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Catalytic, asymmetric carbon-nitrogen bond
formation using metal nitrenoids: from metal—
ligand complexes via metalloporphyrins to
enzymes
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The introduction of nitrogen atoms into small molecules is of fundamental importance and it is vital that
ever more efficient and selective methods for achieving this are developed. With this aim, the potential
of nitrene chemistry has long been appreciated but its application has been constrained by the extreme
reactivity of these labile species. This liability however can be attenuated by complexation with
a transition metal and the resulting metal nitrenoids have unique and highly versatile reactivity which
includes the amination of certain types of aliphatic C—H bonds as well as reactions with alkenes to afford
aziridines. At least one new chiral centre is typically formed in these processes and the development of
catalysts to exert control over enantioselectivity in nitrenoid-mediated amination has become a growing
area of research, particularly over the past two decades. Compared with some synthetic methods, metal
nitrenoid chemistry is notable in that chemists can draw from a diverse array of metals and catalysts ,
ranging from metal-ligand complexes, bearing a variety of ligand types, via bio-inspired
metalloporphyrins, all the way through to, very recently, engineered enzymes themselves. In the latter
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Accepted 8th October 2023 category in particular, rapid progress is being made, the rate of which suggests that this approach may
be instrumental in addressing some of the outstanding challenges in the field. This review covers key
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1. Introduction

The synthesis of aliphatic amines is central to organic chemistry
and traditional disconnections such as reductive amination and
alkylation have recently been complemented by new C-N bond-
forming methods which can introduce nitrogen from less
reactive C(sp®)-H bonds or alkenes."? The development of new
transition metal-catalysed processes in particular has been
instrumental in accelerating the advance of the field. From
these methods, functionalisation using metal nitrenoids is
appealing since it provides a particularly direct approach to the
formation of carbon-nitrogen bonds.?

Nitrenes themselves were already invoked as reactive inter-
mediates as early as the late 1800s in the Lossen* and Curtius®
rearrangements and their extreme electrophilicity is reflected in
their characteristic reactivity.®® These univalent nitrogen sour-
ces, which exist in either singlet or triplet spin states, possess
only six valence electrons and seek to gain the remaining pair
through insertion at electron-rich sites (Fig. 1a). This encom-
passes insertion into aliphatic C-H bonds, addition to alkenes
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and aromatic w-systems and insertion into heteroatom lone
pairs (Fig. 1c).® These reactions are potentially useful but given
the high reactivity of nitrenes, effective control over these
fleeting intermediates is essential for the development of any
practical process. Fortunately, free nitrenes can be tamed
through association with a transition metal and a supporting
secondary ligand framework to form a more discriminating
reactive species."

The start of modern metal nitrenoid chemistry can arguably
be traced to Kwart and Khan's two consecutive publications
from 1967 in which they demonstrated that copper was effective
in decomposing benzenesulfonyl azide to afford a copper
nitrenoid.’®"* The inspiration for this approach was based on
the well-precedented, copper-catalysed decomposition of diazo
compounds to form carbenes and indeed it could be said that
developments in nitrenoid chemistry have typically lagged
somewhat behind the corresponding carbenoid
methodology.”*™* In this particular system, the products
observed following reaction in the presence of DMSO or alkanes
and alkenes all suggested the intermediacy of a reactive nitre-
noid. Since this seminal report, metal nitrenoid chemistry has
progressed from strength to strength on the one hand thanks to
the continued introduction of new catalysts and on the other
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a) Nitrenes - Fundamental Concepts | b) Common Metal Nitrenoid Precursors
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Fig. 1 A brief summary of the development of nitrene and metal
nitrenoid chemistry from 1891 to the present day.

thanks to the introduction of new precursors to ensure metal
nitrenoid generation under mild conditions (Fig. 1b and d).** A
timeline of selected important advances in the field is shown in
Fig. 1d. In addition to the developments discussed above, these
encompass the popularisation of iminoiodinanes as nitrene
precursors (both pre-formed' and generated in situ'”'®), the
early applications of intermolecular nitrenoid chemistry to
complex molecule synthesis,'" the expansion of the method-
ology through rational catalyst design®>** and most recently the
advancement of the field to a stage where it can be reliably used
for the latestage functionalisation of complex molecules.>*
Many of the reactions undergone by metal nitrenoids
generate at least one new stereocentre and, given the funda-
mental importance of enantioenriched amines in society,*
efforts to induce asymmetry in this chemistry are constantly
being pursued. This review article will explore the strategies that
have been used to render metal nitrenoid insertion into C(sp®)-
H bonds and alkenes asymmetric. For most, an early pioneering
example is briefly discussed for context, followed by an
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extended examination of the more recent methodologies. There
have been a number of relevant reviews published previously
including those that focused on aziridination***” or C-H ami-
nation alone.”® The most recent is from Ju and Schomaker
which provides an excellent combined overview relating to the
use of synthetic catalysts up until late 2020.°

As mentioned previously compared with some other reaction
types, metal nitrenoid chemistry is notable in that a very diverse
range of metals and catalysts can facilitate it, ranging from
metal-ligand complexes, bearing a variety of ligand types, all the
way through to engineered enzymes at the other end of the
catalysis spectrum. A key difference compared with previous
reviews is that this article will cover, alongside purely synthetic
catalysts subdivided by ligand class (Section 2), advances in
asymmetric nitrene transfer using enzymes (Section 4). Linking
these together is one of the most productive synthetic catalyst
architectures for asymmetric nitrene transfer: metal-
loporphyrins (Section 3). The biological inspiration® behind
these provides an insightful connection between the synthetic
and enzymatic catalysts surveyed in the adjoining sections. It is
notable that even since the most recent review, which did not
include enzymatic approaches, there have been a substantial
number of new advances in all types and the extended format
possible here allows for detailed discussion which we hope will
provide the reader with a broad overview of the field. The aim of
our article is not only to showcase the creative catalyst designs
that have enabled such great progress in asymmetric nitrene
transfer so far, but also to highlight some of the limitations of
the current methods which we hope will spur further
development.®®

