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Recent developments for intermolecular
enantioselective amination of non-acidic C(sp®)-H

Heng-Hui Li, ® Xuemeng Chen® and Seren Kramer © *

Enantioenriched chiral amines are of exceptional importance in the pharmaceutical industry. Recently,
several new methods for the installation of these functional groups directly from non-acidic C(sp*)—H
bonds by catalytic intermolecular enantioselective amination have been reported. These methods
represent significant advances of the field and most of them display high levels of enantioselectivity,
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utilize the C(sp®)—H substrate as the limiting reagent, feature good functional group tolerance, and show

compatibility with late-stage C(sp®)—H amination of advanced substrates. This perspective provides an
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1. Introduction

Chiral amines are frequent substructures in natural products,
agrochemicals, and pharmaceuticals (Scheme 1)." Easy access to
enantioenriched chiral amines is pivotal for the pharmaceutical
industry due to the privileged nature of this motif which plays
an important role for bioactivity and pharmacokinetics. Many
different strategies for enantioselective C-N bond formation
have been developed such as reductive amination of ketones,*
allylic and propargylic substitution,® amination of alkyl
halides,* hydroamination of alkenes,’> and carbene insertion to
N-H bonds.® These methods represent remarkable advances for
accessing enantioenriched chiral amines.

As a complementary strategy, C-H functionalization relies
on the presence of an activated C-H bond rather than the
displacement of a traditional functional group. This could be
advantageous in scenarios where the functional group to be
displaced is incompatible with the shortest synthesis route to
a target molecule, or if late-stage diversification of advanced
drug candidates is desired but they do not contain the necessary
functional group, or if the goal is late-stage diversification by
installation of different functionalities but the installation of
each different functionality requires displacement of different
functional groups. In such cases, site-selective C-H function-
alization can offer a complementary strategy potentially solving
these issues and thereby shorten synthesis routes to target
molecules.

Over the last two decades, the field of C-H functionalization
has witnessed tremendous advances.” The ability to selectively
transform relatively inert bonds, C-H bonds, into a diverse
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overview of the recent developments in this rapidly advancing field and outlines possibilities and
limitations, which will help identify unsolved challenges and guide future research efforts.

range of functional groups opens new avenues for the
construction of molecules as well as new opportunities in drug
development.® Especially, late-stage introduction of small
functional groups is highly important in a medicinal setting.®
In this perspective, we will focus on reactions transforming non-
acidic C(sp®)-H bonds into enantioenriched amines by C-N
bond formation. In this perspective, we define non-acidic
C(sp*)-H bonds as C(sp®)-H bonds that are not readily func-
tionalized by enolate/enamine chemistry, such as electrophilic
a-amination of aldehydes, ketones, 1,3-ketoesters, etc., by well-
established methods involving enantioselective organocatalysis
or metal enolate methodologies.®

a) Selected pharmaceuticals and a catalyst with chiral amine substructures
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b) Intermolecular enantioselective amination of non-acidic C(sp®)-H bonds
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Scheme 1 Perspective context and overview. (a) Selected examples of
pharmaceuticals and a catalyst containing chiral amine motifs. (b)
Overview of reaction types covered in this perspective.
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The majority of early work on enantioselective amination of
non-acidic C(sp*)-H dealt with intramolecular amination reac-
tions; however, seminal work on intermolecular enantiose-
lective C(sp®)-H amination still dates back more than 20 years*!
with continued development since then."'* Notably, during the
last five years, the field of catalytic enantioselective intermo-
lecular amination of non-acidic C(sp®)-H bonds has witnessed
rapid advances. These recent developments will be covered in
this perspective.

Intramolecular C(sp*)-H amination methods can lead to
valuable changes in site- and chemo-selectivity compared to
intermolecular variants.*>** Nonetheless, intermolecular reac-
tions often place less restrictions on the substrates than intra-
molecular reactions and thus have more potential for generality
and late-stage functionalization. Hence, we will focus on inter-
molecular enantioselective C(sp®)-H amination reactions rather
than intramolecular reactions.

We will only discuss methods aimed at enantioselective
amination with achiral amination reagents rather than
methods based on chiral amination reagents for diaster-
eoselective C-N bond formation.* Furthermore, a few elegant
examples of amination by enantioselective desymmetrization
have been reported within the timeframe of this perspective,*®
but we will focus on reactions where the new C-N bond is
installed directly on the stereogenic carbon atom.

The transformations in this perspective are categorized
according to the type of non-acidic C(sp*)-H bond being func-
tionalized: benzylic, allylic, propargylic, or aliphatic. Further
subdivisions are made based on the metal catalyst. We end the
perspective by discussing unsolved challenges as well as future
opportunities in the field.

