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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

AgCIO4 (20 mol %) o
3
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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

/N\gogz/ﬂ\o ?

ad

Fe(OAc), (15 mol %)
Ligand L9 (30 mol %)

Toluene/MeCN (50:1)
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b) Ligand c) Representative Example and Post-Functionalisation
° : 3 steps NHBoc
Ph L9 sogph SOEPh

67% Yield, 90% ee 61% Yield, 90% ee

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
PhINTs (1.0 equiv.), CH,Cl, o™y N o
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
96% ee Control Substrate

(No Ketone)

Fig. 8 Application of Xu's AnBOX to asymmetric aziridination.
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a) Reaction Overview
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Ar' Ar? PhINTs (0.67 equiv.), MeCN A H
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O . (61% Yield, Racemic with L10)

L1

63% Yield, 77% ee
(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
R MgO (2.3 equiv.) R/k) HON N D
CeHg R‘“
Blakey (2008) 9 examples \\\\ Br

up to 92% ee

c) Representative

Examples
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HN YO 0\\8//0 Y
/\)\) ' N,///,HQPh N’/’ //HQH
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

N7,
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/
Meggers (2021) 22 examples '} PFe
Up to 98% ee !
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2
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¢) Representative Examples
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NN NN HNT N
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R \o .
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99% Yield, 97% ee 99% Yield, 95% ee 93% Yield, 96% ee

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
6 examples |
L13

up to >98% ee |

c) Representative Examples

NTs
NC NTs NTs
L
O

75% Yield, >98% ee 70% Yield, 87% ee 79% Yield, (cis:trans = 3:1)
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 03 1402. Downloaded on 24/11/1404 01:36:52 ..

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

Katsuki Generation 2 (1996) Katsuki Generation 3 (2007)
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through steric and
H electronic tuning
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to catalyst deactivation a.~ D

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
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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%¢

Other Diimine Ligands

O e O
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Fig. 17 Other copper-diimine complexes used for asymmetric
aziridination.

© 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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 1402. Downloaded on 24/11/1404 01:36:52 ..

(cc)

Review

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

a) Reaction Overview : b) Catalyst Structure
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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
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Fig. 20 Asymmetric intramolecular amination of dioxazolones
showcasing different chiral ligand designs.

12456 | Chem. Sci, 2023, 14, 12447-12476

View Article Online

Review

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,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a) Reaction Overview
Catalyst C11

(5.0 mol %)
O% NaBArF, (5.0 mol %) R .-~

i

S s’ HO (1.0equiv) &,

I . nonafluoro-BuOH
0SiMe,'Bu

Chang (2021)
17 examples, up to 96% ee

c) Favoured Transition State

C-H/m
/\in teraction

99% Yield, 96% ee

53% Yield, 90% ee 66% Yield, 78% ee

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

R2
N

o8
R*NJ/« 2+ (NCMe
W

RTN NCMe
(W

N
| N 2[PFel”
% -
. Rl= 2 = _gj
C12: R' = —Mes, R* = -SiMe; c14 c15

C13: R" = —-Mes, R? = -3,5-Me-CgH3

b) Summary of Asymmetric Nitrene Transfers (2019-2022) - Selected Examples

N Jog O o HNXO H”. P82 H/_ NHTroc
N _/ 7 o . u/"<ﬂ/OH
e WA VESSE

Ph' \ Boc
Boc

NS
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

. )%
3

i b) Favoured Transition State

Catalyst C12
(1.0 mol %)
Boczo (1.2 equiv.)

-

o]

~ &

1 2- chhlorobenzene R )»N

25 examples !

Meggers (2019) J
upto 95% ee | Mes N = T—0
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, COON R b
¢) Representative Examples fMes N‘( \NCMe
] o (\,N N

Red benzyl group is flexible

and avoids clash with —SiMe3

75% Yield, 82% ee 51% Yield, 95% ee

Fig. 23 Meggers' first asymmetric amination using chiral-at-metal
catalysts.
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a 1,2-H shift. The majority of the substrates were tested in
desymmetrisation mode in which R' = R*> = Ar (Fig. 23c). In
addition to activating the C-H bond to insertion, the aromatic
group on the substrate is also proposed to engage the pyridine
ring of the ligand in a 7w—7v stack at the favoured transition state.
The more flexible -CH,R" group attached to the amide nitrogen
atom is oriented downwards and has enough conformational
freedom to avoid clash with the bulky -SiMe; on the underside
of the complex (Fig. 23b). Overall, the enantioselectivities were
excellent and this reaction provided a solid foundation for the
many other asymmetric cyclisations subsequently reported by
the Meggers group.

In 2022, Meggers moved away from intramolecular cyclisa-
tions and reported an exciting advance for the synthesis of
enantioenriched o-amino acids (Fig. 24a)."*® The following
reaction lies somewhat in between an inter- and intramolecular
process and incorporates the more desirable features from
each. Intramolecular nitrene transfers benefit from the high
selectivities that arise from cyclic transition states but, given
that the products themselves are also cyclic, opportunities for
further derivatisation can be limited. In contrast, intermolec-
ular amination affords more versatile acyclic protected amines
but control over selectivity can be more challenging.

In this example, a Troc-protected azanyl ester (obtained in
a single step from the corresponding carboxylic acid) serves as
a nitrene source by undergoing N-O bond cleavage in the
presence of the catalyst to leave both fragments bound to the
central metal atom (Fig. 24a and b). An intramolecular cyclic
transition state accommodated within the helical chirality of
catalyst C13 then leads to control over the site-selectivity and
enantioselectivity of the insertion (Fig. 24c). Using ruthenium
catalysis, excellent yields and selectivities were obtained for
amination at activated (benzylic, allylic and alkynyl) positions

a) R ion Overview - Meggers (2022)
) Catalyst C13 or C16 Oy O~ CCh
R 8 (1.0 - 2.0 mol %) 2
1)\[(0\ )k AN - R ANH
R N 9o CCk KoCO3 (3.0 equiv.) R OH
0 CH,Cly, rt g
Azanyl Ester 55 examples

(single step from carboxylic acid) up to 99% ee

b) Intramolecularised Process | e) Representative

: Examples
R H
: H
H H Ow‘\\H H NHTroc ! ~, NHTS’S
AN : o
o Rui"‘\T o Lol
o | 93% Yield, 95% ee

(using C13)

Me Hc' NHTroc
/ H
/H g o

62% Yield,73% ee
(using C13)

N H, NHTroc
c16 § 3 : OH
N :
. : o

57% Yield, 91% ee
(using C16)

(preferred for unactivated
C(sp®)-H bonds)

Fig. 24 Meggers' asymmetric synthesis of enantioenriched a-amino
acids.
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with high diastereoselectivities obtained also when using
enantiopure substrates matched with the chiral -catalyst
configuration (Fig. 24e). However, C13 gave poor activity for
nitrene insertion into unactivated C(sp®)-H bonds. Fortunately,
(R,R)-FeBIP C16, a catalyst which is not chiral-at-metal but has
a similar overall topology to C13 was excellent for this more
challenging insertion (Fig. 24d). The two catalysts are comple-
mentary since conversely C16 struggles in the functionalisation
of the activated C(sp®)-H bonds. DFT calculations suggested
that N-insertion proceeds via a triplet nitrene whereby the spin
crossover/radical recombination step is faster than radical
interconversion. As with the previous example, an attractive m—
7 stacking interaction between the substrate and the 3-pyridyl
group results in high ee although when the substrate aromatic
group is replaced by an alkyl group, C-H/m interactions may
operate instead. In addition to the excellent selectivity and wide
substrate scope, the Troc protecting group is easy to remove
rendering this a highly practical method. Very recently, Meggers
reported a fully-intermolecular variant of this reaction using
carboxylic acid substrates and BocNHOMs as the nitrene
source. The catalyst of choice was C16 and the substrate scope
and enantioselectivities for the enantioenriched Boc-protected
a-amino acid products were excellent.™*

2.5 Dirhodium tetracarboxylate and tetracarboxamidate
complexes

Rh(i,u) tetracarboxylate and tetracarboxamidate paddlewheel
dimers are often the catalysts of choice for performing nitrene
transfer. Before considering enantioselectivity, a brief overview of
their catalysis is warranted. These dimers are excellent Lewis
acids and for a long time have been known to decompose diazo
compounds to form rhodium carbenes.**>'** This reactivity has
been studied extensively by Doyle and Davies (amongst many
others) who have made seminal contributions to enantioselective
and site-selective carbene transfer using these catalysts.”>***** In
particular, the control over carbene insertion using Davies'
rhodium paddlewheels is unparalleled and firmly places this
method amongst the most versatile C-H functionalisation
protocols.

These same dimers can also decompose common nitrene
precursors (such as iminoiodinanes, azides and N-tosylox-
ycarbamates) to form the rhodium nitrenoids which show
parallel reactivity to the carbenoids as discussed previously (see
Fig. 1).**> A simplified cycle for Rh(u,u)-catalysed nitrene trans-
fer, featuring in situ iminoiodinane formation, is shown in
Fig. 25."* (Note that the dimer has been drawn in full in
subheading 5 but is shown in abbreviated form in the other
steps: these representations are equivalent and the abbreviation
will be used hereon in for convenience). In addition to in situ
formation of the nitrene precursor, reactions using these cata-
lysts have the added advantage that they proceed under mild
conditions, frequently under an atmosphere of air and are not
affected by ambient moisture, all factors that have encouraged
their widespread uptake.'>***

While there are clear parallels between carbenoid and
nitrenoid chemistry, asymmetric nitrene transfer using these

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Nitrenoid Insertion Catalysed by a Rhodium (Il,ll) Dimer
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4) Aminated oL O\\S//O
\( PhO” “N=IPh *

Product
J\ 1) Iminoiodinane
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L-"'Rh—Rth
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3) Concerted Insertion 2) Rhodium nitrenoid

: . formation

Fig. 25 A catalytic cycle for C(sp®)—H amination catalysed by a Rh(i, i)
dimer.

dimers has so far fallen short of the standard set by the carbene-
transfer protocols since functionalisation can currently only be
achieved at electronically activated positions.

The unique structure of the paddlewheel complexes has led
to innovative approaches for inducing asymmetry in their
catalysis. Given the fourfold ligand arrangement about the
dirhodium core, the most common strategy exploits this pattern
to build a higher order of symmetry in the overall complex
(typically C,, C, or D,) from four chiral C;-symmetric
ligands.*#>14615515¢ Examples of common chiral Rh(u,n) dimer
symmetries are shown in Fig. 26 with the C, chiral crown/bowl
“all up” ligand arrangement predominating for asymmetric
nitrene transfer reactions. Other highly-creative strategies to
render rhodium paddlewheels chiral have been reported*****”
but only those that have been applied to enantioselective
nitrene transfer are discussed. In addition, methods in which
enantiopure nitrogen sources are used in conjunction with
chiral rhodium dimers to perform diastereoselective amina-
tions™® are not considered as they fall outside the scope of this
review.

Two pioneering examples of asymmetric amination using
Rh(m,u) catalysis are now presented. The first was reported by
Miiller in 1996 **® who investigated Pirrung’s catalyst'®® C17 for

Examples of Common Chiral Rh(Il,ll) Dimer Symmetries

a N N o N N
al SN o |l e ol I I
Rh Rh _RhT
o = o~ ‘ O cl N ‘ N Wl ’ ~o
oo, /\Rh N Yo N _—Rh ) A R\
R —Rh o R
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R =-S0,Ph
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Fig. 26  Common Rh(i,i) dimer symmetries.

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

View Article Online

Chemical Science

Pioneering Example 1 i Pioneering Example 2
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up to 73% ee

Hashimoto (2002) - 6 examples
up to 84% ee

Fig. 27 Early application of chiral Rh(i,i) dimers to asymmetric nitrene
transfer.

the asymmetric amination of indane and asymmetric aziridi-
nation of styrene and cis-B-methylstyrene (Fig. 27, left). The
results were encouraging although the scope was limited. A later
report in which the same intermolecular amination was re-
examined alongside intramolecular aziridination led to
slightly enhanced selectivities but with ample room for
improvement (<60% ee).'** The second example was reported by
Hashimoto in 2002 who introduced catalyst C18 incorporating
four (S)-TCPTTL carboxylate ligands which are derived from tert-
leucine and bear electron-withdrawing chlorinated N-phthaloyl
protecting groups (Fig. 27, right)."> This catalyst showed
improved selectivity for amination compared with Miiller's
system but more importantly, most of the other paddlewheel
catalysts for enantioselective intermolecular nitrene transfer are
derived from this particular design.

