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Due to the importance of the amino ketone motif in synthetic and medicinal chemistry, the number of
protocols developed in recent years has considerably increased. This review serves to collate and critically
evaluate novel methodologies published since 2011 towards this high value synthon. The chapters are
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divided by the requisite functionality in the starting material, and an emphasis is placed on discussing
functional group compatibility and resultant product substitution patterns. Throughout, applications to
medicinal targets are highlighted and mechanistic details are presented, and we further provide a short

rsc.li/obc outlook for future development and emerging potential within this area.
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1. Introduction

The versatility and importance of a-amino ketones for wide-
spread applications across synthetic and medicinal chemistry
have long been appreciated (Scheme 1)."”® Indeed, the large
range of modulatory activities that a-amino ketones exhibit on
important biological receptors has not only led to the
common recreational use of naturally occurring examples (e.g.
(=)-cathinone in Khat leaves),” but has also enabled the discov-
ery of vital pharmaceutical compounds, such as bupropion
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(antidepressant drug),® amfepramone (appetite suppressant
drug),’ keto-ACE (ACE-inhibitor for the treatment of
hypertension)'**" or Effient (antiplatelet drug) through careful
structure-activity relationship studies. Moreover, these bifunc-
tional substrates serve as indispensable building blocks for
the synthesis of common heterocycles,”>™® such as
pyrazines'®'” and pyrroles,'®'® and the construction of chiral
1,2-amino alcohols,?*®* which are extensively used in syn-
thetic chemistry as ligands and chiral auxiliaries.*

In view of their remarkable impact on several areas of
organic chemistry, a large number of synthetic studies have
focused on the construction of these high-value synthons.
Classically, these processes rely on the nucleophilic substi-
tution of an a-halogenated ketone (1) with an amine (2) or
azide (4) (Scheme 2, 1),>* or the electrophilic amination of eno-
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lates (6) with suitable N-based electrophiles, such as haloa-
mines (7), hydroxylamines (8) or azo compounds (10)
(Scheme 2, 2).>>' However, these methods often face several
challenges, including the scarce availability of nitrogen electro-
philes, the obtainment of racemic products, or the require-
ment for additional steps either through prefunctionalisation
of starting materials (e.g. regioselective halogenation of
ketones), or subsequent chemoselective reduction of nitrogen-
containing precursors (e.g. azides, hydrazinyls, or hydroxyl-
amines) to amines, often under harsh reaction conditions.

A key factor that has influenced the recent surge in the
development of new protocols for the synthesis of a-amino
ketones has been the recognition that improved atom
economy, product enantioselectivity, functional group compat-
ibility, and step count can facilitate the exploration of com-
pounds with benefits to society.*>>* The aim of this review is
to collate and critically discuss newly developed methodologies
for the synthesis of a-amino ketones starting from 2011.
Significant and relevant protocols that construct these
scaffolds without the requirement for further functional group
manipulation will be introduced. Categorised by the key func-
tional groups present in the starting material, this review has
been structured into eight sections, as follows:

When discussing these methodologies, an emphasis is
placed on the synthetic utility, novel bond disconnections and
the extent to which some of the previously mentioned draw-
backs are addressed, providing the reader with valuable
insights into the current state of the ‘art’ and varied
approaches towards of a-amino ketones.

2. Discussion

2.1. Ketones

Classical syntheses of a-amino ketones have principally relied
on the nucleophilic substitution of a-haloketones. As the gene-

Philipp Natho is a PhD student
at Imperial College London
working under the supervision of
Prof. Philip Parsons. He received
his M.Sci in Chemistry from
Imperial College London where
he investigated the total syn-
thesis of morphine under the
supervision of Prof. Don Craig.
He also worked on the synthesis
of highly substituted pyridines
under the supervision of Prof.
Rick  Danheiser  at the
Massachusetts — Institute  of
Technology. Philipp’s current work in the Parsons group is focused
on the ring expansion of cyclobutanols to tetralones under tran-
sition-metal-free conditions and the application of this technology
to natural product synthesis.

Philipp Natho

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

ration of these starting materials has significant drawbacks,
such as increased step count and the handling of toxic and
corrosive bromine, it is desirable to achieve direct amination
of cheap and readily available ketones within a single synthetic
operation. Examples of direct aminations were independently
developed by Bella®® and Liang®® in 2012. Bella used electro-
philic N-chloropyrrolidine and N-chloropiperidine to obtain
the amino ketones in 22-63% yield, with the pyrrolidine or
piperidine unit incorporated in the final product. Liang
demonstrated that N-bromosuccinimide (NBS) could serve as
both the electrophilic brominating agent and the nucleophilic
nitrogen source. In Liang’s net transformation, the succini-
mide moiety was added to aromatic ketones (12) in up to 91%
yield (Scheme 3). Kumar later developed a related NBS-
mediated synthesis with cyclic amines, allowing the efficient
synthesis of a-arylated amino ketones.?”

