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The functionalization of unactivated substrates through the combination of copper catalysts and hypervalent iodine
reagents represents a versatile tool in organic synthesis to access various classes of compounds. The hypervalent iodine
derivatives can be used simply as oxidizing agents to regenerate the catalytic species or they can associate the
functionalization of the starting material.
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| 1. Introduction

Copper-catalyzed oxidative coupling reactions involving multiple unactivated C-C bonds have emerged as an important
strategy for rapidly increasing molecular complexity in organic synthesis. Compared to the classic coupling reactions, this
approach avoids the need for pre-functionalized reactants, even if the success of the course depends on the ability of an
appropriate oxidizing agent to restart the catalytic cycle. In this context, the hypervalent iodine reagents have gained a
prominent role due to their unique features as non-toxic, relatively cheap, easy to handle, readily available, and with low
environmental impact compared to the toxic heavy metal-based oxidants and expensive organometallic catalysts.

Today, hypervalent iodine compounds occupy a leading role in organic synthesis since they can be used as efficient

reagents or simply as oxidizing agents LIBIABIEIEINILONLLNLLZ - Organic derivatives of iodine in the (Ill) and (V)
oxidation states are usually used in organic synthesis as reagents for various selective oxidative transformations of
complex organic molecules.

Hypervalent iodine reagents make the approach to organic synthesis more flexible as they allow the reversal of the
normal polarity of functional groups, leading to their umpolung. They behave as electrophilic synthons, accessible from
nucleophiles by exploiting the electrophilicity of the iodine atom and the reactivity of the hypervalent bond. Since the
publication of the pioneering works in this field, both iodine and iodonium salts have assumed a privileged position for the
possibility of transforming many nucleophiles into electrophilic synthons. However, although highly reactive, they can be
unstable in the presence of strong bases, transition metals or heating, becoming unsuitable for many applications. To
overcome this drawback, hypervalent cyclic iodine reagents are used, as the inclusion of the iodine atom in a heterocycle
has shown greater stability than the acyclic equivalents 23141, As a mild oxidizing agent, Dess-Martin periodinane is used
for the conversion of alcohols to aldehydes and ketones [LII26IL7I8] yhijle 2-iodoxybenzoic acid allows the oxidation of
the benzylic position or the introduction of a,B-double bonds in carbonyl compounds 229 The excellent reactivity of
iodine(Ill) compounds due to their electrophilic character has been exploited to carry out alkynylation, azidation, cyanation
and trifluoromethylation processes, also on the basis of the further opportunity to modulate the reactivity through the
trans-effect in the hypervalent bond 2. The availability of ethinyl 221231 azido 241 and cyano-benziodoxolones 22! (EBX,
EBX, and CBX, respectively) has allowed reactions of multifunctionalization to develop with the formation of more than
one bond in a single transformation. Particularly interesting are the intramolecular oxidative transition metal-catalyzed
processes of C-H functionalization that allow to associate the cyclization by alkoxylation and amination of multiple carbon—
carbon bonds with the introduction of functional groups which provide direct access to functionalized heterocyclic
systems. Conversely, diaryliodonium reagents have been recognized as efficient alternatives to transition metals. The
most important and widespread application in the field of organic synthesis concerns arylation reactions using
diaryliodonium salts. Due to the highly electron-deficient nature of diaryliodonium salts at the iodine core and the excellent
behaviour as the leaving group of iodobenzene, they serve as versatile arylating agents with a variety of nucleophiles.
Diaryliodonium salts with a halide anion are poorly soluble in most of the organic solvents, while triflates and
tetrafluoroborates have better solubility.



| 2. Hypervalent lodine as Reagent in C-C Bond Formation
2.1. Arylation Reactions

Biaryl and aryl-heteroaryl moieties are ubiquitous substructures in several compounds of primary interest in organic

chemistry. Thus, arylation chemistry always demands new direct and selective procedures, possibly involving C-H bonds
[26][27][28]

The combination of a copper catalyst and aryl hypervalent iodine derivatives was proven to be an innovative tool for the
unusual meta-selective C—H bond arylation of electron-donor substituents in aromatic rings. The presence of a suitable
carbonyl group as a directing group is essential to achieve meta-selectivity. In 2009, Gaunt's group described the meta-
arylation of pivanilides combining the use of catalytic Cu(OTf), with Ph,IOTf, Ph,IBF, or [Mes-I-ArJOTf (Scheme 1) 29,
The proposed mechanism, also studied theoretically by DFT calculations B4, involves the high electrophilic aryl-Cu(lll)
specie | as the key intermediate.
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Scheme 1. Cu(OTf),-catalyzed arylation of pivanilides.

Two years later, the selective arylation of the meta aromatic C—H sites was extended to the a-aryl carbonyl compounds
(Scheme 2) Bl A range of diaryliodonium salts was used with variously substituted arenes providing selective meta-
arylation of the position bearing the methylene-carbonyl moiety. Among the carbonyl compounds, Weinreb amides
showed better results and the enantiopure substrates reacted with total retention of the configuration.
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Scheme 2. Cu(OTf),-catalyzed arylation of a-aryl-substituted carbonyl compounds.

In 2011, Gaunt and co-workers reported the para-selective arylation of electron-rich arenes, such as aniline and phenol
derivatives, with a range of diaryliodonium salts in the presence of Cu(OTf), as the catalyst (Scheme 3) 2. The reaction
follows a Friedel-Craft-type mechanism and, whereas phenol derivatives are arylated without the need of additives, the



arylation of anilines requires the use of 2,6-di-tert-butylpyridine (dtbpy) as a base to neutralize the TfOH generated in situ.
The reaction also takes place on para-substituted arenes with ortho-orientation.
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Scheme 3. Cu(OTf),-catalyzed arylation of electron-rich arenes.

Diaryliodonium salts can be successfully used in copper-catalyzed C-H arylation of heteroarenes. In 2008, Gaunt and co-
workers proposed the selective C3-arylation of indoles in mild conditions (Scheme 4) 83l The reaction occurs on N-methyl
and free (NH)-indoles, and the use of 2,6-di-tert-butylpyridine (dtbpy) as an additive avoids the competitive acid-catalyzed
dimerization of the indole nucleus.
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Scheme 4. Cu(OTf),-catalyzed C3-arylation of indoles.

Conversely, operating in the same conditions, a selective C2-arylation was observed starting from N-acetylindoles
(Scheme 5).
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Scheme 5. Selective Cu(OTf),-catalyzed C2-arylation of N-acetylindoles.

The proposed mechanism begins with the oxidative addition of the diaryliodonium salt to the Cu(l)-OTf species generated
in situ, giving an electrophilic aryl-Cu(lll) intermediate with concomitant loss of aryl iodide (Scheme 6). The more
nucleophilic C3-indolyl position furnishes the Cu(lll)-complex Il, which evolves by base-promoted aromatization delivering
the intermediate Ill. Finally, reductive elimination provides the C-C bond with regeneration of the Cu(l)-catalyst. The
presence of the N-acetyl group plausibly renders the imino intermediate IV more suitable to accept the migrating C-Cu
bond by coordination of the Cu(lll) centre to the carbonyl group.
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Scheme 6. Proposed mechanism for the selective Cu(OTf),-catalyzed C3 arylation of indoles vs. C2-arylation of N-
acetylindoles.

The use of a Cu-(bis)oxazoline complex as catalyst and the presence of a benzyl group into the hypervalent iodine
reagents, allowed efficient enantioselective C-H arylation of 2-arylindoles, providing the atroposelective synthesis of the
corresponding indoles 3 with excellent stereoselectivity (Scheme 7). DFT calculations and wave function analysis showed
the key role of the conformation of the intermediate V. Due to the steric hindrance of the chiral ligand, the indole substrate
1 prefers to react from the right side forming a “sandwich-like structure in which 1 was between the benzene ring of the
ligand and the benzene ring of the benzyl group of the reagent 2 341,
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Scheme 7. Atroposelective synthesis of 2,3-diarylindoles.

Arene and heteroarene arylation found application in the total synthesis of dictyodendrin B, which was performed by
sequential procedures involving, among others, C3 and C7 C-H arylation of the indole nucleus £,

The selective C5 and C6 C-H arylation of indoles, proposed by Shi and co-workers, can be achieved depending on the
presence of sterically hindered substituents on the substrates. The C5 arylation occurs on 3-pivaloyl-substituted indoles
when treated with copper(l) thiophene-2-carboxylate (CuTC) as the catalyst, and 4,4"-di-tbutyl-2,2'-bipyridine (dtpby) and
Ph,IOTf or ArMeslOTf as the arene source (Scheme 8) B8l Conversely, the C6 C-H arylation is possible when the
removable P(O)Bu, directing group is present at N-position 7. The reaction between these substrates and different
diaryliodonium triflates in the presence of catalytic CuO proceeds in mild conditions. The initial coordination of the aryl-
Cu(lll) intermediate to the phosphoryl oxygen of the directing group generates the less hindered complex VI from which
the transfer of the aryl group at C6 position arises from a Heck-type process (intermediate VII). A final base-assisted -
elimination furnishes the arylated products and regenerates the Cu(l)-catalyst.
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Scheme 8. Selective C5- and C6-arylation of substituted indoles.

In general, the use of diaryliodonium salts generates one equivalent of an iodoarene as a side-product, a significant
problem in the context of atom economy. The possibility to use the aryliodonium salts for a dual arylation reactions in one
step with no waste of arene residues was a stimulating challenge. This approach was investigated on indoles in a Cu-
catalyzed tandem arylation reaction (Scheme 9). The tandem reaction, which occurs through an initial C-H arylation
followed by N-arylation, was applied using symmetrical diaryliodonium salts and extended to unsymmetrical analogues. In
this case, due to the very sensitive N-arylation to the steric hindrance, the hindered aryl iodides were not productive.
Better results were obtained with phenyl-uracil iodonium triflate, producing 3-aryl-N-uracil indoles 4 28!,
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Scheme 9. Tandem diarylation of indoles.

Regarding the stereoselective arylation of enolizable aldehydes, MacMillan used diaryliodonium salts in combination with
copper and imidazolyl organic catalysts, obtaining enantioselective a-aryl aldehydes performing the reaction in mild
reaction conditions (Scheme 10) 39,
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Scheme 10. Stereoselective arylation of enolizable aldehydes.

The reaction began with formation of chiral enamine 6 arising from the aldehyde substrate and the chiral amine 5 and run
through the electrophilic Ar-Cu(lll)-OTf-Br system VIII obtained by oxidative addition of Cu(l) into the C-I bond of the
diaryliodonium triflate system (Scheme 11). This latter, highly electrophilic, coordinates to the less hindered face of the
enamine to generate the -copper complex IX, which in turn evolves to the intermediate X. The following reductive
elimination affords the optically active iminium salt XI regenerating the Cu(l)-catalyst. The hydrolysis of Xl furnishes the o-
aryl aldehydes as final products beside the organocatalyst 5. The protocol was applied also to the synthesis of (S)-
ketoprofen, obtained in 71% yield and 92% ee.
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Scheme 11. Proposed mechanism for stereoselective arylation of enolizable aldehydes.

