating the ground state of the photocatalyst (Ir(lll)). The substrate is
activated by the chiral Lewis acid to afford intermediate VI, which is trapped by
radical R to give intermediate VII, whereupon the final product ensues. To end
the cycle, oxidation of [Ni/L1] by Ir(lll)* regenerates the Ni/L1 species.

The visible-light-activated enantioselective perfluoroalkylation of 2-acyl
imidazoles using a chiral iridium complex has been reported by Meggers et al.
%0t \where the Ir complex presents a dual functionality: as photoredox sensitizer
and as chiral director. By increasing the steric congestion of the substrate, the
enantioselectivity of the reaction was improved (i.e.: a methyl in the ortho
position of the aryl group linked to the N atom of the imidazole moiety). On the
other hand, the reaction yield correlated with the bulk of the ligands, where {-Bu

groups at the phenyl moieties increase the HOMO energy and turns Ir** into a
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better electron donor. The scope of the reaction has been probed with respect

to the substrate and the perfluoroalkyl groups (Scheme 9(A)).
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Scheme 9. (A) Substrate scope with respect to 2-acyl imidazoles and to

perfluoroalkyl iodides and perfluorobenzyl iodide. (B) Proposed mechanism for

the photoactivated asymmetric perfluoroalkylation of 2-acyl imidazoles

The authors propose a mechanism (Scheme 9(B)) involving coordination

of the substrate with the Ir complex comprising the release of two acetonitrile

ligands, which generates coordinated intermediate I, followed by deprotonation
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forming the enolate complex Il. This enolate complex makes possible the
catalytic photoredox cycle, forming perfluoroalkyl radicals via a single electron
transfer reduction. Perfluoroalkyl radical addition to give the ketyl intermediate
lll is a highly stereoselective process. Ulterior oxidation to intermediate IV takes
place releasing the final product and coordinating to a new substrate molecule.
The electron released in the oxidation of Il will either reduce Rel to Rr radicals

or reduce species II* (see photoredox catalysis cycle).

2.4.-Perfluoroalkylation of sulfides

Noél and collaborators *'°? have accomplished the visible light-induced
perfluoroalkylation of cysteine derivatives employing Ru(bpy)s 2" as
photocatalyst and inexpensive Rel as perfluoroalkyl radical source. The process
can be accelerated in a photomicroreactor with notable increased yields. Some

examples are illustrated in Scheme 10(A).
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= C4Fg, 84%
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Ru(bpy)s®*
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Ru(bpy)s
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reaction mechanism

Thus, the authors °! extended the perfluoroalkylation protocol to a

Scheme 10. (A) Examples of perfluoroalkylation of cysteine in batch through

photocatalysis. (B) Idem to (A) in continuous flow. (C) Proposed

continuous flow microreactor and obtained excellent yields for the
perfluoroalkylation of cysteine (Scheme 10(B)). A significant acceleration of the
reaction rate was observed for perfluoroalkylation, thus affording the formation

of the desired products within only 5 min residence time. The authors®"’
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proposed a mechanism such as that depicted in Scheme 10(C). Excitation of

the photocatalyst [Ru(bpy)s] **

either by the CFL or a blue LED source triggers
a metal-to-ligand charge transfer state that is reduced by TMEDA. Following,
[Ru(bpy)s] " reduces Re-l to Rr radicals (and iodide anion) and regenerates the
catalyst into the starting oxidation state (i.e.: [Ru(bpy)s] #*). This radical (i.e. R¢)
can subsequently react with cysteine to form the S—R linkage. The radical
anion of the substitution product undergoes another single electron transfer
step (SET) either to R¢l (chain-propagating SET) or to [TMEDA]™ (chain-
terminating SET). The authors measured the quantum yield of this
transformation against the oxidation of 1,9-diphenylanthracene with singlet
oxygen and found a value of ® = 126, which demonstrates that a chain

propagating single electron transfer (SET) step is indeed present in the light-

induced perfluoroalkylation of cysteine.