The quantity of the halogen source may be reduced by
using a stoichiometric peroxide-based oxidant. In 2012,
Lamani reported that aryl/heteroaryl-ketones (14) with ali-
phatic or aromatic substituents on the a-position were success-
fully aminated with cyclic secondary amines (15) in up to 80%
yield when treated with N-iodosuccinimide (30 mol%) and tert-
butyl hydroperoxide (Scheme 4).*® The use of the methodology
was demonstrated by the synthesis of an ifenprodil derivative
(17) in 50% yield from commercially available starting
materials.

In a conceptually related contribution, Guo showed that the
substrate scope could be extended to include primary and
acyclic secondary amines (19) when employing ammonium
iodide (15 mol%) and sodium percarbonate (Scheme 5).*°
Notably, amines containing reactive functional groups, such as
allyl (23) or aniline (24), were tolerated in this methodology.
The utility of the procedure was demonstrated by the synthesis
of amfepramone in 72% yield. Upon investigating the mecha-
nism, the authors indicated that an a-iodo intermediate was
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Scheme 1 Importance of x-amino ketones in synthetic and medicinal chemistry.

unlikely; with the support of a series of control experiments,
the intermediacy of an a-radical (26) was suggested, followed
by oxidation to the a-cation (27) (Scheme 6). This mechanistic
suggestion contrasts with earlier halogen-mediated pathways.
In the same year, Zhang and co-workers employed a combi-
nation of tert-butyl ammonium iodide and tert-butyl hydrogen
peroxide to aminate ketones with imides, such as phthalimide,
saccharin, and succinimide.*’

With the foresight to recognise the potential of a direct
amination amenable to a broad substrate scope, MacMillan
disclosed a general procedure utilising copper(u) bromide (0.1
equiv.) as the brominating agent and air as the oxidant
(Scheme 7).*" Although the initial studies focused on the reac-
tion of propiophenone and morpholine, the direct amination
was found to be suitable for aliphatic ketones (30) and several

500 | Org. Biomol. Chem., 2021,19, 498-513

cyclic and acyclic secondary amines (31). Further modifi-
cations of the standard conditions, e.g. elevated reaction temp-
eratures for substrates containing electron-rich n-systems (34),
or the addition of Lewis acids for aliphatic ketones to facilitate
the enolization event (36), enabled the successful conversion
of otherwise challenging substrates. The utility and generality
of the procedure was demonstrated with substrates usually sus-
ceptible to 1,2-elimination events (35), and the one-step syn-
thesis of the appetite suppressant amfepramone in 80% yield,
which is comparable Guo’s peroxide-mediated synthesis
(72%). In 2014, Huang and co-workers showed that the use of
a non-commercial dimethyl-Pybox ligand with MacMillan’s
conditions marginally increased the yields for comparable sub-
strates.”> And in 2017, Truong and Nguyen reported a novel
copper-based metal-organic framework that functioned as an

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ob02098b

Open Access Article. Published on 08 December 2020. Downloaded on 2/27/2026 3:53:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Organic & Biomolecular Chemistry Review
1. Nucleophilic amination of a-bromo ketones X NIS (30 mol%) o) K\X
o o g C‘J TBHP (aq.) | \)
R4 | )\/R Ar
Br | NN Ar N MeCN
R HN. g5 R R® H rt, 4-24 h R
R? R® R® R® 14 15 16
1 2 3 R =Me, Et, Ph X =0, CH,, CHBn 12 examples
50 - 80% yield
Alternative method if R = R® = H:
(0] (@] o Bn
Br N NH | O/
1 aN —_— 1 2
R : followed by R N
R2 R® . R2 R®
reduction
BnO
ﬂ’ frequently used in drug discovery IfenprodsiIOZI/;rivative
x a-bromo ketones usually obtained using toxic Br,
limited tioselectivit . . . L .
3 limited enantioselectivity Scheme 4 Lamani's a-amino ketone synthesis utilising a stoichiometric
co-oxidant.
2. Electrophilic a-amination of enolates
a) Using sp® nitrogen electrophiles:
1 o R i
OFG , 34 | ” NH,I (15 mol%) R2
R >~ R NG, — g N\R5 | /N\ Na,CO3 ¢ H,0, R!
X~ R )\/ 2
2R3 R : ' N
R? ROR R! L’ MeCN,50°C, N
v 18-28h : *
6 7: X = halogen 3 R
8: X = OPG? 18 19 20
. 5 S R' = Aror ArCH, cyclic or acyclic 27 examples
b) Using sp“ nitrogen electrophiles: R2 = Me, EX, r, Ar primary or 24 - 94% yield
—* secondary amine
Ar—N=N' X
9 (o} (e} 6]
] or 0 X ! Et l Me ! Me
OPG CORA ’
e rs = . NH, \ N N HN
R / followed by Me™
R*0,C ) R2 R3
R? 10 reduction S
(6] X
6 or 5
. 21: X = O (66%) 23 24: X = OMe (42%)
R5-N—N=N 22: X = S (75%) (74%) 25: X = Cl (24%)
1

ﬂ/ can be rendered enatioselective

Scheme 5 Guo's a-amino ketone synthesis with ammonium iodide and
sodium percarbonate.
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Scheme 6 Proposed mechanism for the ammonium iodide-mediated
a-amino ketone synthesis by Guo.
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Scheme 7 MacMillan’s a-amino ketone synthesis with substoichio-
metric quantities of copper(i) bromide.

efficient heterogeneous catalyst for the oxidative amination of
ketones and esters.*?