2. Synthetic catalysts
2.1 Chiral bis(oxazoline) (BOX) ligands

Following their introduction in 1989, oxazolines and their
derivatives quickly rose to prominence as a “privileged” ligand
class.*** In particular, the bis(oxazolines), reported simulta-
neously by Evans® and Corey*® have found widespread use ever
since as a result of their facile synthesis, modular nature and
well-defined open and closed quadrants.*” In fact, one of the
earliest examples of catalysis using BOX ligands was the asym-
metric copper-catalysed aziridination of cinnamate esters re-
ported by Evans in 1993.*® Evans had previously applied these

a) Pioneering Example - Reaction Overview b) Ligands
CuOTf (5.0 mol %) B
A H Ligand (6.0 mol %) I Y 0 ’ \§
»— —_— A,/ \ o
H o R PhINTs (2.0 equiv.) HAW : S/N N~/
MeCN or CgHg R2 R?
Evans (1993) 10 examples '

up to 97% ee

¢) Representative Examples

L1: R2 = -CHMe,
L2: R? = —CgH5
L3: R? = —CMes
L4: R? = -CMe,Ph

Ts 63% Yield Ts 60% Yield o2
PhAH 94% o0 PhAH 96% ee L5: R® = —CMePh;
H co,Me  (with L2) H co,Bu  (with L2)
Fig. 2 Evans' enantioselective aziridination using copper-BOX

catalysis.
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ligands to enantioselective cyclopropanation® and also studied
racemic copper-catalysed aziridination.*

Systematic investigation of the copper source, solvent and
steric demand of the ligand side arms (L1-L5) resulted in
a highly effective aziridination protocol, delivering products in
up to 97% ee (Fig. 2). A similar reaction using a different chiral
ligand had been reported previously by Masamune®® although
Evans raised issues concerning its reproducibility. Advances on
Evans' protocol were later disclosed by Sodergren who varied
the electronic properties of the nitrogen source to improve
reaction yields and ee** and an intriguing heterogeneous
system was reported by Hutchings which led to improved yields
and enantioselectivities using a bis(oxazoline)-modified Cu>*
exchanged zeolite Y.**** During investigations to access enan-
tioenriched a-amino ketones, Adam® studied an “aza-Rubot-
tom”*® aziridination-ring opening sequence of enols using
a system based on Evans' report but was unable to obtain
enantioselectivities greater than 52% ee.

Copper-BOX complexes have also been used for asymmetric
intramolecular aziridination using sulfamates and a 2007
report from Dodd and Dauban constituted the first example of
intramolecular catalytic asymmetric nitrene transfer to unac-
tivated aliphatic alkenes (Fig. 3).*” Varied olefin substitution
was tolerated with moderate to good ee and the optimal
substrates possessed trans-double bond geometry. When cis-
alkenes were trialled, not only was the ee poor but traces of
trans-aziridines were detected suggesting that a triplet nitrene
intermediate was involved. The utility of the fused aziridines
was demonstrated through regioselective and stereospecific
ring opening using nitrogen and oxygen nucleophiles with no
erosion of ee.

Continuing with intramolecular copper-catalysed aziridina-
tion reactions, in 2011 Hajra reported an enantioselective one-
pot azidoarylation of aryl cinnamyl ethers (Fig. 4a).*®
Following enantioselective aziridination at the activated alkene,
an intramolecular copper-catalysed Friedel-Crafts cyclisation
led to opening of the pendant aziridine with high regio- and
diastereoselectivity. Up to 95% ee could be obtained in the
products using BOX ligand L6 in conjunction with Cu(OTf),
(Fig. 4b). Although the selectivities are good, the authors often
obtained low to moderate product yields (Fig. 4c). This was due
to competing nitrene insertion at the allylic C(sp®)-H bonds
which in this reaction are also activated by the adjacent oxygen
atom. Overall the transformation effectively builds molecular
complexity and is of relevance to total synthesis given the

Reaction Overview and Post-Functionalisation

o 0 [Cu(MeCN),]PFg o. o
N (5.0 mol %) NP N
07" NH, Ligand L3 (55mol %) oS~y R 07" NH

R @ —— /'/ gy " H
N PhIO (1.5 equiv.) ~\\R /

R2 MeCN, 3A MS H i 4 Nue

Dodd and Dauban 10 examples Nuc = BnNH,
(2007) up to 84% ee

or
p-BrCgH4OH

Fig. 3 Dodd and Dauban's enantioselective intramolecular aziridina-
tion of aliphatic alkenes.
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Fig. 4 Enantioselective synthesis of trans-3-amino-4-arylchromans.

ubiquity of the chroman motif in natural products. Hajra has
reported a number of similar asymmetric aziridination/ring-
opening reactions*>*® with a particular focus on using these as
the key step in the synthesis of dopamine receptor D1 agonists
and antagonists.>>