2.5.-Perfluoroalkylation of (hetero)arenes®
Li, He and co-workers®* have recently reported a visible-light-promoted direct
fluoroalkylation of anilines with BrCF,CF,Br through the use of Ru(bpy).Cl,

photocatalyst. A brief scope of the reaction is depicted in Scheme 11(A).
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Scheme 11. (A) Some examples for perfluoroalkylation of anilines. (B)

Proposed reaction mechanism

The authors® have proposed a reaction mechanism such as that

illustrated n Scheme 4(B). Photocatalyst Ru(bpy)s®* *°

is excited through
irradiation with a blue LED. The resulting triplet excited state of the
photocatalyst acts as a good electron reductant to BrCF,CF,Br, producing
bromotetrafluorethyl radicals, which add to the aniline derivative, to afford a

cyclohexadienyl-type radical intermediate which can be oxidized by the Ru"™
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state of the catalyst to a Wheland intermediate, which suffers proton transfer to

sodium carbonate.

3.- TRANSITION METAL-FREE PERFLUOROALKYLATION REACTIONS OF
ORGANIC SUBSTRATES CATALYZED BY ORGANIC DYES

Organic-dye- photocatalyzed perfluoroalkylation reactions of organic substrates
have been discussed and reviewed in the literature up to 2015. 3¢ However,
new and interesting contributions on catalytic dye-mediated radical
perfluoroalkylation reactions>® have been introduced ever since. Other non-
metal-catalyzed perfluoroalkylation reactions have also been reviewed and

reported by 2015.%%7

3.1.-Organo-catalyzed radical perfluoroalkylation of carbon-carbon
multiple bonds: olefins and alkynes

lkegami and colleagues °” have reported the visible light
iodoperfluoroalkylation of olefins and alkynes catalyzed by Eosin Y.°® The

scope of the transformation is illustrated in Scheme 12(A).
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Scheme 12 (A) Scope of the Eosin Y-photocatalyzed perfluoroalkylation of

alkenes and alkynes (B) Proposed reaction mechanism

The authors *’ proposed a reaction mechanism where photoexcitation of
Eosin Y*® (EY, Scheme 12(B)) could suffer either a reductive or oxidative
quenching cycle (left and right, Scheme 12(B), respectively). Based on
luminescence quenching experiments of EY by Re-l, excited EY* reduces Rg-l

to R radicals (oxidative quenching cycle) rendering EY radical cation in the
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process. EY is regenerated by reaction with Na,S,03 (or from iodide ion). Rg
radical adds to the alkene (or alkyne) to render a radical intermediate | which
can proceed to the iodoperfluoroalkylated product either through the following
three routes: i) a radical chain reaction (propagation) with Rg-l; ii) oxidation of
the radical adduct and nucleophilic iodide attack or iii) coupling of the carbon
radical adduct with iodine radical. Probe experiments, and absence of light
indicated that there is no or little chain reaction, ruling out route i). In the
presence of alcohol or water, a hydroxyl or ether perfluoroalkylated product was
not obtained, indicating that pathway ii) is also unlikely. Thus, the authors 5
concluded that the most probable route to product formation was iii), which is a

radical-radical termination step.

3.2.- Organo-catalyzed radical perfluoroalkylation of (hetero)aromatic
substrates

Barata-Vallejo *° and colleagues have accomplished the radical
perfluoroalkylation of aniline derivatives employing Rose Bengal (RB) as a
photocatalyst, and Cs,COg as the base, in MeCN as solvent under visible light
irradiation. In this work, a range of aniline derivatives with either electron
donating or withdrawing groups could be perfluoroalkylated in yields ranging
from 30% to quantitative. To account for the product formation, the authors®®

postulate a reaction mechanism such as that illustrated in Scheme 13.
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24 Scheme 13. Proposed reaction mechanism for the Rose Bengal-photocatalyzed

26 perfluoroalkylation of aniline derivatives

The authors®® found that the reaction is accelerated with anilines bearing
33 electron-donating groups. In the presence of TEMPO, a known radical