In 2016, electrochemical o-halogenation was applied to
amino ketone synthesis to remove the requirement of stoichio-
metric oxidants or metals. The groups of Sun and Zeng
demonstrated that molecular iodine could be generated from
ammonium iodide (0.5 equiv.) at the cell’s graphite anode in
an undivided cell, allowing for a-iodination of several mono/
disubstituted-ketones (42) (Scheme 8).** The transient
a-iodocarbonyl was substituted in situ with a variety of second-
ary amines (43) to obtain the desired a-amino ketones (44) in
up to 75% yield, with cyclic amines performing on average
better than acyclic substrates. The success of this direct
electrochemical amination hinges on a-centres with low steric

0
H ) Me
jv /N NH,l, LiClO, Ar)k(
Me !
Ar L

b N
v,)l C/C undivided cell ./ \‘
14 F mol"! oo
MeCN, rt -
42 43 44
cyclic or acyclic 16 examples

secondary amine 28 - 75% yield

Scheme 8 Sun and Zeng's electrochemical approach to a-amino
ketones.
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hindrance and generally produced lower yields than those
obtained by MacMillan.**

The amination of pre-functionalised a-centres has also
been developed recently.*>*® A significant contribution to this
area is Zhou’s highly enantioselective synthesis of a-amino
ketones (47) from o-diazo ketones (45), co-catalysed by
[Rh,(TFA),] and chiral spiro phosphoric acid 46 (Scheme 9).*°
This N-H Insertion procedure featured exceedingly short reac-
tion durations (1 minute) and excellent enantioselectivities (up
to 98% ee). Although the amine fragment was limited to tert-
butyl carbamate, the ketone fragment could be substituted by
both electron-rich and electron-poor aromatic rings, as well as
aliphatic groups. The yield was found to be consistently high
(~80%), unless reactive side groups were present, such as
alkenes or methoxy groups, as they enabled cyclopropanation
or CH-insertion side reactions, respectively.

A popular pre-functionalised starting motif for a-amino
ketone synthesis is the o-hydroxy ketone, as it can readily
undergo Heyns rearrangement. Mechanistically, this
rearrangement is thought to be initiated by the formation of
an o-hydroxy imine 50, which proceeds to rearrange to the
a-amino ketone 52 via the hydroxy enamine intermediate 51 in
an intramolecular redox reaction (Scheme 10).*” Notably, in
the net transformation, a migration of the carbonyl group to
the neighbouring carbon is achieved.

In 2013, the first asymmetric Heyns rearrangement of
racemic a-hydroxy ketones was demonstrated by Frongia
(Scheme 11).** In this study, the organocatalyst
B-isocupreidine 54 was identified for the enantioselective reac-
tion between acetoin and p-anisidine, producing the rearrange-
ment product in 95% yield and 71% ee. A further 17 examples
were produced using these optimised conditions to investigate
the impact of steric and electronic factors of aniline (55) on
the outcome of this protocol. Optimal results were obtained
with para- & meta-substituted anilines with up to 82% yield
and up to 81% ee. The challenge associated with a chiral
Heyns rearrangement is reflected by the detrimental effects on

(1 mol%)
N, BocNH, (1 equiv) NHBoc

R r2 [Rho(TFA)] (1mol%)  R! R?

0] CHCl3, rt, 1 min 0

45 47

R'=H, Me, Br, F, OMe 19 examples

R2 = Me, Et, nBu, 46 - 95% yield

86-98% ee

(CH,)30Me, CH,),CHCH,, etc.

Scheme 9 Zhou's enantioselective synthesis of a-amino ketones from
a-diazo ketones.

This journal is © The Royal Society of Chemistry 2021
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Scheme 10 General mechanism for the Heyns rearrangement.

54 (30 mol%)

OH ArNH, (55) 0
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R! R!
toluene, rt
2 ' 2
R 16-44 h R
53 (10 equiv) 56
R' = Me, Bn, cyclic 17 examples

26 - 95% yield
up to 81% ee

R? = Me, Et

Scheme 11 Frongia's enantioselective Heyns rearrangement.

yield and enantioselectivity observed with electronically or
sterically challenging anilines. For example, the use of ortho-
substituted anilines significantly reduced yield and enantio-
meric excess (26% yield, 11% ee) due to steric reasons, and
para-cyano substituted aniline failed to participate in the reac-
tion due to its lower basicity. In a related contribution, Frongia
and co-workers further modified this procedure to enable the
enantioselective synthesis of a-arylamino cyclobutanones from
racemic o-hydroxy cyclobutanones.*®

