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The crucial role played by compounds bearing amide functions, not only in biological processes but also in several fields
of chemistry, life polymers and material sciences, has brought about many significant discoveries and innovative
approaches for their chemical synthesis. Within this context, and following the development of C-H functionalization
strategies, C-H amidation reactions have only recently emerged as valuable approaches for the construction of amide
functions. These methodologies have been successfully used for both C(sp2)- and C(sp3)-H activations and blossoming
synthetic applications have appeared in the last two years (2019-2020 timeframe).
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| 1. Introduction

Amides are ubiquitous and one of the most important functional groups in organic, medicinal, coordination and natural
products chemistries, and in the fields of polymers, material and life sciences 2. |f several efforts have been devoted to
finding new practical synthetic methods to allow their preparation through less conventional ways (i.e., avoiding amine-
carboxylic acid couplings with activating agents) B4l the development of more “direct” strategies is still underdeveloped.
Within this context, and following the development of C-H functionalization strategies, C-H amidation reactions have only
recently emerged as valuable approaches for the construction of amide functions (Scheme 1). These methodologies have
been successfully used for both C(sp?)- and C(sp3)-H activations and blossoming synthetic applications have appeared in
the last few years.
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Scheme 1. C-H amidation reactions.

The reasons for such tremendous developments rely on the following several key points:

A major breakthrough in C-H amidation reactions was the introduction by Chang in 2015 of dioxazolones 1 as acylnitrene
precursors B, Dioxazolones are thermally stable and are easily obtained from the corresponding hydroxamic acid under
green, mild and scalable conditions (Scheme 2) 4. The acylnitrene transfer usually occurs under mild conditions, at
room temperature or 40 °C, in the absence of any stoichiometric external oxidant B, By the way, to the best of our
knowledge, all the enantioselective C-H amidations reported to date involve the use of dioxazolone as acylnitrene
precursors.
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If C-H amidation reactions were initially carried out in the presence of noble and expensive metals (Rh and Ir), the use of
abundant, less toxic and cheap first row metal cobalt has been also developed 19, Very recently, the use of
(Phthalocyanine)Fe!'Cl under aerobic conditions was also described in intramolecular C(sp®)-H amidations with
remarkable high turnovers 1. A simplified mechanistic manifold for C(sp?)-H amidation is illustrated in Figure 1, but

significant differences exist depending on the metal used [AR1I12],
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Figure 1. Simplified mechanism for C(sp?)-H amidation. DG = Directing Group.

In C(sp?)-H directed functionalizations, C-H amidations constitute interesting alternatives to Buchwald-Hartwig, Ullmann or
Chan-Lam strategies particularly within the context of medicinal chemistry in which amide bonds associated with N-
heterocyclic platforms are prevalent in drug candidates R8Il14 As a matter of illustration, Scheme 3 highlights a non-
exhaustive collection of C-H amidation products described in the last two years LI[16117I181[19)[201[21][22][23][24]
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Scheme 3. Recent (non-exhaustive) examples of products issued from Csp?-H amidation reactions. pym = pyrimidyl.

The potential of C(sp?)-H functionalizations has been brilliantly illustrated by Ellman and Miller in the structural
diversification of thiostrepton, a potent antibiotic peptide leading to analogs with maintained biological activities while
increasing aqueous solubility (up to 28-fold) (Scheme 4) 251, Thiostrepton presents three dehydroalanine (Dha) residues.
A regioselective Co(lll)-catalyzed C(sp?)-H amidation of a single Dha moiety provided an elegant entry to novel analogs
with increased physicochemical properties. Undoubtedly, this work opens the door to future achievements on late-stage
functionalization of other natural products.
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Scheme 4. C(sp?)-H functionalization for the structural diversification of thiostrepton.

Besides, intramolecular C(sp®)-H functionalizations, branch-selective allylic C-H amidation of terminal double bonds have
been described (281271281291 Based on stoichiometric studies with TsNH, and the isolation of an allyl-Ir(lll) complex, an
inner sphere nitrenoid insertion of an n-allyl irididium intermediate is advocated in these reactions (Scheme 5) 1281,
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Scheme 5. Regio(branch)-selective allylic C(sp3)-H amidation.



Thus, these notable pivotal achievements have set the stage to future advances on the field of C-H amidation reactions.
Indeed, a new benchmark has now been achieved with the development of enantioselective C-H amidation reactions in
both C(sp®)-H and C(sp?)-H functionalizations with the publication of about ten papers in the 2019—-2020 period. This
review intends to give to readers an overview of very recent (last two years) applications of enantioselective C-H
functionalization for amidation reactions.

| 2. Enantioselective C(sp®)-H Amidations

Early 2019, Matsunaga and Yoshino have described the first example of an intermolecular C(sp®)-H enantioselective
amidation of thioamides BB, |n the presence of an achiral Co(lll) catalyst, and a bulky chiral carboxylic acid derived
from tert-Leucine, B-amino thiocarbonyl derivatives bearing an a-quaternary center were obtained in high
enantioselectivities (Scheme 6).
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Scheme 6. Enantioselective thioamide C(sp®)-H amidations.

The enantio-discrimination step is an enantioselective concerted metalation deprotonation (CMD) step with the bulky
chiral carboxylic acid (Scheme 7). Based on previously published DFT studies on an achiral version of the reaction 22
and mechanistic studies (H/D exchange), an irreversible C-H enantioselective deprotonation to give cyclo-cobalt complex
B is advocated in these enantioselective C(sp3)-H amidations.
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Scheme 7. Enantioselective thioamide C(sp®)-H amidations.