In the first instance Davies replaced the ter¢t-butyl groups in
Rh,(S-TCPTTL), with even larger 1-adamantyls to form Rh,(S-
TCPTAD), C21 (Fig. 28a, centre).**® This improved the ee for
indane amination but even seemingly innocuous changes to

a) Evolution of Hashimoto’s Catalyst

ot Gst

L- -R|h~R!h> -L L= 'th*r"[h‘ L 2) Electronic

Tuning

1) Steric
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Hashimoto (2002) Davies (2006)

€19: X = Cl, Rhy(S-TCPTTL),
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b) Representative Examples (Pfbs = -SO,0CH,CgF5)
NHNs o NHPfbs
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HN J( é
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86% Yield, 74% ee 72% Yield, 82% ee 82% Yield, 82% ee

(Using C21) (Using C21) (Using C22) Dauban (2019)

C22: Rhy(S-TFPTAD),

Fig. 28 Evolution of Rh,(S-TCPTTL), and application to various
asymmetric nitrene transfer reactions.
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this substrate were not particularly well tolerated (Fig. 28b). The
same catalyst did however perform slightly better in an intra-
molecular amination mode. Dauban was next to modify
Hashimoto's parent catalyst by replacing the chlorine atoms
with more withdrawing fluorines while retaining the bulkier
admantyl leading to Rh,(S-TFPTAD), C22.'**'** This catalyst was
applied to the very challenging intermolecular benzylic amina-
tion of simple ethylbenzene derivatives using a polyfluorinated
aromatic nitrogen source (Fig. 28a and b).'**'**

Next, Darses, Sircoglou and Dauban investigated the use of
Hashimoto's polyfluorinated Rh,(S-TFPTTL), C20 for intermo-
lecular aziridination (Fig. 29a).'*® This reaction is at the very
forefront of enantioselective Rh(u,u)-catalysed nitrene transfer
and broadened the scope of asymmetric aziridination in general
to highly-substituted styrenes, an under-represented substrate
class in the earlier protocols. The enantioselectivities obtained
for the typical terminal styrene substrates were good, but the
incorporation of a B,B-dialkyl group onto the terminal carbon
atom improved the selectivity significantly. Remarkably,
terminal alkyl olefins were also excellent substrates (Fig. 29b). A
detailed computational study elucidated the mode of enan-
tioinduction (Fig. 29¢). A -7t stacking interaction between one
of the phthaloyl groups and the aromatic ring of the sulfamate
ester locks the conformation of the latter (Fig. 29¢, blue) within
the chiral bowl. The remaining space around the nitrenoid is
then very well-suited to accommodating ¢ri-substituted
styrenes.

The asymmetric intermolecular protocols discussed in this
section so far have largely focussed on nitrogen-transfer to
positions adjacent to aromatic rings. However, as the field has
developed, other transformations have been reported. One such
example is the asymmetric aziridination of Z-silyl enol ethers
which is immediately followed by silyl deprotection/aziridine
ring opening to afford valuable a-amino carbonyls (Fig. 30a).
These asymmetric “aza-Rubottom” reactions have been studied
by Hashimoto, affording products with uniformly high yields

a) Reaction Overview
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Fig.29 Asymmetric aziridination of terminal alkenes and trisubstituted
styrenes catalysed by Rhy(S-TFPTTL)4.
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a) Reaction Overview
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(-)-Pancracine

Fig. 30 Enantioselective aza-Rubottom oxidations and allylic amina-
tions using chiral Rh(i,i1) paddlewheel dimers.

and selectivities (Fig. 30b).’*”'®® Upon accommodation of the
silyl enol ether within a ring, exclusive allylic amination in up to
72% ee was observed instead (Fig. 30c).’® This switch in che-
moselectivity was ascribed to locking of the alkene in an E-
geometry with the E-isomers unreactive in the previous “aza-
Rubottom” reaction. The reaction was used as the first step in
the total synthesis of (—)-pancracine with this first chiral centre
determining the rest of the relative stereochemistry for the
route (Fig. 30c). Corey has also studied the asymmetric inter-
molecular amination of cyclic silyl enol ethers during investi-
gations into the synthesis of ketamine analogues but observed
the formation of the expected a-amino ketone with excellent
selectivity.'”® Another adventurous transformation was recently
reported by Yoshida and involved an enantioselective aminative
desymmetrisation of 1,3-disubstituted adamantanes using
Rh,(S-TCPTTL),."”* Up to 85% ee was observed and the resulting

a) Summary of Intramolecular Nitrene Transfer i b) Catalysts
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Fig. 31 Enantioselective intramolecular nitrene transfer using asym-
metric Rh(i,11) catalysis.
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amino acids built around an adamantane core could be of
considerable biological interest.

Intramolecular cyclisation reactions have also been investi-
gated using these dimers. In 2003, Che disclosed an intra-
molecular aziridination, predominantly of sulfonamides, using
Doyle's Rh,(4S-MEOX), catalyst C23 originally developed for
carbene transfer."*>'”> Using this method, fused bicyclic azir-
idines could be obtained with moderate selectivity (Fig. 31a—c).
A more selective intramolecular C-H amination protocol was
later reported by Du Bois (Fig. 31a—c).””* For this transformation
the (4S-MEOX) ligand was poor, potentially due to crowding
around the axial site during the key C(sp®)-H insertion. Instead,
an alternative amide-derived paddlewheel, Rh,(S-nap), C24
(which is more resistant to undesired ligand dissociation
compared to the carboxylate-ligated dimer) displayed improved
performance, delivering products in up to 99% ee. Proposed
intramolecular hydrogen-bonding in the ligand (Fig. 31b) was
thought to be critical in raising the oxidation potential for the
undesired conversion of the active Rh®'/Rh*" dimer to the
catalytically-inactive Rh®>*/Rh®*" under the oxidising reaction
conditions. In fact when this hydrogen bond was removed
through methyl capping, the E,"~®" decreased from
330 mV to 242 mV with an accompanying drastic drop in reac-
tion performance highlighting the importance of this subtle
catalyst design element. Furthermore, this particular chiral
catalyst displays unusual chemoselectivity in that it favours
allylic amination over intramolecular aziridination with certain
substrates. In both asymmetric intramolecular reactions, more
electron-donating amide ligands were favoured in place of
carboxylates leading in turn to a less electrophilic (and poten-
tially more selective) rhodium nitrenoid. Along the lines of
varying the electronic properties of these catalysts, Yoshino and
Matsunaga investigated Du Bois' cyclisation using C,- and C,-
symmetric diruthenium carboxamidate paddlewheels, obtain-
ing excellent selectivities also.'” The overall cationic Ru(,m)
dimer is more electron deficient compared to the neutral
Rh(m,) making it more resistant to oxidation as confirmed
through cyclic voltammetry studies. More recently, these dinu-
clear ruthenium catalysts have been successfully used for the
synthesis of a-amino ketones through an “aza-Rubottom”
reaction.'”® Together with Hashimoto's prior observations as to
the importance of polyhalogenated aromatic rings on the
catalysts, these examples highlight that both steric and elec-
tronic factors can greatly impact selectivity outcomes when
using bimetallic paddlewheel dimers.

The Rhodium dimers discussed so far have consisted of four
separate ligands assembled around the bimetallic core.
However, under typical amination conditions, there is
a tendency for one or more of these ligands to dissociate in
a process that initiates eventual catalyst decomposition.**>*
This can be a serious problem for effective enantioinduction,
particularly if the catalyst degradation products are also capable
of catalysing the reaction but with very low selectivity compared
to the original dimer."”*'’® Inspired by work from Taber"’” and
Davies7®'” in the field of enantioselective carbenoid insertion
chemistry, Du Bois linked together pairs of these carboxylates in
a strapping ligand designed to perfectly bridge the distance

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

View Article Online

Chemical Science

a) Evolution of Dirhodium Tetracarboxylate Catalysts
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Rh;(esp),
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« Early catalysts
« Easy to render chiral
« Lower reactivity
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« Chiral templating group
* Optimal bridging retained
* Specialised substrates

b) Reaction Overview

s
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Fig. 32 Advent of Rhy(esp), and Bach's development of an effective
chiral variant.

between the metal ligation sites.” The chelate effect renders the
resulting achiral Rh,(esp), complex remarkably stable to ligand
exchange. Mechanistic studies have been used to rationalise the
superiority of this catalyst for intermolecular amination and it
has become the flagship dimer for nitrene transfer using
limiting substrate (Fig. 32a).2*2*

Despite its high activity, the Achilles heel of Rh,(esp), and of
strapped Rh(u,u) tetracarboxylates in general is that they are
inherently difficult to render chiral. Elegant design exceptions
include Davies' strapped dirhodium tetraprolinates,"”®'”* May's
binaphthyl-based dimer'*® and Ball's dicarboxylate strapped
peptide ligands*®**** but these have not been applied to asym-
metric nitrene transfer. Compared to the more typical design
strategies, the ascent to a higher symmetry is not feasible for
strapped dirhodium tetracarboxylates and attempts to incor-
porate blocking elements can be challenging. On the one hand
the steric bulk will need to be placed close to the metal for
effective asymmetric induction which runs the risk of desta-
bilising the dimer and lowering its catalytic activity. On the
other, if the steric bulk is to be incorporated without straining
the dimer it will likely end up far from the metal centre and will
be ineffective for inducing asymmetry. Bach recognised these
challenges, and turned to an approach based on attractive non-
covalent interactions to develop a chiral version of Rh,(esp),
(Fig. 32a).'%

Bach appended a chiral lactam hydrogen bonding recogni-
tion unit to the meta position of each bridging aromatic ring,
linked through a directional alkyne spacer to form C,-
symmetric catalyst C25 (Fig. 32a and b)."*® An X-ray crystal
structure revealed that the U-turn of the rigid lactam pointed
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the recognition portion of the dimer back towards the axial
rhodium site, well-positioned to orient a suitable substrate for
enantioselective amination. A similar strategy was discussed
previously for an asymmetric silver-catalysed amination re-
ported by the same group (Section 2.1). 3-Benzylquinolones
were thought to engage the catalyst through dual hydrogen-
bonding thus positioning the pro-(R) C(sp®)-H bond for ami-
nation with up to 74% ee (Fig. 32b-d)."** Higher enantiose-
lectivities (up to 95% ee) were obtained using the catalyst in
aziridination mode on analogous alkenes.® Although the
substrates are necessarily specialised, these two examples are
highly significant as they demonstrated that it was possible to
develop chiral variants of Rh,(esp), without compromising the
parent catalyst's exceptional reactivity.

Our group has explored an alternative strategy to render the
Rh;,(esp), scaffold chiral.®®” In our approach, the achiral pad-
dlewheel dimer is modified through the addition of anionic
benzyl sulfonate groups at the meta position of both bridging
aromatic rings. Each sulfonate then associates with a chiral
cation derived from a cinchona alkaloid through ion-pairing.
Prior examination of the X-ray crystal structure data for
Rh;,(esp), suggested that by placing the pendant sulfonates at
these positions, the associated ion-paired chiral cations would
be capable of forming a discriminating pocket around the axial
sites.”” In addition to defining the relative position of the chiral
cation, the sulfonate was also envisaged to act as a recognition
site by engaging appropriate incoming substrates through
hydrogen bonding. In a broader sense, the direct association of
chiral cations with transition metals is a relatively underex-
plored strategy since it is rare for the relevant catalytic cycles to
contain anionic metal intermediates.'**"*

We began by synthesising a library of chiral dirhodium
“Sulfonesp” catalysts where the anionic scaffold and chiral
cation portions were prepared separately and united in the final
step by means of a simple salt exchange. This afforded flexibility
in catalyst design by enabling a “mix and match” of scaffolds
and cations with the ultimate goal of exerting full catalyst
control over selectivity. With a library in hand we next evaluated
the catalysts for the enantioselective intermolecular benzylic
amination of 4-arylbutan-1-ols (Fig. 33a and b). These
substrates were chosen since the terminal hydroxyl group of the
alcohol was hypothesised to be key in achieving transition state
organisation through hydrogen bonding with the anionic
sulfonate. Reaction optimisation identified ion-paired catalyst
C26 as the best catalyst for the amination of this substrate class
and delivered enantioenriched protected 1,4-amino alcohol
products with moderate to good enantioselectivities (Fig. 33c).
In addition to their role in inducing enantioselectivity, UV-
visible spectroscopy studies suggested that the chiral cations
were ligating axially to the dimer which may be partly respon-
sible for the significantly improved product yields obtained with
the chiral catalysts compared to when using Rh,(esp),.