Subsequently, several other racemic variants targeting a
similar substrate scope under silica tungstic acid- or tin(u)
chloride catalysis have been developed, which dramatically
accelerated substrate conversion.’®>' Notably, Tang and co-
workers demonstrated that cyclic and acyclic secondary
amines (58) can also undergo the Heyns rearrangement by
para-toluenesulfonic acid catalysis, affording tertiary amines
(59) without the apparent migration of the carbonyl group in
up to 83% yield (Scheme 12).”*

Benzylic alcohols may also serve as convenient synthetic
analogues to carbonyl derivatives if their oxidation can be
achieved in situ under mild conditions.”® In 2015, the Sekar
group unveiled a one-pot NBS-mediated open-flask synthesis
of a-amino ketones which uses benzylic alcohols (60) and
nitrogen nucleophiles (61) (Scheme 13).>* This operationally

This journal is © The Royal Society of Chemistry 2021
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Scheme 12 Tang's Heyns rearrangement without migration of the car-
bonyl group.
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63: X = H (90%) amfepramone pyrovalerone
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Scheme 13 Sekar's one-pot oxidation and «-amination of benzylic
alcohols.

simple transformation led to the desired products (62) in up to
94% yield, and the best results were obtained with secondary
cyclic amines. Although the yields were not influenced by the
electronic properties of the aromatic substituent, a significant
decrease was observed when using sterically hindered starting
materials. Medicinally relevant amfepramone and pyrovaler-
one were obtained in 60% and 68% respectively in one step
from commercially available starting materials. Later, Sekar
reported that a-imido ketones could also be prepared by using
a modification of this procedure.>”

In 2016, Park and Rhee demonstrated that the o-hydroxy
imine intermediate present in a Heyns rearrangement could
be also formed from 1,2-azidoacetates by ruthenium cataly-
sis.”® The authors reported an improved yield for 1,2-azidoace-
tates, and this approach was subsequently applied to the syn-
thesis of a wide range of a-amido ketones, forming the pro-
ducts in 53-94% yield.

2.2. Aldehydes

The use of aldehydes in the synthesis of a-amino ketones has
been mainly reserved to the aza-benzoin condensation. Rovis
published an enantioselective version of this transformation
in 2012, utilising aliphatic aldehydes (65) and aryl-substituted
boc-imines (66) (Scheme 14).>” Aldehydes featuring oxygen,
sulfur and nitrogen-containing linear tethers were well-toler-
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Scheme 14 Rovis’ enantioselective aza-benzoin condensation.

ated, and the corresponding o-amino ketones (68) were
obtained in 33-93% yields with satisfactory enantioselectivity.
The enantiopure triazolium salt 67, which generates the active
NHC catalyst in situ, was shown to facilitate the slow release of
imine 66 from an aza-Breslow intermediate, thus counteract-
ing racemisation issues present in previous modifications of
this reaction.>® The following year, Ye reported an additional
protocol which proved to be compatible with «,f-unsaturated
aldehydes and fully substituted electron-poor imines, allowing
for the direct generation of quaternary stereocentres.>®

An alternative to employing the umpolung reactivity of alde-
hydes in the aza-benzoin reaction is to instead identify
methods for the direct C-H functionalisation of this moiety.
Recently, Murakami reported a photoredox dual metal-cata-
lysed dehydrogenative coupling of aldehydes and toluene
derivatives, with two examples using substituted amides
instead (Scheme 15).°° The coupling of octanal (71) with DMA
(69) or DMF (70), which were present in a 100-fold excess, led
to the corresponding a-amino ketone (73 and 74) in 70% and

40 W blue LEDs

72 (2 mol%)
Me NiBr,(dtbbpy) Me O
RoMoon [ (Gmol%) g | Me

T )kb’f Mo T aomt

H A AcOEt 6

0 o]
rt, 20 h

69: R = Me 7 73: R = Me (70%)
70:R=H 74: R =H (32%)

72

Scheme 15 Murakami's photoredox dual metal-catalysed dehydro-
genative coupling.
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32% yields respectively. Despite the large excess of amide
required, this protocol represents a promising avenue for the
derivatisation of aldehydes.

2.3. Carboxylic acids and derivatives

The direct transformation of a-amino acids to methyl ketones
was originally reported by Dakin and West almost a century
ago. In 2016, Schreiner reported the first example of an asym-
metric Dakin-West reaction by exploiting modern enantio-
selective decarboxylative protonation chemistry.®® To accom-
plish this transformation, Schreiner used a methylimidazole-
containing oligiopeptide (76) (10 mol%) in combination with
DCC and Ac,O to convert several amino acid derivatives (75) to
the corresponding o-acetoamido ketone products (77) in
52-98% yield (Scheme 16). Although the yields were found to
be broadly acceptable, the enantioselectivity of the transform-
ation varied significantly with the substitution of the starting
material. Notably, leucine and cyclohexylalanine derivatives
gave products in 54-58% ee, whereas substrates with small
substituents, such as alanine and methionine derivatives, con-
verted to the expected products with poor selectivity (11-25%
ee).