2. Benzylic C(sp®)—H amination
2.1 Rhodium catalysis

One of the most explored strategies for C-H amination relies on
metal nitrenes, particularly involving rhodium catalysts.'***
Recently, further advances with for this strategy were achieved.
In 2019, Dauban et al. reported a general methodology for
enantioselective intermolecular benzylic C(sp®)-H sulfamation
of ethylarenes using the chiral rhodium(u) catalyst, (S)-Rh-1 and
pentafluorobenzyl sulfamate, PfbsNH,, as nitrogen source
(Scheme 2a)."” The reaction proceeds via a nitrene pathway with
PhI(OPiv), as the stoichiometric oxidant. Importantly, the
method utilizes the C-H substrate as the limiting reagent.
Fluorination of various reaction components (PfbsNH, as
nitrene precursor, PhCF; as solvent, and perfluorinated
phthaloyl moiety on the catalyst) led to significant improvement
in reaction yield and enantioselectivity. Ultimately, low catalyst
loading (0.1 mol%) could be used for the C-H substrate scope,
which for the most part provided the desired product in high
yields and enantioselectivities. The enantioselectivity is unaf-
fected by the presence of electron-withdrawing or electron-
donating substituents on the aryl moiety of the C-H substrate.
Nonetheless, the yields tend to be lower for electron-
withdrawing groups. While the reaction works very well for
ethylarenes, extension of the alkyl chain from ethyl to propyl led
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Scheme 2 Rhodium-catalyzed enantioselective benzylic sulfamation.
(a) Deprotection protocol and selected examples from scope inves-
tigation. (b) Scale-up of the developed method.

to a significant decrease in enantioselectivity. The methodology
was successfully applied to late-stage modification of complex
molecules, such as an analog of methyl dehydroabietate and
derivatives of sulbactam and cinnamic acid. Deprotection to
liberate the free chiral primary amines was performed by
treatment with pyridine at 75 °C.

The following year, Dauban and co-workers investigated
potential of the (S)-Rh-1-catalyzed benzylic amination with
PfbsNH, on larger scale (Scheme 2b).”* Under the previously
reported reaction conditions and with a catalyst loading of
0.1 mol%, the reaction was tested on 5 mmol, 20 mmol, and
50 mmol scale. It was found that the scale only had a minor
influence on the reaction outcome. Finally, it was also demon-
strated that the use of (R)-Rh-1 provides access to the R-enan-
tiomer of the chiral benzylic amine in comparable yield and
enantiocontrol to (S)-Rh-1 as catalyst.

In 2019, Yoshino, Matsunaga et al. described a directed
enantioselective benzylic C(sp*)-H amidation of 8-alkylquino-
line under hybrid catalytic system consisting of [Cp*RhCl,],,
two different silver salts, and a chiral carboxylic acid (CCA) with
dioxazolones as nitrogen source (Scheme 3).* The binaphthyl-
based CCA, synthesized from BINOL in five steps, was hypoth-
esized to assist in the methylene C-H bond cleavage. While the
reaction is limited to 8-alkylquinolines, the functional group
tolerance is good, and the yields and enantioselectivities are
generally high. The reaction uses the C-H substrate as the
limiting reagent. Both electron-withdrawing and -donating
groups are tolerated as well as different substituents on the
dioxazolones. With minor modifications longer alkyl chains
than ethyl were tolerated as demonstrated by both a propyl and
a pentyl group. Deprotection of the amine was not demon-
strated. H/D exchange experiments indicated that the C-H
functionalization step was essentially irreversible.
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Scheme 3 Enantioselective benzylic amidation using a rhodium/chiral
carboxylic acid catalytic system. ¢ AgSbFs (16 mol%), Ag,COs
(30 mol%), 72 h.

In 2021, Phipps and co-workers reported enantioselective
intermolecular C(sp®)-H sulfamation of 4-arylbutanols with
sulfamates as nitrogen source, PhIO as oxidant, and a catalytic
combination of rhodium-complex Rh-2 and chiral cation L1
(Scheme 4).>° The chiral cation is derived from quaternized
cinchona alkaloids. For hydroxyl-bearing substrates, the reac-
tion works well leading to good yields and high enantiose-
lectivities for substrates bearing a range of common functional
groups. The methodology utilizes the C-H substrate as the
limiting reagent. Deprotection was only demonstrated for
a cyclized amination product, which required PhSNa followed
by HCI/EtOH, leading to the free amine in 32% yield, 89% ee.
The hydroxyl group on the C-H substrate is essential for the
successful reaction outcome as demonstrated by comparing
reactions with phenylbutane and 4-phenylbutanol as C-H
substrates. While 4-phenylbutanol affords excellent yield and
enantioselectivity, phenylbutane only gave 3% yield and 28% ee.
With Rh,(esp), as catalyst, both substrates gave poor yields in
racemic form. The authors suggested that the hydroxyl group
potentially interacts with the methylenesulfonate groups on the
rhodium complex through a hydrogen bonding network. The
linker length between the phenyl and hydroxyl moieties also
influences the reaction outcome; however, by fine-tuning the
catalyst, substrates with different linker-lengths can be ami-
nated in 76-78% ee.