Quasi simultaneously B3, Chang described the Ir-catalyzed enantioselective intramolecular benzylic C-H amidation
allowing the formation of y-lactams in high yields and enantioselectivities B4I35]. The chiral diamine ligands employed in
these transformations are commercially available, easily affording the Ir-based chiral catalysts. The reaction is very
general being well suited with a broad range of substrates bearing prochiral Csp3-H bonds. High yields and very good
selectivities were reached with substituted benzylic and aliphatic C-H bonds. Allylic and propargylic C-H bonds are also
compatible albeit lower yields and selectivities are generally observed, alike when ortho substituted phenyl moieties were

used (Scheme 8).
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Scheme 8. Enantioselective prochiral C(sp®)-H amidations.

Beyond prochiral substrates, achiral substrates bearing a chirotopic carbon have also been used in desymmetrization
intramolecular C-H amidations. Within this context, four compounds bearing two new and contiguous stereogenic centers
were synthesized in high yields, dia- and enantioselectivities (two of them bearing a quaternary center) (Scheme 9).
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Scheme 9. Desymmetrization of enantiotopic substrates.



Mechanistically, two points deserve comments. The first one is about the need of N,N'-bidentate ligands to suppress the
formation of isocyanate byproduct B8, DFT calculations have also highlighted the crucial role of an intramolecular
hydrogen bond in the enantiodiscrimination step (Scheme 10).
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Scheme 10. Mechanistic insights into Ir-catalyzed enantioselective formation of y-lactams.

Chang, He and Chen next described the use of bulky N,N-bidentate aminoquinoline (AQ) a-amino-acid-based chiral
ligands 2 leading to the 3-lactams at 20 °C in a HFIP/H,O mixture. (Scheme 11) BZ. with chiral ligand 2b, exceptional
levels of selectivities have been observed with a wide range of substrates (benzylic, allylic, propargylic, alkyl, etc.). As
illustrated in Scheme 11, the presence of the phthalimido-group (Phth) is crucial to ascertain high enantioselectivities.
DFT studies have established that the Cp*, AQ and Phth groups are forming a pretty well defined hydrophobic chiral
pocket fostering transition state organization in the aqueous polar solvent. Interestingly, the ligand 2b was obtained
through a y-C-H arylation from the corresponding tert-Leucine parent residue 2a.
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Scheme 11. Chiral amino-acid-based ligands for enantioselective Ir-catalyzed C-H amidation.

Shortly after the publication of the seminal Chang’'s paper, Yu and coworkers disclosed a related Ru-catalyzed
intramolecular C-H amidation reaction in the presence of common chiral Noyori’'s dpen (diphenylethylene diamine) ligands
bearing electron-withdrawing aromatic groups 28, As illustrated in Scheme 12, a collection of benzylic, allylic, propargylic
and aliphatic C-H amidation products were obtained in moderate to high enantioselectivities.
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Scheme 12. Enantioselective Ru-catalyzed intramolecular amidations.

Finally, Meggers described the same type of Ru-catalyzed enantioselective intramolecular C-H amidations (Scheme 13).
In this case, no chiral ligand or chiral carboxylic acid was employed to induce chirality but a chiral-at-metal ruthenium
complex (for its structure, see Figure 2). Using non-C,-symmetric ruthenium catalyst | bearing remote NHC ligands, y-
lactams could be obtained in good yields and enantioselectivities at very low catalyst loading (0.1 mol%) [B[20],
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Scheme 13. Chiral-at-metal Ru catalysts for the synthesis of y-lactams.
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Figure 2. Behavior of symmetric/non symmetric chiral-at-metal Ru catalysts in amidation reactions.

Interestingly, with the corresponding C,-symmetric diastereomer catalyst I, a Curtius rearrangement occurs to give the
corresponding undesired isocyanate as the major product (Figure 2). DFT studies conducted to understand such a striking
different behavior have highlighted that both high strong electron-donating NHC ligand and the non-C,-symmetric
structure of the catalyst account for the formation of an electron-rich nitrenoid-Ru intermediate, essential in the C-H
amidation process.

Following their work on intermolecular C(sp3)-H enantioselective amidation of thioamides (vide supra), Matsunaga and
Yoshino next described intermolecular C-H amidations via the differentiation of enantiotopic benzylic methylene C(sp3)-H
bonds 11, In this reaction, an achiral Cp*Rh(lIl) associated with a binaphtyl-based chiral carboxylic acid proved to be the
best catalytic system to promote these intermolecular enantioselective C-H amidation reactions (Scheme 14). As
previously observed and based on H/D exchange experiments, a carboxylate-assisted C-H activation is postulated to
account for the observed enantioselectivities (see also Scheme 7).
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Scheme 14. Enantioselective intermolecular C-H amidation of enantiotopic benzylic methylene.

Enantioselective C(sp®)-H amidations have been recently implemented by Blakey who described Rh-catalyzed regio- and
enantioselective intermolecular allylic C-H amidation reactions (Scheme 15) ¥2. The methodology proposed was based
on the development and use of an original indenyl chiral rhodium ligand in charge of good regio- and enantioselectivities.
Contrary to Cp/Cp* ligands that mainly acts through steric factors, the planar chiral indenyl ligand is believed to induce
electronic asymmetry in the catalyst, playing on the ability of the indenyl ligand to open-up a different metal coordination
by switching from n5- to n3-coordination 43, The reaction displayed a quite broad scope concerning both dioxazolone and
olefin substrates. DFT studies and the isolation of key intermediates have unveiled some key mechanistic details: (i) the
reaction operates via the formation of a mt-allyl complex and not through the direct C-H insertion of a Rh-nitrenoid species,
(i) the formation of the t-allyl rhodium complex is the rate- and enantio-determining step whereas (iii) the reductive C-N
coupling from the nitrenoid rhodium intermediate appears to be the regio-determining step.
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Scheme 15. Enantioselective allylic C-H amidation.
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