In the same year, Doyle employed carboxylic acid derivatives
for the direct a-acylation of N-aryl amines using photoredox
and nickel catalysis.®” Model studies for this transformation
focused on the acylation of N-phenylpyrrolidine with propionic
anhydride, providing the expected product in 83% yield. With
optimised conditions in hand, a wide range of cyclic and
acyclic amines (78) were successfully acylated with propionic
anhydride in 60-86% yield, and N-phenylpyrrolidine was acy-
lated with several symmetric anhydrides (79) in 57-74% yield
(Scheme 17). To expand the scope of the process beyond sym-
metric anhydrides, Doyle also noted that thioesters may be
successfully employed in this transformation, providing the
expected products with no appreciable loss in yield (65-77%).
This modification allowed for the incorporation of biotin and

1) 76 (10 mol%)

H (o} DCC, Ac,0 " (0]
N PhMe, rt, 24 -72 h N\)}\
T T
o) 2) AcOH o L
R t, 48-96 h R
75 77
R = H, alkyl, cyclohexyl, 10 examples
aryl, napthyl, CH,SMe 52 - 96% yield
0-58% ee

76

Scheme 16 Schreiner's enantioselective Dakin—West reaction.
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34 W blue LEDs

[Ir(dtbbpy)(ppy),]PFg (1 mol%)
Ni(cod), (5 mol%)

(o] (0] ! 1
i \ dtbbpy (7.5 mol%) / v R
N, ™H k )J\ - N
N R1 0 R1 . - N
| quinuclidine | e}
Ph (1.5 equiv.) Ph
75 76 DMF, it, 16 h m

R = alkyl,alkenyl 24 examples

cyclopropyl, cyclohexyl 53 - 86% yield

Scheme 17 Doyle’s direct acylation of N-aryl amines.

steroidal residues on to N-phenylpyrrolidine in up to 76%
yield.

2.4. Enol ethers

The use of enol ethers in a-amination processes presents a
direct advantage over unprotected ketones by removing poten-
tial regioselectivity issues. Largely speaking, protocols used for
the generation of a-amino ketones from enol ethers can be
divided into two camps: (1) electrophilic nitrogen sources; (2)
nucleophilic nitrogen with umpoled enolates. A contemporary
alternative involves photocatalytically-generated nitrogen-cen-
tered radicals using 1-aminopyridinium salts.®®

In 2017, Baidya published a convenient a-amination proto-
col involving the in situ generation of nitroso arenes from ani-
lines (82) in the presence of super-stoichiometric amounts of
Oxone® (Scheme 18).°* These intermediates underwent a
nitroso aldol reaction with silyl enol ethers (81), and the
addition products (84) were easily converted to the desired
a-amino ketones (83) in up to 82% yield by assistance of the
disilyl protecting group. A related transformation developed by
Hashimoto uses an imidoiodinane as the nitrogen electrophile
in the presence of a polymer-supported dirhodium(u)
catalyst.®

Electrophilic nitrogen was also used by Kirti in an aza-
derivative of the Rubottom oxidation (Scheme 19).°® Treatment
of tetrasubstituted silyl enol ethers (85) with protected
hydroxylamine 86 in HFIP generated amino ketones featuring

_SiMe,TMS o
o P Oxone® (3 equiv.) H
Ar1J\/R Ar®-NH, Ar! SAr2
CH,Cly, rt B
18-36 h
81 82 83
35 examples
36 - 82% yield
via
\ /

84

Scheme 18 Baidya's Oxone®-mediated a-amino ketone synthesis
between silyl enol ethers and anilines.
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i o)
TBSO R2 NO i) iProNEt,
— 2 HFIP, 1t,16 h NH,.HCI
1 3
R R ii) HCI, Et,0 R2 R
NO,

85 86 87
R'= alkyl, aryl 14 examples
R2 & R® = alkyl 21 - 82% yield

o o
M
NH,.HCI O e NH,.HCI
X Me
Me
88 89
(65%) (69%)

Scheme 19 Kdrti's aza-Rubottom oxidation to a-amino ketones.

a quaternary centre (87) in up to 82% yield. Even though most
of the reported examples involved the synthesis of aromatic
a,a-dimethyl substituted ketones, the methodology was also
found to be compatible with unsaturated substituents (88) and
alicyclic ketones (89). Electron-deficient substrates did not
react under these conditions, although their desired trans-
formation was instead achieved under transition metal cataly-
sis. An enantioselective version of this novel protocol was
investigated by the Corey group in the same year.®”

In the category of nucleophilic aminations with umpoled
enolates, Wirth’s 2014 report on an iodine(m)-mediated intra-
molecular transformation stands out as particularly useful
(Scheme 20).°® Using this procedure, enol ethers bearing an
amino-functionalised silyl protecting group (90) were con-
verted to the corresponding a-amino ketones (93) in up to 94%
yield by employing PIDA. When the chiral hypervalent iodine
reagent 91 was used instead, the resulting products (92) were
produced in up to 94% ee. This protocol is compatible with