In 2023, Miller and co-workers developed a peptide-based
dirhodium(u) catalytic system that enabled enantioselective
benzylic =~ C(sp’)-H  sulfamation  using  2,2,2-tri-
fluoroethoxylsulfonamide (TfesNH,) as nitrene precursor in the
presence of PhI(OPiv), as oxidant (Scheme 5).>* This class of
dirhodium(u) carboxylate system, based on aspartyl B-turn-
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Scheme 4 Rhodium-catalyzed enantioselective benzylic C-H sulfa-
mation of alcohol-containing substrates. Esp = a,a,0/,a’-tetramethyl-
1,3-benzenedipropanoate.

biased tetrapeptides, was modified through the peptidyl
ligand sequence to achieve high enantioselectivities. The crystal
structure of the optimized catalyst unveiled the p-turn confor-
mation of the peptidyl ligand and a well-defined hydrogen-
bonding framework surrounding the dirhodium core. This
amination reaction works well for a range of substrates
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Scheme 5 Enantioselective benzylic sulfamation catalyzed by
a rhodium complex with chiral peptide-based ligands. ¥ C—H substrate
(2 equiv.).
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containing different functional groups, and it typically affords
high yields and enantioselectivities. For the most part, the
methodology uses the C-H substrate as limiting reagent;
however, in challenging cases, such as a para-CF; and a primary
alkyl bromide, the C-H substrate is used in excess (2 equiv.).
Notably, substrates bearing longer alkyl chains, including
functionalized ones, underwent the transformation smoothly.
Interestingly, in contrast to the report by Phipps et al., the use of
4-phenylbutanol did not lead to any reaction. Deprotection of
an isolated amination product was achieved by simply heating it
in H,0/1,4-dioxane which, after benzoylation, afforded the
benzoylated amine in 38% yield (90% ee). Finally, it was
discovered that the catalyst aminates itself, but this self-
amination phenomenon was not deleterious to the reaction
outcome under the standard reaction conditions.

2.2 Iron/enzyme catalysis

For many years, C(sp®)-H amination using nitrene chemistry
relied on the use of precious metal catalysts (vide supra).”
However, in 2017, Arnold et al. reported an enantioselective
intermolecular benzylic C(sp®)-H sulfonamidation using an
engineered iron-haem enzyme catalyst (Scheme 6).>> Specifi-
cally, directed evolution led to an efficient iron-enzyme catalyst
(cytochrome P411¢y,) producing the sulfonamidation products
in excellent enantioselectivities and good turnover numbers
(TON). As for most nitrene reactions, significantly better yields
were observed for substrates bearing electron-donating groups
compared to substrates bearing electron-withdrawing groups.
Some cyclic alkyl substituents were well-tolerated affording
products in up to 80% yield and 96% ee. In contrast, extension
of the linear alkyl chain from the standard ethyl to a propyl
group led to a significant drop in TON and yield, even with a p-
OMe group. For all substrates, the products were formed in
excellent enantioselectivities. Deprotection of the tosyl group
was achieved by treatment with SmI, and pyrrolidine leading to
the free amine in 61% yield with no erosion of ee. A kinetic
isotope effect (KIE) of ky/kp = 1.6 was observed by absolute rate
measurements suggesting that the C-H bond insertion is partly
rate-determining.

NHTs

R
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Scheme 6 Enantioselective benzylic C—H sulfonamidation catalyzed
by an engineered iron-haem enzyme.
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Scheme 7 Enzyme-catalyzed enantioselective direct amination of
benzylic C—H bonds.

As observed throughout this perspective, most methods for
intermolecular enantioselective C(sp®)-H amination installs the
amine in protected form. Remarkably, in 2020, Arnold and co-
workers reported a biocatalytic system which directly affords
the free primary amines without any need for deprotection
(Scheme 7).* Directed evolution led to the iron-enzyme P411gp,
which can utilize a readily available hydroxylamine ester as
nitrene precursor. The C-H substrate was used as limiting
reagent. This method works particularly well for arenes with
cyclic alkyl substituents, affording up to 85% yield and 93% ee.
For ethylarenes, the yields were more moderate with ethyl-
benzene providing 30% yield; nonetheless, the enantiose-
lectivity and total turnover number (TTN) were still high. No
examples of longer linear alkyl substituents than ethyl were
reported.