35 scavenger, the reaction does not afford product. In the presence of 1,4-

37 dinitrobenzene (a known radical anion scavenger), there is no reduction in

39 product yield. Absence of light, interrupts product formation. Consequently,
based on probe experiments a mechanism as illustrated in Scheme 13 is
proposed.>® Photocatalyst Rose Bengal RB is excited by means of visible light
46 (compact fluorescent light, CFL) to an excited triplet state which is an excellent
48 reductant to Re-I (oxidative quenching cycle) to produce Rr radicals and the

50 radical cation of RB. In turn, the photocatalyst is regenerated by CO5*

52 (initiation). Rg radicals combine with aniline derivative to afford the
cyclohexadienyl-type radical intermediate I, which in a propagation step is

oxidized by Rg-I to Wheland intermediate Il and more R radicals, prolonging
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the radical chain. Intermediate Il is deprotonated by the base, in a proton
transfer (PT) step. This advantageous metal-free protocol should be confronted
with the recently-published transition metal-mediated photocatalytic®

perfluoroalkyation of anilines.

4.-PERFLUOROALKYLATION REACTIONS IN THE ABSENCE OF
PHOTOCATALYSTS
4.1.-Perfluoroalkylation reactions by Frustrated Lewis Pairs (FLP)

4.1.1.-Perfluoroalkylation of carbon-carbon multiple bonds

Pairs of Lewis acids and Leis bases which are sterically demanding to
form adducts are called frustrated Lewis pairs (FLP). '

Czekelius and colleagues62 have utilized the concept of FLP to access
perfluoroalkylation reactions of olefins. The reactions require only catalytic
amounts of borane B(CgFs)3 as Lewis acid, P/(Bu)s as Lewis base, the

perfluoroalkyl iodide Re-I, an olefin in CH,Cl, as solvent. The scope of the

transformation is represented in Scheme 14(A).
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Scheme 14 (A) Scope of the FLP formation of R radicals for the

perfluoroalkylation of olefins. (B) Proposed reaction mechanism

The authors  found that when equal amounts of Re-l and electron-rich

phosphine P!(Bu); were dissolved in CD,Cl, the *'P NMR spectrum showed a

significant upfield shift of the *'P resonance, as well as the '°F NMR spectrum

of I-CF,-C3F7, which indicated and I-P interaction. The electron-rich phosphine

P!(Bu)s forms a halogen bond to the R-I, supported by coordination of the

borane B(CsF5); to the fluorine substituent (structure intermediate I, Scheme

14(B)). This electron-rich phosphine P!(Bu)s can reductively suffer an ET to Re-I

producing Rr radicals through an intermediate Il (Scheme 14(B)). Rr radicals

add to the olefin to form adduct Ill, which abstracts an iodine atom from Rg-l to

further produce more R radicals and product V. The authors gained further
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proof of the radical pathway by reacting 1,6-heptadiene under the same
protocol. Besides obtaining a double addition product, they found the
cyclopentane derivative in a mixture of cis/trans isomers, which is consistent
with a radical pathway. This cyclopentane derivative arises from 5-exo-
cyclization of 1-perfluorobutyl-6-hepten-2-yl radical. This protocol represents an
advantage over the reported ATRA>® reaction of olefins and alkynes with Re-
mediated by Ru(bpy)sCl, and [IF{dF(CF3)ppy}.(dtbbpy)]PFs photocatalysts®®<,
since in the present case, no transition metal is used, neither photoactivation is

necessary.

4.2.-Perfluoroalkylation reactions by Electron Donor Acceptor (EDA)
complexes

Recently, the employment of electron donor-acceptor complexes (EDA
complexes)®*'® has superseded the use of organic photocatalysts in the visible
light-induced production of R radicals and other types of carbon-centered
radicals. These EDA complexes can be realized either through interaction of
organic anions or heteroatomic lone electron pairs (oxygen-, nitrogen-, or sulfur-
centered atoms) and Rg-l through well-established halogen bonding
interactions. ®° Halogen-bonding has some advantages when compared with
other intermolecular non-covalent interactions such as hydrogen bonding: i)
greater directionality, ii) the atoms involved are more polarizable, iii) offers the
possibility of different solubility profiles when taking into account Rg-I
compounds. These non-covalent interactions can be profited to initiate single

electron transfer (SET) events. These so called non-covalent interactions (i.e.:

30
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EDA complexes) can be excited by absorbing visible light, or in some cases
spontaneously. %

Upon light excitation (or thermally induced) *°, these EDA complexes
promote an intramolecular electron transfer ET between the lone electron pairs
of the heteroatoms or the heteroatom-centered anion and the C-I ¢* antibonding
orbital from the Rg-l, generating C-centered radicals. Thus, the production of Rg
radicals induced by visible light (or by spontaneous ET)®® and absence of
photocatalysts (either organic or organometallic) has emerged as an even more
environmentally respectful alternative and protocols that make use of these
EDA complexes can be regarded as a further stage of development, simplifying
reaction conditions and minimizing the use of chemicals, thus doing without the
photocatalyst component.

Up to now the reported visible-light photoactive EDA complexes focus on
i) employing R-l as electron acceptors and amines, enamines, or enolates as
electron donors; ii) interaction of the lone electron pair from the N atom of
amines (or O-/ N-centered anions) and electron poor substrates; iii) other
interactions of electron deficient and electron rich organic cores. Visible-light
photoactivation of these EDA complexes trigger fragmentation, substitution, and
multiple-component reactions, facilitating formation of new intramolecular or
intermolecular C-C bonds.?” This has a parallel and reminiscence between the
well-studied high energy photoinduced electron transfer (PET) between donor-
acceptor (DA) complexes used in the past (i.e.: cyanoarenes and amines).%® As
a matter of fact, several years ago, MacMillan coined the phrase “No catalyst is

better” as a new paradigm in catalyzed reactions. ¢
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4.2.1-Perfluoroalkylation of carbon-carbon multiple bonds: olefins,

and B,y-unsaturated hydrazones

Chen and colleagues®® have very recently reported a visible-light
photoinduced hydroxyperfluoroalkylation of styrenes by means of an Electron
Donor Acceptor (EDA) complexes. When styrenes are made to react in the
presence of TMEDA / air, DMSO as solvent, a blue light diode as irradiation
source and C4Fg-1, a radical addition reaction ensues. The scope of the

transformation is illustrated in Scheme 15(A).

A
2 2
R TMEDA R OH
blue LED E
R N +  p-CyFql R A C4Fg
7 DMSO P
air, 24 h, RT
OH HO CuFo o
S OH
> o -
Y
C4Fg OO CuFo
70% 78% 76% 87%
OH OH
m S C4Fg | A | N
{ [ C4Fg
N\g_g N C4Fy N7 C4Fg
OH
74% 68% 63% 81%
B
[ Re-CHl 7 B A
F~ 2" .
Ar—//
& =-68.9 ppm
| o | RgCHypl------ S N— visible light CF,R¢
—_— RF-CH2-| : N\ Ar—(_
; B
| -
- A _ 02

CF;R
CF,R Re
Ar[ P Af—(7

OH 0-0O-
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Scheme 15 (A) Scope of the hydroxyperfluoroalkylation of styrenes through
EDA complexes. (B) Proposed reaction mechanism for the

hydroxyperfluoroalkylation of styrenes through EDA complexes

ACS Paragon Plus Environment 32



Page 33 of 62

oNOYTULT D WN =

ACS Catalysis

Conducting % the above reaction in the presence of a photocatalysts
such as Ir(ppy)s had a detrimental effect when attempts were made to drive the
reaction on a large scale (> 1 mmol scale). Support for the EDA complex
between Re-1 and TMEDA was provided by '°F NMR experiments. The use of
hydroquinone and 1,4-dinitrobenzene partially or completely suppresses the
reaction. The authors propose a reaction mechanism such as that shown in
Scheme 15(B). An EDA complex between TMEDA and Rg-CHa-l is formed (A,
Scheme 15(B)), through halogen bonding interaction of Rg-1 and TMEDA. Under
visible light irradiation, complex A is photoactivated affording Rg radicals which
add to the styrene derivative to form perfluoroalkylated benzyl radical B. Radical
B captures O, from air to afford peroxyl radical C, which renders the final
product.®
In a very recent report Studer®® and colleagues have informed a

perfluoroalkylation of olefins followed by radical alkenyl migration. The scope of

the transformation is illustrated in Scheme 16(A).