Leading on from these examples, a very recent publication
from Chang disclosed a Cu-BOX system for intramolecular
C(sp®)-H amination of dioxazolones at predominantly
electronically-activated positions (Fig. 5a and b).** By exploiting
the open-shell character of the postulated copper nitrenoids,
both regio- and enantioselectivity are simultaneously controlled
to afford access to versatile enantioenriched d-lactams. Not only
can these intermediates undergo further diastereoselective

a) Reaction Overview b) Ligand
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Fig. 5 Site- and enantioselective intramolecular 3-C(sp®)—H amina-
tion using Cu-BOX catalysis.
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transformations to build up ring systems with multiple stereo-
centres but these also provide a useful entry point to the
synthesis of several biologically active alkaloids. The &-selec-
tivity is unusual and as a result the valuable enantioenriched
products nicely complement existing intramolecular asym-
metric metalloradical cyclisations which target either -** or y-
positions (Fig. 5¢). In addition to an impressive substrate scope,
extensive mechanistic and computational studies were carried
out to rationalise the reaction outcome (Fig. 5d). Computations
suggested that the initial intramolecular hydrogen atom
abstraction (HAA) occurred from an open shell singlet state ©5°1I
which was higher in energy (+3.2 kcal mol ') than the corre-
sponding triplet. The resulting 1,6-HAA (3-selectivity) barriers
were lower than the corresponding 1,5-HAA barriers (y-selec-
tivity) thus rationalising the regioselectivity. Considering the
1,6-HAA transition states, although TS1 is favoured over TS2 by
1.1 keal mol*, this difference is not great enough to account for
the 97% ee observed for the model substrate and suggests that
HAA is not the enantiodetermining step. Instead, it was calcu-
lated that the radical intermediates Int. A and Int. B, were long
lived and could interconvert as evidenced by mechanistic
studies involving the isolation of racemic, TEMPO-trapped
products at the y-position. This therefore suggested that C-N
bond formation was enantiodetermining. In this Curtin-Ham-
mett scenario, the transition state for radical rebound (TS4)
(arising from the higher energy Int. B) is favoured over TS3 by
2.7 kecal mol thanks to a staggered conformation / Cu-N-C-
C(Ph) = —36.2° which minimises unfavourable steric repulsion
between the substrate and the ligand. Pleasingly, the conclu-
sions derived from the in-depth computations were convinc-
ingly validated with experimental support. For example, when

a) Reaction Overview
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Fig. 6 Applications of Ag()-BOX catalysis to asymmetric intra-
molecular aziridination and C(sp®)—H amination.
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isomeric starting material mixtures such (E/Z olefins or race-
mates) were subjected to the reaction conditions these
converged to single products with high selectivity either as
a result of rapid radical alkene isomerisation or C-centred
radical inversion respectively. This is in direct agreement with
the proposed enantiodetermining C-N step. Other enantio-
convergent radical C-N aminations (using chiral porphyrins)
for both intermolecular and intramolecular functionalisation
are explored in Section 3.

Moving to silver, the Schomaker lab has a long-standing
interest in using rational catalyst design to exert control over
various aspects of selectivity in silver-catalysed nitrene trans-
fers.*® In 2017, this group reported a highly enantioselective
intramolecular aziridination of carbamates (Fig. 6a and b)
which is complementary to the protocol for sulfamates shown
in in Fig. 3. During reaction optimisation the authors had to
contend with competing allylic amination but this was over-
come through careful choice of silver source and BOX ligand.
For successful outcomes, at least one substituent was required
on the distal alkene carbon (R', R* or both) and only mono-
substitution was tolerated at the proximal site. This latter
constraint arises since when R? is larger than a hydrogen atom
there is considerable steric clash between the substrate and the
ligand backbone in the key transition state. Further, a two-
carbon tether between the carbamate and the alkene was
optimal. These observations formed the basis of a stereochem-
ical model founded on the minimisation of steric clash between
the substrate and ligand at the enantiodetermining transition
state (Fig. 6¢). As with Dodd and Dauban's fused sulfamate-
derived aziridines, ring opening occurred with excellent regio-
selectivity, albeit now at the distal aziridine carbon, to afford
valuable enantioenriched cyclic carbamates. The development
of aminofunctionalisation reactions which provide similar
fused aziridines remains an emerging area of significant
interest.®® Subsequently Schomaker extended this silver-
catalysed methodology to intramolecular asymmetric prop-
argylic C(sp®)-H amination (Fig. 5d).** Ligand optimisation
resulted in the application of the Min-Box L8 containing bulky
aryl side arms and full substitution a- to the nitrogen atoms
(Fig. 6€). Not only does this ligand deliver the products in
excellent ee but it also suppresses competing and undesired
Ag(1) coordination modes.

a) Reaction Overview
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Fig. 7 Xu's enantioselective indole aminohydroxylation reaction.
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In the realm of iron catalysis, Xu investigated an analogous
intramolecular aziridination/ring opening of indoles using
hydroxylamines as carbamate nitrene precursors (Fig. 7a).** The
advantage of these substrates is that the nitrogen-oxygen bond
can be considered an internal oxidant and it removes the need
for external hypervalent iodine reagents. Following intra-
molecular aziridination onto the indole, the strained interme-
diate is attacked by the nucleophilic alcohol released in the first
step leading to formal aminohydroxylation products with good
ee and dr. Extensive optimisation of reaction conditions
(particularly with respect to the degree of substitution of the
BOX ligand L9) was critical for good reaction outcomes (Fig. 7b)
and the products could be further functionalised to enan-
tioenriched amino indolines and amino oxindoles (Fig. 7c). The
methodology was later expanded to the asymmetric amino-
chlorination of styrenes.**

Finally, Betley investigated the use of BOX ligands to support
nickel iminyl complexes during intramolecular asymmetric
azide cyclisations, forming pyrrolidines for which up to 73% ee
could be obtained.®

The remainder of this section will examine related designs
based on the parent BOX scaffold. In 2004, Xu introduced the
1,8-bisoxazolinylanthracene (AnBOX) family of ligands and
chose the copper-catalysed asymmetric aziridination of chal-
cones to validate the new design (Fig. 8a).®* In these ligands, the
oxazolines are attached to a rigid anthracyl spacer resulting in
a wide bite angle (Fig. 8b). Ligand L10 proved uniquely effective
for the transformation, delivering products in up to >99% ee
although with opposite absolute configuration compared to
Evans' system (Fig. 2), despite the fact that in both cases the
oxazolines were derived from L-amino alcohols (Fig. 8d). For the
Cu(1)-AnBOX system, the metal is positioned above the plane of
the spacer (due to rotation of the oxazoline rings) and there is
two-point substrate recognition through (i) ketone coordination
to copper and (ii) a -7 stack between the aryl group of the
copper nitrenoid and the substrate phenyl group attached to the
alkene (Fig. 8c).*»** When one of the catalyst-substrate inter-
action points was removed (for example the ketone carbonyl
group) the ee fell drastically, lending support to the requirement
for two-point binding. Further tuning of ligand bite angle was

a) Reaction Overview b) AnBOX Ligand

o N o Ts
/\)\ (CuOTf),*PhMe (5.0 mol %) o N come OOO
Ar! A2 AnBOX L10 (6.0 mol %) AT YH L10
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Chalcone Xu (2004) 10 examples N g
(1.5 equiv.) up to >99% ee H
P