The following year, the same group reported an enzymatic
enantioselective benzylic C(sp’)-H amidation using hydrox-
amate esters as nitrene precursors (Scheme 8).>* Directed
evolution led to identification of whole cells containing an iron-
enzyme (cytochrome P411) that can serve as a highly efficient
catalyst for the amidation reaction. For the C-H substrate
scope, high TTN was observed accompanied by excellent
enantioselectivities. By using different cell strains both
substrates containing electron-donating and electron-
withdrawing groups were successfully amidated. Furthermore,
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Scheme 8 Enantioselective benzylic C-H amidation by enzyme
catalysis. Different cell strains were used for different substrate classes:
@ With i-AMD9. ©® With /AMDS8. € With /AMD8b-A74T.
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both ethyl- and propylarenes could successfully be amidated in
excellent enantioselectivities. Most examples evaluated TTN
and enantioselectivity, but a few cases of isolated yields were
also included which demonstrated that the desired products
can be isolated in high yields and excellent enantioselectivities.
No example of amine deprotection was demonstrated. To gain
insight into the reaction mechanism, a combination of KIE and
density functional theory (DFT) calculations was carried out.
For substrates with H/D in the benzylic position, independent
rate experiments showed ky/kp = 1.06 £ 0.2 while an intermo-
lecular competition experiment showed ky/kp = 8.2 £ 0.4.
These results indicate that C-H bond cleavage is not turnover-
limiting. In combination with an observed first order depen-
dence on the concentration of the hydroxamate ester, the
turnover-limiting step is likely the formation of the metal-
nitrenoid.

In 2023, Meggers and co-workers reported carboxylate-
directed enantioselective intermolecular C(sp®)-H carbama-
tion (Scheme 9).>* The reaction proceeds via a metal-nitrenoid
pathway, and the reaction is selective for carbamation in the
a-position of the carboxylate. Most of the included substrates
led to carbamate-protected benzylamines in high yields and
enantioselectivites. The reaction is not sensitive to the elec-
tronic effect of the substituents on the aromatic ring, as both p-
MeO and p-CO,Me leads to comparable outcome as the
unsubstituted phenyl substrate. The carboxylate is the limiting
reagent. Tertiary stereocenters can also be accessed in high
yields and enantioselectivities using this protocol. Notably, this
protocol is not limited to benzylic carbamation as aliphatic
carboxylates are also suitable substrates. However, the
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equiv.), piperidine (7 equiv.) o-DCB = 1,2-dichlorobenzene.
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carboxylate moiety is essential for the reaction as it directs the
C-N bond formation to the a-position. A reaction mechanism
was proposed based on the experiments and DFT calculations.
The reaction is initiated by formation of an iron-nitrene inter-
mediate which is trapped by the carboxylate forming Fe-2.
Intramolecular 1,5-HAT leads to intermediate Fe-3, which can
rebound to form the C-N bond. This step is believed to be the
enantioselectivity-determining step. Release of the product
from Fe-4 closes the catalytic cycle.

2.3 Silver catalysis

In 2020, Bach and co-workers disclosed silver-catalyzed enan-
tioselective C(sp®)-H sulfonamidation at the allylic position of
quinolones and pyridones using iminoiodinane PhI = NNs as
nitrene precursor (Scheme 10).2° The heteroleptic silver catalyst
is bound to one achiral 1,10-phenanthroline ligand and one
chiral phenanthroline ligand bearing a octahydro-1H-4,7-
methanoisoindol-1-one moiety which controls the orientation
of the substrate by hydrogen bonding and thereby controls the
enantioinduction. In general, for the different quinolones and
pyridones reported, good yields and high enantioselectivities
were obtained. Deprotection of the nosyl group by PhSH and
K,CO; was demonstrated in 81% yield (isolated after boc-
protection). A KIE of 5.5 was observed in a competitive experi-
ment; however, measurements of the independent rates
revealed a KIE of 1.2 indicating that C-H bond cleavage is not
involved in the rate-determining step. Instead, the authors
propose that delivery of the nitrene fragment from PhI = NN to
the silver catalyst is rate-determining.

2.4 Cobalt catalysis

In 2020, Zhang and co-workers developed an enantioselective
intermolecular C(sp®)-H amination of benzylic esters with

Phi=NNSs (2 equiv.) X7
N I | A L4 (12 mol%) AN
£ ) p
Ree- N ° AgPFg (10 mol%) R—\ ‘

1,10-phen (10 mol%)
4A'MS, 26 h, tt, CH,Cl,

@(9 “NHNs /(:(9 “NHNs /©\/§ “NHNs ©\/§NHNS

70%, 94% ee

HO L4

(1 equiv.)