33
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Scheme 16 (A) Substrate scope. (B) Proposed reaction mechanism

The initiation takes place by visible light irradiation of the halogen bond
complex formed between the Re-1 and DABCO to afford Rr radicals (as in
complex A, Scheme 15(B)). This radical Rr adds to the terminal carbon position
of olefin I, to give adduct Il. The other internal double bond is supposed to be
protected or shielded by the quaternary carbon and remains unreactive at this

stage. 5-exo cyclization leads to radical adduct Ill. In this case, the phosphate
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anion suffers hydrogen bonding with the tertiary alcohol (see structure Ill)

leading to the activation of the C-C bond towards cleavage, affording the ketyl

oNOYTULT D WN =

radical (ion) IV, which by an ET to Rg-I propagates the cycle and affords the

9 final product V. This methodology has also been proposed by the same authors
%470 for the perfluoroalkylation of olefins followed by B-alkynylation.”’

14 On the other hand, Cai and colleagues’ have accomplished the

16 ambient-light-promoted radical perfluoroalkylation / cyclization of ,y-

18 unsaturated hydrazones49 towards the synthesis of perfluoroalkyl-substituted
pyrazolines through EDA complexes and absence of photocatalysts in the
presence of 1,1,3,3-tetramethylguanidine (TMG). The scope of the

25 transformation is illustrated in Scheme 17(A).
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Scheme 17. (A) Scope of the perfluoroalkylation of ,y-unsaturated hydrazones
through visible light-excitation of EDA complexes formed from TMG”® and Rg-I.
(B) Proposed EDA mechanism for the perfluoroalkylation of p,y-unsaturated

hydrazones through visible light-excitation

The authors 2 postulate a mechanism such as that shown in Scheme
17(B). The reaction proceeds through the formation of an EDA complex
(between TMG”® and Rg-I, C Scheme 17(B)). Deprotonation of B,y-unsaturated
hydrazone A affords anionic intermediate B under basic conditions. Halogen
bond adduct C is produced from a non-covalent weak interaction between B
and Re-I. This adduct C can initiate a visible-light-triggered ET to produce Rg
radicals (and iodide anion) and a N-centered radical D. TMG acts not only as a
base, but also as a halogen bond acceptor to speed the formation of Rr
radicals. The resultant radical F reacts with Rg radical to produce

perfluoroalkylated pyrazoline G.

4.2.2.-Perfluoroalkylation of carbon-nitrogen double bonds:

hydrazones, and isocyanides

In another very recent report, Studer and coIIeaguesm have informed
perfluoroalkylation of hydrazones employing a perfluoroalkyl derivative of the
Togni reagent, which is reduced by tetrabutyl ammonium iodide (TBAI) which
acts as one electron donor to produce Rr radicals. Although this initiation is not
through an EDA complex, its utility should be confronted with previously
reported methods*® by Shi and Shen (vide supra) to obtain perfluoroalkyl-

substituted hydrazones.

36
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Ma, Yu and colleagues74 have informed a halogen-bond-promoted
double radical isocyanide insertion with Re-l in the presence of organic bases

(Bn2NH). The scope of the transformation is depicted in Scheme 18(A).