¢) Stereochemical Model ! d) Representative Examples

) : s s

T N co)Ph N
stacking | Hv/\& Ho /\™Ph
! FhAH PhA H
80% Yield 6% ee
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(No Ketone)

Fig. 8 Application of Xu's AnBOX to asymmetric aziridination.
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a) Reaction Overview
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(74% Yield, 62% ee with L10)

Fig. 9 Application of the TripTOX ligand to asymmetric aziridination.

investigated by replacing the anthracyl with a trans-cyclohexane
spacer leading to an improved substrate scope for
aziridination.*

More recently, Gelman reported the design and synthesis of
a Cz-symmetric tris(oxazoline) (TOX) ligand L11, also choosing
the copper-catalysed intermolecular aziridination of chalcones
as the proof-of-concept reaction (Fig. 9a).°° In this unique
design, three coordinating oxazoline groups are arranged
around a rigid triptycene core (TripTOX) (Fig. 9b). Pleasingly,
there was complementarity in substrate scopes for the AnBOX
and TripTOX catalysed-reactions, with the latter performing
particularly well for the aziridination of substrates containing
potentially-coordinating functionality such as nitro or methoxy
groups (Fig. 9c). The authors rationalised this result by sug-
gesting that the tridentate coordination at copper provided
a more discriminating chiral environment with the added
advantage of “steric protection” around the metal to prevent
unwanted binding by external functional groups.

In 2008 Blakey reported one of the first examples in which
a chiral ruthenium-pyridine bis(oxazoline) (Ru-(PyBOX))

a) Reaction Overview b) Catalyst

o, 0 Catalyst C1 (5.0 mol %) ) c1
N7 AgOTf (5.0 mol %) N
HiU - - . WO o 7
PhI(OPiv), (1.1 equiv.) 7B NS o
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Blakey (2008) 9 examples \\\\ Br
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Examples
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HN YO 0\\8//0 Y
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60% Yield, 89% ee ’ HTNH ‘ NPy
‘ S " 2
Q.0
HN"" S0
i 1) ROO,SN ROO,SN
Favoured Disfavoured

84% Yield, 84% ee

Fig. 10 Application of a Ru-(PyBOX) complex for asymmetric intra-
molecular C(sp®)—H amination.
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catalyst C1 was used for asymmetric intramolecular C(sp®)-H
amination of sulfamates (Fig. 10a and b).*” Using Du Bois’
optimised amination conditions® along with a halide
abstractor to free a metal coordination site and enable nitrenoid
formation, intramolecular cyclisation onto activated benzylic or
allylic positions was achieved with good enantioselectivity
(Fig. 10c). Extension to unactivated positions was not possible
since removal of the activating group led to very poor yields. The
authors proposed that a cationic bisimido ruthenium complex
was the active aminating agent, operating as a triplet nitrene
and the stereochemical outcome was rationalised as a result of
the minimisation of steric clash between the activating group
and the ligand (Fig. 10d).

An important consideration when using PyBOX ligands is
that the ligand can withdraw electron density from the metal
through m-backbonding. In cases of Lewis acid catalysis this can
be advantageous but in other instances it can be detrimental to
reactivity. As a solution in the second scenario, Meggers
proposed using another ligand to replace the electron density
lost to the PyBOX and designed new Ru-PyBOX complexes
bearing a strong o-donating cyclometallated N-Heterocyclic
Carbene (NHC) ligand (Fig. 11a and Db).*®* These new
complexes were first tested in an enantioselective ‘oxazole to
azirine’ ring contraction and a further round of ligand tuning
through variation of the substituent at the 3-position of the
imidazo[1,5-a] pyridine allowed for the application of catalyst
C2 to a highly enantioselective intramolecular asymmetric cyc-
lisation of sulfonyl and sulfamoyl azides (Fig. 11c).*® Meggers
has made other important contributions to the development of
asymmetric nitrene transfer reactions and these are discussed
in further detail in Section 2.4.

So far, all of the BOX ligands and their derivatives discussed
have relied on unfavourable steric repulsion between the
substrate and ligand sidearms to disfavour the formation of the
minor enantiomer. Bach has explored a different approach in
which attractive hydrogen-bonding interactions operating
between a related 1,10-phenanthroline ligand L12 and substrate
were used to promote the formation of the major enantiomer in

a) Reaction Overview b) Catalyst
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: c2 tuning
Catalystc2 o0 | Ii
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R? (5.0 mol %) ?S(N,Rz : N

— o
N_ Ny — "= HN : S - |—( cl
R8s Ti2pce . N oS o N:_
0" o 55°C  RrP SN N
/
: 5 N/
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2
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¢) Representative Examples
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R \o .
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Fig. 11 Application of a cyclometallated Ru-PYBOX complex to
asymmetric intramolecular C(sp®—H amination.
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Fig. 12 Enantioselective C(sp®)—H amination catalysed by a hetero-
leptic silver complex and directed by hydrogen bonding interactions.