With proof-of-concept in hand, we next questioned whether
the catalysts would be capable of differentiating between
enantiotopic olefin w faces to perform an asymmetric,
substrate-directed intermolecular aziridination of alkenyl alco-
hols. Reaction optimisation to this end led to the development
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a) Reaction Overview
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b) Optimal Rh(ll,ll) “Sulfonesp” Dimer for C-H Amination - Catalyst C26
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Fig. 33 Application of chiral rhodium “Sulfonesp” dimers to the
asymmetric benzylic amination of 4-arylbutan-1-ols.

of a system which was considerably different to the one reported
for the previous C(sp®)-H amination and which displayed
much-improved reaction performance (Fig. 34a and b).*** In

a) Enantioselective Aziridination of Alkenyl Alcohols Directed by a Chiral Cation

Catalyst C27 (1.0 mol %)

e O F5C,CH,0S0,NH, (1.2 equiv.) o 0
O™ S—~on CeFslO (2.0 equiv.) OV S—~on
CgF5I(OTFA), (10 mol %) R

1,3-Difluorobenzene, - 35 °C
>80 examples

Phipps (2023) up to 98% ee

b) Tuning of a Rh (ll,ll) “Sulfonesp” Dimer for Alkene Aziridination: Catalyst C27
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Fig. 34 Application of chiral rhodium “Sulfonesp” dimers to the
asymmetric aziridination of alkenyl alcohols. In all cases R = —
SO,0OCH,C,Fs.
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brief, introduction of the new catalyst C27, in which the axial
sites on the Rh dimer are ligated by pyridine (one pyridine
ligand per axial site), use of a polyfluorinated oxidant (Ce¢F5IO)
with improved solubility compared to iodosobenzene (C¢H5I10)
and addition of a substoichiometric amount of the structurally-
related C¢FsI(OTFA), (which releases trifluoroacetic acid as it is
consumed) were all essential to obtain the highest selectivities
and yields. These conditions enabled efficient stereocontrolled
nitrogen transfer to a range of alkene substitution patterns in
moderate to excellent ee. Crucially, in addition to the more
precedented styrenyl substrates, the reaction also performed
well for nitrene transfer to selected unactivated di- and tri-
substituted alkenes with both of these substrate classes
absent from the prior asymmetric protocols (Fig. 34c, right). In
certain cases, intramolecular ring opening of the aziridine by
the pendant alcohol was observed or actively promoted and gave
rise to enantioenriched aminoetherification products. The data
obtained from an extensive substrate scope was used to develop
a simple mnemonic based on predominantly attractive inter-
actions between the substrate and the catalyst to predict (i)
which olefin substitution patterns are suited to the reaction and
(ii) the absolute product stereochemistry obtained using a given
chiral cation (Fig. 34c, left). Various post-functionalisation
protocols were also developed, particularly focussed on
engaging the aziridine and the terminal alcohol group together
in order to construct enantioenriched molecules which might
be difficult to synthesise by other means.

Continuing with the theme of new chiral Rh(u,in) dimer
designs, in a very recent publication Miller has disclosed a new
catalyst for asymmetric C(sp®)-H amination (Fig. 35a and b).**
In this design, four B-turn-biased aspartic acid tetrapeptides are
used as ligands to span the Rh-Rh core (note that only a single
ligand is shown in Fig. 35a for clarity). Such work builds nicely
upon Ball's Rh(u,u) catalyst designs in which bis(aspartyl)
peptide-ligated dimers have been used to perform asymmetric
carbene Si-H insertion and cyclopropanation.*®® A robust ligand
exchange protocol ensured facile access to a total of 38 chiral

a) Reaction Overview
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HOH F3CCH,0SO0,NH, (1.5 equiv.) HNT Y07 CF,
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Fig. 35 Miller's aspartyl B-turn-based dirhodium(i,i) metallopeptide
for benzylic C(sp®)—H amination.
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dimers and with such a library the authors were able to present
a detailed picture identifying the key ligand motifs required for
a successful amination, some of which were rather unexpected.
Good enantioselectivities were obtained for amination at
a range of benzylic positions (Fig. 35¢) and catalyst C28 also
proved capable of amination at a-amino C(sp)*-H bonds, albeit
with no enantioselectivity. Further structural information on
these impressive catalysts was acquired through detailed solu-
tion and solid-state studies and the wealth of information ob-
tained will be invaluable in the application of these catalysts to
ever-more demanding asymmetric nitrene transfer reactions.

3. Bridging the gap between synthetic
and enzymatic catalysts — metal
porphyrins

Transition metal porphyrin [M(Porphyrin)] complexes were
amongst the earliest catalysts used to support nitrenes. Inspired
by the oxygenase and epoxidase activity of cytochrome P450
enzymes, Breslow*'* and Mansuy*®*™**” in the 1980s inde-
pendently investigated whether the M(Porphyrin) cofactor alone
could catalyse nitrene transfer to saturated C(sp®)-H bonds and
alkenes. The catalysts were successful for both and these results
revitalised the investigation of metal nitrenoid chemistry,
which had been initiated by Kwart and Khan some 15 years
earlier. However, the first successful examples of enantiose-
lective nitrene transfer using chiral porphyrin complexes were
only reported after a further 10 years, by Che."**>%

In a pioneering example, Che investigated the aziridination
of styrene using a catalyst (C29) based on Haltermann's chiral
D,-symmetric ligand which had been previously applied to
asymmetric epoxidation (Fig. 36a and b).'***** This porphyrin
contains considerable steric bulk arranged at four locations
around the ligand periphery and up to 68% ee was obtained,

a) Overview and Representative Examples ! b) Catalysts
Catalyst C29
(0.5 mol %)
PhINTs
(1.0 equiv.)
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Additive (cat.)
CH,Cly, 1.t

7 examples
up to 68% ee !

NTs /©/<|NTS :
: :Br cl :

56% Yield, 68% ee
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47% Yield, 51% ee | C29: M = Mn", L; = OH L, = MeOH
| C30: u', Ly OH

¢) Extension to C(sp’)-H Amination
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(1.3 mol %) NHTs

A~ : °
R - :
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Ar
NHTs

82% Yield, 4.2:1
(Desired:Epimer)
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up to 47% ee

Fig. 36 Che's asymmetric aziridination and amination reactions cat-
alysed by chiral M(Porphyrin) complexes. Additive = 4-phenyl-pyri-
dine-N-oxide.
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with turnover numbers reaching 480. Marchon subsequently
reported a similar ligand design, but using peripheral chiral
cyclopropyl groups instead.”* In the initial report, Che had
noted that when posed with a chemoselectivity choice, the
chiral catalyst preferred to perform allylic amination over azir-
idination which initiated studies towards achieving enantiose-
lective amination at activated benzylic positions.”® Using the
same catalyst, up to 47% ee was obtained (Fig. 36¢) and an
impressive demonstration of catalyst control over regio-,
chemo- and diastereoselectivity in the functionalisation of
cholesteryl acetate was later demonstrated (Fig. 36d).*** The
same chiral scaffold was also effective for enantioselective
intramolecular amination of sulfamate esters (up to 86% ee
using C30).>”* More recently De Bruin reported a similar ring-
closing C-H amination of aliphatic azides to construct satu-
rated nitrogen heterocycles.>® As above, chiral bulk was
appended to the periphery of the porphyrin, although in this
case the selectivity peaked at 46% ee.

Just as Katsuki significantly advanced the field of M(Salen)-
catalysed asymmetric nitrene transfer, Zhang has done the
same for Co(Porphyrin) chemistry.**® The remainder of this
section therefore summarises Zhang's development of a unique
family of chiral porphyrin catalysts and their application to
enantioselective  nitrogen transfer reactions.
Throughout there is a particular emphasis on the use of
mechanistic analysis to guide catalyst design.

Before considering questions of selectivity, the mechanism
of Co(Porphyrin) aziridination should be discussed as this has
implications on enantioinduction, particularly for C(sp*)-H
amination (Fig. 37).°° Reaction of the Co(u)(Porphyrin) A with
a sulfonyl azide forms transient adduct B which affords the

various

a) Catalytic Cycle for Co(ll)(Porphyrin)-Catalysed Aziridination

/<r'\lSOZR
Ar . PhSO,N;3
CO“
N N
)/ A
Ar ,_H _
\r _N
PhO,S. S
PhOZS\N 2 \T.
= \
D coll_ | co" N B
PhO,Sa /(
|
| Col Nz (1)
AT .
c
b) Singlet Nitrene Representation i c) Triplet Nitrene Representation
=S _ 4 : dy; Py 9
| ------ 5 wSO,Ph
Co SOMO ; '—1- 8 [ CoDd? (ON”?
d, E B sp? O

« Both representations result
in the same electronic structure

Co, dyZ - }:n
Fig. 37 A catalytic cycle for functionalisation using Co(Porphyrin)
nitrenoids (upper). Equivalent representations of nitrene radical
ligands. Figure adapted from ref. 207 (Dalton Trans., 2011, 40, 5697-
5705).
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nitrene C upon loss of dinitrogen (Fig. 37a). Computations by
Zhang, de Bruin and co-workers suggest that C is best described
as a one-electron reduced nitrene ligand (or a ‘nitrene radical’
anionic ligand) in which an electron has been transferred from
the Co(u) d,, orbital to the empty p orbital on the nitrogen
ligand.””” The same electronic structure arises either through
a simplified molecular orbital diagram invoking a singlet
nitrene (Fig. 37b) or by considering a triplet nitrene (Fig. 37c).
Aziridination reactions begin with attack of the N-centred
radical onto the alkene 7t-system to form a y-alkyl radical which
then collapses to form the strained three-membered ring
(Fig. 37a). The key here is that the system mediates stepwise (as
opposed to concerted) nitrogen transfer which is of importance
in the work discussed below. The De Bruin group in particular
has made key contributions to the understanding of the
mechanism of metalloporphyrin aminations and the reader is
directed to a number of further studies from that group.>**>*>
In 2008 Zhang investigated racemic styrene aziridinations
using achiral Co(Porphyrin) C31 (Fig. 38a).>"* A crucial design
aspect was the incorporation of hydrogen bond-donating
groups on the periphery of the ligand to stabilise the -SO,
group on the nitrene radical throughout the catalytic cycle thus
significantly enhancing reactivity. Given the close association
between the ligand and the nitrene radical throughout the cycle,
incorporation of chiral hydrogen bond donors offered the
possibility of enantioinduction. This was an exciting proposi-
tion since previous work in the field had arguably struggled
when applying steric-blocking approaches to porphyrin ligand
designs. This is reflected in the poor to moderate enantiose-
lectivities discussed above since the topology of the porphyrin

a) Zhang’s Inspiration for a Chiral Porphyrin Design
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Fig. 38 Zhang's development of chiral porphyrin catalysts for enan-
tioselective intramolecular and intermolecular aziridination.
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inevitably places the steric bulk at a significant distance from
the reactive centre.

In 2009 Zhang reported a family of D,-symmetric Co(u)
(Porphyrins) with chiral backbone hydrogen bond-donor
groups for the asymmetric aziridination of terminal alkenes
using TcesNj; as the nitrogen source (Fig. 38a and b).>'* Excellent
enantioselectivities were obtained on simple substrates devoid
of directing groups and the catalyst C32 could be recycled up to
three times without a drop in performance (Fig. 38d, upper).
These catalysts were also effective for the enantioselective
intramolecular aziridination of allyl azidoformates as was later
demonstrated in 2017 (Fig. 38¢c).>** The fused bicyclic aziridines
are similar to Schomaker's products described previously (see
Fig. 6)°” although in this case the increased ring strain and
associated instability often required conversion to the 2-oxazo-
lidinones for analysis (Fig. 38d, lower).

Zhang then focussed on intermolecular aziridination using
azides bearing alternative hydrogen bond-acceptors. Drawing
on the group's extensive catalyst library featuring porphyrins
equipped with various chiral hydrogen bond-donors and
aromatic ring substituents, other azide sources proved suitable
when matched with the correct catalyst. For example, phos-
phoryl azides gave only moderate results in early studies®* but
these could be improved through changing the phosphorus
substituents and catalyst (C34) together (Fig. 39, right).’” Most
recently, the carbonyl azide TrocN; was found to give excellent
performance and even allowed for the aziridination of electron-
deficient alkenes.**® Particularly interesting was the use of flu-
oroaryl azides bearing unconventional hydrogen bond-
acceptors (Fig. 39, left). The direct synthesis of N-aryl azir-
idines from anilines or their derivatives*® has the potential to
replace lengthy aziridination/deprotection/N-arylation
sequences but methods to achieve this are under-represented.
Zhang hypothesised that an ortho-fluorine atom on an aryl
azide could act as the hydrogen bond acceptor leading to effi-
cient catalyst recognition for this type of nitrogen source also.
Using catalyst C33, a variety of terminal styrenes were trans-
formed to the corresponding N-fluoroarylaziridines.*** Whereas
a single ortho-fluorine atom could induce reasonable ee (75%

Examples of Alternative Compatible Azide Sources
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Fig. 39 Styrene aziridination using azides containing alternative
hydrogen bond-acceptor groups.
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ee), better results were obtained with double ortho substitution
(96% ee). In the absence of ortho-fluorine atoms no reaction was
observed, even with fluorination at several other positions on
the ring. The same azides were later shown to be competent for
asymmetric benzylic C(sp*)-H amination.?!

These D,-symmetric catalysts have also been applied to
several other C(sp®)-H amination reactions. Before proceeding,
it is important to recognise how the mechanism of the C-H
functionalisation can affect enantioselectivity (Fig. 40a). Taking
an intramolecular reaction as an example, as with aziridination
there are two stages to the stepwise process. In the first, (1, n)
intramolecular hydrogen atom abstraction (HAA) gives an alkyl
radical which is followed by a radical substitution (RS) step in
the second during which the C-N bond is formed and the
catalyst regenerated. If the alkyl radical is capable of rapid
interconversion prior to RS, then RS is enantiodetermining
(mode B). However, if interconversion is slow then the HAA is
enantiodetermining (mode A). The D,-symmetric catalysts can
mediate either mode depending on reaction conditions and
catalyst design. A summary of Zhang's (predominantly intra-
molecular) asymmetric C(sp®)-H aminations developed up until
2022 are shown in Fig. 40b and some selected examples are now
discussed in greater detail.