0 I(OAc), o}
ko o
MesHN e NHMes
91
Me\Si/Me or o o
07" "NRyR,  Phl(OAc), NR3R* 30
< NR3R
R “y=H O R!
R CH,Cl,/MeCN )
2
12 25°C,2-4h R R
90 92 93
11 examples 33 examples
45 - 87% yield 53 - 94% yield
76 - 94% ee
R3=R*=Et R3=R*=Et R3=R*=Et
R3=SiMe;, R*=Ts R3=R%=H R3=H, R*=Ts
R3=R*=SiMe; R3=R*=H

Scheme 20 Wirth's hypervalent iodine-mediated «a-amino ketone

synthesis.
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numerous aromatic, bicyclic, and aliphatic ketones, and it has
been used to efficiently functionalise two steroid-derived enol
ethers. Another valuable umpolung methodology was pre-
sented by Xu in 2018, which involved the use of
N-alkenoxypyridinium salts.®°

Finally, a creative o-amination strategy published by
Hartwig in 2018 made use of silyl-protected conjugated dieno-
lates bearing a y-carbonato group (Scheme 21).”° These start-
ing materials (94) can be subjected to an iridium-catalysed
Sn2' process with substituted amines (96) in the presence of
asymmetric phosphonamidite ligand 95, resulting in enantio-
enriched protected a-amino ketones (97) in up to 96% yield
with excellent regio- and stereoselectivity. Additionally, a wide
range of aliphatic (98) and aromatic amines (99) were efficien-
tly employed in this reaction, including peptide derivatives
(100).

95 (4 mol%)
RZR3NH (96)

oTBS
OTBS [Ir(COD)Cl,] (2 mol%) RT N
Ri_A = 0CO,Me :

THF, rt to 55 °C ,-Nra

11-24 h R® R

94 97

30 examples

56 - 96% yield

93 - 99% ee

93:7 to >99:1 ar
5:1 to >20:1 b:l ratio

NH HN
\\ NMe
s —
98 99
80% vyield 88% vyield
b:l=18:1 b:l > 20:1
96% ee 98% ee
Ph
(0]

BocHN

Iz

M O\K
/',1// NH (0]
TBSO/Q

100
67% vyield
b:l=9:1
95:5 ar

Scheme 21 Hartwig's iridium-catalysed Sy2' reaction of silyl-protected
conjugated dienolates.
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2.5. Enones

A common method for the generation of enantioenriched
a-amino ketones is the catalytic hydrogenation of a-amino
enones, which can in turn be prepared from the corresponding
diketones. Zhang achieved this transformation with excellent
enantioselectivity using a rhodium(i) diphosphine complex,”*
and they subsequently expanded the substrate scope to
include an increased range of aliphatic substituents in 2016.”
Dimeric cobalt phosphine complexes are also suitable for
hydrogenation of a-amino enones, as shown by Cabrera in
2013.7°

An elegant two-step sequence to obtain highly functiona-
lised a-amino ketones from enones without an a-amino group
was reported by Lee in 2014 (Scheme 22).”* Upon treating
cyclic enones (101) with lithium trimethylsilyldiazomethane
(102), a 1,4-addition to obtain pyrazolines (103) was observed
to occur in up to 92% yield. These heterocycles or their
N-alkylated analogues (105) were then ring-opened under
acidic conditions to generate B-cyano-a-amino ketones (104
and 106) in up to 95% yield. This methodology was compatible
even with exocyclic and endocyclic tetrasubstituted enones,
with the resulting products (107 and 108) obtained in 66-68%
yield over 2-3 steps. Additionally, ketamine analogues (109)

N

Li SiMe; Q R!
102 TsOH (2 equiv)

THF, -78 °C DCM, 50 °C

30 min SiMe

3
101 103 104
15 examples 9 examples

43 - 92% yield 70 - 95% yield

alkylation

1
i NB3 TsOH (2 equiv)
R il DCM, 50 °C
R® SiMe,
105 106
10 examples 10 examples

52 - 90% yield 90 - 95% yield

(91% for ring opening)
(66% over 3 steps)

(95% for ring opening)
(68% over 2 steps)

(90% for ring opening)
(66% over 3 steps)

Scheme 22 Lee's a-amino ketones via

pyrazolines.

two-step synthesis of
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were successfully synthesised, providing a novel avenue for
exploration of this pharmacologically relevant chemical space.

2.6. Imines

Imines are a versatile platform for the preparation of substi-
tuted amino ketones. In 2012, Kimpe reported a three-step
approach for the synthesis of a-amino ketones from chiral N-
tert-butanesulfinyl imines, derived from the corresponding
a-halo ketones (Scheme 23).”> The imines (110) were then
treated with sodium methoxide to give the N-tert-butanesulfi-
nyl 2-amino acetals (111), which were deprotected in two
sequential steps. First, treatment with TMSOTf gave the N-tert-
butanesulfinyl a-amino ketones (112), and second, methanolic
3 M HCI provided the final products. The synthetic sequence
was found to be suitable for aromatic and non-aromatic substi-
tuted o-halo ketones, as well as the synthesis of (S)-cathinone
hydrochloride, formed in a combined 15% yield over three
steps (88% ee). Yus also explored the use of N-tert-butylsulfinyl
imines in the synthesis of amino ketones and amino acids.”®
In these experiments, imines were treated with nitroethane to
give p-nitroamine adducts, which were then oxidised to give
amino ketones.