55%, 97% ee 59%, 86% ee 51%, 96% ee

Me_ Me Me_Me

©fr NHNs [ £ “NHNs (ij “NHNs \{ij "NHNs

62%, 83% ee 57%, 95% ee 85%‘ 87% ee 43%, 93% ee

A d PhSH, K,COs5
“NHNs DMF, then BOCQO “’NHBoc
p/\l
S

94% ee 81%, 93% ee

Scheme 10 Silver-catalyzed enantioselective C—H sulfonamidation of
quinolones and pyridones.
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Scheme 11 Intermolecular C—H amination with aryl azides via cobalt
catalysis. (a) Benzene as solvent. (b) Ar'"=Nz (1.2 equiv.).

perfluorinated aryl azides via Co(u)-based metalloradical catal-
ysis (Scheme 11).*”*® The catalyst was fine-tuned by modifying
the remote substituent of the D,-symmetric chiral amidopor-
phyrin ligand to maximize noncovalent interactions between
the catalyst and substrates. This led to catalyst Co-1, which
provides chiral amino acid derivatives in up to 97% yield and
99% ee with the C-H substrate as the limiting reagent. To
demonstrate the importance of the noncovalent interactions
between catalyst and substrate, a comparison of substrates
without and with the a-carbonyl group was performed leading
to 47% yield, 17% ee and 91% yield, 97% ee, respectively. The
developed reaction works well for both electron-withdrawing
and -donating substituents on the aromatic ring, albeit the
yields are higher with electron-donating groups. Heterobenzylic
esters are tolerated, and a single example of a benzylic amide
was included. Amination of C-H bonds that are both benzylic
and allylic/propargylic is possible, but no examples of non-
benzylic functionalization were demonstrated. Mechanistic
studies were undertaken and indicated the existence of both an
alkyl radical intermediate and a Co(m)-aminyl radical interme-
diate, which likely combine to form the product via a radical
substitution pathway.

2.5 Manganese catalysis

In 2022, Liu and co-workers published a highly site- and
enantioselective benzylic C(sp*)-H azidation of indolines cata-
lyzed by a chiral manganese complex (Scheme 12).>*° The
authors identified the very bulky Mn(salen) complex Mn-1 as
the best catalyst for the azidation using NaN; as nitrogen source
and PhIO as oxidant. The C-H substrate was used as limiting
reagent. The azidation afforded high yields and enantiose-
lectivities for a range of 3-substituted indolines, leading to
quaternary stereocenters, as well as indolines lacking a 3-
substituent. In general, <10% of the competing oxidation was
observed. It was demonstrated that hydrogenation over Pd/C

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 12 Manganese-catalyzed enantioselective benzylic C-H
azidation of indolines.

liberated the free primary amine in 95% yield without erosion
of enantioselectivity (90% ee). A tetrahydroquinoline also
underwent the enantioselective azidation albeit with decreased
enantioselectivity. The reaction mechanism was studied by
a combination of independent rate and competitive KIE
experiments, Hammett study, radical probe experiment, and
ESI-MS analysis. In combination, the mechanistic evidence
supported a reaction pathway involving a benzylic radical
pathway. Initially the reaction between the chiral Mn(salen)
complex Mn-1 and NaN; leads to formation of a Mn-Nj; species.
This species is then oxidized by PhIO generating Mn-2. Then,
Mn-2 abstracts a hydrogen atom from the C-H substrate leading
to a benzylic radical intermediate, which was supported by the
radical probe experiment. Finally, capture of the benzylic
radical intermediate by Mn(1v)-N; affords the azidation product
and simultaneously releases Mn(m)-OH which can regenerate
the starting Mn(m)-N3; complex by reaction with NaNj.