A
Bn,NH
blue LED
@[NC MeCN, RT Ne |
N
" "€ LT
NC I:iF'I N/ RF
R = 4,5‘(Me)2y RF = CBF17 650/0
R= 6-MeO, RF = CBF17 72%
R=H, Rg = CgFyy 50%
R =H, R =CF3 76%
R = 4,5-(MeO),, R = CFyq 73%
B hu Bn." B
Bn. .Bn Bn. .Bn i RF‘ . n\N, n
Re-l  + N E—— [ N=-oooee -Re } H

Re Rel Me NC
Me N Me Ny e .
CCT, S, — WAL
Me N"Re Me N” T Re © e F
D
E
Scheme 18. (A) Synthesis of 2-fluoroalkylated quinoxalines by hydrogen-

bonded adducts. (B) Proposed reaction mechanism for the double radical

isocyanide insertion

The authors’ proposed a reaction mechanism based on a halogen-
bonded adduct between an amine and Rg-l. When BnyNH is present, an
encounter complex A through the halogen bonding adduct with Rg-l is formed.
ET is initiated by visible light irradiation, affording perfluoroalkyl radical Rre, the
radical cation of Bn,NH™, and iodide anion. Perfluoroalkyl radical Rre adds to

the diisocyanide B, generating radical adduct C, wherefrom radical cyclization
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ensues, affording intermediate D, which abstracts an iodine atom from Rg-l to
afford the final product E. The process is illustrated in Scheme 18(B).

Chen and colleagues’®® have also accomplished the synthesis of
perfluoroalkyl-substituted phenanthridines through the use of excited EDA
complexes. They employed N,N,N’,N’-tetraethylethylene diamine (TEEDA) as
base, visible light (CFL), Re-1, in the presence of 2-isocyano-1,1"-biphenyl. The
scope of the transformation is illustrated in Scheme 19. This result represents a
notorious advantage over*"€ the reported fac-Ir(ppy)s-photocatalyzed method
of isocyanides75°, since no transition-metal photocatalyst is employed when the
EDA complex methodology is utilized. However, the reaction proceeds with
excess TEEDA, and no reagent is employed in catalytic or sub-catalytic

quantities.

TEEDA (1.5 equiv)

CFL (25 W)
O THF
) s ]
CN (

3 equiv)

O MeO O N
$ ® ®
/ ~
N "CFo N7 > C,Fo N A
85% 71% 74%
N 9 g
z @[ O O _CO.Et
N C4Fg N/ C4Fg N CF3 N z
59% 56% 66% 94%

Scheme 19. Scope of the phenanthridine synthesis through EDA complexes
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The authors’? proposed a reaction mechanism based on a halogen-
bonded adduct between TEEDA and Re-l. When TEEDA is present, an
encounter complex is formed through halogen bonding with Re-I. ET is initiated
by visible light irradiation, affording perfluoroalkyl radical Rge, the radical cation
of TEEDA™, and iodide anion. Perfluoroalkyl radical Rre adds to the isocyanide
(as in Scheme 18), generating a radical adduct, wherefrom homolytic radical
cyclization ensues, affording a radical intermediate which can be oxidized by
RF-I to a Wheland intermediate that suffers ulterior proton transfer (PT) to yield

the final phenanthridine-Rg-substituted product.

4.2.3.-Perfluoroalkylation of the a-position of carbonyl compounds:

B-ketoesters

In 2014, Melchiorre and colleagues "® have disclosed the metal-free
photoinduced aromatic perfluoroalkylation of a-cyano arylacetates. Later on, in
2015 the same authors’’ have reported a strategy for the enantioselective’
perfluoroalkylation of 3-ketoesters through EDA complexes. The scope of the

transformation is represented in Scheme 20.
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Scheme 20. Photoinduced enantioselective perfluoroalkylation of B-ketoesters

The phase transfer catalysts (PTC) is a cinchona-derived PTC catalyst
(i.e.: N-3,4,5-trifluorobenzylcinchonium ion). Cheng and colleagues " have very
recently undertaken a computational analysis to study the origin of the
enantioselectivity of the above reaction employing density functional theory. By
means of TD-DFT calculations (at the M06-2X/6.31G(d)+Lanl2dz level) EDA
complexes through a C-I bond paralleled the plane of the enolate instead of a
halogen bonding interaction between the Re-l and the enolate which are
responsible for visible light absorption. Also, from transition state structures,
electrostatic interactions between the enolate and the PTC catalyst are
observed.