An efficient construction of a-aryl-B-substituted cyclic ketones was realized with excellent diastereoselectivity, as a one-pot
procedure consisting in Michael addition/a-arylation reactions (Scheme 12) 9. Gilman reagents as the nucleophilic
Michael donor and electrophilic diaryliodonium salts as the trapping reagent of the substituted enolate intermediate were
proven as suitable reagents. The proposed reaction mechanism suggested the formation of an intermediate Cu(lll)-Ar,
able to react with a Michael addition enolate intermediate and subsequent phenyl group transfer, forming the product and
regenerating the Cu(l) catalyst.
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Scheme 12. Synthesis of a-aryl-B-substituted cyclic ketones.

In 2011, Gaunt developed a system for an efficient enantioselective a-arylation of N-acyloxazolidinones using chiral
copper(ll)-bisoxazoline complexes and diaryliodonium salts under mild conditions (Scheme 13). In this synthetic strategy,
the silylketeneimide 7 derived from N-acyloxazolidinones was used as an enolate equivalent in the reaction with the
preformed chiral catalyst XII, generated from Cu(OTf), and (R,R)-diphenyl-bisoxazoline 44!,
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Scheme 13. Enantioselective a-arylation of N-acyloxazolidinones.

The same synthetic methodology was applied to other enolsilanes arising from enolizable carbonyls furnishing good
results in enantioselective a-arylation 42 as well as to indole 3-acetamides for the construction of C3-aryl pyrroloindolines
(Scheme 14) 8l These latter can be directly prepared starting from N-tosyltryptamines by Cu(OAc), or Cu(OTf),
catalyzed reactions in the presence of Ar,l*BF,~ [44].
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Scheme 14. a-Arylation of enolsilanes and indole 3-acetamides.

An analogous approach was applied to the total synthesis of pyrroloindoline alkaloids (+)-naseseazines A and B,
exploiting the diastereoselective arylation of tryptophan derivatives 8 (Scheme 15) 3],
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In 2012, Gaunt’s team developed a Friedel-Crafts-type procedure for the arylation of alkenes with diaryliodonium salts
which behave as aromatic electrophiles (Scheme 16) 48l This transformation can be catalyzed by Cu(l) and Cu(ll)
complexes and furnishes the arylation products in moderate to good yields, giving in some cases mixtures of conjugated
and non-conjugated styrene products. This latter is usually the major component, and this behaviour contrasts with the
outcome typically observed in the Heck conditions.
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Scheme 16. Copper-catalyzed arylation of alkenes with diaryliodonium salts.

The reaction of terminal alkynes and 1-phenyl-benziodoxolones provided different types of phthalides 9 or isocoumarins
10, with a prevalence of the first, depending on the involvement of a ligand supported by the copper (Scheme 17) &2,
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Scheme 17. Access to phthalides and isocumarins from terminal alkynes.

From the cuprate intermediate five-membered ring XIll, isocoumarin 10 will be obtained, through the intermediate XIV, if
the reductive elimination involves the alkynyl ligand together with the aryl moiety (Scheme 18). If the reductive elimination
takes place between the alkynyl and the alkoxy ligand, the phthalide 9 will be formed through the aryl cuprate intermediate
XV, followed by intramolecular migratory insertion of the alkyne into the Ar-Cu bond as in the intermediate XVI.
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Scheme 18. Proposed mechanism for the conversion of terminal alkynes into phthalides and isocumarins.

Internal alkynes were suitable substrates for the arylation reaction with diaryliodonium salts giving a-arylketones with high
regioselectivity. In this protocol, the iodonium salt acts as both as oxidant and arylation reagent (Scheme 19) 48, The
proposed mechanism considers the coordination of the electrophilic Cu(lll)-aryl specie, initially formed by
disproportionation of Cu(ll), to alkyne.
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Scheme 19. Arylation reaction of internal alkynes with diaryliodonium salts to a-arylketones.

The same strategy was applied to the formation of a dihydronaphthalene scaffold, starting from arylalkynes and
diaryliodonium salt in the presence of a CuCl catalyst and dtbpy as base, through the formation of a vinyl carbocation
intermediate (Scheme 20) 421,
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Scheme 20. Synthesis of dihydronaphthalene scaffold from arylalkynes and diaryliodonium salts in the presence of CuCl
catalyst and dtbpy.

The carbocation formation was assumed also in a cascade process of alkenes (Scheme 21) and alkynes (Scheme 22)
and diaryliodonium salts, with the formation of tetralins 11 or aryl cyclopentenes 12, respectively BYBL. |n both cases, the
initial carbocation was moved to a remote carbon atom after the first Friedel-Crafts arylation. Concerning the first pathway,
the tetralins 11 arise from the 1,2-hydride shift of the homobenzylic carbocation intermediate XVII which is formed after

the initial alkene arylation process.
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Scheme 21. Copper-catalyzed arylation of alkenes with diaryliodonium salts.
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Scheme 22. Copper-catalyzed arylation of alkynes with diaryliodonium salts.

Alternatively, the formation of aryl cyclopentenes 12 took place through a concerted 1,5-hydride shift where the
stereochemical information at the site of the carbocation intermediate XVIII was retained.

Alkoxyalkynes were suitable substrates to react with diaryliodonium salts affording oxygen-containing heterocycles
through aryl-etherification reaction via the cleavage of a stable C-O bond (Scheme 23) 2. The reaction occurs
satisfactorily starting from aryl alkyl alkynes. Conversely, the use of diaryl alkynes [i.e., 1-methoxy-2-
(phenylethynyl)benzene] provided the expected benzofuran product with only a moderate yield, due probably to the lower
nucleophilicity of the phenolic oxygen. Concerning the mechanism, the diaryliodonium salt generates the electrophilic Ar-
Cu(lll) species which interacts with the triple bond. The so-generated vinylcarbocation XIX form the C-O bond and the
final product 13 was obtained by the action of the counteranion to split the oxonium salt.
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Scheme 23. Synthesis of oxygen-containing heterocycles from alkoxyalkynes and diaryliodonium salts.

Propargylamides 14 and 2-ethynylanilides 16 were used for the construction of oxazolines 15 and benzoxazines 17,
respectively, bearing a tetra-substituted exocyclic double bond, through the formation of C-O and C-C bonds in a copper-
catalyzed carboarylation process (Scheme 24) 5354 The mechanism suggests the formation of Ar-Cu(OTf), intermediate
as electrophilic species able to coordinate the triple bond and to induce ring closure via oxidative exo-dig cyclization
involving the anilide oxygen as nucleophile on the internal sp carbon atom. The reaction provided a major isomer where
the aryl group is in cis position to the oxygen atom of the heterocyclic ring.
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Scheme 24. Carboarylation of propargylamides and 2-ethynylanilides for the construction of oxazolines and
benzoxazines.

The reactions of diaryliodonium salts in the presence of copper catalysis involving a Meyer—Schuster rearrangement of
propargyl alcohols 18 afforded a-aryl a,B-unsaturated ketones 19, selectively as the E-isomers (Scheme 25). Both Cu(l)
and Cu(ll) can catalyze the reaction, but CuCl was identified as the optimal catalyst due to the better affinity of Cu' over
Cu" salts for the m-orbitals of the alkynes. The reaction run on primary and tertiary propargylic alcohols and the
propargylic position can be substituted with aryl, heteroaryl or olefinic groups. The methodology was applied also to
ynamides, the rearrangement of which gave the corresponding arylated a,p-unsaturated imides 52!,
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Scheme 25. Copper-catalyzed Meyer—Schuster rearrangement of propargyl alcohols.

The same authors reported the oxyarylation and oxyvinylation of allyl amides with diaryl- and vinyl(aryl)iodonium triflates
providing the 5-aryl and 5-vinyl substituted oxazines 20 with excellent diastereoselectivity (Scheme 26). The mechanistic
investigations to justify the stereoselection suggests a carbocation in equilibrium between syn and anti conformations prior
to C-O bond formation (8!,
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Scheme 26. Oxyarylation and oxyvinylation of allyl amides with diaryl- and vinyl(aryl)iodonium triflates.

Later, the authors observed a particular enantioselective and regiodivergent reactivity in the arylation of allylamides,
dependent on the electronic properties of diaryliodonium salts (Scheme 27). In fact, the use of electron-rich diaryliodonium
hexafluorophosphate, in the presence of copper(ll) bisoxazoline catalyst XX and dtbpy as hindered base, afforded 1,3-
diaryl oxazines 21 with excellent enantioselectivities. Then, changing the nature of the transferring aryl group from 4-
methoxyphenyl to 4-trifluoromethylphenyl or other electron-deficient iodonium hexafluorophosphates, the (,B'-diaryl
enamides 22 were formed with high enantioselectivity involving the shift of the double bond. It is worth noting that the
allylic amides need an electron-donating alkene substituent to impart sufficient reactivity [24.
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Scheme 27. Copper-catalyzed arylation of allylamides dependent on the electronic properties of diaryliodonium salts.

Cyclic nonaromatic enamides 23 showed particular behaviour as nucleophiles in direct regioselective C-3 arylation using
different diaryliodonium salts and Cu(OTf), as a catalyst (Scheme 28) 28], As previously reported, the Cu(lll)-aryl species
underwent electrophilic addition at the electron-rich C3 position, then the reductive elimination gave the final product.
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Scheme 28. Cu(OTf),-catalyzed B-arylation of enamides.

Likewise, cyclic enamides 24 and 25 derived from tetralone and chromone, respectively, were treated with catalytic CuBr

and diaryliodonium salts affording p-aryl cyclic secondary enamides 26 and 27 (Scheme 29) B9,
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Scheme 29. B-Arylation of secondary cyclic enamides.

The reaction was extended to naphthyl-1-acetamides 28 providing C4 and C7 arylation, instead of the expected C2 aryl
substituted product, due to the crucial role of the steric hindrance (Scheme 30).
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Scheme 30. C4 and C7 arylation of haphthyl-1-acetamides.

C-H arylation of different class of azaheterocycles, such as oxadiazoles, thiadiazoles, benzoxazoles and benzothiazoles
was reported by employing diaryliodonium salts and a CuBr catalyst under mild reaction conditions (room temperature) or
microwave irradiation (Scheme 31) 69,
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2.2. Alkynylation Reactions

Oxy-alkynylation of diazocompounds with ethynylbenziodoxolone (EBX) involving the formation of carbene intermediate
was reported by the Waser group. The mild reaction conditions allowed broad applicability to diazocompounds and many
functional groups are tolerated. The obtained products 29 and 30 were easily transformed into building blocks such as
secondary and tertiary propargylic hydroxy acids, triazoles and isocoumarins (Scheme 32) [61],
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Scheme 32. Copper-catalyzed oxy-alkynylation of diazo compounds with EBX.

The proposed mechanism involves the addition of the carboxylate group of EBX to the carbene to form organocopper
intermediate XXI (Scheme 33). Then, the intramolecular alkyne transfer afforded the product 29.
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Scheme 33. Proposed mechanism for oxy-alkynylation.

Then, the same research group reported the first synthesis of ethynylbenziodazolone (EBZ) in which the oxygen atom in
the iodoheterocycle was replaced by a nitrogen atom, enabling a different reactivity, applied in particular in an asymmetric
oxyalkynylation of diazo compounds. The reaction was applied on a broad range of substituted diazo compounds 31 and
EBZ reagents and the products 32 were obtained in high yield and enantioselectivity. The synthesis of EBZ reagent was
also reported starting from the corresponding benzamides in a one-step procedure (Scheme 34) (62,
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Scheme 34. Copper-catalyzed enantioselective oxyalkynylation of diazo compounds.