a silver-catalysed C(sp*)-H amination (Fig. 12a and b).” Incor-
poration of a chiral lactam recognition unit at the ligand C-4
position enabled two-point hydrogen bonding with 2-quino-
lone and 2-pyridone substrates, selectively orienting one of the
prochiral C(sp®)-H bonds towards the heteroleptic silver nitre-
noid complex and resulting in high selectivities for nitrenoid
insertion (Fig. 12c). This templating approach has been
successfully applied by the same laboratory to many other
asymmetric processes, including intermolecular nitrene trans-
fer using Rh(u,u) catalysis (see Section 2.5).”*

2.2 Chiral diimine and salen ligands

At the beginning of the 1990s, the introduction of chiral met-
allosalen [M(Salen)] complexes revolutionised the field of
asymmetric epoxidation by allowing for efficient and undirected
oxygen-transfer to simple olefins.”””* It was Burrows who first
questioned whether these same complexes would be as effective
for the analogous aziridinations.” In the first instance, this was
not the case and high-performing [M(Salen)] epoxidation cata-
lysts led only to racemic aziridines making it clear that opti-
misation would not be as straightforward as simply switching
between oxygen and nitrogen sources.”” The Jacobsen and
Katsuki laboratories were the leaders in the development of the

a) Reaction Overview

L),

Jacobsen (1993)

! b) Ligand

CuOTf (10 mol %) NTs |

Ligand L13 (11 mol %) H'QH
) ta. =N N o
x
Rveges
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up to >98% ee |

c) Representative Examples
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L
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67% ee (cis), 81% ee (trans)

PhINTs (1.5 equiv.)
CHyCl,, - 78 °C

Fig. 13 Jacobsen's copper-catalysed asymmetric aziridination of
unactivated olefins using a chiral diimine ligand.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc04661c

Open Access Article. Published on 25 oktoober 2023. Downloaded on 19.05.2026 6:47:38.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
epoxidations”’” and the competition between these groups
intensified in the pursuit of an asymmetric aziridination.” In
1993, both groups published protocols for asymmetric aziridi-
nation and Jacobsen's initial disclosure in this area is sum-
marised in Fig. 13.7%%

Jacobsen started by examining Cu(Salen)-type complexes
and, like Burrows, noted poor outcomes. Hypothesising that
open coordination sites on copper were essential for high
selectivity, a series of bidentate diimines were tested (in place of
the tetradentate ligands used previously), with variations in ring
substitution and on the diamine backbone. Several ligands were
evaluated and it was found that both components affected
reaction outcomes. More flexible backbones led to poorer
results, potentially due to de-rigidification of the complexes,
and aromatic substitution affected catalyst lifetime and selec-
tivity. With optimal ligand L13 (Fig. 13a and b), excellent
selectivities could be obtained for the same alkene classes that
had proven so amenable to the epoxidation (Fig. 13c). Likewise,
the alkenes problematic in epoxidation also performed poorly
in aziridination. Mechanistic experiments®* suggested that
nitrogen transfer is stepwise and occurs through radical inter-
mediates (given that acyclic cis- olefins led to a mixture of cis-
and trans- aziridines). Furthermore, there was evidence that the
reaction followed a redox mechanism and that ligand acceler-
ated catalysis®** was operative.

The Katsuki group undertook, over the following two
decades, a methodical programme of catalyst refinement which
has resulted in the current state-of-the-art salen-based protocols
and the course of this progress is summarised here. Katsuki's
first report on undirected asymmetric aziridination used first-
generation Mn(m)(Salen) complexes and again compared
unfavourably with the asymmetric epoxidation. A few encour-
aging results were obtained for styrene (up to 61% ee) using
catalyst C3 which bears a chiral diamine backbone and point
chirality on the aromatic rings of the ligand (Fig. 14a and b).*
An important advance was made in 1996, inspired by a break-
through in catalyst design for the asymmetric epoxidation:

a) Reaction Overviews

Catalyst C3 Catalyst C4
NTs (5.0 mol %) (5.0 mol %) NTs
PhINTs (1.0 equiv.) X PhINTs (1.0 equiv.) :
Py-N-oxide 4-Ph-Py-N-oxide
(0.5 equiv.) (0.5 equiv.)
MeCN, r.t MeCN, r.t
. Substrate
9% Yield Katsuki (1993) (10 equiv/  Katsuki (1996) 4 examples
61% ee Solvent) up to 94% ee

Ar = 4-Bu-CgHy

point chirality

Fig. 14 Katsuki's first- and second-generation salen ligands for
asymmetric aziridination. Py-N-oxide = pyridine-N-oxide.
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replacement of the point chirality elements in catalysts such as
C3 (Fig. 14b) with planar chirality as for C4 (Fig. 14c) had led to
much higher epoxidation selectivities and faster reaction
rates.*>® When applied to aziridination, this insight immedi-
ately improved the yield and ee for the functionalisation of
styrenes with a ligand-acceleration effect noted also (Fig. 14a).*®

Alongside catalyst design, Katsuki also investigated methods
to make nitrene transfer more environmentally-friendly. The
use of iminoiodinanes or hypervalent iodine reagents is prob-
lematic as these exhibit low atom-economy and generate
unwanted by-products. In 2003 Katsuki found that in the pres-
ence of Ru(Salen) catalysts, sulfonyl azides could act as effective
nitrene precursors.** Not only is nitrogen gas the only by-
product, but UV irradiation was not required for nitrene
formation. Good performance was observed under these
conditions although the chemoselectivity between aziridination
and C(sp®)-H amination was unpredictable. At around the same
time, Che was also investigating aziridination using Ru(Salen)
complexes and reported a promising enantioselective aza-
Rubottom reaction to afford enantioenriched o-amino
ketones.”