2.6 Copper catalysis

In 2023, Kramer and co-workers reported enantioselective
benzylic C(sp®)-H amidation directly from the unfunctionalized
primary amides by using copper catalysis in combination with
photocatalysis and di-tert-butyl peroxide (DTBP) as oxidant
(Scheme 13).*"*> The C-H substrate is the limiting reagent in
this cross-dehydrogenative method which is compatible with
avariety of different aromatic and aliphatic amides. For the C-H
substrate scope, a broad range of functional groups were
tolerated, except for strongly electron-donating and electron-
withdrawing groups in the para-position. Notably, the enan-
tioselective amidation in the presence of pyridines, pyrazole,
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and other heterocycles was also successful. Arenes with longer
linear alkyl chains than ethyl were suitable substrates including
substrates with alkyl chains bearing functional groups.
Furthermore, late-stage amidation of medicinal molecules such
as sulbactam and triclosan derivatives was demonstrated. Boc-
protected ammonia could also be used as nitrogen precursor
albeit in slightly lower yields and enantioselectivities. The use of
“N-labelled amides and carbamate, originating from >NH,Cl
as cheap '°N-source, provided facile access to '’N-labelled
amides and primary and secondary amines. Deprotection of
an amide was performed with Schwartz's reagent in 72% yield,
while Boc-deprotection took place under acidic conditions in
97% yield. Reactions performed in the presence of radical traps
as well as a crossover experiment supported a radical pathway
rather than a radical-polar crossover mechanism. A KIE of 1.8
was observed by independent rate experiments indicating that
the C-H bond cleavage is involved in the rate-determining
steps. In this dual copper and photocatalysis method, the
excited photocatalyst produces tert-butoxyl radicals from DTBP
even at low temperature. The tert-butoxyl radical then abstracts
a benzylic hydrogen atom forming a benzylic radical that is
trapped by the chiral copper catalyst which installs the C-N
bond in an enantioselective fashion.

Shortly afterwards, Zhou and co-workers reported a related
intermolecular enantioselective benzylic C-H amidation by
cationic copper catalysis using DTBP as an oxidant under
thermal conditions (Scheme 14).*>* In this method, excess of
the C-H substrate (4 equiv.) is required, and the amide is used
as limiting reagent. Nonetheless, under these conditions,
a simple copper catalyst provides high yields and enantiose-
lectivities for a range of amides and C-H substrates. In general,
the method exhibited broad functional group tolerance, except
for strongly electron-donating groups in the para-position
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Scheme 14 Cationic copper-catalyzed enantioselective benzylic C-H
amidation. Schwartz's reagent = Cp,ZrHCL

(strongly electron-withdrawing group in the para-position was
not reported). Arenes bearing cyclic or longer linear alkyl chains
suitable substrates. Interestingly, for 1-bromo-2-
ethylbenzene, the electronic nature of the amide did not influ-
ence the enantioselectivity, while for ethylbenzene a strong
influence of the amide was observed in a Hammett plot.
Heterocycle compatibility was demonstrated for the amide
coupling partner, but not for the C-H substrate, which is used
in excess. Deprotection of the amide with Schwartz's reagent
went smoothly affording the free primary amine in 94% yield.
Mechanistic experiments, including TEMPO-trapping and
a radical clock experiment, indicated the involvement of
a benzylic radical intermediate. A KIE of 2.1 was obtained from
independent rate measurements suggesting that the hydrogen
atom abstraction is part of the rate-determining steps. The use
of the large non-coordinating counterion BAry was essential for
this amidation reaction, and the authors proposed a reaction
mechanism involving cationic copper catalysis, where the
cationic copper(i) catalyst is oxidized by DTBP, producing a tert-
butoxyl radical. After benzylic hydrogen atom abstraction, the
generated benzylic radical is trapped by an amide-bound cop-
per(u) intermediate. Subsequent reductive elimination from
copper(m) furnishes the new C-N bond.

were

3. Allylic C(sp®)—H amination
3.1 Rhodium catalysis

Similar to benzylic C-H amination, the metal nitrene strategy is
also the most explored strategies for allylic C-H amination.**
In terms of recent advances, Blakey and co-workers disclosed
the development of a rhodium-catalyzed enantioselective allylic
C(sp’)-H amidation reaction with dioxazolones as nitrene
precursors in 2020 (Scheme 15).** The key to success is the use
of a simple planar chiral indenyl ligand on rhodium. The C-H
substrate is the limiting reagent in this amidation reaction. A
range of different allylic C-H substrate classes can be used
including aliphatic terminal alkenes, allylbenzenes, homo-
allylbenzenes, and styrenes. Internal aliphatic alkenes also

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 15 Rhodium-catalyzed enantioselective allylic C—H amida-
tion. ? Reaction temperature 60 °C. ® Reaction temperature 40 °C.

worked but in low yields. In general, the enantioselectivities are
high for all the included C-H substrates and dioxazolones while
the yields span a broad range and are highly dependent on the
nature of both the C-H and the dioxazolone. As this study
focused on accessing amides, no examples of deprotection of
the amide to access the corresponding primary amine were
demonstrated. Based on DFT calculations and previous stoi-
chiometric studies, a catalytic cycle was proposed. First, acti-
vation of the precatalyst Rh-6 by AgNTf, and LiOAc forms the
coordinatively unsaturated cationic indenyl rhodium complex.
After alkene coordination, the C-H bond cleavage takes place in
the rate- and enantio-determining step, as indicated by DFT
calculations. Then, the dioxazolone coordinates and forms the
nitrenoid complex by CO, expulsion. The ensuing
regioselectivity-determining C-N bond formation occurs at the
site of the weakest rhodium-carbon bond.