The oxyalkynylation reaction of the diazo compounds 33 carried out in the presence of the alcohols 34 and EBX is
configured as a three-component process, leading to an extension of applicability and providing the formation of propargyl
ethers 35 (Scheme 35) [63],
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Scheme 35. Synthesis of propargyl ethers through three-component oxyalkynylation reaction.



A mechanism investigation suggested the formation of copper carbene (XXIII) and ylide intermediates (XXIV), followed by
electrophilic alkynylation by EBX (Scheme 36).
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Scheme 36. Proposed mechanism for the three-component oxyalkynylation reaction.

Aminoalkynylation of terminal and internal alkenes in the presence of EBX allowed the synthesis of different
azaheterocycles and the simultaneous installation of alkyne groups in one step. The mild reaction conditions allowed the
use of only 1 mol% of copper catalyst. A radical intermediate was supposed for the mechanism (Scheme 37) [&4],
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Scheme 37. Cu-catalyzed aminoalkynylation of alkenes with EBX.

The synthesis of a-alkynyl-B-substituted cyclic ketones was obtained by sequential Michael addition/electrophilic
alkynylation reaction on a,B-unsaturated cyclic ketones. The reaction requires the alkyl-aluminum or Grignard reagents in
the presence of copper complex as a catalyst for the first-step Michael addition, followed by electrophilic alkynylation by
EBX reagent (Scheme 38) €3], The process was extended to the coumarins affording chromanones scaffolds.
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Scheme 38. Sequential Michael addition/electrophilic alkynylation on a,B-unsaturated cyclic ketones.

Brilliant results were obtained by using EBX on cyclic A3-iodanes reporting the formation of the 4,1-benzoxazepine-2,5-
diones 37 and 1,3-diynes 38. The reaction occurs by formation of the spirocyclic A-iodane intermediates 36, the reaction
of which afforded the product by heating at high temperature, under copper catalysis and in the presence of base
(Scheme 39) 8],
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Scheme 39. Synthesis and reactivity of cyclic A3-iodanes.
2.3. Trifluoromethylation Reactions

Among the new methods for the introduction of trifluoromethyl group into a variety of organic molecules, the use of
hypervalent iodine reagents under copper catalysis was of significance for the efficiency of the reaction. Two are the
useful hypervalent iodine compounds containing the CF3 group, the Togni reagents 1(1) and 2(ll), reported for the first time
by Togni’s research group in 2006 (Scheme 40).
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Scheme 40. Togni’'s reagents.

Allylic trifluoromethylation of terminal alkenes was achieved using a cheap CuCl catalyst and Togni reagent |, the latter
acting both as oxidant and the CF3 source, performing the reaction in MeOH at 70-90 °C 7, At the same time, Buchwald
obtained the same result performing the reaction with [(MeCN)4Cu]PFg (15 mol%) catalyst in MeOH at 0 °C to r.t.
(Scheme 41) €8], The reaction tolerated a wide range of functional groups. Several mechanistic pathways could be
hypothesized, but in each case, a radical species was involved.
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Scheme 41. Trifluoromethylation of terminal alkenes.

Hydrofunctionalization of homoallylic alcohol derivatives, with anti-Markovnikov regioselectivity, was achieved using
hypervalent iodine(lll) reagent containing the CF3 (Togni reagent 1) or N3 source. The benzyl group present on the
substrate was essential, playing the role of redox-active hydrogen donor. In these conditions several functional groups
were tolerated 9. The mechanistic pathways suggested the formation of the CF radical followed by a 1,5-H radical shift
affording the benzyl radical then oxidized to the oxonium cation XXV. The subsequent reaction with MeOH produced the
acetal 39 hydrolysable in the presence of TsOH. The method was also applied to the 5-hexenol and 6-heptenol
derivatives, in the presence of catalyst Cu(OAc),, resulting in the formation of the trifluoromethylated ketones (Scheme
42).
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Scheme 42. Trifluoromethylation of homoallylic alcohol derivatives.

The protocol was not limited to the introduction of a CF3 group, but using azidobenziodoxolone (ABX, Zhdankin reagent)
as a source of the azido radical, the formation of azidoalcohols 40 was reported as hydroazidation of homoallylic alcohols
(Scheme 43).
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Scheme 43. Formation of azidoalcohols.

The trifluoromethylation of allylsilanes was reported with Togni reagent I. The reaction on 2-substituted allylsilanes 41
gave desilylated product 42 bearing the trifluoromethyl group in the allylic position, while the reaction of unsubstituted
allylsilanes afforded the corresponding vinyl silane derivatives 43 (Scheme 44) 10,
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Scheme 44. Trifluoromethylation of allylsilanes with Togni reagent I.

The copper-catalyzed trifluoromethylation of substituted stirenes, with Togni reagent Il and in the presence of DBU,
provided trifluoromethylated derivatives with total regioselectivity (Scheme 45) [,
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Scheme 45. Trifluoromethylation of styrenes.

Additionally, terminal alkynes were subjected to the trifluoromethylation process affording substituted acetylenes 2. The
mild reaction conditions allowed tolerance of different functional groups. The presence of a ligand, such as the 1,10-
phenanthroline, gave the complexation with the copper allowing the formation of the copper-acetylide species XXVI
favoured by the base KHCO3; (Scheme 46). The subsequent oxidative addition of CF3 led to complex XXVII and the final
reductive elimination of copper afforded the product and regenerated the copper(l).
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Scheme 46. Trifluoromethylation of terminal alkynes.

Trifluoromethylation of electron-rich enamides 44 was realized with Cu(MeCN)4PFg as catalyst and Togni reagent | in THF
at r.t. affording 45 with E stereoselectivity (Scheme 47) 3], The authors suggested the formation of an o-trifluoromethyl
imine intermediate XXVIII, which could react following two divergent routes, depending on the solvent and catalyst used.
When the reaction was performed with CuCl as catalyst in MeOH, the oxytrifluoromethylation process gave selectively
product 46.
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Scheme 47. Trifluoromethylation of electron-rich enamides.

When the amide acted as electron-withdrawing group, the trifluoromethylation on the double bond required more drastic
reaction conditions and resulted in Z stereoselectivity, due to the action of the amide group as directing-group (Scheme

48) [74],
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Scheme 48. Trifluoromethylation of electron-deficient alkenes.

The method was extended to other a,B-unsaturated carbonyl compounds including enones, esters, and thioesters
providing (E)-a-trifluoromethylated products 47 in good yields, with total regio- and stereoselectivity (Scheme 49) [Z2],
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Scheme 49. Trifluoromethylation of a,B-unsaturated carbonyl compounds.

An experiment carried out to shed light on the reaction mechanism indicated clearly that the reaction proceeded via a

radical process.



The CF3 radical intermediate was also involved in the direct C-H trifluoromethylation of quinones. The mild reaction
conditions were compatible with different substituents on the substrates (Scheme 50) [Z8],
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Scheme 50. Trifluoromethylation of quinones.

Enantioselective trifluoromethylation of cyclic 3-ketoesters was obtained by performing the reaction with Togni reagent II,
Cu(OTf), catalyst, in the presence of boxmi ligand XXIX [ZZ. Five-membered rings were converted to the corresponding
trifluoromethylated derivatives 48 in high vyields and ee up to 99% (Scheme 51). Conversely, the 5-
(trifluoromethyl)dibenzothiophenium tetrafluoroborate (Umemoto’s reagent) was used as trifluoromethyl source for the
functionalization of six-membered rings.
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Scheme 51. Trifluoromethylation of B-ketoesters.

The use of Togni reagent Il in the presence of chiral organocatalyst imidazolidinone XXX allowed the enantioselective
trifluoromethylation of aldehydes (Scheme 52). The suggested mechanism excluded the involvement of a radical pathway
but involved the formation of the chiral enamine between the aldehyde and the imidazolidinone followed by the formation
of the A3-iodane XXXI species able to give the C-CF3 bond formation (28,
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Scheme 52. Enantioselective o-trifluoromethylation with organocatalyst.

Monteiro’s group reported the trifluoromethylation reaction of N,N-dialkylhydrazones derived from aromatic aldehydes and
a,B-unsaturated aldehydes. The reactions were performed with Togni reagent |, CuCl catalyst in chloroform as solvent, at
r.t., affording trifluoromethylated hydrazones and B-trifluoromethylated alkenylhydrazones (Scheme 53) 22189,
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Scheme 53. Copper-catalyzed trifluoromethylation of hydrazones.

By performing the reaction on the N-monosubstituted hydrazones arising from ketones, quaternary a-trifluromethyl
hydrazines 49 were isolated (Scheme 54) [E1],
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Scheme 54. Trifluoromethylation of N-monosubstituted hydrazones.

In both cases, the CF3 radical is generated through a single electron transfer promoted by the copper salt affording
intermediate XXXII (Scheme 55). At this point, this latter was oxidized by the copper(ll) salt affording the cationic species
XXXIII which generate the previously described trifluoromethylated compounds.
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Scheme 55. Mechanism for the trifluoromethylation of hydrazones.

Cycloalkanols reacted with hypervalent iodine reagents affording terminal trifluoromethylated ketones via selective C-C
cleavage of cycloalkanols. The Togni reagent facilitated the oxidation of the substrate to the alkoxy radical, the (-

fragmentation of which produced the ketone-bearing terminal alkyl radical able to afford trifluoromethylation adduct
(Scheme 56) 82,
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Scheme 56. Terminal trifluoromethylation of ketones by C-C bond cleavage of cycloalkanols.

Trifluoromethylation of propargylic secondary and tertiary alcohols afforded a-substituted enones 50 via Meyer—Schuster

rearrangement (Scheme 57) [83],
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Scheme 57. Copper-catalyzed domino trifluoromethylation/Meyer—Schuster rearrangement.

This approach was applied also for a one-pot procedure to access CFz-isoxazole and CF3-pyrazole derivatives subjecting
the propargyl alcohol in the presence of Togni's reagent | and hydroxylamine and hydrazine, respectively (Scheme 58).
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Scheme 58. Copper-catalyzed domino trifluoromethylation/Meyer—Schuster rearrangement.

Regioselective ortho trifluoromethylation of arenes and heteroarenes by using the pivalamido substituent as the directing
group was reported in t-BuOH as solvent, with CuCl and Togni reagent | (Scheme 59) [84],
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Scheme 59. Copper-catalyzed trifluoromethylation of (hetero)arenes with Piv as directing group.

Trifluoromethylation of aryl and vinyl boronic acids 3 and organotrifluoroborates 8 were obtained by using different
copper catalysts, ligands, and solvents, but always under mild reaction conditions (Scheme 60).
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Scheme 60. Trifluoromethylation of organo boronic acids and organotrifluoroborates.

Trifluoromethylated acetylenes 51 were also obtained starting from alkynyltrifluoroborates, by using CuSCN catalyst and
2,2'-bipyridine ligands in MeCN at r.t. (Scheme 61) 82,
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Scheme 61. Trifluoromethylation of alkynyltrifluoroborates.