The first of the group's C(sp®)-H aminations reported the
intramolecular 1,6-amination of sulfamoyl azides to form sul-
famides (Fig. 40b).>>> The initial HAA was feasible at non-
activated and even deactivated C(sp®)-H bonds and was highly
1,6- selective even if this resulted in the homolytic cleavage of
stronger C-H bonds in the presence of weaker ones. Changes in
regioselectivity were observed when moving to different azide
sources, resulting in the formation of 5-membered sulfon-
amides with aryl or alkylsulfonyl azides®** and strained 5-
membered sulfamidates®* when using alkoxysulfonyl azides
(Fig. 40b). The sulfamidates are particularly prone to stereo-
specific nucleophilic ring-opening at the carbon atom adjacent
to oxygen and can be considered as latent B-functionalised

a) Modes of Enantioinduction in Metallonitrene C(sp®)—H Amination
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chiral amines. Mechanistically, these transformations are all
thought to occur via mode B.

Zhang reported an exciting advance in ligand design in 2019
which involved internal bridging of the chiral amide groups
with alkyl chains of varying lengths (Fig. 41).* The develop-
ment of this ligand class has had significant impact on enan-
tioselective amination because in these next-generation
catalysts, the open chiral pocket is now converted into a closed
chiral cavity. The resultant increased rigidity improves the
hydrogen bond-donating ability of the amides and the volume
of the cavity can be adjusted by changing the alkyl strap length.
In catalyst validation studies these next-generation porphyrins
outperformed the previous designs on benchmark aziridination
and cyclopropanation reactions but more exciting were the new
modes of enantiocontrol afforded by the novel designs.**

An example is the enantiodivergent intramolecular 1,5-ami-
nation of sulfamoyl azides (Fig. 41), reported by Zhang later in
2019.*¢ The report is intriguing because equal and opposite
enantioselectivities were obtained using catalysts C35 and C36
which contain identical chiral amide motifs and differ only in
seemingly inconsequential peripheral elements of the scaffold
(the length of the alkyl straps and the identity of the peripheral
aromatic rings). This surprising result was rationalised using
in-depth mechanistic and DFT studies. In this case, radical
interconversion following the HAA is slow due to the confines of
the chiral cavity hindering rotation about the C-C bond. Since
the second RS step is rapid, this locks in the stereochemistry
from the HAA which is therefore enantiodetermining (Fig. 40a,
mode A). For catalyst C35 the favoured transition state for HAA
features aryl ring A near the bridge, with ring B minimising
clash with the 2,6-OMe group thus positioning the pro-(S)
benzylic bond for abstraction. By contrast the longer strap

Enantiodivergent Amination with Next-G ation Porphyrin Catalysts (2019)
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Fig. 41 Catalyst design leads to enantiodivergent amination, even with
the same chiral hydrogen bond-donors. For each transition state only
the top half of the porphyrin is shown for clarity.
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length (and hence larger cavity) for C36 allows ring A to slip
under the bridge with the B ring once again minimising clash,
this time with the peripheral 3,5-‘Bu-Ph. This now correctly
positions the pro-(R) benzylic bond for abstraction. As before,
hydrogen bonding with the peripheral amide was essential for
transition state organisation in both cases.

In order to lend support to the intricate models for enan-
tioinduction derived from the calculations, substrates with
bespoke electronic or steric properties were subjected to the
reaction conditions to probe the interactions that would arise
between these and the catalysts in the proposed transition
states. In terms of electronics, substrates bearing heteroatoms
(ester, furan or thiophene) close to the site of C(sp*)-H amina-
tion led to poor reactivity and selectivity outcomes as a result of
lone-pair repulsion operating between these and the 2,6-OMe
group in C35. By contrast, no such electronic interactions would
be expected with the 3,5-Bu groups in C36 and indeed in those
cases the products were formed in excellent yield and ee.
Considering sterics, C35 significantly outperformed C36 in the
amination of substrates bearing particularly bulky groups (such
as a ferrocene). This is entirely consistent with the sterically-
demanding group being oriented out of the catalyst cavity and
away from the porphyrin ring in the transition state (Fig. 41,
top) and hence not significantly impacting the ee.

Within the context of enantioconvergent reactions, the
advantage of radical versus concerted C(sp®)-H insertion is that
racemic starting materials can in principle be converted to
a single amine product, providing that interconversion between
the alkyl radicals is fast enough (Fig. 40a, mode B) to racemise
the stereocentre. This was demonstrated by Zhang in 2020 with
the enantioconvergent intramolecular amination of racemic
alkylsulfamoyl azides.*” Referring to Fig. 42, in this instance
the RS step is enantiodetermining and requires careful tuning
of the constraints of the catalyst pocket. Enough space is
needed to ensure effective alkyl radical interconversion but the
pocket must be sufficiently discriminating for selectivity to be
achieved in the rebound step. A first-generation Zhang
porphyrin fulfilled these criteria and was particularly effective at
discriminating between aromatic and ester groups in the RS
step thus enabling the construction of protected and enan-
tioenriched o-chiral tertiary amines. There was an unusual
increase in ee with increasing temperatures up to 50 °C, later

Enantioconvergent Amination - Zhang (2020)
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Fig. 42 Enantioconvergent C—H amination catalysed by a chiral
porphyrin leading to a-tertiary amine stereocentres.
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identified as the optimum temperature for accelerating radical
interconversion without eroding selectivity in the subsequent
RS. In addition, KIE data proved that there was a modest pref-
erence for HAA from one of the starting material enantiomers
over the other (in a matched vs. mismatched scenario) but this
was countered by almost complete racemisation of the alkyl
radical prior to recombination meaning that C-N bond forma-
tion was the enantiodetermining step. This was confirmed
experimentally when two enantiomers were each subjected
separately to the reaction conditions using the same catalyst. In
both cases the reactions converged to the same enantioenriched
product with identical ee. Overall, this transformation was
a long-standing objective of the Zhang group since all previous
intramolecular aminations had only ever formed secondary
carbon stereocentres.

In the most recent report, Zhang disclosed a highly conver-
gent amination reaction using Co(m)-based chiral metalloradical
catalysis to form a-tertiary chiral allylic amines (Fig. 43).>>® The
reaction begins with the familiar HAA, this time from an allylic
position followed by the RS step. However, in this case, simul-
taneous control over four aspects of selectivity is required to
ensure a successful outcome. Fundamental to this is the cata-
lyst's role in determining the fate of the equilibrating interme-
diate allylic radical which is formed within the confines of the
active site (Fig. 43a). First, the catalyst must control whether the
secondary or tertiary end of the allyl radical undergoes RS
(regiocontrol). Second, the catalyst must control the absolute
configuration of the aminated proximal chiral stereocentre
(enantiocontrol) as well as determining the distal alkene double
bond geometry (diastereocontrol). Before even considering

a) Convergent Intermolecular Metalloradical Amination: State-of-the-Art
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Fig. 43 Highly convergent metalloradical-catalysed allylic amination.
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these challenges, there is also the broader question of chemo-
selectivity in which the catalyst must first decide between per-
forming C-H amination or aziridination. Remarkably, the first-
generation Zhang porphyrin C37 and the second-generation
C38 were capable of effectively controlling all four aspects
thanks to a finely-balanced network of attractive non-covalent
interactions operating between all three of the catalyst, the
nitrogen source and the substrate (Fig. 43b). Tellingly, when the
control Co(TPP) catalyst was used, complex product mixtures
were observed in the same instances where C37 and C38
delivered single aminated products. A unique implication of the
high convergence of the process is that mixtures of isomeric
alkene starting materials can be used in the reaction, and then
funnelled to a single aminated product. This is unusual yet very
attractive given that it is often difficult to obtain single isomers
of such complex alkene starting materials. In addition to
reporting an ample scope with respect to the substitution of the
allyl starting material (Fig. 43c), the authors demonstrated the
viability of other azide sources alongside showcasing the
synthetic potential of the aminated products through several
post-functionalisation protocols. Overall, this report sets a gold
standard for the control of selectivity in radical reactions and is
a testament to the effectiveness of attractive non-covalent
interactions in influencing multiple selectivity outcomes in
challenging asymmetric transformations.** Along with Chang's
copper-catalysed example discussed above, this work highlights
the unique potential of metalloradical amination reactions in
converting starting material mixtures to single, valuable prod-
ucts. The outcome is intimately linked to reaction mechanism
and offers new synthetic opportunities that are not possible
when using the concerted C(sp’)-H aminations explored
throughout this review.

We note that Zhang has also applied these catalysts to the
analogous intra- and intermolecular carbene-transfer processes
with equally impressive successes. These lie outside of the scope
of this work but the interested reader is directed to a recent
review.”**

The final chiral porphyrin catalyst class to consider has been
reported very recently by Dang, Liu and Che (Fig. 44b).>*' This
novel and intriguing design combines the steric-blocking
elements (in blue) from the D,-symmetric ligand discussed at
the beginning of this section along with the hydrogen bond-
donating capability (in red) of Zhang's D,-symmetric ligands.
It was hypothesised that by combining both of these elements
into one catalyst, a more selective nitrenoid transfer might be
possible. Based on this idea, the synthesis of a number of such
porphyrins was reported and it was found that the (S,R)-
cmcporFeCl catalyst C39 was optimal in mediating the enan-
tioselective cyclisation of aryl azides and arylsulfonyl azides,
using blue LED activation under mild conditions (Fig. 44a). As
a control, the D,-symmetric catalyst (S)-D,-porFeCl C40 which
only contains the steric-blocking elements was tested alongside
C39 in both reactions. In the cyclisation of the aryl azides, the
selectivities and yields obtained with both were comparable,
albeit with the opposite absolute stereochemistry in the prod-
ucts. However, for the arylsulfonyl azide cyclisation, C39 typi-
cally gave better and opposite selectivity compared to C40
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Fig. 44 Application of a new chiral porphyrin design to enantiose-
lective intramolecular nitrene cyclisations. The absolute stereochem-
istry of the new chiral centre is denoted in brackets.

(Fig. 44c). It was important to correctly match the absolute
configuration of the blocking elements with that of the chiral
amides and in catalyst C39 these work synergistically to afford
products with moderate to good ee. If however, the stereo-
chemistry on the blocking elements is inverted while keeping
the absolute stereochemistry of the amides the same, the
selectivities are much reduced. DFT calculations revealed that
the reaction proceeds through a HAT/rebound mechanism and
the intermediacy of a carbon-based radical was demonstrated
experimentally not only through EPR studies but through the
inhibition of product formation when using the radical scav-
engers TEMPO and BHT. Further both attractive non-covalent
interactions and steric repulsion effects operating between the
substrate and the ligand were found to be responsible for the
high selectivities, as hypothesised. With the design of C39 now
validated, it will be interesting to see if it is effective also for
intermolecular reactions.

4. Enzymatic catalysis

In this final section we examine contemporary enzymatic
methods for nitrene transfer. We leave this analysis until last
because we wish to contrast the following enzymatic methods,
not only with the clearly-related porphyrin catalysts in the
preceding section, but with small molecule catalysts as a whole.
In doing so we hope to convey a sense of just how rapid devel-
opment in this sub-field has been, since the performance of
these systems in some cases can now match or indeed surpass
the state-of-the-art small molecule methods and there are
exciting early indications that the enzymatic approach may be
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able to tackle outstanding challenges such as site- and enantio-
selective functionalisation of unactivated positions.