A series of experiments were performed to gain insight into the

76,77

mechanism of the reaction. The authors propose a mechanism which is
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initiated by the photochemical activity of the EDA complex as shown in brackets
(Scheme 20), formed upon aggregation of the enolate-type compound and Rg-l.
A visible-light-driven electron transfer leads to the formation of Rr radicals,
which then react with the enolate to form the new C-C bond. The adduct
abstracts an iodine atom from RF-I, affording an organic iodide which upon

ulterior iodide elimination results in the perfluoroalkylated -ketoester.

4.2.4.-Perfluoroalkylation reactions of arenes

Chen and colleagues’® have also accomplished homolytic aromatic
substitution (HAS) by perfluoroalkyl radicals profiting from the visible light
irradiation of EDA complexes formed between a base (TEEDA) and Rg-l. The
scope of the transformation is illustrated in Scheme 21. These reactions do not

necessitate the use of photocatalysts. %

TEEDA (3 equiv)
CFL (25 W)

H THF, RT Re
SU o

OMe
CJF
C4F9 C4F9 4 ° H
- Q /) CdFo
MeO OMe “|'

56% 52% 55% 80%

COzMe
COH HZN
N
H H C4F9
67% 65% 65%

Scheme 21. Scope of the HAS employing visible light-irradiated halogen bond

complex between TEEDA and Rg-I
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The authors " found that the equilibrium constant between TEEDA and
CioF21-lis 1.1 M, forming a 1 : 1 complex. The authors concluded that the low
intensity irradiation in the UV region of a CFL source is responsible for
promoting excitation of the halogen bond complex that produces R radicals.

The formation of Rr radicals is postulated to be similar to that shown in
Scheme 15(B). These Rrradicals effect HAS to the arene ring forming a
cyclohexadienyl- Re-substituted radical intermediate which is further oxidized to
a sigma complex which suffers deprotonation rendering the final Rg-substituted
arene product.

Melchiorre and colleagues &' effected the perfluoroalkylation of phenols
by accessing an EDA complex of the phenolate and Rg-I, which upon visible

light irradiation produced Rf radicals. The scope of the reaction is represented

in Scheme 22.
TMG (2.5 EQUIV)

OH hu (23 W CFL) OH

N MeCN B
| Jr + Rel | 2R

= R KA
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40% Cof 13 Fis 439 o

(4,6-di-CgF 13 :6-C¢F13=9:4) 40%

CeF13 OMe
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50% 30% 78% OMe 44% OMe

Scheme 22. Scope of the perfluoroalkylation of phenol derivatives
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The authors®’ postulate a reaction mechanism in which the phenolate
formed upon initial addition of TMG to the starting phenol MeCN solution
activates a ground state EDA complex with Rg-1. Upon visible light absorption,
this EDA complex affords Rr radicals. The substitution mechanism follows a
classical HAS pathway, in which Rr radicals substitute the phenolate and the
radical anion of the substitution intermediate propagates the chain. In the case
of salicylaldehyde, this complex has a particular absorption and emission
spectra (A em = 490 nm). A series of Stern Volmer plots show that Rg-l
suppresses the excited state of the afore-mentioned EDA complex.

Xu and colleagues82a have accomplished the visible light-promoted
dearomatizative fluoroalkylation of B-naphthols in the absence of
photocatalysts. The protocol represents an advantageous synthesis, as the
known perfluoroalkylation strategies of naphthols always led to O-

fluoroalkylation. The scope of the transformation is represented in Scheme 23.

; white light 1
R Cs,CO; (2 equiv) R C4F8
2
R? DMF, RT, 2 h R
HsC_ CaFg CoHs  C4Fg n-C;H,s C4F HsC_ C4F
O O 8 8
CHs CHs CHs CaHs
97% 96% 94% 98%
HsC. CaFo HsC. CaFo HsC. CaFo HsC. CaFo
. CLe
=
Bn
95% 93% 90% 85%

Scheme 23. Naphthols used in perfluoroalkylation reactions
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This strategy of intermolecular charge transfer within EDA complex is
effective for the introduction of Rr groups into naphthols. The authors propose a

reaction mechanism such as that depicted in Scheme 24.