Trifluoromethylation of various C3-substituted indole derivatives was realized under mild conditions, with 10 mol% of
CuOAc and Togni reagent | in MeOH, obtaining C2-trifluoromethylated indoles (Scheme 62) 88l The regioselectivity was
obtained also on substrates not substituted in position 3. The presence of the electron-withdrawing group at N1 position
influenced in a negative way the reaction, resulting in low yield.
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Scheme 62. Trifluoromethylation of C2 position of indoles.

Trifluoromethylation was also involved in difunctionalization processes as aminotrifluoromethylation,
oxytrifluoromethylation, and cianotrifluoromethylation.

Terminal alkenes and alkynes were suitable substrates to give trifluoromethyl-benzoyloxylation in the presence of Togni
reagent | and copper(l) catalyst (Scheme 63). The reaction proceeded with high regio- and stereoselectivity. The alkenes
reacted faster than alkynes and the presence of electron-donating substituents accelerated the reaction B89,
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Scheme 63. Oxytrifluoromethylation of alkenes and alkynes.

Tandem oxymonofluoromethylation of alkenes was developed merging the iodine(lll) reagent containing
monofluoroacetoxy ligand 52, acting as bifunctional reagent, as fluoromethyl and oxygen source and the visible-light
copper(l) photoredox catalysis able to generate the fluoromethyl radical (Scheme 64) 1241,
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Scheme 64. Copper-catalyzed oxy-monofluoromethylation of alkenes.

Trifluoromethylazidation of alkenes was obtained by using Togni reagent Il in the presence of TMSN3 as a second
nucleophile under Cu(CH3;CN)4PFg as catalyst 22, In this way, a variety of CF5-containing organoazides was synthetized

starting from different kinds of olefins (Scheme 65).
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Scheme 65. Copper mediated trifluoromethylazidation of alkenes.

Different aryl-substituted styrenes could undergo a cyanotrifluoromethylation with Togni reagent | and in the presence of a
stoichiometric amount of CuCN 28],

The reactions of the alkenylamines under copper catalysis and in the presence of Togni reagent provided different results
depending on the reaction conditions 4. Performing the reaction in t-BuOH, N-migratory oxytrifluromethylation was
observed to furnish compounds 53 (Scheme 66). This result proceeded via an aziridine intermediate, also isolated during
the reaction. Aziridine 54 was selectively formed performing the reaction in DCM. Then, the formed aziridine, in the
presence of a nucleophile provided a second step with the addition of the second nucleophile.

CFs HN’R
H\/\ Ny Cul (5 mol%) Ar\rro\/J\,CFa
RS t-BUOH, 40°C,12h 4
o) 53
(63-92%)

R = Ph, 4-OMe-Fh, 4-F-Ph, 4-CI-Ph, 4-Br-Ph, 4-I-Ph, 4-CO3Et-Fh, Bn, 2-Me-4-OMe-Ph,

H ~ Cul (1 mol%) N CF,y
_N 0
RV + @ DCM, 40 °C, 15 min 1>

(70-91%)

o]
R = Ph, 4-OMe-Ph, 4-F-Fh, 4-1-Ph, 4-CO,Et-Ph, 2-Me-4-OMe-Ph, .1{@[0)

Scheme 66. Synthesis of B-trifluoromethylamines.

Aminotrifluoromethylation of alkenylamines was achieved with Togni reagent and catalytic Cul, resulting in the formation
of trifluoromethylated cyclic amines 221, In the case of trifluoromethylated pyrrolidines 55, the presence of triethylamine as
co-catalyst improved the yield trapping the 2-iodobenzoic acid and avoided the protonation of the substrate (Scheme 67).
The key intermediate was the formation of trifluoromethyl radical. Mechanistic studies revealed the positive effect of the
pretreatment of the Togni reagent with Cul with the formation of the reactive species Cu(ll), generated by oxidation, that
served as a Lewis acid catalyst to activate Togni reagent enhancing the electrophilicity of the hypervalent iodine.
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Scheme 67. Synthesis of B-trifluoromethylamines.

2-Vinylbenzamides and other terminal alkenes bearing an amide functional group as nucleophile gave functionalized
lactames exploiting the aminotrifluoromethylation difunctionalization domino process (Scheme 68) 281,
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Scheme 68. Synthesis of CF3-containing lactams.

The [(MeCN)4Cu]PFg (15 mol%) catalyst was exploited on unactivated alkenes bearing a -OH group as a nucleophilic
pendant resulting in the formation of B,y,0-lactones, cyclic ethers, and epoxides through the oxytrifluoromethylation
process (Scheme 69) 7. |n addition to copper catalyst, the presence of a pyridine-based bidentate ligand, as the 2,2'-
biguinoline, was essential to avoid metal elimination and to observe the difunctionalization process. The complete
inhibition of the reaction in the presence of TEMPO suggested a radical mechanism for the process.

OF3 Cu(MeCN),PFs (10 mol%)

‘, OH ~, | 19 »~ 0 CF'_:,
; ¢ o 2.2 b|qcumo||ne;20 mol%) £y
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Scheme 69. Oxytrifluoromethylation of unactivated alkenes.

The trifluoromethylation of unsaturated-carboxylic acids in the presence of chiral ligands such as (S,S)-t-BuBox afforded
lactones 56 through the enantioselective oxytrifluoromethylation process (Scheme 70) (28],

‘I.:Fﬂ Cu(MeCN)4PF¢ (7.5 mol%)
0<OH R\= o (8,5)-t-BuBox (7.5 mol%) OE/O\(‘R_/CFa
0 + T
MTBE, r.t., 16 h
o 56
(44-88%)
ee 74-88%

R = Ph, 4-Br-Ph, 4-CI-Ph, 4-F-Ph, 4-CF3-Ph, 3-COMe-Ph, D ;
4 e

Scheme 70. Asymmetric oxytrifluoromethylation of alkenes.

A diastereoselective 1,4-difunctionalization of 1,3-dienes 57 was obtained by treatment with CuCN/t-BuzP catalytic
system. The presence of bulky phosphine accelerated the reaction affording acyloxytrifluoromethylation products 58 with
the regioselective addition of the 2-iodobenzoate to the more sterically hindered carbon atom (Scheme 71) [,
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R [e] Rl ,f:,:3
57 58
R = alkyl, aryl (56-T4%)
RE = H, alkyl chain drup to 2:1
R“ = alkyl, aryl

RS = Me, H, alkyl chain



Scheme 71. Copper-catalyzed acyloxytrifluoromethylation of dienes.

Oxytrifluoromethylation of the 2,3-allenoic acids 59 provided B-trifluuoromethylated butenolides 60 in the presence of
CuBr as catalyst and 1,10-phenthroline-5,6-dione as ligand, in dichloromethane under mild reaction conditions (Scheme
72) 11001
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o 0O
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{ L{ T 1 (6]
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o \ 7
59 60
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R'=4-Me; R?=Me; R®*=H (81%) R'=H; R®*=H; R* = Me (60%)
R'=4-OMe; R? = Me; R®=H (B4%) R'=H; RZ = H; R? = C,Hq (43%)

Scheme 72. Copper-catalyzed oxytrifluoromethylation of 2,3-allenoic acids.

Heterocycles as 5-trifluoroethyl isoxazolines were obtained by intramolecular reaction of B,y-unsaturated oximes with
Togni reagent | and CuCl in the presence of base (Scheme 73) [£04],

F
HO. ? ®  CuCl (20 mol%)

N R "o NaOAc (1.2 equiv.) o R
| . N CF,
R1 DMF, 50 °C, 0.5 h \ R?

R? R? 0 R

R'= Ph, 4-Me-Ph, 4-OMe-Ph, 3-Me-Ph, 4-CN-Ph, 4-CI-Ph, 3-CI-Ph,

/

2-F-Ph, Bn, +-Bu, 2-furan-, 2-thiophen-, @\;{;
N

D)=o
R%=H, Me ’i\
R3¥=H, Me, Ph
R*=H, Me

Scheme 73. Copper-catalyzed synthesis of trifluoromethyl-substituted isoxazolines.

Carbocycles were obtained by trifluoromethylation-cyclization of simple 1,6-enynes using a C-C triple bond as

nucleophile. The reaction was totally regioselective affording five- and six-membered rings in good yields (Scheme 74)
[202]

x/\{ (I:Fg
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S \
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/

trace-82%

X = NTs, O, CH(CO,Et);
n=1,2

Scheme 74. Copper-catalyzed trifluoromethylation/cyclization of enynes.

Carbocycles and aza-heterocycles were synthesized exploiting the intramolecular carbotrifluoromethylation and
aminotrifluoromethylation processes using the Cu(l)/Togni system 193 Starting from simple alkenes bearing allylic
protons, the choice of the solvent was important in order to avoid competitive deprotonative trifluoromethylation reaction
(Scheme 75). The use of N-allylanilines and homoallylanilines afforded the corresponding five- and six-membered
heterocycles.
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Scheme 75. Domino C-C and C-CF3 bond formations.

Starting from alkenyl amines and 2-allyl anilines, the synthetic path provided the 2-trifluoroethyl-substituted pyrrolidines
and indolines 194, The mild conditions allowed the reaction to be performed in the presence of different functional groups
(Scheme 76).

H II R2
[ T
~z? e X DCE, 75 °C e -
50-91%

R'=H, Cl, Me, OMe, Br, F
R%=Ts, Bs, H

Scheme 76. Aminotrifluoromethylation of unactivated alkenes.

| 3. Hypervalent lodine as Reagent in C-N Bond Formation

3.1. Arylation Reactions

Diaryliodonium salts have been employed as arylating agents of a wide range of nitrogen nucleophiles under copper(l)-
catalyzed conditions.

The most general and accepted mechanism, depicted in Scheme 77, occurs through oxidative addition of the
diaryliodonium salt with the Cu(l)-catalyst forming the electrophilic Cu(lll)-intermediate XXXIV. Coordination of the

nitrogen nucleophile generates XXXV which in turn, in the presence of a base, undergoes reductive elimination giving the
target product with regeneration of the Cu(l)-catalyst.
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Scheme 77. General mechanism for Cu-catalyzed C-H amination reactions in the presence of hypervalent iodine
reagents.

Among the copper(l) sources, copper halides are the most widely exploited to catalyze N-arylation reactions using
diaryliodonium salts. Two of the first reported cases date back to 2002, when the Chen research group used Cul to
promote the N-arylation of indole and benzimidazole with diaryliodonium tetrafluoroborates bearing various substituents in
para (i.e., methyl, chloro, methoxy, bromo, and acetamido) or meta (nitro) positions (Scheme 78) 193I108] The reaction is

general for these substrates and proceeds in good yields using potassium carbonate as the base and DMF as the
reaction solvent.

Cul (10 mol%)
S :
m + Aryl® BF4 K>COj (3.0 equiv.) m
N (1.0 equiv) DMF, 140°C, 7 h N
" Ar
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Ar = Ph; 4-Me-Ph; 4-CI-Ph; 4-OMe-Ph; 4-Br-Ph; 3-NO3;-Ph
Scheme 78. Copper(l)-catalyzed arylation of indole and benzimidazole.

Chen and co-workers took advantage of this protocol to promote N-arylation of tetrazole and uracil compounds (Scheme
79) [L07]I108] |y the latter case, the reaction furnished the N,N-diarylation products 61.