From 2004 onwards, Katsuki combined insights into catalyst
design with the “greener” nitrene precursors and, in doing so,
significantly upgraded the methodology. During previous

a) Catalyst Transition from Generation 2 — Generation 3
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b) Reaction Overview
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Fig. 15 Progression from second- to third-generation M(Salen)
catalysts.
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studies on sulfimidation, it was noted that the salen catalysts
aminated themselves at the meta carbon of the phenyl substit-
uents on the 3- or 3 position to give complexes which were
inactive to nitrene transfer.®® In order to counter this,
approaches based on either steric blocking (by introducing
bulky substituents at the para position) or replacement of the
meta C-H bonds with inert halogens were investigated
(Fig. 15a).”> Both were successful and these more robust third-
generation catalysts boasted higher turnover numbers (up to
878) and broadened scope (especially towards unactivated
terminal alkenes such as 1-octene). In particular, when steric
blocking and halogenation were applied together (C5), turnover
numbers and substrate scopes continued to improve with
excellent ees now observed across a range of activated and
unactivated alkenes (Fig. 15b). Thanks to these modifications,
azide precursors (such as NsN; and SESN;) which are less
reactive but easier to deprotect®®* could now be used,
compromising neither yield nor ee.”® In addition, the olefin
could be introduced as a limiting reagent instead of as a co-
solvent.

With the third-generation Ru(Salen) complexes, a stereo-
chemical model (which was guided by X-ray crystal structures
obtained for similar complexes) was introduced to explain the
facial selectivity of olefin functionalisation (Fig. 15¢).”® As with
the epoxidation, Katsuki suggested a side-on approach of the
alkene to the metal centre but for the aziridination, matters are
complicated by the steric bulk (RO,SN—) of the sulfonyl group
which is absent in the analogous metal-oxo species. The 2”-aryl
substituent at the back left of the ligand as drawn is close to the
metal nitrenoid forcing the steric bulk on nitrogen forwards. In
turn, the larger substituent on the incoming olefin is placed
away from it which leads to the stereochemistry shown. By 2012,
further catalyst fine-tuning resulted in highly efficient systems
capable of functionalizing a broad range of unactivated alkenes
with excellent metrics (Fig. 15d).””*

During studies on asymmetric aziridination, Katsuki had
occasionally noted the formation of the allylic C(sp*)-H ami-
nation products,® particularly in cases where electron deficient
M(Salen) complexes were employed.” More recent investiga-
tions from this group focussed on improving the enantiose-
lectivities for C(sp®)-H amination by first examining the
intramolecular reaction at benzylic positions using sulfonyl
azides as precursors to sultams (Fig. 16a). Third-generation
Ir(m)(Salen) complex C6 (Fig. 16¢) mediated the cyclisation
with excellent yields and enantioselectivities, although in some
cases unpredictable product mixtures arising from functional-
isation at the a- and - positions were observed. The more
challenging intermolecular amination at benzylic and allylic
positions was then studied using Ru(CO)(Salen) C7 (Fig. 16b
and c).'*>'** Excellent enantio- and regioselectivities were ob-
tained for the amination of 23 feedstock alkenes and the
highlight of the work was the ability of the catalyst to effectively
discriminate between groups such as ethyl and n-propyl, which
are sterically almost identical. The authors took this opportu-
nity to probe whether the intermolecular amination with the
proposed metal nitrenoids proceeded via a concerted or step-
wise mechanism. Experiments with substrates bearing either

12454 | Chem. Sci, 2023, 14, 12447-12476

View Article Online

Review
a) Reaction Overview - Intramolecular Amination
o _ 0 o _,0
N7 Catalyst C6 9\ 0 N

(3.0-5.0 mol %) @ s @ S NH
NH +

N
DS
R! Toluene, 25 °C
R2

R? R! Ry

R

Katsuki (2011)
17 examples
up to 98% ee

(a-product) (B-product)

b) Intermolecular Amination (Katsuki, 2013) - Representative Examples

NHSES NHSES NHSES

o, O O

99% Yield, 93% ee

NHSES

N

51% Yield, 46% ee  82% Yield, 94% ee 69% Yield, 91% ee

Reaction Conditions: Substrate (1.3 equiv.), SESN3 (1.0 equiv.), Catalyst
C7 (4.0 mol %), 4 AMS, CH,Cly, — 10 °C. SESN3 = Me3Si(CH,),SO,N3

¢) Catalyst Structures

o) o
_N\Ir/N_ 7N\RU/N
Tl e
OL0 O
(2011) (2013)

Ar = 4-TBDPS-CgHj Ar = 2,6-F-CgHy

L = 4-CHg-CgHy

Fig. 16 Application of M(Salen) catalysts to C(sp*)—H amination.

built-in radical clocks, or adjacent olefins capable of under-
going radical isomerisation were carried out. In both instances
no cyclopropane ring opening or olefin isomerisation was
observed and as a result a concerted mechanism was cautiously
proposed. It should be noted however, that a stepwise mecha-
nism could not be entirely ruled out given that radical rebound
might be extremely rapid.

While salen ligands are undoubtedly the lead class of dii-
mines for asymmetric nitrene transfer, other designs (typically
used as ligands for copper) have also been reported for asym-
metric aziridination albeit displaying limited reaction scope.
Examples of such ligands (L14-L16) complexed to copper are
shown in Fig. 17.19>71%¢
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Fig. 17 Other copper-diimine complexes
aziridination.

used for asymmetric
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2.3 (Cp*)M(m) complexes

(Cp*)M(m) complexes are capable of catalysing a diverse range
of C-H functionalisation reactions, including asymmetric
C(sp®)-H amination.’*"1® Aminations using these catalysts can
proceed through either inner sphere or outer sphere mecha-
nisms and examples of both are discussed below."** In order to
maintain focus, only transformations that form the chiral
centre a-to the amine will be considered.