Building on Kwart and Khan's initial study of copper nitre-
noids,'®"* Breslow'*>*** and Mansuy's'*" early investigations
using M(Porphyrin) complexes for nitrene transfer were a key
advance in the field. Given that this work had the goal of
translating the oxygenase activity of Cytochrome P450s (CYPs)
to nitrogen-transfer using the porphyrin co-factor alone, the
next step was to try and use a whole enzyme to perform the same
reaction. This was indeed reported in 1985 by Breslow who
demonstrated that rabbit P450-LM3,4 could catalyse the intra-
molecular C(sp®)-H amination of an iminoiodinane with
a turnover number of 2.2 (Fig. 45).>> Although enzymatic
turnover was low (likely due to the competing hydrolysis of both
the substrate and the iron-nitrenoid under aqueous condi-
tions). Arnold notes that this example is important for two
reasons.”®® First, it shows that enzymes can catalyse reactions
for which they were not seemingly designed by nature and
second that it might be possible to take a reaction developed in
the laboratory and then refine an enzyme to catalyse this “new-
to-nature” transformation. On this second point, often as
chemists we draw inspiration from nature in biomimetic
approaches to synthesis but there are some reactions developed
in laboratories that to the best of our current knowledge have no
natural counterpart. However, this does not mean that enzymes
will be unable to catalyse these. Biology is a rapid learner and
encouragement in the form of an applied selection pressure is
sufficient to begin directed enzymatic evolution towards a new
transformation.***

Key to achieving the second point is the concept of enzyme
promiscuity.”®* Although enzymes are exceptional catalysts for
a specific transformation they can sometimes catalyse other
reactions to a degree in the first instance. A glimmer of activity
for another reaction is sufficient to start a program of directed
evolution for the enzyme in which “fitness peaks” are scaled by
mutating a single amino acid residue at a time.??*?3¢>3%

Arnold identified CYPs as excellent candidates for directed
evolution precisely because of their promiscuity. In particular,
P450p\3 from Bacillus megaterium®® has served as the common
starting point in the directed evolution of enzymes for carbene
transfer (to alkenes, alkynes, Si-H, B-H and C-H bonds) and
nitrene transfer.”®® The outstanding activity of CYPs for
hydroxylation in nature has been well documented®’ but
formation of carbon-nitrogen bonds by an analogous mecha-
nism is far rarer. Instead, nature generally prefers to introduce
C(sp®)-N linkages through processes in which nucleophilic
amines attack electrophilic carbonyls or alkenes.>**> Although
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Fig. 45 Breslow and Dawson's initial application of a CYP to asym-
metric intramolecular nitrene transfer.
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Biological Nitrene Transfer in Benzastatin Biosynthesis
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Fig. 46 A rare example of biological nitrene transfer which was
discovered after the directed evolution of enzymes to perform the
same reactivity.

biological C-N bond formation using metal nitrenoids is prac-
tically unknown at present (see Fig. 46 for a notable exception)
this does not necessarily mean that enzymes are inherently
incapable of mediating this reactivity. In the following section
a summary of asymmetric enzymatic nitrene transfer chemistry
developed through directed evolution is presented and high-
lights how evermore challenging aminations have been realised
over time with excellent control over all aspects of selectivity.
Inspired by Breslow's initial intramolecular amination, in
2013 Arnold examined the same reaction using a sulfonyl azide
in place of the iminoiodinane due to the much improved
aqueous solubility and stability of the former.>*® Ultimately,
formation of the sultam was catalysed in cells expressing
P411gp3-CIS-T438S and the product could be isolated in 58%
yield and 87% ee (Fig. 47, left).>* It is worth noting here that

Arnold - Early Amination Work
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Fig. 47 Early CYP-catalysed nitrene transfer reactions developed in
the Arnold laboratory. TTN = total turnover number.
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P411 CYPs differ from P450s in that the iron-coordinating
cysteine is replaced by a serine with a concomitant change in
the Fe(ur)/Fe(u) reduction potential. Fasan later reported a very
similar system obtaining up to 91% ee**” and in 2017 Hartwig
disclosed a complementary approach, again with a very similar
substrate but with replacement of the heme with an (Ir(Me)-PIX)
cofactor.>*® In 2014 Arnold examined another system and re-
ported an enzyme which gave improved enantioselectivity for
cyclisation to the 5-memebred sultam (P411gy;3-CIS-T438S-
1263F) alongside a new variant (P411p;3-CIS-T268A-F87A)
engineered to catalyse formation of the 6-membered hetero-
cycle from the same starting material and with good regiose-
lectivity and excellent enantioselectivity (Fig. 47, centre).>* This
is an outstanding example of catalyst control and compares very
favourably to the performance of small molecule catalysts
developed for the same transformation (see Fig. 16a).**
Further examples of C(sp®)-H amination have been reported
by the same laboratory including protocols for asymmetric
intermolecular benzylic amination (Fig. 48a),>***' and asym-
metric intramolecular amination at secondary and tertiary C-H
bonds.*** Parallel to these studies, Arnold has also investigated
the asymmetric aziridination of styrenes, with an initial report
in 2015 (Fig. 47, right).>** What is most interesting is that this
last reaction predates the discovery of the first known cyto-
chrome P450 nitrene transferase. Only in 2018 did Katsuyama
and Ohnishi report that the BezE enzyme, catalyses a key
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Fig. 48 More challenging intermolecular CYP-catalysed nitrene
transfer reactions developed in the Arnold laboratory. TTN = total
turnover number.
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intramolecular aziridination using an iron nitrenoid during
benzastatin biosynthesis (Fig. 46).>**

One drawback common to all of the asymmetric nitrene
transfer reactions discussed in this review is the requirement
for a protecting group on the nitrogen which adds extra (often
non-trivial) steps to reveal the free amine. Arnold recognised
this and has moved to using hydroxylamine-derived nitrene
precursors which transfer -NH, directly following activation at
the metal.”®® These reactions are thought to proceed via an Fe=
NH species which is the closest nitrogen analogue to the natural
Fe=0 intermediate involved in biological C-H hydroxylation.>*
This was first demonstrated in the asymmetric aziridination/
ring opening reaction of styrene catalysed by a Rma cyt c
“TQL” (Fig. 48b).>** The same nitrene source was then applied to
intermolecular C-H amination at benzylic and allylic positions
using P411 variants*’ (Fig. 48c) and now more recently to
propargylic positions using PA-G8 (Fig. 48d).>*®

It is important to consider the trajectory of these engineered
enzymes for the purposes of asymmetric nitrene transfer.
Arnold's first asymmetric amination using an engineered CYP
was reported in 2013 on a simple substrate. Already, only 10
years later, the methodology can catalyse asymmetric intermo-
lecular amination at most classes of activated C(sp®)-H bond,
with the highest selectivities, and can often deliver the free
amine directly, something which no other current asymmetric
nitrene transfer protocol achieves. The progression has been
meteoric and underscores the power of this approach.

The last frontier for these enzymes and for asymmetric
intermolecular amination in general is the selective func-
tionalisation of completely unactivated aliphatic hydrocarbon
positions which is the ultimate aim of C-H functionalisa-
tion.?®® Studies in the Hirschi and Arnold laboratories have
recently focussed on this challenge by examining the inter-
molecular amination of feedstock alkanes such as alkyl
cyclohexanes (Fig. 49).2°° Encouraging initial results have been
disclosed wherein methyl and ethyl cyclohexane can be ami-
nated or amidated with control of site-selectivity, diaster-
eoselectivity and enantioselectivity. The corresponding
reactions on other cyclic and linear substrates show generally
decreased selectivities and yields for the moment. It will be
a triumph for directed evolution if intermolecular hydroxyl-
ation can be mirrored with aminations on the very same
unactivated substrate classes and with identical precision.
Given the pace at which this field is advancing, this seems to
be a matter of when rather than if.

Amination at Unactivated Positions - Athavale, Hirschi and Arnold (2022)
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Fig. 49 |Initial results towards the selective functionalisation of
unactivated hydrocarbons using engineered CYPs.
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5. Conclusions and outlook

In conclusion, this review has aimed to provide a detailed
overview of the various strategies used to impart enantiose-
lectivity for metal nitrenoid insertion into C(sp®)-H bonds and
addition to alkenes. Although there are features common to
many of the substrates employed in the various sections, the
design tactics used to control enantioselectivity are unique to
each catalyst class and required creativity and an understanding
of reaction mechanism to achieve effective enantioinduction. A
variety of ligand classes for transition metals have been grad-
ually tuned and developed to become highly effective in a range
of scenarios and in recent years these have been joined by
enzymatic protocols which are already providing competition to
the more classical methods. The rate of development of enzy-
matic methods, in particular, demonstrates great promise in
terms of addressing future challenges in the area, which will be
outlined below, considering C-H amination and aziridination
in turn.

For C-H amination, functionalisation at activated positions
such as benzylic, allylic or propargylic C-H bonds is dominant
and in most cases the reactivity of the metal complexes cannot
be extended to less activated C-H bonds. Yet this is a crucial
goal if the methodology is to enjoy more widespread uptake.
The successful realisation of this aim will require the design of
catalysts which are both more reactive (capable of functional-
izing sites of lower electron density) and more discriminating
(capable of functionalizing sites with minimal steric bias such
as specific methylene positions in the middle of a long alkyl
chain). The challenge of site-selectivity is one which is not the
focus of this review. However, as more reactive nitrene transfer
catalysts are inevitably developed that are able to react with
unactivated secondary C(sp®)-H bonds, the issue of site-
selectivity will become paramount. Importantly, this will need
to be addressed alongside enantioselectivity since, in most
cases, new stereocentres will be formed in such processes. This
triple challenge of higher reactivity, site-selectivity and enan-
tioselectivity will certainly stretch current chemical catalysis
concepts to the limit and it could be argued that the traditional
approach of the metal complex bearing a chiral ligand may
struggle to achieve all three aspects simultaneously.

For aziridination there remain limitations regarding the
compatible substrate classes, with styrenes being arguably over-
represented in existing advances and application to unactivated
alkenes being much rarer. Compared with asymmetric epoxi-
dation, one of the most widely used catalytic asymmetric reac-
tion types, asymmetric aziridination is far less employed by
practicing synthetic chemists. This is despite the fact that
nitrogen atoms are as similarly prevalent in chiral compounds
of medicinal and societal relevance as oxygen atoms. The reason
is the current gap in terms of methodology and the breadth of
substrates that can be tackled. There is little doubt in these
authors' minds that if highly effective and general ‘aza’ versions
of the Sharpless asymmetric epoxidation or dihydroxylation
were developed then they would be rapidly adopted by the
synthetic community.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Given the above challenges that remain, what approaches
might allow these to be tackled?

Notably, the exploitation of attractive non-covalent interac-
tions between designed ligands and substrates has increasingly
been identified as impacting on enantioselectivity outcomes. In
many cases highlighted in this article the importance of non-
covalent interactions has been realised retrospectively through
DFT analysis. This is important because it demonstrates that
steric repulsion is not the only force at play and sometimes
bulky groups can actually be engaging in unexpected attractive
interactions, such as in the case of London dispersion forces.
But there are increasingly examples where attractive non-
covalent interactions have been incorporated deliberately as
part of an explicit design strategy. In the latter case, such an
approach can offer alternative ways of incorporating asymmetry
into a transition metal complex compared with the conven-
tional incorporation of stereocentres covalently into the optimal
ligand scaffold for an achiral reaction. It is certain that the latter
approach has many more innovations to come but it is also
evident that designed approaches harnessing non-covalent
interactions are gaining traction and are likely to continue to
do so in the coming years as confidence in their deployment
increases. We additionally believe that further development in
the use of designed non-covalent approaches will be key to
addressing the site-selectivity challenges that will also be
invariably associated with more challenging reactivity scenarios
such as remote functionalisation, away from an arene or alkene
(vide supra).

Considering the collection of catalyst classes presented
above, it seems that engineered enzymes hold remarkable
promise. The next decade or so will likely show whether enzy-
matic approaches overtake purely synthetic catalysts to become
the system of choice for performing the most challenging and
currently elusive aminations. As previously pointed out in this
review, within only a decade or so, engineered P450 enzymes
have already matched the selectivities obtained with small-
molecule catalysts in a number of ‘benchmark’ substrate
types. Furthermore, they have made important progress
towards the asymmetric intermolecular transfer of (i) unpro-
tected nitrogen atoms at (ii) unactivated positions. Combined,
the latter two points comprise an important challenge in
contemporary nitrene transfer to which small-molecule cata-
lysts have arguably not yet risen. This is clear through
a consideration of the examples included above in which
nitrogen protecting groups abound and in which despite the
breadth of catalyst structures and strategies considered, it is
consistently the same benzylic and allylic positions which are
being targeted. As a result, there are currently a very large
number of synthetic catalysts to tackle asymmetric amination of
essentially rather similar substrates. A caveat here is that the
turnover numbers and predictability in these pioneering enzy-
matic efforts require much improvement for them to be used as
genuine synthetic tools. Whilst the groundwork has been laid
on which these developments can occur on, their translation to
the everyday toolkit of organic chemists is still some distance
away and it will be fascinating to reassess this situation in
a decade's time.

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

View Article Online

Chemical Science

Author contributions

The manuscript was written through the contributions of all
authors and all authors have given approval to the final version.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

A. F. is grateful to the Cambridge Trust and Wolfson College
Cambridge for a Vice-Chancellor's & Wolfson College Scholar-
ship. We are grateful the ERC (starting grant Non-
CovRegioSiteCat, 757381) for funding under Horizon 2020.

References

1 Y. Park, Y. Kim and S. Chang, Chem. Rev., 2017, 117, 9247-
9301.

2 A. Trowbridge, S. M. Walton and M. ]J. Gaunt, Chem. Rev.,
2020, 120, 2613-2692.

3 G. Dequirez, V. Pons and P. Dauban, Angew. Chem., Int. Ed.,
2012, 51, 7384-7395.

4 Z. Wang, in Comprehensive Organic Name Reactions and
Reagents, John Wiley & Sons, Inc., Hoboken, 1st edn, 2009,
Lossen Rearrangement, vol. 2, pp. 1772-1776.

5 Z. Wang, in Comprehensive Organic Name Reactions and
Reagents, John Wiley & Sons, Inc., Hoboken, 1st edn, 2009,
Curtius Rearrangement, vol. 1, pp. 780-785.