N Cul (10 mol%)
n=N @ e KoCOj3 (3.0 equiv.) =N,
){.. NH  + Aral BF4 298} q L N—Ar
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— - . . 61
Ar = Ph; 4-Me-Ph; 4-CI-Ph; 4-Br-Ph (52-83%)

R =H; 6-Me; 5-Me

Scheme 79. Copper(l)-catalyzed arylation of tetrazole and uracil derivatives.



Conversely, when the pyrimidine reactivity was investigated in the presence of NaOAc instead of K,CO3z, mono arylation
occurred. In particular, 6-methyluracile led to the 3-phenyl-substituted product 62, while thymine and uracil showed
selectivity at position 1, giving 63 (Scheme 80). The authors attribute the regioselectivity to steric and acidic factors.
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A
R
N \||\)LNH
(1.5 equiv.) N’go
i
Ph
R=H (53%)

63 R=Me (41%)
Scheme 80. Regioselective copper(l)-catalyzed arylation of 6-methyluracile, thymine and uracil.

Copper(l) iodide was the catalyst of choice in the work by Thakur and co-workers for the selective N3-arylations of
hydantoins with diphenyliodonium triflate as the aryl partner (Scheme 81) 199 K;PO, and DCE were proven to be the
best base and solvent. This approach works with a wide range of hypervalent iodine(lll) salts containing bulky, electron-
neutral, electron-donating or electron-withdrawing groups. Congested hydantoins were also well tolerated. Finally, the N3
mono-arylated products can be arylated at the N1-position under the same reaction conditions by operating in dioxane
instead of DCE.
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o R o aru® 110212 equiv) Rl (i tArIzleTTOQU-Z?uuiV-I R! i
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4-F-Ph, 2-M@-Ph, 3-NO-Ph, 4-CF3-Ph, 2-CO;Ma-Ph, 3-Me-Ph, 4-CN-Ph, 3-pyridin-

Ar? = Ph, 4-NO-Ph, 4-Ma-Ph, 4-Br-Ph, 4-CI-Ph, 4-F-Ph, 4-CN-Ph
Scheme 81. Copper(l)-catalyzed arylation of hydantoins.

CuCl was employed as catalyst for the synthesis of N-arylsulfonamides through an environment-friendly procedure in
which a series of diaryliodonium triflates and N-H sulfonamides were reacted in the presence of K3PO,4 using water as the
reaction medium (Scheme 82) 29, |n particular, the unsymmetrical 4-methoxy-4"-nitro diphenyliodonium salt transferred
the electron deficient aryl ring, while the unsymmetrical mesityl-phenyliodonium salt selectively furnished the less
hindered arylsulfonamide.
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Scheme 82. Copper(l)-catalyzed arylation of sulfonamides with diaryliodonium salts.

A sustainable C-N cross-coupling reaction promoted by CuBr using hypervalent iodine salts was reported by Varma in
2012 L The reaction involves an ultrasound accelerated N-arylation of sulfoximines carried out in the presence of CuBr
catalyst, diaryliodoniumtriflate as electrophilic agent in aqueous polyethylene glycol as the benign reaction solvent



(Scheme 83). It is worth noting that ultrasonication dramatically improved the yield of products 64 while, the addition of a
base did not influence the reaction.
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Scheme 83. Copper(l)-catalyzed arylation of sulfoximines with diaryliodonium salts.
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Moryiama group developed the synthesis of 3-bis-sulfonimido-indole derivatives using indolyl(aryl)iodonium imides. The
process proceeded through the C-N bond formation between nucleophilic indoles and nucleophilic amides. Among

different ligands, the presence of 2-butoxy group on the aryl induced high indole selectivity by a steric effect (Scheme 84)
[112][113]
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Scheme 84. Copper(l)-catalyzed C-N coupling reaction using indolyl(aryl)iodonium imides.

To avoid the formation of in situ generated sulfonylimino-A3-iodanes, the research group of Suna develop a one-pot two-
step strategy for the direct C-H amination of indoles and other heteroarenes working with a copper(l) source
(Cu(MeCN),4BF,) and an unsymmetrical iodonium salt (Scheme 85) (114l This one-pot method was developed also for the
para-selective C-H amination of carbocyclic arenes with a number of N-unprotected amines 15, The regioselective
process is a result of the combined directing effects of arene substituents typically strongest electron-releasing
substituents.
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Scheme 85. Copper(l)-catalyzed C-H amination of unsymmetric diaryliodonium salts with amine compounds.

On these bases, Shafir and co-workers developed a procedure for the selective synthesis of N-aryl-5-iodoimidazoles by
copper-catalyzed intramolecular aryl migration of a new family of A3-iodanes 65, employing Cu(OTf), as pre-catalyst
(Scheme 86). These conditions tolerate electron-donating and mild electron-withdrawing substituents on the aryl fragment
[126] The highest yields and selectivity toward the 1,5-disubstituted products were achieved using N-Me-benzimidazole as
an additive able to be included in the coordination sphere of copper and thus enforcing the intramolecular phenyl transfer.
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Scheme 86. Copper catalyzed aryl migration: selective synthesis of N-aryl-5-iodoimidazoles.

Diaryliodonium salts under copper catalysis are also prominent reagents for the aryl quaternization of N-heteroarenes
without N—H groups. Gao and his group proposed a procedure for the direct aryl quaternization of N-substituted imidazole
derivatives using Cu(OAc), as catalyst and a series of diaryl iodonium salts bearing either electron-deficient or electron-
fich aryl moieties (Scheme 87) 117 Because radical scavengers did not influence the reaction course, the process
plausibly involves the classic mechanism for Cu-catalyzed C—H amination by diaryliodonium salts through a Cu(lll)

complex.
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Scheme 87. Aryl quaternization of imidazole derivatives under copper catalysis.

A strictly related strategy was explored by Baumgartner for the single-step preparation of N,N'- diarylated
phosphaviologens (Scheme 88) (118l This method was proven to be compatible with both electron-poor and electron-rich
diaryliodonium salts, even though low yields of products 66 were isolated when sterically demanding iodine(lll)
compounds were employed. It is worth noting that compounds 66 could be employed as electroactive and electrochromic
materials.
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Scheme 88. Aryl quaternization of electron-deficient pyridines under copper catalysis.

Activation of nitrile groups via the intermediacy of Cu(lll)-species with hypervalent iodine compounds have also been
realized. Cheng reported a one-pot approach to substituted ureas 67 from N-phenylcyanamide (Scheme 89) 129, The
base-promoted N-arylation reaction toward the formation of XXXVI, is followed by the addition of Cu(OTf),, a slight excess
of a second diaryliodonium salt and AcOH. The second reaction step involves the conversion of Cu(OTf), into Cu(l)OTf by
either reduction or disproportion. Oxidative addition to the Cu(l)-cation by the diaryliodonium salt generates the
Ar2—Cu(lll)-species, which acts as carbocation equivalent and, in turn, is able to transfer the aryl moiety to the cyano
functional group of XXXVI generating XXXVII and restoring the catalyst. The target product 67 was formed by hydration of
the intermediate XXXVII.
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Scheme 89. Copper-catalyzed synthesis of unsymmetrical diarylureas.

The reactivity of diaryl hypervalent iodonium reagents toward nitriles was extended to the related cyclic iodonium salts. In
this way, Chen et al. synthesized a series of diarylmethane amide compounds 229, As depicted in Scheme 90, the
transformation occurred by reacting cyclic diaryliodonium salts with nitriles using Cu(l)Cl as the catalyst. Furthermore, the
desired amides were isolated in good yields independent from the electron property of the substituents on the diphenyl
iodonium.

I

s = CuCl (10 mol%

R‘—! ® | —R' 4 RZ-CN w’. Rpi-f = I \"‘_
NN H;0, DCE, 70 °C L

(ng 0" “R?

4 51-82%
R'=H, EWG, EDG

R? = Ar, alkyl chain
Scheme 90. Copper-catalyzed synthesis of diarylmethane amides using cyclic iodonium salts.

The activation ability by Cu(lll)-aryl species toward nitriles was exploited for the construction of heterocyclic skeletons. In
particular, Novak described an oxidative arylation—cyclization procedure for the construction of iminobenzoxazines 68
from ortho-cyanoanilides and unsymmetric diaryliodonium triflates bearing a bulky mesityl residue as the non-transferable
aromatic ring (Scheme 91) 121, The process showed fairly good functional group tolerance. Concerning the reaction
mechanism, the authors suppose that the electrophilic Cu(lll)-specie is able to react with the nitrile residue of the starting
compound leading the cationic specie XXXVIII and XXXVIII’, restoring the Cu(l) catalyst. Cations XXXVIII generate 68
through an intramolecular 6-exo-dig cyclisation reaction.
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Scheme 91. Copper-catalyzed ring closure of o-cyanoanilides with hypervalent iodine reagents.

Along with this type of reactivity, Chen and co-worker proposed a regioselective copper-catalyzed synthesis of substituted
guinolones 69 by a three-component cascade annulation of nitriles, alkynes, and hypervalent iodine reagents (Scheme
92) 1221 |n this case, the nitrilium intermediate XXXIX quickly reacts with acetylenes to give XL. This latter intermediate
undergoes electrophilic annulation to 69. Considering the cationic mechanism of the process, the regioselectivity
observed by using asymmetric alkynes in the formation of XL is favoured by electronic effects.
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Scheme 92. Copper-catalyzed synthesis of substituted quinolines 69 by a three-component cascade annulation.

In this field, Chen et al. reported the preparation of benziodoxoles containing aliphatic amine 123 or carbazoles (124
residues to promote electrophilic amination of arenes. The reaction mechanism, involving carbazole iodane(lll) reagents,
is depicted in Scheme 93. Copper oxidation by the iodinane(lll) reagent 70 generates the radical intermediate which in
turn was trapped by the aromatic substrate. The final product was formed after the copper assisted single electron
oxidation and deprotonation. This protocol could be applied to electron-rich arenes with acceptable to good yields.
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Scheme 93. Copper-catalyzed electrophilic amination of aryl compounds with carbazole-hypervalent iodane(lll) reagents.

Moreover, Wen engaged cyclic diaryliodonium reagents to achieve a series of functionalized carbazoles using Cu(OAc),
as the reaction catalyst (Scheme 94) 125 The reaction was triggered by the reduction of the copper(ll) salt. Oxidative
addition of diphenyliodonium salt to Cu(l) furnished the copper(lll) complex XLI which can be attacked by the nucleophile
under basic conditions. The next reductive elimination of the intermediate XLII generates the aminated compound XLIII.
The nitrogen metallation of XLIII, followed by intramolecular oxidative addition and reductive elimination gave access to
the target carbazoles restoring the catalyst. The use of Cu/(PyBox) as co-catalytic system in the presence of a Lewis acid
allows the 2,2'-amino-iodo-biaryls XLIII to be isolated with high enantioselectivity 228, The same ring-opening reaction
can be co-catalyzed by CuCl and anionic chiral cobalt(lll) providing the corresponding atropisomers in high ee values 124,
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Scheme 94. One-pot copper-catalyzed amine insertion into cyclic diaryliodonium reagents.