Rendering inner-sphere (Cp*)M(m)-catalysed processes
enantioselective is inherently difficult because at the crucial
C-H activation step the metal is coordinatively saturated.
Therefore, conventional asymmetric strategies such as the
ligation of the metal by chiral phosphines cannot be used to
induce asymmetry. This idiosyncratic problem has been
partially solved thanks to generations of elaborate chiral
cyclopentadienyl ligand designs based on “steric wall”
approaches or even catalyst incorporation within the chiral
environment of an enzyme active site.’*> This has allowed for
effective enantioinduction in certain (Cp*)M(m)-catalysed reac-
tions with the drawback that the synthesis of such catalysts is
often non-trivial. Yoshino and Matsunaga have investigated an
alternative approach in which an achiral, cationic Cp*M(m)
complex is associated with an external anionic chiral source
(such as a chiral sulfonate or carboxylate anion) with the latter
responsible for the enantioinduction.'*'**

In the realm of asymmetric C(sp®)-H amination this concept
was demonstrated in the functionalisation of 8-alkyl quinoline
substrates wherein insertion of the (Cp*)Rh(im) at the benzylic
C-H position is enantiodetermining (Fig. 18a)."** Given that the
C-H activation proceeds via carboxylate-assisted concerted
metalation-deprotonation (CMD) it was hypothesised that
a chiral carboxylic acid could be used to render this step
enantioselective while maintaining only monodentate coordi-
nation to the metal (Fig. 18b). BINOL-derived carboxylic acid
L17 was optimal and a range of quinoline substitutions were
tolerated. The C-N coupling with the nitrenoid is downstream
of the enantiodetermining CMD, so substitution on the

a) Reaction Overview
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Fig. 18 Enantioselective amination of 8-alkyl quinoline through
enantiodetermining CMD.
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nitrogen source had little impact on ee. This in turn allowed for
the transfer of nitrogen from several different dioxazolone
precursors (Fig. 18c). Ellman later reported a similar reaction
using one of Cramer's second-generation Cp* ligands™* and
with substrates bearing an oxime directing group in place of the
basic quinoline nitrogen.*¢

In 2020 Blakey reported a planar chiral Rh(ui)-indenyl cata-
lyst C8 for regio- and enantioselective allylic C-H amination
(Fig. 19a and b)."” In this case no directing groups on the
substrate are required, enabling a highly selective reaction with
feedstock olefins. The use of a chiral indenyl ligand operating
through steric and electronic effects was key. The indenyl can
bind to the metal through n°- or n’- coordination modes with
the latter exerting a greater trans-influence. Regio- and enan-
tioselectivity are therefore determined as a result of an unusual
“electronic asymmetry” ligand effect since one end of a bound
m-allyl fragment has a longer Rh-C bond than the other. C-H
activation is the enantiodetermining step and is also influenced
by steric effects which serve to minimise the repulsion between
the substrate and ligand (Fig. 19c, left). The fact that 2-pentene
and 1,3-diphenylpropene both afford products with high
enantioselectivity is telling — at first glance reactions using these
substrates would be expected to proceed through symmetrical
m-allyl intermediates. However, the high product ees derived
from these starting materials lend support to an effective
transmission of chiral information from the ligand to the
substrates via the subtle “electronic asymmetry” effect as
opposed to a more conventional strategy which relies on the
minimisation of steric clash alone. Following CMD, dissocia-
tion of the acetate leaves a free coordination site at Rh. The
dioxazolone binds at this site, releasing CO, to form the Rh(v)
nitrene which undergoes reductive C-N coupling. The coupling
is under kinetic control, occurring preferentially at the Rh-C
bond that has been weakened by the indenyl ¢trans-influence.
Further, steric clashing between the imide and the indenyl is
also minimised, reinforcing the desired regioselectivity
(Fig. 19c, right). Excellent results were obtained across different
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Fig. 19 Blakey's asymmetric allylic amination of alkene feedstocks.
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nitrogen sources and alkenes to afford useful building blocks
with potential for further transformations (Fig. 19d).

Moving now to the outer-sphere processes, the Chang group
has made significant contributions to the development of (Cp*)
M-catalysed reactions and has pioneered outer-sphere amina-
tions, invoking attractive non-covalent interactions between
substrates and ligands to influence all aspects of selectivity.'*®
In 2019, this group reported the intramolecular amination of
dioxazolones to afford chiral lactams using (Cp*)Ir(um) complex
C9 (Fig. 20a and b, upper)."* (An identical transformation was
published simultaneously by the Yu group using Ru(u) catalysis
also invoking enantiocontrol through hydrogen bonding).'*
Excellent enantioselectivities were observed for functionalisa-
tion at both activated and deactivated positions and the
competing Curtius rearrangement was effectively supressed.***
DFT calculations demonstrated that in the lowest-energy tran-
sition state, a hydrogen-bond between one of the diamine
protons (acidified through N-coordination to iridium) and the
carbonyl oxygen not only facilitates dioxazolone decarboxyl-
ation but also stabilises the C-H insertion which proceeds with
the large chain substituent in the pseudoequatorial position
(Fig. 20c, left). Given the importance of the postulated hydrogen
bond for both enantioinduction and reactivity the authors
investigated this interaction further. Since isolation of the
putative Ir-nitrenoid would have been very challenging due to
its instability, the neutral and far-more stable Ir-amido complex
was studied as a model system instead. For this compound,
evidence of the key hydrogen bond was obtained in solution
(through a significant downfield shift of the relevant proton
observed by 'H NMR) and also in the solid state through an
analysis of interatomic distances and bond angles between the

a) Reaction Overviews
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Fig. 20 Asymmetric intramolecular amination of dioxazolones
showcasing different chiral ligand designs.
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suggested hydrogen bond donor and acceptor. To further
bolster the hypothesis, it was found that disruption of the ideal
hydrogen bond through either mono- or di-methylation of the
amine led to progressively poorer ee. Taken together, these
three pieces of evidence convincingly support the stereochem-
ical model derived from computations. Whereas in this case,
a metal nitrenoid surrogate was used as a model system, very
recent and exciting work from the same group has demon-
strated the possibility of isolating and studying acyl nitrenoids
themselves using crystalline matrix isolation techniques."* The
further development of similar methods will undoubtedly yield
critical insights into the mechanism and potentially the mode
of enantioinduction for metal nitrenoid transfers in general.