Another asymmetric synthesis of amino ketones from
imines was accomplished by Guo using a transfer hydrogen-
ation approach with chiral Bronsted acid catalysis
(Scheme 24).”” The symmetrical diaryl a-keto ketimines (113)
produced the expected products (116) in 95-97% yield and
90-96% ee. Unsymmetrical aryl- and alkyl-substituted dike-
tones were also employed in a regioselective one-pot pro-
cedure, furnishing amino ketones with only a marginal
reduction in yield.

In 2014, Wulff reported a novel asymmetric o-iminol
rearrangement.”® In this report, hydroxyimines (117) were
treated with a VANOL Zr catalyst (118) at 80 °C in toluene to
give o-amino ketones (119) in 96% yield and 95% ee
(Scheme 25). This successful procedure was subsequently
applied to a broad range of electron poor/rich aryl-substituted
imines, as well as non-aromatic substituted imines, providing
the corresponding amino ketones in 88-99% yield and up to
99% ee. Wulff also later reported an operationally-straight-
forward high-yielding achiral a-iminol rearrangement using
silica or montmorillonite K10.”°

t-Bu
I NeOR! R TMEOT! LR
R3N/ S0 HOR* Osg- j(l<0R4 DCM OQs/N%o
RH)J\W rt R34 .78°C i R3
216 h tBu R2 orrt tBu R2?
X 0.5h
110 1 112
X =Cl, Br 14 examples 14 examples

R'=H, Me, Pr, Ar 28 - 97% vyield
R2 R®=H, Me, Et

R* = Me, Et

71 - 99% yield

Scheme 23 Kimpe's synthesis of a-amino ketones from chiral N-tert-
butanesulfinyl imines.
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/ ~OH
994
Ar
PMP\ 114 (10 mol%) PMP\
N (Ar = 2,4,6-(Pr);CeHy) NH
R2 R2
R1 s R1
O >—2—naphthyl O
113 u 116
1 2 =
RLR=an 115 (1.5 equiv) ;T :;’:‘/m?'es
PhMe, 2-4.5 h, 30 °C -97% yield
90-96% ee

Scheme 24 Guo's Bronsted acid-catalysed enantioselective transfer
hydrogenation of imines.

A A
ANV "SNH
o (RYVANOL Zr (118,25 moi%) P
H o PhMe, 60 °C, 1 h R/ﬁf
OH 0
117 119

R = aryl, n-hexyl, 23 examples
88 - 99% yield

up to 99% ee

benzyl, cyclohexyl

Scheme 25 Wulff's (R)-VANOL Zr-catalysed enantioselective iminol
rearrangement.

Although the classical acyloin condensation is known to
generate o-hydroxy ketones suitable for a Heyns rearrange-
ment, a related titanium(m)-catalysed reductive coupling
between imines (120) and nitriles (121), developed by Streuff,
enabled direct access to a-amino ketones (122), where the com-
peting pinacol-type homodimerisation was suppressed
(Scheme 26). Remarkably, when ketimines were used as pre-
cursors, this methodology allowed for the synthesis of steri-
cally challenging fully substituted o-carbonyl centres in up to
77% yield, which were otherwise difficult to prepare. The
authors noted that aromatic and benzylic nitriles underwent
this reductive coupling, and even acyclic aliphatic nitriles were
tolerated, albeit the obtained yield is reduced to 47% in this
case.’® Amino ketones were also formed by a reductive cross-

Bn. N Cp,TiCl, (10 mol%) 0
)NJ\ |‘| Zn (2 equiv) BRHN -
Ph”” R! R? Et;N » HCI (2 equiv) ph” R
TMSCI (1.5 equiv)
THF, 35°C,48 h
120 121 122
R'=Me,H R2=Ph, Bn, Pr 4 examples

47 - 77% yield

Scheme 26 Streuff's titanium(in)-catalysed reductive coupling between
imines and nitriles.
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coupling reaction between imines and nitriles in the presence
of titanium(wv), proceeding via a 2,5-diazatitanacyclopentene
intermediate.®

2.7. Enamines

There have been a limited number of synthetic methodologies
that employ enamine derivatives in the synthesis of a-amino
ketones. Toste’s recent work made use of the azoalkene
moiety, obtained via mild oxidation of hydrazones
(Scheme 27). In this protocol, treatment of azoalkenes (123)
with chiral phosphoric acid 125 promoted a nucleophilic
amination using anilines (124), providing highly enantio-
enriched a-amino hydrazones (126) in up to 93% yield.®* Three
of the resulting hydrazone products were then converted to the
corresponding a-amino ketones (127) under mild conditions
in 72-84% yield, with no racemisation of the newly formed
stereocenter.