The enantioselective Cu-catalyzed ring-opening reaction of cyclic diaryliodonium salts occurs with O-alkylhydroxylamines
in the presence of 3,5-di(tert-butyl)phenyl bis-oxazoline as the optimal ligand yielding 2-hydroxyamino-2'-iodobiaryls up to
99% ee 128 |n this type of reaction, triazoles can also behave as nitrogen nucleophiles, showing excellent
chemoselectivity with regard to the three different nitrogen atoms of the ring 229, A highly chemo-and enantioselective
Cu/bisoxazoline-catalyzed ring-opening of the same substrates in the presence of ketoximes of 2-
(hydroxyimino)malonates was proven to be a fruitful procedure to access nitrones bearing atropisomeric biaryl moiety
(Scheme 95) 130,



Cu(MeCN),PFg (10 mol%)

{re

R RZ N N/ G
HOL, Pt6 mol%) P R! | ©
| Cs2C0; (1.5 equiv. 0
@ - G ' RGOECJ\GOERG aoc?r\; M: } . %\Ycozﬁ‘-‘
o ' COR?
; 5 orf T7-99%
R'and R*=H, Me, F, CI ee T6-99%

R®= Me, i-Pr, +-Bu, Ph, Et
Scheme 95. Copper-catalyzed synthesis of atropisomeric nitrones.

Concerning the use of nitrogen-containing cyclic hypervalent iodane(lll) reagents, Yuan developed a copper-catalyzed
electrophilic N-imination of aryl(alkenyl) boronic acids with (diarylmethylene)amino-substituted benziodoxoles (Scheme
96) (131, Experimental details suggested that the reaction could be triggered by the transmetallation of the arylboronic acid
with the copper catalyst. The aryl copper(l) complex, through a single electron oxidation and radical rebounding pathway,
undergoes oxidative addition with the iodane(lll) reagent generating intermediate XLIV. The final reductive elimination
delivered the target 71 with regeneration of the catalyst.
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Scheme 96. Copper-catalyzed synthesis of N-aryl(alkenyl) imines using hypervalent iodane (l1l) reagent containing
(diarylmethylene)amino groups.

Alkenyl oximes can be converted into N-aryl-isoxazolidines by initial generation of nitrone moieties through N-arylation of
the oxime, which in turn undergo intramolecular 1,3-dipolar cycloaddition (Scheme 97) 32, This is a photo-promoted
reaction performed in the presence of CuBr as catalyst, diaryl iodonium salts, and bipyridine-type ligand. The reaction
occurs also at the intermolecular level using N-methylmaleimide as dipolarophile.
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Scheme 97. Copper-catalyzed synthesis of N-aryl-sioxazolidines.
3.2. Azidation Reactions

Organic azides are of great interest in different scientific fields (i.e., chemistry, medicinal chemistry, biology, and material
science). This justifies an increase in the development of new methods for their synthesis with different transition metal
catalysts [133I134J135] and also with the combination of a copper catalyst with an hypervalent iodine(lll) as sources of
azide.

CuCl was used by Suna to promote an indirect C-H azidation of indoles using unsymmetrical indolyl(phenyl)iodonium
azides 72, easily prepared by treating the corresponding indole substrates with a mixture of Phl(OAc), and TsOH followed



by the addition of sodium azide (Scheme 98) [13€]. Then, the subsequent introduction of the copper catalyst to the reaction
mixture promoted fragmentation to 3-indolyl azides 73. Finally, these latter were in situ either reduced to heteroarylamines
or submitted to Cu-catalyzed cycloaddition reaction to give the correspondent 1,2,3-triazole compounds. The formation of
the iodonium azide 72 is consistent with products arising from SEAr reactions. On the other hand, the regioselectivity of
the fragmentation of unsymmetrical iodonium salts 72 is controlled by the Cu(l) salt because in catalytic coupling
reactions, electron-rich or less sterically hindered aryl moieties are selectively transferred to the metal. Furthermore, the
authors indicated the 1t-Cu(lll) complex XLV as the key reaction intermediate, which could either directly evolve to 73 or
pass through the heteroarylcopper(lll) XLVI due to loss of Phl followed by reductive elimination.
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Scheme 98. Copper-catalyzed azidation of indoles.

The use of iodine(lll) reagents as electrophilic source of azide allows the direct azidation of different organic compounds
through a radical-based mechanism. In this field of research, the ABX has been further exploited in a range of pioneering
azidation methods, considering that, in contrast to other hypervalent iodine azides, ABX is a crystalline and thermally
stable solid. ABX in combination with copper(ll) catalysts, has been employed to promote the direct aromatic C-H
azidation of anilines in which the amino residue acts as ortho-directing group (Scheme 99) 1371 Alkoxy, halide, acetyl, and
ester groups on the aryl ring are well tolerated, even though the substitution pattern of the aromatic ring was found to
influence the reaction efficiency. In particular, para-substituted anilines furnish products 74 with the highest yields.
Furthermore, the process runs well in the absence of any radical initiator under very mild reaction conditions, whereas
complete inhibition of the reaction progress was observed in the presence of radical scavengers. Thus, the authors
propose a SET process between ABX and aniline to form the aniline radical cation and the azido radical XLVII, which in
turn undergoes copper-promoted O-1 bond cleavage generating XLVIIl. Degradation of this latter furnished the azido
radical able to react with the aniline radical cation. The final deprotonation step furnishes 74.
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Scheme 99. Direct C—H azidation of anilines with ABX under copper catalysis.

Concerning the direct functionalization of C(sp®)-H bond, Deng and co-workers reported an enantioselective azidation of
N-unprotected 3-trifluoromethyl oxindoles (Scheme 100) 138, The reaction conditions involve Cu(CH3CN)4PFg as catalyst,
benziodazolone-based azidating reagent, and bis-oxazoline ligand XLIX.
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Scheme 100. Direct C—H azidation of 3-trifluoromethyl oxindoles with ABX under copper catalysis.



In the Jiao approach, Cu(acac), was the best copper catalyst to promote inter- and intra- molecular alkoxyazidation of
indoles 75 139, As shown in Scheme 101 for the intramolecular version, the reported dearomatisation process occurs
through copper oxidation by ABX with generation of the N3 radical. This latter was trapped by the indole ring at the
nucleophilic C-3 position. After the copper-assisted single-electron oxidation, cations L and LI were produced, promoting
the final intramolecular nucleophilic attack to the reaction products.
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Scheme 101. Intramolecular copper-catalyzed alkoxyazidation of tryptophols.

Similarly, application of the ABX reagent to functionalization of styrene-type double bonds was explored by Greaney
(Scheme 102, path a) 149 |n particular, the authors developed a copper-photoredox catalytic system using the Sauvage
catalyst [Cu(dap),Cl] and visible light to activate ABX and generate the azido radical. This latter smoothly reacted with
activated alkenes in methanol to give a range of methoxy-azidated products. The same group was able to tune the scope
of the photoredox catalytic system toward benzylic C-H azidation reactions by varying the reaction solvent from methanol
to acetonitrile (Scheme 102, path b) 121, The method was successfully applied to a wide range of substrates bearing
different electronic properties, steric hindrance around the reactive centre, with a primary, secondary, or tertiary benzylic
position. The authors suggest that the azido radical was able to extract a benzylic hydrogen atom from the starting
substrate forming the benzyl radical LII. The formation of product 76 occurs through abstraction of N3 from ABX promoted
by LII. Moreover, the formed iodane radical was also able to abstract a hydrogen atom from the benzylic substrate

releasing LIl to continue chain propagation.
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Scheme 102. Azidation of styrene-type double bond (path a) and benzylic C-H bonds (path b) with ABX under copper-
photoredox catalysis.

In combination with copper(l)acetate, ABX has been employed in aminoazidation of unactivated alkenes (Scheme 103)
(1421 The reported strategy shows high functional group tolerance and the scope of the process was confirmed on a range
of both terminal and internal alkenes. Furthermore, besides a complete regioselectivity, very high diasteroselectivities

were observed when internal alkenes were employed.
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Scheme 103. Intramolecular copper-catalyzed aminoazidation of unactivated alkenes with ABX.

| 4. Hypervalent lodine as Reagent in C-O Bond Formation

Moving the attention toward oxygen nucleophiles, the versatility of unsymmetrical diaryliodonium reagents was exploited
again by Suma for the C-H oxyarylation of electron-rich heteroarenes or arenes (Scheme 104) 1431 |n this context, the
same copper-based catalytic system and the same reactivity of unsymmetrical diaryliodonium reagents previously
reported in Scheme 85 for the synthesis of aryl- and heteroaryl- aniline derivatives, 124! were extended also to build diaryl
or heteroaryl ether compounds. As usual, diaryliodonium salts bearing one bulky mesityl phenyl residue allow the
selective transfer of the less hindered aryl ring. Furthermore, the regioselectivity of the C—H oxyarylation is controlled at
the stage of the formation of iodane 77. Thus, monosubstituted phenyl compounds underwent para C—H iodination and
then oxyarylation, while the C-I bond formation in poli-substituted arenes proceeded at the para-position to the strongest
electron-donating group.
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Scheme 104. Copper(l)-catalyzed C-H oxyarylation of phenol derivatives.

A combination of copper(ll)-triflate catalyst together with thiophosphoramide-based co-catalyst LIl was used by Nagorny
and co-workers in a process involving arylation reactions of potassium carboxylates using diaryliodonium triflates as the
aryl partners (Scheme 105) 144 The authors attributed the role of the co-catalyst LIll to the solvation of both the
diaryliodonium- and organocopper- counterion (OTf"). This device resulted in milder reaction conditions and increased the
scope of the reaction.
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Scheme 105. Copper(ll)-catalyzed arylation of carboxylates.

In 2017, Zhang and co-workers reported a copper-catalyzed diphenylation of aliphatic or (hetero)aromatic carboxylic acids
with cyclic diaryliodonium reagents (Scheme 106) (1451, This one-step procedure allowed the synthesis of biphenyl esters
with an iodo-substituent which could be easily transformed. Two years later, the same research group developed the
enantioselective synthesis of acyloxylated 2-iodobiaryl working with Cu(OAc), as catalyst and with a chiral bis(oxazoline)
as ligand (48],

Cul {10 mol%) 0
0 1,10-Phen (10 mol%) 3J-L
il | N Na,COj3 (1.5 equiv.) R® O R?
= - +
Lz ‘5? Pz R “OH 1 4-dioxane, 95°C, 17 h wll
e N |
oTf
13-97%

R'and R? = H, Me, F, Cl, t-Bu, OMe
R*= Ar and alkyl

Scheme 106. Copper(ll)-catalyzed synthesis acyloxylated 2-iodobiaryl.

Copper-catalysts were also able to efficiently promote oxyarylation of alkyl phosphonates using hypervalent
diaryliodonium compounds (Scheme 107) 147, Furthermore, Feringa and Fananas-Mastral synthesised mixed alkyl aryl
phosphonates 78 in a rapid, clean and easy manner via a one-step synthetic procedure using CuCl in combination with a
hindered non-nucleophilic base (2,6-di-tert-butylpyridine—dtbpy). This catalytic system worked well on a wide range of
phosphonates independent from the electronic properties of the substituent on the diaryl iodonium reagent employed.
Experimental data suggested to the authors that the reaction pathway passed through an initial oxidative addition of the
Cu(l) catalyst to the diaryliodonium salt allowing the related aryl-Cu(lll) complex. This latter underwent nucleophilic attack



by the phosphonate, forming intermediate LIV that, successively, evolved in LV via a base-facilitated substitution reaction

of one alkyl groups by the triflate anion following a SN1-type mechanism. Reductive elimination furnished 78 restoring the
Cu(l) catalyst. Compounds 78 play a pivotal role in nucleoside synthesis.
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Scheme 107. Copper(l)-catalyzed C-H oxyarylation of phosphonates with diaryliodonium triflates reagents.