Almost immediately after, Chang, He and Chen reported
another cyclisation reaction but this time using the entirely
different catalyst C10 (Fig. 20a and b, lower)."* Again, DFT
studies suggested that a network of attractive non-covalent
interactions was responsible for the high selectivities
observed (Fig. 20c, right). The Cp* aminoquinoline and
phthalimide groups of the ligands shroud the iridium centre
within a chiral hydrophobic pocket which readily accommo-
dates the substrates given the polar reaction medium.
Following nitrene formation, intramolecular insertion proceeds
through a chair transition state stabilised through both m-m
stacking and C-H/m interactions between the substrate and
catalyst. The pocket surrounding the metal is extremely effective
at accommodating the transition state for intramolecular cyc-
lisation across a range of saturated substrates. In order to probe
the key proposed catalyst-substrate C-H/m interaction identi-
fied by the computations, catalysts bearing alternative nitrogen
protecting groups in place of the phthalimide were tested. In
particular, the use of benzamide or carbamate protecting
groups (which possess more flexibility and a less extended
aromatic system compared to the phthalimide) led to a reversal
in the sense of enantioinduction (potentially as as result of
acting through a steric blocking mode alone) and to much
poorer ee values.

Chang has continued to explore these intramolecular ami-
nations, extending the scope to formal allylic C(sp®)-H amina-
tion"* and alkene aminofunctionalisation.** Of particular note
is the recent report of intramolecular nitrenoid cyclisation onto
protected naphthols to generate spirolactams (Fig. 21a, b and
d)."** Once again, non-covalent interactions, this time operating
between catalyst C11 and the substrate, are responsible for the
high selectivity. C11 bears the familiar diamine ligand but DFT
now suggested that a different set of attractive non-covalent
interactions were operative compared to above (Fig. 21c). In
the favoured transition state, the naphthol ring is oriented
downwards to avoid steric clash between the bulky - OTBDMS
and the ligand. In this conformation, attractive C-H/7 inter-
actions can also operate between the Cp* and the extended
aromatic system. In the absence of the bulky silicon “auxiliary”
very poor enantioinduction was observed, highlighting the
combined contribution of steric and electronic effects in
determining selectivity. The Chang group continues to make
important advances in these outer-sphere amination reactions,
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a) Reaction Overview
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Fig. 21 Chang's asymmetric spirolactamisation of dioxazolones.

most recently through a multidimensional catalyst screening
approach of their vast metal-precursor and ligand libraries."””

2.4 Chiral-at-metal catalysts

In the examples examined so far, asymmetric induction for
nitrene transfer has often arisen through placing the chirality in
the metal coordination sphere in the form of bound chiral
ligands. A lesser-used strategy but one with great potential, is to
instead make the metal itself a stereogenic centre. In an octa-
hedral complex, the metal atom defines an origin about which
ligands (not necessarily chiral) can be assembled. The complex
as awhole can be chiral depending on whether a left-handed (A-
configured) or right-handed (A-configured) helix arises from the
ligand arrangement."® The group of Meggers in particular has

a) Selected Chiral-at-Metal Catalysts Reported by Meggers
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b) Summary of Asymmetric Nitrene Transfers (2019-2022) - Selected Examples

o B
HNXO H, P H NHTroc
Y Z B o L _on
N /

\J/ yat e /\W
HN—< u
ph)\N\ Boc —\ / le) o
Boc aS h
51% Yield 36% Yield 90% Yield 76% Yield 20% Yield
95% ee 76% ee 84% ee 99% ee 90% ee

Fig. 22 Catalysts reported by Meggers for asymmetric nitrene
transfer.
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done much to introduce this type of complex into mainstream
catalysis by first reporting efficient routes to synthesise the
enantiopure complexes****** and then applying these to various
asymmetric transformations.™**** Of particular interest are the
more recent reports in which these catalysts have been used for
asymmetric nitrene transfer. Fig. 22a shows examples of rele-
vant complexes to this end and highlights the structural
features which can be used to tune their performance. Over the
last three years, Meggers has methodically investigated these for
(predominantly) intramolecular nitrene transfer using azide or
N-benzyloxycarbamate precursors (Fig. 22b). This has resulted
in efficient protocols, predominantly for the formation of
various enantioenriched saturated heterocycles.’**™*° Two
examples will now be examined in further detail; Meggers' first
pioneering report describing the cyclisation of 2-azidoaceta-
mides as well as a recent publication which reports a powerful
platform for asymmetric amino acid synthesis.

Meggers chose the cyclisation of 2-azidoacetamides to chiral
imidazolidine-4-ones as a validation reaction for asymmetric
intramolecular nitrene transfer catalysed by chiral-at-metal
complexes (Fig. 23a)."*® For this particular reaction, detailed
investigation of the metal and bulky substituent at the 3-posi-
tion of the pyridine ring led the authors to catalyst C12
(Fig. 22a). Other chiral-at-metal catalysts were completely inef-
fective and an N-Boc protection step following cyclisation pre-
vented catalyst poisoning by the free amine products.

Mechanistically, dissociation of the labile acetonitrile
ligands from the catalyst enables two-point substrate binding
through the carbonyl and -N; groups. Following loss of
nitrogen, a ruthenium-imido complex forms which, after
dissociation of the carbonyl, allows the free singlet nitrene to
insert into the chain. Support for the crucial two-point binding
mode was obtained through reaction of an archetypal azide
substrate with an equimolar amount of racemic catalyst at room
temperature instead of at the elevated reaction temperatures. At
the lower temperatures the C-H insertion did not occur and
quantitative formation of a chelated imine complex was
observed instead. This complex was characterised by X-ray
crystallography and was thought to arise from a precedented
sequence of azide coordination and tautomerisation through

a) Reaction Overview
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