3.2 Palladium catalysis

In 2022, Gevorgyan and co-workers reported a palladium-
catalyzed intermolecular allylic C(sp®)-H amination directly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with primary and secondary amines under visible-light irradi-
ation (Scheme 16).>* This protocol use an aryl bromide as an
unusual HAT reagent and oxidant. In contrast to the classical
Pd(0/u) catalytic mode, this strategy proceeds via a Pd(0/i/u)
catalytic cycle. The light-induced bromide abstraction by
palladium(0) leads to palladium(i) and an aryl radical. This aryl
radical then undertakes HAT from the allylic C(sp®)-H. Subse-
quently, the allyl radical is trapped by the catalyst forming
a palladium(u) intermediate, which after reductive elimination
of the C-N bond regenerates palladium(0). The sterical
hindrance from the ortho-substituents on the aryl bromide
prevents undesired side reactions, including solvent interrup-
tion and Heck reaction. For the racemic reaction with Xantphos
as ligand, an exceptional scope was demonstrated with a very
broad variety of allylic substrates and a vast span of functional
groups including numerous heterocycles. For the enantiose-
lective version of the reaction with (R)-BINAP as ligand, a nar-
rower substrate scope was reported. Nonetheless, the use of
both primary and secondary amines as well as different allylic
substrates afforded the aminated products in good to high
enantioselectivities and moderate to high yields. Importantly,
the C-H substrate is used as limiting reagent.

The methodologies in Sections 3.1 and 3.2 represent
substantial advances for enantioselective allylic C(sp®)-H ami-
nation using precious metal catalysts. Nonetheless, considering
the efficiency and low catalyst loadings used for allylic amina-
tion by substitution via allyl-metal intermediates, there is still
a need for improving the efficiency and decreasing catalyst
loadings.**

3.3 Iron/enzyme catalysis

Based on the findings for enantioselective benzylic amination
catalyzed by the iron-enzyme P411gp, (Section 2.2), further
directed evolution also led to identification of the iron-enzyme
P411,p, as an efficient catalyst for allylic C(sp*)-H amination

Chem. Sci., 2023, 14, 13278-13289 | 13285
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Scheme 17 Enzyme-catalyzed enantioselective direct amination of
allylic C—H bonds.

with a hydroxylamine ester as nitrogen source (Scheme 17).>
Using the C-H substrate as limiting reagent, a range of styrenes
directly produced the allylic amines in good yields and high
enantioselectivities. A substrate with an ethyl group in the
allylic position, instead of a methyl group, was shown to lower
the yield, but the enantioselectivity was unaffected. The same
trend was observed for an electron-donating group. In addition
to styrene substrates, 2-hexene also afforded the chiral allylic
amine albeit in more moderate enantioselectivity.

3.4 Cobalt catalysis

In 2023, Zhang and co-workers reported cobalt-catalyzed inter-
molecular allylic amination using perfluoroaryl azide as ami-
nation reagent (Scheme 18).**” The aniline products were
obtained in high yields, regioselectivities, E/Z-selectivities, and
enantioselectivities. Notably, a mixture of regio- and stereoiso-
mers were used for the allylic substrates which all converge into
the same products. The reaction requires the presence of an
ester/carbonyl on the allylic position of the products, and in
most cases, the aniline products are both allylic and benzylic.
Nonetheless, successful examples of non-benzylic, allylic ami-
nation were also demonstrated. Access to an allylic primary
amine was achieved through oxidation and in situ acidic
hydrolysis of the p-quinonimide intermediate. Combined
experimental and computational studies indicated very rapid
trapping of an allyl radical intermediate by a Co(m)-amido
complex in a regio- and enantioselectivity-determining radical
substitution step.