Based on a similar concept, a strategy to access esters of 2'-iodosubstituted biarylphosphinic acids was developed
(Scheme 108) 1281, The cyclic diaryliodonium salts were opened with phosphinic acids and the best results were achieved
working with Cul as catalyst in the presence of triethylamine in THF at 80 °C.
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Scheme 108. Cul-catalyzed synthesis of esters of 2'-iodosubstituted biarylphosphinic acids.

An analogous Cu-catalyzed enantioselective oxidative ring-opening of cyclic diaryliodonium salts with diarylphosphine

oxides allows the synthesis of atropisomeric 2'-iodo biaryl phosphine oxides, which in turn can be transformed into 2'-
hydroxy biaryl phosphine oxides with total chirality retention (149,

This strategy was then extended by Fananas-Mastral to the direct alkenylation of phosphonates by using unsymmetric
styryl(aryl)iodonium reagents (Scheme 109) 159 As usual, the presence of a non-transferable mesityl ligand on the

asymmetric iodonium salt was crucial for the outcome of the reaction. In this way, a series of styryl phosphonates was
isolated with fair to very good yields.
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Scheme 109. Copper(l)-catalyzed C-H oxyalkenylation of phosphonates with hypervalent iodine reagents.

The reactivity of unsymmetrical vinyl(aryl)iodonium triflates was explored also by Gaunt for the synthesis of highly
functionalized tri-, and tetra- substituted alkenyl triflates 79 51, In particular, copper(l) catalysts enable the electrophilic
carbofunctionalization of alkynes with vinyliodonium triflates (Scheme 110). Experimental results indicated to the authors
the formation of the high oxidation state Cu(lll) complex LVI. This could engage the alkyne, promoting the insertion of the



aryl-Cu(lll) species to the carbon-carbon triple bond leading LVII. The final reductive elimination furnished 79 restoring
the catalyst.
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Scheme 110. Copper-catalyzed synthesis of alkenyl triflates using vinyl(aryl)iodonium triflate reagents.

Cyclic diaryliodonium reagents could act as synthons for cascade transformations involving C-O bond formation. In
particular, Zhu was able to construct biaryl oxazoles through an oxidative ring-opening/cyclization reaction of cyclic
diaryliodonium compounds bearing a benzamido residue in the ortho-position to the iodine centre (Scheme 111) 152, The
reported intramolecular oxidation could be carried out in the presence of bis(oxazoline)-based chiral ligands (R,R-Ph-box)
for asymmetric conversions. Most probably, the asymmetric ring-opening/cyclisation reaction involves the interaction of
the Cu(l)/bisoxazoline complex with the diaryl iodium salt leading the formation of the less hindered Cu(lll) complex LVIII.
The catalytic system was functional-group-tolerant and allowed the isolation of differently substituted oxazole biaryls in up
to 99% of both yield and enantiomeric excess. Furthermore, concomitant alkynylation of the iodine atom occurs when
palladium acetate and alkyne compounds were added to the reaction mixture 1531,
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Scheme 111. Copper-catalyzed benzoxazoles formation with cyclic diaryliodonium compounds.

Zhu research group and other take advantages to the versatility of cyclic diaryliodonium reagents to tune a copper(ll)-
catalyzed tandem strategy for the synthesis of polycyclic heteroarenes from stable cyclic (het)aryl, aryl or diaryl iodoniums
compounds using water as the oxygen source 154I155l156] As reported in Scheme 112, the tricyclic (het)aryl, aryl
iodonium salts 80 were easily prepared by MCPBA- promoted oxidation of the correspondent ortho-iodo heteroaryl-aryl
precursor under acidic conditions. The catalytic system was generally functional-group-tolerant and allowed the isolation
of complex oxygen-containing heterocycles. Furthermore, the reaction was triggered by the reduction of the copper(ll) salt
to the active copper(l) catalytic specie. Oxidative addition of 80 to Cu(l) furnished the copper(lll) complex LIX which can
be attacked by a water nucleophile. The next reductive elimination generated intermediate LX. The oxygen metalation of
LX, followed by intramolecular oxidative addition and reductive elimination gave access to the target heteroarenes 81,
restoring the catalyst.
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Scheme 112. Copper-catalyzed water insertion into cyclic diaryl iodonium reagents.

Alkoxy alkynes were submitted to the intramolecular etherification reaction in the presence of diaryliodonium salt 22, |n
these conditions the reaction pathway afforded an oxo-heterocycle 82 involving the formation and the cleavage of a C-O
bond (Scheme 113).
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Scheme 113. Copper-catalyzed intramolecular aryl-etherification of alkoxyl alkynes.

The proposed mechanism showed the formation in situ of the Ar-Cu(lll) species, easily attacked by alkynes producing
vinyl-copper(lll) species LXI (Scheme 114). The subsequent elimination of CuX and the intramolecular attack by the
oxygen atom, followed by the C-O bond cleavage afforded the final product 83.
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Scheme 114. Possible mechanism for the intramolecular aryl-etherification of alkoxyl alkynes.

| 5. Hypervalent lodine as Reagent in C-S Bond Formation

Diaryl tricyclic iodonium salts with general formula 84 could react with various sulphur nucleophiles allowing access to a
broad range of poly-heterocyclic or biaryl frameworks [SAMSEIISONIEN  Fyrthermore, a remarkable Cu-catalyzed
enantioselective synthesis of diarylmethanes in the presence of bis(oxazoline) chiral ligands LXII using thio-carboxylate
nucleophiles was described by Gu in 2018 (Scheme 115) (181, The authors attributed the stereochemical course of the
process to steric effect associated with both the shape of 84 and the geometry of the Cu(l)/L complex. In particular, the
Cu(l)/L complex underwent oxidative addition from the less sterically hindered side of 84. The next coordination of the
nucleophile to the Cu(lll) centre followed by reductive elimination, gave the final products.
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Scheme 115. Cu-catalyzed enantioselective diarylmethanes formation.

Once again—as nitrogen or oxygen nucleophiles—Cu-catalyzed reaction of diaryliodonium salts were conducted with a
sulphur nucleophile (Scheme 116) 162, |n a study the authors observed that the yields of the desired
trifluoromethylsulfones were independent of the nature of the diaryliodonium counter-anion. This data is in contrast to the
results concerning other heteroatom-based nucleophiles.

0 (la x© CuO (5 mol%) AL
CF35—0Na Y A Sar DMF, 50 °C, 24 h Tl
37-88%

Ar = Ph, Ph-EDG, Ph-EWG, (het)aryl
R = alkyl, aryl, (Het)aryl

Scheme 116. Copper-catalyzed synthesis of aryltrifluoromethylsulfones.

Moving the attention toward other cyclic hypervalent iodine reagents, Waser described an efficient copper-catalyzed ring
opening of sulphur heterocycles using ethynylbenziodoxolone EBX (Scheme 117) 263l The reaction proceeds through
EBX activation by the copper(l) catalyst, forming either the iodonium salt LXIIl or the copper(lll) complex LXIV via an
oxidative transfer. In the latter case, coordination of the copper(lll) ion to the sulphur heterocycle followed by reductive
elimination furnished sulfonium LXV. On the other hand, formation of LXIIlI involved the direct formation of LXV. This
underwent a ring opening by nucleophilic attack of the copper carboxylate LXVI, affording functionalized building block 85
and restoring the catalyst. The authors did not exclude a parallel radical pathway, considering that the addition of the
radical scavenger TEMPO furnished the target 85 in lower yield.
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Scheme 117. Copper-catalyzed ring opening of sulphur heterocycles using EBX reagent.

A synthetic protocol for the preparation of diarylannulated sulfones through SO/l exchange of diaryliodonium salts in the
presence of Na,S,05 was proposed by Jiang and co-workers (Scheme 118) 164 Cu(OTf), as catalyst and 1,10-



phenanthroline were used with Na,S,05 as more easily handled surrogate of SO,, TBAB to increase the solubility of salts

and K3PO4 as base to give products with good to excellent yields.

Cu(OTf); (10 mol%)
1,10-Phen (12 mol%)

- Na;S,05 (2.0 equiv.)
b KiPO, (20 equiv) »
i = | \\—R‘ TBAB (1.2 equiv.) e .
Z Z DMSO, 120 °C g7
o*>o
40-88%

Rl= H, OMe, NHAg, t-Bu, Me, F, Cl, CF3 COMe, Br, CO,Et, Ph, 4-Me-Fh, aryl and heteroary!

Scheme 118. Copper-catalyzed synthesis of diarylannulated sulfones through SO/l exchange of cyclic diaryliodonium
salts.

In 2013, Shibata reported an appealing electrophilic trifluoromethylthiolation of various nucleophiles with hypervalent
iodonium ylide 86 in the presence of copper(l) chloride (Scheme 119) 183 The authors envisioned that the reaction
mechanism could involve the reactive trifluoromethylthio specie LXX generated from 86 by copper(l)-catalyzed carbene-
mediated reduction. Furthermore, carbene LXVII was in equilibrium with thioxirene LXVIII that, in turn, was subjected to a
rearrangement process generating thioperoxoate LXIX passing through the corresponding sulfoxide. In the presence of a
base salt, LXX was formed and attacked by the nucleophile to afford the final products 87. When the reaction was
conducted in the absence of the base, LXIX could generate the target products 87 through a single-electron transfer or an

electrophilic path.
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Scheme 119. Copper-catalyzed trifluoromethyl thiolation of nucleophiles with hypervalent iodonium ylide.

It should be mentioned how the well-established procedure of opening cyclic diaryliodonium salts with nucleophiles can
also be achieved by employing CsSCF3 to give trifluoromethylthiolated biaryl atropisomers in high yield and
enantioselectivity (Scheme 120) [68],

Cu(MeCN)4PFg (10 mol%)

O,
(12 mol%)
G : @ CsSCF; (1.5 equiv.)
DCM, 0 °C, 24 h

R'and R% = H, Me, F, CI, OTs, PhCO;

ee 90-99%

Scheme 120. Atroposelective synthesis of trifluoromethylthiolated biaryls.