6 F. Tiemann, Ber. Dtsch. Chem. Ges. B, 1891, 24, 4162-4167.

7 T. Curtius and F. Schmidt, Ber. Dtsch. Chem. Ges. B, 1922,
55, 1571-1581.

8 W. Lwowski, in Nitrenes, ed. W. Lwowski, Interscience
Publishers, New York, 1st edn, 1970, Introduction, pp. 1-11.

9 M. Ju and J. M. Schomaker, Nat. Rev. Chem, 2021, 5, 580-
594.

10 H. Kwart and A. A. Kahn, J. Am. Chem. Soc., 1967, 89, 1950-
1951.

11 H. Kwart and A. A. Khan, J. Am. Chem. Soc., 1967, 89, 1951-
1953.

12 D. Bourissou, O. Guerret, F. P. Gabbai and G. Bertrand,
Chem. Rev., 2000, 100, 39-92.

13 H. M. L. Davies and R. E. J. Beckwith, Chem. Rev., 2003, 103,
2861-2904.

14 T. L. Gilchrist and C. W. Rees, Carbenes Nitrenes and Arynes,
Springer New York, New York, 1969.

15 Y.-C. Wang, X.-J. Lai, K. Huang, S. Yadav, G. Qiu, L. Zhang
and H. Zhou, Org. Chem. Front., 2021, 8, 1677-1693.

16 Y. Yamada, T. Yamamoto and M. Okawara, Chem. Lett.,
1975, 4, 361-362.

17 X.-Q. Yu, J.-S. Huang, X.-G. Zhou and C.-M. Che, Org. Lett.,
2000, 2, 2233-2236.

18 C. G. Espino and ]. D. Bois, Angew. Chem., Int. Ed., 2001, 40,
598-600.

19 L. E. Overman and A. L. Tomasi, J. Am. Chem. Soc., 1998,
120, 4039-4040.

Chem. Sci., 2023, 14, 12447-12476 | 12471


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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 1402. Downloaded on 24/11/1404 01:36:52 ..

(cc)

Chemical Science

20 B. M. Trost, J. L. Gunzner, O. Dirat and Y. H. Rhee, J. Am.
Chem. Soc., 2002, 124, 10396-10415.

21 A. Hinman and J. Du Bois, J. Am. Chem. Soc., 2003, 125,
11510-11511.

22 C. G. Espino, K. W. Fiori, M. Kim and ]. Du Bois, J. Am.
Chem. Soc., 2004, 126, 15378-15379.

23 D. N. Zalatan and J. Du Bois, J. Am. Chem. Soc., 2009, 131,
7558-7559.

24 N. D. Chiappini, J. B. C. Mack and J. Du Bois, Angew. Chem.
Int. Ed., 2018, 57, 4956-4959.

25 Chiral Amine Synthesis: Methods, Developments and
Applications, ed. T. C. Nugent, Wiley-VCH Verlag GmbH
Co. KGaA, Weinheim, 2010.

26 H. Pellissier, Adv. Synth. Catal., 2014, 356, 1899-1935.

27 D.-S. Wang and X. P. Zhang, in Reference Module in
Chemistry, Molecular Sciences and Chemical Engineering,
Elsevier, 2022.

28 H. Hayashi and T. Uchida, Eur. J. Org Chem., 2020, 2020,
909-916.

29 R. Breslow, J. Biol. Chem., 2009, 284, 1337-1342.

30 Some of the Text and Figures in this Review Article have been
Taken from the Introduction of Alexander Fanourakis’ PhD
thesis: A. Fanourakis, PhD thesis, University of Cambridge,
2023, DOI: , DOI: 10.17863/CAM.94663.

31 H. Brunner and U. Obermann, Chem. Ber., 1989, 122, 499-
507.

32 G. Balavoine, J. C. Clinet and I. Lellouche, Tetrahedron Lett.,
1989, 30, 5141-5144.

33 H. Brunner, U. Obermann and P. Wimmer, Organometallics,
1989, 8, 821-826.

34 H. Nishiyama, H. Sakaguchi, T. Nakamura, M. Horihata,
M. Kondo and K. Itoh, Organometallics, 1989, 8, 846-848.

35 D. A. Evans, K. A. Woerpel, M. M. Hinman and M. M. Faul, J.
Am. Chem. Soc., 1991, 113, 726-728.

36 E.J. Corey, N. Imai and H. Y. Zhang, J. Am. Chem. Soc., 1991,
113, 728-729.

37 G.Desimoni, G. Faita and K. A. Jergensen, Chem. Rev., 2006,
106, 3561-3651.

38 D. A. Evans, M. M. Faul, M. T. Bilodeau, B. A. Anderson and
D. M. Barnes, J. Am. Chem. Soc., 1993, 115, 5328-5329.

39 D. A. Evans, M. M. Faul and M. T. Bilodeau, J. Org. Chem.,
1991, 56, 6744-6746.

40 R. E. Lowenthal and S. Masamune, Tetrahedron Lett., 1991,
32, 7373-7376.

41 M. J. Sodergren, D. A. Alonso, A. V. Bedekar and
P. G. Andersson, Tetrahedron Lett., 1997, 38, 6897-6900.

42 M. J. Sodergren, D. A. Alonso and P. G. Andersson,
Tetrahedron: Asymmetry, 1997, 8, 3563-3565.

43 J. Gullick, S. Taylor, P. McMorn, D. Bethell, P. C. Bulman-
Page, F. E. Hancock, F. King and G. J. Hutchings, J. Mol.
Catal. A: Chem., 2002, 182-183, 571-575.

44 D. Ryan, P. McMorn, D. Bethell and G. Hutchings, Org.
Biomol. Chem., 2004, 2, 3566-3572.

45 W. Adam, K. J. Roschmann and C. R. Saha-Moller, Eur. J.
Org Chem., 2000, 2000, 557-561.

46 Z. Zhou, Q.-Q. Cheng and L. Kiirti, . Am. Chem. Soc., 2019,
141, 2242-2246.

12472 | Chem. Sci, 2023, 14, 12447-12476

View Article Online

Review

47 A. Estéoule, F. Duran, P. Retailleau, R. H. Dodd and
P. Dauban, Synthesis, 2007, 2007, 1251-1260.

48 S. Hajra and D. Sinha, J. Org. Chem., 2011, 76, 7334-7340.

49 S. Hajra, B. Maji and D. Mal, Adv. Synth. Catal., 2009, 351,
859-864.

50 S. Hajra, S. M. S. Akhtar and S. M. Aziz, Chem. Commun.,
2014, 50, 6913-6916.

51 S. Hajra and S. Bar, Chem. Commun., 2011, 47, 3981-3982.

52 S. Hajra and S. Bar, Tetrahedron: Asymmetry, 2011, 22, 775-
779.

53 S. Hajra and S. Bar, Tetrahedron: Asymmetry, 2012, 23, 151-
156.

54 S. Kim, S. L. Song, J. Zhang, D. Kim, S. Hong and S. Chang,
J. Am. Chem. Soc., 2023, 145, 16238-16248.

55 K. M. Nakafuku, Z. Zhang, E. A. Wappes, L. M. Stateman,
A. D. Chen and D. A. Nagib, Nat. Chem., 2020, 12, 697-704.

56 J. M. Alderson, J. R. Corbin and J. M. Schomaker, Acc. Chem.
Res., 2017, 50, 2147-2158.

57 M. Ju, C. D. Weatherly, I. A. Guzei and J. M. Schomaker,
Angew. Chem., Int. Ed., 2017, 56, 9944-9948.

58 J.]J. Farndon, T. A. Young and J. F. Bower, J. Am. Chem. Soc.,
2018, 140, 17846-17850.

59 M. Ju, E. E. Zerull, J. M. Roberts, M. Huang, 1. A. Guzei and
J. M. Schomaker, J. Am. Chem. Soc., 2020, 142, 12930-12936.

60 Y.-Q. Zhang, Y.-A. Yuan, G.-S. Liu and H. Xu, Org. Lett., 2013,
15, 3910-3913.

61 C.-L. Zhu, J.-S. Tian, Z.-Y. Gu, G.-W. Xing and H. Xu, Chem.
Sci., 2015, 6, 3044-3050.

62 Y. Dong, C. J. Lund, G. J. Porter, R. M. Clarke, S.-L. Zheng,
T. R. Cundari and T. A. Betley, J. Am. Chem. Soc., 2021,
143, 817-829.

63 J. Xu, L. Ma and P. Jiao, Chem. Commun., 2004, 1616-1617.

64 L. Ma, P. Jiao, Q. Zhang, D.-M. Du and ]. Xu, Tetrahedron:
Asymmetry, 2007, 18, 878-884.

65 L. Ma, D.-M. Du and J. Xu, J. Org. Chem., 2005, 70, 10155-
10158.

66 1. Kisets and D. Gelman, J. Organomet. Chem., 2021, 941,
121804.

67 E. Milczek, N. Boudet and S. Blakey, Angew. Chem., Int. Ed.,
2008, 47, 6825-6828.

68 L. Li, F. Han, X. Nie, Y. Hong, S. Ivlev and E. Meggers,
Angew. Chem., Int. Ed., 2020, 59, 12392-12395.

69 X. Nie, Z. Yan, S. Ivlev and E. Meggers, J. Org. Chem., 2021,
86, 750-761.

70 R. R. Annapureddy, C. Jandl and T. Bach, J. Am. Chem. Soc.,
2020, 142, 7374-7378.

71 F. Burg and T. Bach, J. Org. Chem., 2019, 84, 8815-8836.

72 R. Irie, K. Noda, Y. Ito, N. Matsumoto and T. Katsuki,
Tetrahedron Lett., 1990, 31, 7345-7348.

73 E. N. Jacobsen, W. Zhang, A. R. Muci, J. R. Ecker and
L. Deng, J. Am. Chem. Soc., 1991, 113, 7063-7064.

74 E.M. McGarrigle and D. G. Gilheany, Chem. Rev., 2005, 105,
1563-1602.

75 K. Matsumoto and T. Katsuki, in Catalytic Asymmetric
Synthesis, ed. 1. Ojima, John Wiley & Sons, Inc., Hoboken,
3rd edn, 2010, ch. 11, pp. 839-890.

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


https://doi.org/10.17863/CAM.94663
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc04661c

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 1402. Downloaded on 24/11/1404 01:36:52 ..

(cc)

Review

76 K. J. O'Connor, S.-J. Wey and C. J. Burrows, Tetrahedron
Lett., 1992, 33, 1001-1004.

77 W. Zhang, J. L. Loebach, S. R. Wilson and E. N. Jacobsen, J.
Am. Chem. Soc., 1990, 112, 2801-2803.

78 R. Irie, T. Uchida and K. Matsumoto, Chem. Lett., 2015, 44,
1268-1283.

79 Z. Li, K. R. Conser and E. N. Jacobsen, J. Am. Chem. Soc.,
1993, 115, 5326-5327.

80 K. Noda, N. Hosoya, R. Irie, Y. Ito and T. Katsuki, Synlett,
1993, 1993, 469-471.

81 Z. Li, R. W. Quan and E. N. Jacobsen, J. Am. Chem. Soc.,
1995, 117, 5889-5890.

82 E. N. Jacobsen, I. Marko, W. S. Mungall, G. Schroeder and
K. B. Sharpless, J. Am. Chem. Soc., 1988, 110, 1968-1970.

83 E. N. Jacobsen, I. Marko, M. B. France, J. S. Svendsen and
K. B. Sharpless, J. Am. Chem. Soc., 1989, 111, 737-739.

84 ]. S. M. Wai, 1. Marko, J. S. Svendsen, M. G. Finn,
E. N. Jacobsen and K. B. Sharpless, J. Am. Chem. Soc.,
1989, 111, 1123-1125.

85 D. J. Berrisford, C. Bolm and K. B. Sharpless, Angew Chem.
Int. Ed. Engl., 1995, 34, 1059-1070.

86 H. Sasaki, R. Irie, T. Hamada, K. Suzuki and T. Katsuki,
Tetrahedron, 1994, 50, 11827-11838.

87 T. Katsuki, J. Synth. Org. Chem., Jpn., 1995, 53, 940-951.

88 H. Nishikori and T. Katsuki, Tetrahedron Lett., 1996, 37,
9245-9248.

89 K. Omura, M. Murakami, T. Uchida, R. Irie and T. Katsuki,
Chem. Lett., 2003, 32, 354-355.

90 J.-L. Liang, X.-Q. Yu and C.-M. Che, Chem. Commun., 2002,
124-125.

91 T. Uchida, Y. Tamura, M. Ohba and T. Katsuki, Tetrahedron
Lett., 2003, 44, 7965-7968.

92 K. Omura, T. Uchida, R. Irie and T. Katsuki, Chem.
Commun., 2004, 2060-2061.

93 T. Kan and T. Fukuyama, Chem. Commun., 2004, 353-359.

94 P. Ribiere, V. Declerck, J. Martinez and F. Lamaty, Chem.
Rev., 2006, 106, 2249-2269.

95 H. Kawabata, K. Omura and T. Katsuki, Tetrahedron Lett.,
2006, 47, 1571-1574.

96 H. Kawabata, K. Omura, T. Uchida and T. Katsuki, Chem.-
Asian J., 2007, 2, 248-256.

97 C.Kim, T. Uchida and T. Katsuki, Chem. Commun., 2012, 48,
7188-7190.

98 Y. Fukunaga, T. Uchida, Y. Ito, K. Matsumoto and
T. Katsuki, Org. Lett., 2012, 14, 4658-4661.

99 Y. Kohmura and T. Katsuki, Tetrahedron Lett., 2001, 42,
3339-3342.

100 Y. Nishioka, T. Uchida and T. Katsuki, Angew. Chem., Int.
Ed., 2013, 52, 1739-1742.

101 M. Ichinose, H. Suematsu, Y. Yasutomi, Y. Nishioka,
T. Uchida and T. Katsuki, Angew. Chem., Int. Ed., 2011, 50,
9884-9887.