4. Propargylic C(sp®)—H amination

4.1 Iron/enzyme catalysis

In 2022, Arnold et al demonstrated that enantioenriched
propargylic primary amines can be accessed directly by bio-
catalyzed amination of propargylic C(sp®)-H bonds (Scheme
19).*® The catalyst is an iron-porphyrin P411 enzyme developed
by directed evolution, and a simple hydroxylamine ester serves
as nitrene precursor. The C-H substrate is used as limiting
reagent. For the standard substrate, but-1-yn-1yl-benzene, high
yield and enantioselectivity was obtained. Extension of the
propargylic alkyl substituent from methyl to ethyl to propyl was
accompanied by decreasing yields (79%, 40%, and 6% yield,
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respectively) but slightly increasing enantioselectivities. The
introduction of different substituents on the aryl moiety of the
C-H substrates tended to lower the yield; however, the C-H
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Scheme 19 Enantioselective direct propargylic amination by enzyme
catalysis.
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Scheme 20 Enantioselective amination and amidation of aliphatic
substrates by enzyme catalysis.

enantioselectivity only varied a little. Notably, pyridine- and
thiophene-containing substrates were successful. In general,
high TTNs were obtained. DFT calculations showed that the
nitrene insertion is a stepwise process where initial HAT leads
to a propargylic radical intermediate which is rapidly trapped in
an ensuing radical rebound step forming the C-N bond. The
low energy barrier for the rebound process (TS2) suggests that
the C-N bond formation step can outcompete radical re-
orientation and alkyl group rotation in the active site. Hence,
the initial orientation of the propargylic radical determines the
enantioselectivity of this amination process.

5. Aliphatic C(sp®)—H amination

5.1 Iron/enzyme catalysis

In 2022, Arnold and co-workers reported examples of enantio-
selective amination and amidation of aliphatic C(sp®)-H bonds
by enzyme catalysis (Scheme 20).>* A hydroxylamine ester was
used as nitrene precursor for amination, and the analogous
hydroxamate ester was used for amidation. Directed evolution
of an iron-containing P450 nitrene transferase led to an enzyme
variant capable of amination and amidation of methyl- and
ethyl-cyclohexane with excellent enantioselectivity and site-
selectivity. For acyclic alkanes, amidation also proved possible
albeit with moderate to low enantioselectivity. Although this
method is far from universal, the transformation is exception-
ally challenging due to the near-identical C-H bonds in the
substrate. DFT calculations and KIE experiments suggested
a stepwise radical pathway similar to the one described for
propargylic amination (Section 4.1).

Meggers et al. also included examples of aliphatic substrates
in their a-carboxylate C(sp*)-H carbamation, albeit the presence
of a carboxylate directing group is required (see Scheme 9).>*

6. Conclusion and outlook

In this perspective, we have provided an overview of the last five
years' developments for intermolecular enantioselective ami-
nation of non-acidic C(sp®)-H bonds. These methods represent
great advances for this type of transformation. For each
method, we have discussed advantages and limitations which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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will aid the reader in identifying both possibilities and restric-
tions to consider when applying the specific methods. Below, we
have outlined some more general issues to address for future
research in this field.

Several methods have been developed which provide access
to a broad range of enantioenriched amines from different types
of C(sp*)-H bonds. The vast majority of methods targets fairly
weak C(sp’)-H bonds. This feature enables good site-selectivity
for complex molecules with many C(sp*)-H bonds, and it allows
for easy prediction of the amination site. However, methods for
enantioselective amination of stronger aliphatic C(sp®)-H
bonds are exceptionally scarce, and this is clearly an important
challenge to address in the future. While significant progress
for benzylic, allylic, and propargylic C(sp*)-H bonds has been
achieved recently, thus offering access to many different enan-
tioenriched amines, each method also has distinct limitations.
Accordingly, there is still a need for further development for
robust and broadly applicable methods for these substrate
classes as well.

The aim of the methods included in this perspective is the
introduction of an amine. If the amination is the last step in
a synthetic route, for example, for late-stage functionalization,
then direct access to the free amine is ideal. However, if
subsequent steps are required to access the target molecules,
the installation of a protected amine can be advantageous. In
such a scenario, it is important that the protecting group can be
easily removed. This is indeed the case for many of the methods
described above. Nonetheless, future methods should continue
to consider the overall amination transformation including the
protecting group removal. Access to orthogonal protecting
groups will also be useful for applications in organic synthesis.

Finally, most examples presented in this perspective lead to
primary amines. A few exceptions include the palladium-catalyzed
allylic amination and borane reduction of amidation products.
Nonetheless, methods for enantioselective synthesis of secondary
and tertiary amines from non-acidic C(sp®)-H bonds are still rare
and limited to a few substrate classes.

Although there are still many challenges to address, the recent
advances demonstrate that intermolecular enantioselective ami-
nation is now possible for a range of different C(sp®)-H substrate
classes. The continued development of complementary methods
using different strategies (nitrenes, radical formation via HAT,
enzymes, etc.) will hopefully ensure that suitable methods for the
enantioselective amination of virtually any type of C(sp*)-H bond
can be available in the future. We hope the overview provided here
will help accelerate the progress toward this goal.
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