To conclude the description of C-S bond construction under copper catalysis using hypervalent iodonium reagents, this
approach was used for the synthesis of quinoline derivatives combining readily available alkynes, isothiocyanates, and



diaryliodonium salts 287, The reaction afforded the desired products through the formation of two C-C bonds and one C-S

bond in single synthetic step (Scheme 121). The same one-pot approach was chosen for the synthesis of isocoumarins
starting from the corresponding diaryliodonium salts and alkynes 188! or for the synthesis of triazolophenanthridines
working in the presence of alkynes, diaryliodonium salts, and sodium azide 169,

© Rl %
oTf i 4 R ==
,—IE? 4 R‘—'\ %s P = = CuCl (20 mol%) g3
A SAr L R+ DCE, 110 °C. 16 h N
= R

R'=H, Me, F, CF3 OMe, CI

R? = H, Me, NOy, OMe, Br,

R*=H, Et, 4-Me-Ph, 4-NOz-Ph, 2-OMe-Ph, |, Br, Cl, Ph
Ar=H, EDG and EWG

Scheme 121. Synthesis of quinoline derivatives.

| 6. Hypervalent lodine as Reagent in C-X Bond Formation

The versatility of hypervalent iodine reagents was exploited for the halo-functionalization of a range of sp2 C-H bonds.
However—although halogenated compounds are widely studied and synthesized with copper catalysts LZAIL7AL72]__the
use of iodines(lll) in combination with copper catalysts is rather limited.

The fluoro-iodine analogue of the Togni reagent | (Scheme 122) was used for carbo-fluorination of terminal alkenes under

copper catalysis by Szabod research group B3l In particular, [Cu(MeCN)4]BF, proved to be the best catalyst for

intramolecular carbo-cyclization/fluorination of alkenyl malonate compounds.

Me !: E
R? 5 I‘o [Cu(MeCN)4BF 4] (10 mol%) »
R? Me  DCM.40°C,8h COR!
R
C

R'O,C O,R! Me CO,R!
60-76%

R'= Me, Et

RZ=H, Me

Scheme 122. Hypervalent iodine as reagent in fluorocyclization.

In the field of C-Cl bond formation, Perumgani described a direct copper(l)-mediated chlorination protocol of nitrogen-
containing aromatic compounds using the chloro-iodine analogue of the Togni Il reagent (Scheme 123) 74 |n this
process the copper(l) catalyst promoted the homo-cleavage of the CI-I bond in 88. Then, the generated Cu(ll) and CI
radical species were coordinated by the aromatic substrate, generating the final product after copper assisted single
electron oxidation and deprotonation. The reaction proceeds in good yields and complete regioselectivity. The authors
suggested that the selectivity of the process could be ascribed to a pyridyl coordinated Cu-intermediate able to undergo
intramolecular chlorine transfer. Ortho-chlorination occurred when 2-aryl-N-aromatic compounds were used, while remote
C5 chlorination took place on quinoline substrates. The activity of the catalyst (Cul) was enhanced by the presence of
K>S,0g as an additive. Furthermore, the iodine (lll) reagent is stable under the reaction conditions and could be employed
in large-scale syntheses.
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Scheme 123. Regioselective chlorination of C-H aromatic bonds.

As regards the C-1 bond construction, an iodinative ring-opening of cyclic diaryliodonium triflates was reported by Yoshikai
(1751 The reaction between aryl-substituted cyclic hypervalent iodines afforded the correspondent 2,2'-diiodobiaryl product
under mild conditions in the presence of a copper/diamine catalytic system and tetra butyl ammonium iodide (TBAI) as the
iodide source (Scheme 124). The oxidative addition of the catalyst to the aryl-I(lll) bond generated the cupro(lll) LXXI
which, in turn, could be intercepted by the iodide anion. The final reductive elimination furnished the 2,2'-diiodobiaryl,
regenerating the catalyst. The process could be scaled up and, at least, allow the preparation of tetraiodoteraryls which
are smart precursors of heterofluorene compounds.

Cul (20 mol%)
TBAI (2.0 equiv.)

oTf NHMe | |
! _ {20 mol%) \
@ @ 14-dioxane, r.t., 24 h

44-92%
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Scheme 124. lodinative ring opening of cyclic hypervalent iodine reagents.

The same approach starting from cyclic diaryliodonium salts, performed in the presence of Cul with tetrabutylammonium
halides and the chiral bisoxazoline ligand in hexafluoroisopropanol as solvent, was used for a more general access to
axially chiral 2,2'-dihalobiaryls in good to excellent yields and excellent enantioselectivities 1761,

| 7. Hypervalent lodine as Reagent in C-P Bond Formation

Procedures for copper-mediated coupling of phosphorus nucleophiles with diaryliodonium reagents were also disclosed.

In 2013, Zhao reported a copper(l)chloride P-arylation process of achiral diaryl phosphine oxides and H-phosphonates
nucleophile with symmetrical and unsymmetrical diaryliodonium salts (Scheme 125) 74, The reaction proceeded at room
temperature, in short reaction time and with a broad reaction scope. Furthermore, when unsymmetrical iodonium salts
were used, reaction occurred preferentially on the sterically hindered—or the more electron-deficient—aromatic ring.
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Scheme 125. Copper catalyzed P-Arylation using diaryliodonium reagents.

A related enantioselective strategy was then described by Gaunt 178, |n this process, the target products were isolated
using copper(l) triflate as the catalyst in the presence of bis(oxazoline)-based chiral ligands (S,S-PhPy-box) for
asymmetric conversions (Scheme 126). The catalytic system was functional-group-tolerant and allowed the isolation of
differently substituted tertiary phosphine oxides in up to 98% of both yields and enantiomeric excess. Even though insight
into the reaction mechanism are still in progress, most probably, the asymmetric P-arylation involved the interaction of the
Cu(l)/bisoxazoline complex with the diaryliodium salt forming the less hindered Cu(lll) species LXXII. This latter, in turn,
could bind to the starting phosphine oxides. The stereo controlled reductive elimination generated the target products.
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Scheme 126. Enantioselective copper-catalyzed P-Arylation using diaryliodonium reagents.

| 8. Hypervalent lodines as Oxidant

The use of hypervalent iodine as oxidant to provide coupling reactions involving the formation of different C-C and C-N
bonds is an elegant and efficient synthetic pathway to afford heterocyclic systems.

In this context, the use of N-sulfonyl 2-amidobiphenyls 89 as substrates allowed carbazoles 90 to be obtained, under both
Cu-catalyzed and metal-free conditions, with generally lower yields in the latter case 172, The observed kinetic
insensitivity to the copper catalyst led to propose that the copper species worked as a Lewis acid to activate hypervalent
iodine(lll) oxidant. Moreover, when the radical scavenger was added to the reaction mixture, the reaction was significantly
decreased, suggesting that a radical intermediate was involved. The reaction realized in the presence of Cu(OTf), in DCE
at 50 °C was compatible with electron-donating substituents at the nucleophilic phenyl part (right side) and the electron-
withdrawing groups on the “left” rings facilitated the cyclization (Scheme 127).
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Scheme 127. Mechanism for the synthesis of carbazole under Cu-catalyzed or metal-free conditions using hypervalent
iodine (l1l) as oxidant.

Another polyheterocyclic system such as the substituted benzo[4,5]imidazo[1,2-c]quinazoline was prepared starting from
4-anilinoquinazoline, exploiting as a key step the oxidative coupling catalyzed by Cu(OTf), and hypervalent iodine oxidant



to form a C-N bond 289 (Scheme 128).
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Scheme 128. Copper(ll)-mediated oxidative ring closure of 4-anilinoquinazoline-2-carbonitriles.

Radical decarboxylative process involving C-N bond formation has been studied and applied at the synthesis of
pyrrolidines and piperidines 1811182 Different complex mechanisms could be hypothesized where the oxidant PhIO and
the copper serve to obtain decarboxylation followed by C-N coupling, also considering the essential presence of the
picolinamide (PA) as directing group for the site-selectivity (Scheme 129).
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Scheme 129. Copper-catalyzed intramolecular decarboxylative C-N coupling of aliphatic carboxylic acids.

Substituted pyrrolidine-2,4-diones were obtained also by intramolecular amidation of p-dimethylamino-propenoyl
alkylamides 91, in the presence of PIFA and TFA as additive, under CuBr; catalysis 183, The reaction proceeds in good
yields under mild reaction conditions, through a radical mechanism involving the dihydrofuran-3-one LXXIII formation
followed by ring opening in the presence of copper halide to give a radical LXXIV, the cyclization of which afforded LXXV.
The pyrrolidine-2,4-dione 92 was obtained by final hydrolysis. The presence of substituents in the a-position increases the
efficiency of the cyclization (Scheme 130).
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Scheme 130. Plausible mechanism for the formation of pyrrolidine-2,4-diones.
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Enantioselective cyclopropanation of alkenes has been developed using an iodonium ylides derived from methyl
nitroacetate with a chiral copper complex, obtaining trans nitrocyclopropane carboxylates 93 in high diastereo- and
enantioselectivity 184!, The reaction involved the use of CuCl and AgSbFg to generate the CuShFg catalyst, that gave the
best results in term of enantioselectivity, bis(oxazoline) ligand LXXVI, PhlO, and Na,COj3 as base in benzene as solvent
(Scheme 131).

CuCl {2 mol%)
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0

Scheme 131. Copper-catalyzed cyclopropanation reaction.

Cyclopropanation was also obtained starting from an alkene, Wittig reagent and iodosotoluene as oxidant, in the presence
of Cu(tfacac), catalyst 283 The stereochemistry of the alkenes gave, in general, a 2/3:1 mixture of diastereomers
(Scheme 132). The authors hypothesized, from the Wittig precursor and the oxidant, the formation of a transient
monocarbonyl iodonium ylide LXXVII which can generate a metallocarbene LXXVIII through the reaction with the copper
catalyst and decomposition. The carbene then afforded cyclopropanation by reaction with the unsaturated system,

regenerating the catalyst.
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Scheme 132. Cyclopropanation of alkenes in the presence of catalytic Cu(tfacac), and iodosotoluene.

A particular synthesis of a-keto amides was realized starting from enaminones by means of oxidation in the presence of
hypervalent iodine and copper catalysis 186, The presence of water was mandatory, acting as the oxygen source during
the generation of the carbonyl group after the cleavage of C-C double bond (Scheme 133).
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Scheme 133. Synthesis of a-keto amides from enaminones under the copper/Phl(OAc), catalytic system.

A particular reactivity of 2-benzylamino-phenols 94 mediated by PIDA was reported by a research group, resulting in the
synthesis of oxazolo-phenoxazines 95 through a cascade three-step C-H functionalizations 284, The process involves the
dimerization of the substrate after an initial oxidation step, whereas the formation of the terminal five-membered ring is
due to the action of the copper catalysis (Scheme 134).
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Scheme 134. Dimerization/cyclization of 2-benzylaminophenols.

The reaction performed under standard conditions on the N,N'-dibenzyl-1,2-benzenediamines 96, although gave rise to a
dimerization process, did not provide tetracyclic fused-ring system but led only to the formation of benzo[d]imidazol-6-
yl)benzene-1,2-diamine products 97 (Scheme 135). Probably, the presence of a second benzylamino substituent instead
of the hydroxyl group inhibited the formation of the second C-N bond, hampering access to the phenazine nucleus.
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Scheme 135. Dimerization/cyclization of N,N'-dibenzyl-1,2-benzenediamines.

The C-O bond formation was reported in the alkoxylation of S,S-functionalized internal olefins 88l |n this case, the
Cu(OH), was used as catalyst and besides the (diacetoxyiodo)benzene as oxidant, also benzoquinone (BQ) was used as
co-oxidant (Scheme 136). The present procedure also provided a route to alkoxylated N-heterocycles.
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Scheme 136. Alkoxylation of S,S-functionalized internal olefins.
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