102 M. Shi, C.J. Wang and A. S. C. Chan, Tetrahedron:
Asymmetry, 2001, 12, 3105-3111.

103 K. M. Gillespie, C. J. Sanders, P. O’'Shaughnessy,
I. Westmoreland, C. P. Thickitt and P. Scott, J. Org
Chem., 2002, 67, 3450-3458.

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

View Article Online

Chemical Science

104 X. Wang and K. Ding, Chem.-Eur. J., 2006, 12, 4568-4575.

105 T. Satoh and M. Miura, Chem.-Eur. J., 2010, 16, 11212-
11222.

106 N. Kuhl, N. Schroder and F. Glorius, Adv. Synth. Catal.,
2014, 356, 1443-1460.

107 S. Wang, S.-Y. Chen and X.-Q. Yu, Chem. Commun., 2017,
53, 3165-3180.

108 T. Piou and T. Rovis, Acc. Chem. Res., 2018, 51, 170-180.

109 J. Park and S. Chang, Chem.-Asian J., 2018, 13, 1089-1102.

110 A. Peneau, C. Guillou and L. Chabaud, Eur. J. Org Chem.,
2018, 2018, 5777-5794.

111 B. Du, C.-M. Chan, C.-M. Au and W.-Y. Yu, Acc. Chem. Res.,
2022, 55, 2123-2137.

112 J. Mas-Roselld, A. G. Herraiz, B. Audic, A. Laverny and
N. Cramer, Angew. Chem., Int. Ed., 2021, 60, 13198-13224.

113 T. Yoshino and S. Matsunaga, Synlett, 2019, 30, 1384-1400.

114 T. Yoshino and S. Matsunaga, ACS Catal., 2021, 11, 6455-
6466.

115 S. Fukagawa, M. Kojima, T. Yoshino and S. Matsunaga,
Angew. Chem., Int. Ed., 2019, 58, 18154-18158.

116 S. Maity, T. ]J. Potter and J. A. Ellman, Nat. Catal., 2019, 2,
756-762.

117 C. M. B. Farr, A. M. Kazerouni, B. Park, C. D. Poff, ]J. Won,
K. R. Sharp, M.-H. Baik and S. B. Blakey, J. Am. Chem.
Soc., 2020, 142, 13996-14004.

118 S.Y. Hong, Y. Hwang, M. Lee and S. Chang, Acc. Chem. Res.,
2021, 54, 2683-2700.

119 Y. Park and S. Chang, Nat. Catal., 2019, 2, 219-227.

120 Q. Xing, C.-M. Chan, Y.-W. Yeung and W.-Y. Yu, J. Am.
Chem. Soc., 2019, 141, 3849-3853.

121 S. Y. Hong, Y. Park, Y. Hwang, Y. B. Kim, M.-H. Baik and
S. Chang, Science, 2018, 359, 1016-1021.

122 H. Jung, J. Kweon, J.-M. Suh, M. H. Lim, D. Kim and
S. Chang, Science, 2023, 381, 525-532.

123 H. Wang, Y. Park, Z. Bai, S. Chang, G. He and G. Chen, J.
Am. Chem. Soc., 2019, 141, 7194-7201.

124 S.Y.Hong, D. Kim and S. Chang, Nat. Catal., 2021, 4, 79-88.

125 S. Kim, D. Kim, S. Y. Hong and S. Chang, J. Am. Chem. Soc.,
2021, 143, 3993-4004.

126 E. Lee, Y. Hwang, Y. B. Kim, D. Kim and S. Chang, J. Am.
Chem. Soc., 2021, 143, 6363-6369.

127 J.Jeong, H. Jung, D. Kim and S. Chang, ACS Catal., 2022, 12,
8127-8138.

128 E. B. Bauer, Chem. Soc. Rev., 2012, 41, 3153-3167.

129 E. Meggers, Chem.—Eur. J., 2010, 16, 752-758.

130 E. Meggers, Eur. J. Inorg. Chem., 2011, 2011, 2911-2926.

131 L. Gong, L.-A. Chen and E. Meggers, Angew. Chem., Int. Ed.,
2014, 53, 10868-10874.

132 L. Zhang and E. Meggers, Chem.-Asian J., 2017, 12, 2335-
2342.

133 L. Zhang and E. Meggers, Acc. Chem. Res., 2017, 50, 320-
330.

134 M. J. Genzink, J. B. Kidd, W. B. Swords and T. P. Yoon,
Chem. Rev., 2022, 122, 1654-1716.

135 Z. Zhou, S. Chen, J. Qin, X. Nie, X. Zheng, K. Harms,
R. Riedel, K. N. Houk and E. Meggers, Angew. Chem., Int.
Ed., 2019, 58, 1088-1093.

Chem. Sci., 2023, 14, 12447-12476 | 12473


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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 1402. Downloaded on 24/11/1404 01:36:52 ..

(cc)

Chemical Science

136 Z.Zhou, Y. Tan, X. Shen, S. Ivlev and E. Meggers, Sci. China:
Chem., 2020, 452-458.

137 G. Wang, Z. Zhou, X. Shen, S. Ivlev and E. Meggers, Chem.
Commun., 2020, 56, 7714-7717.

138 Z. Zhou, Y. Tan, T. Yamahira, S. Ivlev, X. Xie, R. Riedel,
M. Hemming, M. Kimura and E. Meggers, Chem, 2020, 6,
2024-2034.

139 Y. Tan, F. Han, M. Hemming, J. Wang, K. Harms, X. Xie and
E. Meggers, Org. Lett., 2020, 22, 6653-6656.

140 C.-X. Ye, X. Shen, S. Chen and E. Meggers, Nat. Chem., 2022,
14, 566-573.

141 C.-X. Ye, D. R. Dansby, S. Chen and E. Meggers, Nat. Synth.,
2023, 1-8.

142 R. Paulissen, H. Reimlinger, E. Hayez, A. ]J. Hubert and
P. Teyssié, Tetrahedron Lett., 1973, 14, 2233-2236.

143 A. J. Hubert, A. F. Noels, A. J. Anciaux and P. Teyssié,
Synthesis, 1976, 1976, 600-602.

144 M. P. Doyle and D. C. Forbes, Chem. Rev., 1998, 98, 911-936.

145 M. P. Doyle, J. Org. Chem., 2006, 71, 9253-9260.

146 J. Hansen and H. M. L. Davies, Coord. Chem. Rev., 2008, 252,
545-555.

147 H. M. L. Davies and A. R. Dick, Top. Curr. Chem., 2010, 292,
303-345.

148 M. P. Doyle, R. Duffy, M. Ratnikov and L. Zhou, Chem. Rev.,
2010, 110, 704-724.

149 H. M. L. Davies and D. Morton, Chem. Soc. Rev., 2011, 40,
1857-1869.

150 H. M. L. Davies and K. Liao, Nat. Rev. Chem, 2019, 3, 347—
360.

151 H. M. L. Davies, J. Org. Chem., 2019, 84, 12722-12745.

152 T. G. Driver, in Rhodium Catalysis in Organic Synthesis, John
Wiley & Sons, Ltd, 2019, pp. 373-432.

153 J. L. Roizen, M. E. Harvey and ]J. Du Bois, Acc. Chem. Res.,
2012, 45, 911-922.

154 J. Du Bois, Org. Process Res. Dev., 2011, 15, 758-762.

155 A. DeAngelis, D. T. Boruta, J.-B. Lubin, L. I. L. J. N. Plampin,
G. P. A. Yap and ]J. M. Fox, Chem. Commun., 2010, 46, 4541-
4543.

156 R. Hrdina, Eur. J. Inorg. Chem., 2021, 2021, 501-528.

157 T. Murai, W. Lu, T. Kuribayashi, K. Morisaki, Y. Ueda,
S. Hamada, Y. Kobayashi, T. Sasamori, N. Tokitoh,
T. Kawabata and T. Furuta, ACS Catal., 2020, 568-578.

158 P. Dauban, R. Rey-Rodriguez and A. Nasrallah, in C-H
Activation for Asymmetric Synthesis, ed. F. Colobert and ]J.
Wencel-Delord, Wiley-VCH Verlag GmbH Co. KGaA,
Weinheim, 1st edn, 2019, ch. 2, pp. 51-76.

159 P. Miiller, C. Baud, Y. Jacquier, M. Moran and I. Nageli, /.
Phys. Org. Chem., 1996, 9, 341-347.

160 M. C. Pirrung and J. Zhang, Tetrahedron Lett., 1992, 33,
5987-5990.

161 C. Fruit and P. Miiller, Tetrahedron: Asymmetry, 2004, 15,
1019-1026.

162 M. Yamawaki, H. Tsutsui, S. Kitagaki, M. Anada and
S. Hashimoto, Tetrahedron Lett., 2002, 43, 9561-9564.

163 R. P. Reddy and H. M. L. Davies, Org. Lett., 2006, 8, 5013-
5016.

12474 | Chem. Sci, 2023, 14, 12447-12476

View Article Online

Review

164 A. Nasrallah, V. Boquet, A. Hecker, P. Retailleau, B. Darses
and P. Dauban, Angew. Chem., Int. Ed., 2019, 58, 8192-8196.

165 A. Nasrallah, Y. Lazib, V. Boquet, B. Darses and P. Dauban,
Org. Process Res. Dev., 2020, 24, 724-728.

166 V. Boquet, A. Nasrallah, A. L. Dana, E. Brunard, P. H. Di
Chenna, F. J. Duran, P. Retailleau, B. Darses, M. Sircoglou
and P. Dauban, J. Am. Chem. Soc., 2022, 144, 17156-17164.

167 M. Tanaka, Y. Kurosaki, T. Washio, M. Anada and
S. Hashimoto, Tetrahedron Lett., 2007, 48, 8799-8802.

168 M. Anada, M. Tanaka, T. Washio, M. Yamawaki, T. Abe and
S. Hashimoto, Org. Lett., 2007, 9, 4559-4562.

169 M. Anada, M. Tanaka, N. Shimada, H. Nambu,
M. Yamawaki and S. Hashimoto, Tetrahedron, 2009, 65,
3069-3077.

170 Y. Han and E. J. Corey, Org. Lett., 2019, 21, 283-286.

171 R. Yasue and K. Yoshida, Adv. Synth. Catal., 2021, 363,
1662-1671.

172 J.-L. Liang, S.-X. Yuan, P. W. H. Chan and C.-M. Che,
Tetrahedron Lett., 2003, 44, 5917-5920.

173 D. N. Zalatan and J. Du Bois, J. Am. Chem. Soc., 2008, 130,
9220-9221.

174 T. Miyazawa, T. Suzuki, Y. Kumagai, K. Takizawa,
T. Kikuchi, S. Kato, A. Onoda, T. Hayashi, Y. Kameli,
F. Kamiyama, M. Anada, M. Kojima, T. Yoshino and
S. Matsunaga, Nat. Catal., 2020, 3, 851-858.

175 K. Makino, Y. Kumagai, T. Yoshino, M. Kojima and
S. Matsunaga, Org. Lett., 2023, 25, 3234-3238.

176 Y. Lian and H. M. L. Davies, Org. Lett., 2012, 14, 1934-1937.

177 D. F. Taber, R. P. Meagley, ]J. P. Louey and A. L. Rheingold,
Inorg. Chim. Acta, 1995, 239, 25-28.

178 H. M. L. Davies and N. Kong, Tetrahedron Lett., 1997, 38,
4203-4206.

179 H. M. L. Davies and S. A. Panaro, Tetrahedron Lett., 1999, 40,
5287-5290.

180 P.-A. Chen, K. Setthakarn and J. A. May, ACS Catal., 2017, 7,
6155-6161.

181 R. Sambasivan and Z. T. Ball, J. Am. Chem. Soc., 2010, 132,
9289-9291.

182 R. Sambasivan and Z. T. Ball, Angew. Chem., Int. Ed., 2012,
51, 8568-8572.

183 Z. T. Ball, Acc. Chem. Res., 2013, 46, 560-570.

184 R. Sambasivan, W. Zheng, S. J. Burya, B. V. Popp, C. Turro,
C. Clementi and Z. T. Ball, Chem. Sci., 2014, 5, 1401-1407.

185 T. HOke, E. Herdtweck and T. Bach, Chem. Commun., 2013,
49, 8009-8011.

186 F.Zhong and T. Bach, Chem.-Eur. J., 2014, 20, 13522-13526.
187 A. Fanourakis, B. D. Williams, K. J. Paterson and
R. J. Phipps, J. Am. Chem. Soc., 2021, 143, 10070-10076.

188 K. Ohmatsu and T. Ooi, in Asymmetric Organocatalysis
Combined with Metal Catalysis, ed. B. A. Arndtsen and L.-
Z. Gong, Springer International Publishing, Cham, 2020,
pp. 131-152.