— Re-l -
Ce-®

R' R! \

OH CSch3 O_ ?/IS[:?'G
OO + Rl OO oM RS+ I
R2 R?

B

A L a
R1
. R 1 R' C,F
o R "o DRes | T 20
L L7~ Ly | — O
2 2 2
R R RF-l RF. R2 R
c D E

Scheme 24. Proposed mechanism for the EDA complex and perfluoroalkylation

of naphthols

To commence with, in the presence of Cs,CO3, -naphthol A (Scheme
24) is deprotonated to afford the B-naphtholate B. Visible light irradiation of the
EDA complex between B and Rg-l promotes an ET leading to the formation of
electron-deficient Rr radical through the reductive cleavage of the Rr-I bond. Rr
radical is trapped by A, resulting in the ketyl radical intermediate C. C abstracts
an iodine atom from Re-l, providing R radical (propagation) and intermediate D.
Unstable D collapses with loss of iodide anion to afford final product E. Probe
experiments show that the reaction is suppressed in the presence of TEMPO.
Alternatively, ketyl intermediate C can reduce Re-| to afford product E directly in
an ET step.

The perfluoroalkylation of sulfides has also been reported to proceed in

the absence of photocatalysts and presence of organic base TMEDA.”
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CONCLUSIONS

Relevant progress has been made in the last few years with regards to
catalytic radical perfluoroalkylation reactions. Besides the well-established
transition metal-mediated visible light-photocatalysis to generate Rr radicals,
organic dye-visible light-photocatalyzed processes have also been reported to
afford Rg radicals in comparable yields. With visible light-photoactivated organic
dyes, radical perfluoroalkylation reactions have been accomplished both in
substitution and addition processes on numerous organic families of
compounds. As for employing red light to generate R radicals by catalysis, this
has great benefits which include: i) lower power employed (600—700 nm), ii) no
risk of light hazard, iii) the use of inexpensive lamps, and iv) more interestingly,
it can penetrate even the turbid media. Employing lower power light (i.e.: red
light) for chemical reactions still remains a challenge associated with choosing
the right chromophoric photocatalyst. In this regard, red light has gained
attention for its application in “greener” visible-light photoredox reactions.
Although research in this area is in its infancy (only applied to the
perfluoroalkylation of carbon-carbon multiple bonds), red-light-photocatalytic
perfluoroalkylation reactions remained to be applied to substitutions on aromatic
rings, and many other functional groups such as isocyanides, nitrones, sulfides,
etc.

More recently, the no-catalyst-is better paradigm involving the use of
visible-light photoactive Electron Donor Acceptor (EDA) complexes has
superseded the employment of visible light activated photocatalyst, being able

to produce Rf radicals for effecting either substitution or addition

ACS Paragon Plus Environment 45



oNOYTULT D WN =

ACS Catalysis Page 46 of 62

perfluoroalkylation reactions. Thus, the production of Rg radicals induced by
visible light and absence of photocatalysts (either organic or organometallic)
has emerged as an even more environmentally respectful alternative and
protocols that make use of these EDA complexes can be regarded as a further
stage of development, simplifying reaction conditions and minimizing the use of
chemicals, thus doing without the photocatalyst component. In this manner,
perfluoroalkylation reactions of carbon-carbon multiple bonds, isocyanides, a-
cyano arylacetates, B-ketoesters, and aromatic rings have been reported. The
radical perfluoroalkylation of a few other families of organic compounds, such
as heteroaromatics, nitrones and hydrazones remain to be studied by visible
light-photoactivation of EDA complexes. Interesting, the use of Frustrated Lewis
Pairs (FLP) is a newly developed strategy reported to generate Rr radicals. The
use of FLP for perfluoroalkylation reactions has only been studied for
substituting olefins with Rr groups (in ATRA 2" reactions) and remains a field for
exploration. The use of FLP is expected to be an active area for producing R
radicals to effect substitution and addition reactions of several families of

organic compounds.
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