189 X. Ye and C.-H. Tan, Chem. Sci., 2021, 12, 533-539.

190 G. R. Genov, J. L. Douthwaite, A. S. K. Lahdenpera,
D. C. Gibson and R. J. Phipps, Science, 2020, 367, 1246—
1251.

© 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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 1402. Downloaded on 24/11/1404 01:36:52 ..

(cc)

Review

191 A. Fanourakis, N. J. Hodson, A. R. Lit and R. J. Phipps, J. Am.
Chem. Soc., 2023, 145, 7516-7527.

192 N. van den Heuvel, S. M. Mason, B. Q. Mercado and
S. J. Miller, J. Am. Chem. Soc., 2023, 145, 12377-12385.

193 R. Breslow and S. H. Gellman, J. Chem. Soc. Chem.
Commun., 1982, 1400-1401.

194 R. Breslow and S. H. Gellman, J. Am. Chem. Soc., 1983, 105,
6728-6729.

195 D. Mansuy, ]J.-P. Mahy, A. Dureault, G. Bedi and P. Battioni,
J. Chem. Soc. Chem. Commun., 1984, 1161-1163.

196 ]J. P. Mahy, P. Battioni and D. Mansuy, J. Am. Chem. Soc.,
1986, 108, 1079-1080.

197 J.-P. Mahy, G. Bedi, P. Battioni and D. Mansuy, J. Chem.
Soc., Perkin Trans. 2, 1988, 1517-1524.

198 T.-S. Lai, C.-M. Che, H.-L. Kwong and S.-M. Peng, Chem.
Commun., 1997, 2373-2374.

199 X.-G. Zhou, X.-Q. Yu, J.-S. Huang and C.-M. Che, Chem.
Commun., 1999, 2377-2378.

200 J.-L. Liang, J.-S. Huang, X.-Q. Yu, N. Zhu and C.-M. Che,
Chem.-Eur. J., 2002, 8, 1563-1572.

201 R. L. Halterman and S. T. Jan, J. Org. Chem., 1991, 56, 5253—
5254.

202 J.-P. Simonato, J. Pécaut, J.-C. Marchon and W. R. Scheidst,
Chem. Commun., 1999, 989-990.

203 J.-L. Liang, S.-X. Yuan, J.-S. Huang, W.-Y. Yu and C.-M. Che,
Angew. Chem., Int. Ed., 2002, 41, 3465-3468.

204 P. F. Kuijpers, M. ]J. Tiekink, W. B. Breukelaar,
D. L. J. Broere, N. P. van Leest, J. I. van der Vlugt,
J. N. H. Reek and B. De Bruin, Chem.-Eur. J., 2017, 23,
7945-7952.

205 H. Lu and X. P. Zhang, Chem. Soc. Rev., 2011, 40, 1899-1909.

206 P. F. Kuijpers, J. I. van der Vlugt, S. Schneider and B. de
Bruin, Chem.—-Eur. J., 2017, 23, 13819-13829.

207 A.I O. Suarez, H. Jiang, X. P. Zhang and B. de Bruin, Dalton
Trans., 2011, 40, 5697-5705.

208 V. Lyaskovskyy, A. I. O. Suarez, H. Lu, H. Jiang, X. P. Zhang
and B. de Bruin, J. Am. Chem. Soc., 2011, 133, 12264-12273.

209 M. Goswami, V. Lyaskovskyy, S. R. Domingos, W. J. Buma,
S. Woutersen, O. Troeppner, I. Ivanovi¢-Burmazovi¢, H. Lu,
X. Cui, X. P. Zhang, E. ]J. Reijerse, S. DeBeer, M. M. van
Schooneveld, F. F. Pfaff, K. Ray and B. de Bruin, J. Am.
Chem. Soc., 2015, 137, 5468-5479.

210 M. Goswami, C. Rebreyend and B. De Bruin, Molecules,
2016, 21, 242.

211 M. Goswami and B. De Bruin, Molecules, 2018, 23, 1052.

212 N. P. van Leest and B. de Bruin, Inorg. Chem., 2021, 60,
8380-8387.

213 J. V. Ruppel, J. E. Jones, C. A. Huff, R. M. Kamble, Y. Chen
and X. P. Zhang, Org. Lett., 2008, 10, 1995-1998.

214 V. Subbarayan, J. V. Ruppel, S. Zhu, J. A. Perman and
X. P. Zhang, Chem. Commun., 2009, 4266-4268.

215 H. Jiang, K. Lang, H. Lu, L. Wojtas and X. P. Zhang, J. Am.
Chem. Soc., 2017, 139, 9164-9167.

216 J. E. Jones, J. V. Ruppel, G.-Y. Gao, T. M. Moore and
X. P. Zhang, J. Org. Chem., 2008, 73, 7260-7265.

217 J. Tao, L.-M. Jin and X. P. Zhang, Beilstein J. Org. Chem.,
2014, 10, 1282-1289.

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

View Article Online

Chemical Science

218 X. Riart-Ferrer, P. Sang, J. Tao, H. Xu, L.-M. Jin, H. Lu,
X. Cui, L. Wojtas and X. P. Zhang, Chem, 2021, 7, 1120-
1134.

219 T. Deng, W. Mazumdar, R. L. Ford, N. Jana, R. Izar,
D. J. Wink and T. G. Driver, J. Am. Chem. Soc., 2020, 142,
4456-4463.

220 L.-M. Jin, X. Xu, H. Lu, X. Cui, L. Wojtas and X. P. Zhang,
Angew. Chem., Int. Ed., 2013, 52, 5309-5313.

221 L.-M. Jin, P. Xu, J. Xie and X. P. Zhang, J. Am. Chem. Soc.,
2020, 142, 20828-20836.

222 C. Li, K. Lang, H. Lu, Y. Hu, X. Cui, L. Wojtas and
X. P. Zhang, Angew. Chem., Int. Ed., 2018, 57, 16837-16841.

223 Y. Huy, K. Lang, C. Li, J. B. Gill, I. Kim, H. Lu, K. B. Fields,
M. Marshall, Q. Cheng, X. Cui, L. Wojtas and X. P. Zhang,
J. Am. Chem. Soc., 2019, 141, 18160-18169.

224 K. Lang, Y. Hu, W.-C. C. Lee and X. P. Zhang, Nat. Synth.,
2022, 1, 548-557.

225 Y. Hu, K. Lang, J. Tao, M. K. Marshall, Q. Cheng, X. Culi,
L. Wojtas and X. P. Zhang, Angew. Chem., Int. Ed., 2019,
58, 2670-2674.

226 K. Lang, S. Torker, L. Wojtas and X. P. Zhang, J. Am. Chem.
Soc., 2019, 141, 12388-12396.

227 K. Lang, C. Li, I. Kim and X. P. Zhang, J. Am. Chem. Soc.,
2020, 142, 20902-20911.

228 P. Xu, J. Xie, D.-S. Wang and X. P. Zhang, Nat. Chem., 2023,
1-10.

229 R. S. J. Proctor, A. C. Colgan and R. J. Phipps, Nat. Chem.,
2020, 12, 990-1004.

230 X. Wang and X. Peter Zhang, in Transition Metal-Catalyzed
Carbene Transformations, ed. J. Wang, C.-M. Che and M.
P. Doyle, Wiley-VCH Verlag GmbH Co. KGaA, Weinheim,
1st edn, 2022, ch. 2, pp. 25-66.

231 H.-H. Wang, H. Shao, G. Huang, J. Fan, W.-P. To, L. Dang,
Y. Liu and C.-M. Che, Angew. Chem., Int. Ed., 2023, 62,
€202218577.

232 E. W. Svastits, J. H. Dawson, R. Breslow and S. H. Gellman,
J. Am. Chem. Soc., 1985, 107, 6427-6428.

233 D. C. Miller, S. V. Athavale and F. H. Arnold, Nat. Synth.,
2022, 1, 18-23.

234 Y. Wang, P. Xue, M. Cao, T. Yu, S. T. Lane and H. Zhao,
Chem. Rev., 2021, 121, 12384-12444.

235 O. Khersonsky and D. S. Tawfik, Annu. Rev. Biochem., 2010,
79, 471-505.

236 C. A. Tracewell and F. H. Arnold, Curr. Opin. Chem. Biol.,
2009, 13, 3-9.

237 F. H. Arnold, Angew. Chem., Int. Ed., 2019, 58, 14420-14426.

238 Y. Yang and F. H. Arnold, Acc. Chem. Res., 2021, 54, 1209-
1225.

239 A. W. Munro, D. G. Leys, K. J. McLean, K. R. Marshall,
T. W. B. Ost, S. Daff, C. S. Miles, S. K. Chapman,
D. A. Lysek, C. C. Moser, C. C. Page and P. L. Dutton,
Trends Biochem. Sci., 2002, 27, 250-257.

240 P. R. Ortiz de Montellano, Chem. Rev., 2010, 110, 932-948.

241 1. Slabu, J. L. Galman, R. C. Lloyd and N. J. Turner, ACS
Catal., 2017, 7, 8263-8284.

242 J. R. Marshall, P. Yao, S. L. Montgomery, J. D. Finnigan,
T. W. Thorpe, R. B. Palmer, ]. Mangas-Sanchez,

Chem. Sci., 2023, 14, 12447-12476 | 12475


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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 1402. Downloaded on 24/11/1404 01:36:52 ..

(cc)

Chemical Science

R. A. M. Duncan, R. S. Heath, K. M. Graham, D. J. Cook,
S. J. Charnock and N. J. Turner, Nat. Chem., 2021, 13,
140-148.

243 F. Parmeggiani, N. J. Weise, S. T. Ahmed and N. J. Turner,
Chem. Rev., 2018, 118, 73-118.

244 H. Raj, W. Szymanski, J. de Villiers, H. J. Rozeboom,
V. P. Veetil, C. R. Reis, M. de Villiers, F. J. Dekker, S. de
Wildeman, W. J. Quax, A.-M. W. H. Thunnissen,
B. L. Feringa, D. B. Janssen and G. ]J. Poelarends, Nat.
Chem., 2012, 4, 478-484.

245 J. Paetzold and J. E. Backvall, J. Am. Chem. Soc., 2005, 127,
17620-17621.

246 J. A. McIntosh, P. S. Coelho, C. C. Farwell, Z. J. Wang,
J. C. Lewis, T. R. Brown and F. H. Arnold, Angew. Chem.,
Int. Ed., 2013, 52, 9309-9312.

247 R. Singh, M. Bordeaux and R. Fasan, ACS Catal., 2014, 4,
546-552.

248 P. Dydio, H. M. Key, H. Hayashi, D. S. Clark and
J. F. Hartwig, J. Am. Chem. Soc., 2017, 139, 1750-1753.

249 T. K. Hyster, C. C. Farwell, A. R. Buller, J. A. McIntosh and
F. H. Arnold, J. Am. Chem. Soc., 2014, 136, 15505-15508.

250 C. K. Prier, R. K. Zhang, A. R. Buller, S. Brinkmann-Chen
and F. H. Arnold, Nat. Chem., 2017, 9, 629-634.

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

View Article Online

Review

251 S. V. Athavale, S. Gao, Z. Liu, S. C. Mallojjala, J. S. Hirschi
and F. H. Arnold, Angew. Chem., Int. Ed., 2021, 60, 24864—
24869.

252 Y. Yang, I. Cho, X. Qi, P. Liu and F. H. Arnold, Nat. Chem.,
2019, 11, 987-993.

253 C. C. Farwell, R. K. Zhang, J. A. McIntosh, T. K. Hyster and
F. H. Arnold, ACS Cent. Sci., 2015, 1, 89-93.

254 H. Tsutsumi, Y. Katsuyama, M. Izumikawa, M. Takagi,
M. Fujie, N. Satoh, K. Shin-ya and Y. Ohnishi, J. 4m.
Chem. Soc., 2018, 140, 6631-6639.

255 V. C. M. Gasser, S. Makai and B. Morandi, Chem. Commun.,
2022, 58, 9991-10003.

256 1. Cho, C. K. Prier, Z.7J. Jia, R. K. Zhang, T. Gorbe and
F. H. Arnold, Angew. Chem., Int. Ed., 2019, 58, 3138-3142.

257 Z.-]. Jia, S. Gao and F. H. Arnold, J. Am. Chem. Soc., 2020,
142, 10279-10283.

258 Z.Liu, Z.-Y. Qin, L. Zhu, S. V. Athavale, A. Sengupta, Z.-J. Jia,
M. Garcia-Borras, K. N. Houk and F. H. Arnold, J. Am. Chem.
Soc., 2022, 144, 80-85.

259 B. A. Arndtsen, R. G. Bergman, T. A. Mobley and
T. H. Peterson, Acc. Chem. Res., 1995, 28, 154-162.

260 S. V. Athavale, S. Gao, A. Das, S. C. Mallojjala, E. Alfonzo,
Y. Long, J. S. Hirschi and F. H. Arnold, J. Am. Chem. Soc.,
2022, 144, 19097-19105.

© 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

	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes

	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes
	Catalytic, asymmetric carbontnqh_x2013nitrogen bond formation using metal nitrenoids: from metaltnqh_x2013ligand complexes via metalloporphyrins to enzymes