In contrast with Toste’s approach, Anbarasan introduced
the required C=O0 bond by an oxidative rearrangement, while
conserving the nitrogen functionality of the starting
material.®® In this transformation, diaryl arylsulfonyl-protected
enamines (128) are converted to a-amino ketones (129) in up
to 81% yield, with a concomitant migration of the more elec-
tron-rich aromatic substituent (Scheme 28). Although the
migrating aromatic ring usually featured a disubstituted
amine substituent (130 and 131), para-methoxy aryl groups
were also shown to migrate effectively (132). The authors pro-
posed a mechanism starting with substitution of the PIFA tri-
flate, followed by an intramolecular rearrangement to form
imine 136 and subsequent semi-pinacol rearrangement to give
the product (139) (Scheme 29).

2.8. Unsaturated hydrocarbons

Unsaturated hydrocarbons are particularly desirable starting
materials due to their commercial availability and lower cost.

Al\r AFNHR' (124) i (CH0),
N\\N 125 (10 mol%) >N Amberlyst-15 J\/Rz
2
&RZ 5AMS RN R® acetone/H,0
R! benzene, rt IEIR'Ar' rt, 24-48 h NRAF
2-24 h
123 126 127
Ar = 2-Me-4-NO,-Ph 16 examples 3 examples
49 - 93% vyields 72 - 84% yields
89 - 95% ee ee values conserved
Ar
(P
/ ~OH
CCr
Ar
125

Ar =2,4,6-Cy,;-Ph

Scheme 27 Toste's chiral nucleophilic amination of azoalkenes.
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Ar2 PIFA (1.2 equiv) 1 i NHSO,R
Ar1)\‘“ NHSOR ™ bew, rt, 5 min Ar
Ar?
128 129
Ar2 contains EDG 19 examples

34 - 81% yield

0
(9] NHTs 0
NHTs Ph NHTs
S Ph
e J
gt—N
NEt, OMe
130 131 132
(65%) (48%) (68%)

Scheme 28 Anbarasan’s oxidative rearrangement of diaryl arylsulfonyl-
protected enamines.

NR? ®
NRZ ( NR2
PIFA
-TFA /1 . E
SUN OCOCF
o NHTs Ar Nl s NTs
Ar I
Ph
CF3COO
133 134
intramolecular \ -Phl
rearrangement
NR2
CFacOO NR2
o o} )
\[& <— F3CA<
oy ¢ 0
Ar _NTS
NHTs
137
o |
CF;CO0
(0]
< » o NR?
Feo 0°
(CF4C0),0 AT
NHSO,R
NHSO,R
138 139

Scheme 29 Underlying mechanism for Anbarasan’s oxidative

rearrangement of diaryl arylsulfonyl-protected enamines.

There are two commonly explored methods of introducing the
desired a-amino ketone motif to these building blocks: the
first is the formation of halohydrin intermediates, which
undergo oxidation and nucleophilic substitution; the second
involves a radical or nucleophilic addition of nitrogen species

This journal is © The Royal Society of Chemistry 2021
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to the unsaturated C-C bond, followed by the oxidative or sol-
volytic generation of the carbonyl functionality.

An early example in the halohydrin category was reported
by Kshirsagar in 2016.%* In this work, the treatment of mono-
or disubstituted styrenes (140) with NBS in water followed by
the addition of either DBU or a nucleophilic amine (142) with
acetone led to the formation of a-imido (141) or a-amino
ketones (143) respectively (Scheme 30). Although monoalky-
lated anilines were used predominately as a source of nucleo-
philic amine (144), secondary amines (145) were also success-
fully implemented, leading to the synthesis of known stimu-
lants, including 4-methylethcathinone (4-MEC) and amfepra-
mone. Notably, NBS plays the dual role of a bromonium ion
source and an oxidant for the bromohydrin. In 2016, Zhang
also achieved the base-switchable functionalisation of sty-
renes, with 1,3-dibromo-5,5-dimethylhydantoin (DBH) func-
tioning as the brominating agent and oxidant,®® and in the
same year, the Sudalai group presented an anhydrous version
of Kshirsagar’s protocol, employing DMSO as both the solvent
and oxidant.®¢

When alkynes were used as starting materials in NBS-
mediated functionalisations, solvolysis of the intermediary
bromonium ion directly generates an o-halo ketone that is
readily aminated, as demonstrated by Liang in 2016 and by
Zeng in 2019.5”%® An alternative approach to alkyne functiona-
lisation employing an activated sulfoxide was presented by Xu
in 2019 (Scheme 31).%°

NBS (2.0 equiv) o (0]
1 H,0, 80 °C, 1.2 h
AR N
then DBU (3.0 equiv) Ar
acetone, t, 45 min R? (0]
140 141
R'=H, Me 10 examples
56 - 73% yield
NBS (2.0 equiv) P
. H,0,80°C, 1.2h !
Ar/\/R Ar “R3
then RZR3NH (142) ,
acetone, rt, 6-12 h R
140 143
R'=H, Me 18 examples
48 - 83% yield
(o]
(0]
(0]
N
HN
L A
144 145 4-MEC
(83%) (70%) (65%)

Scheme 30 Kshirsagar's halohydrin-mediated a-amino ketone syn-
thesis from styrenes.
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Ar (ii) NaOH (3 equiv), H,0 (20 equiv) NR2Ar2
40°C,12h
146 (i) NaH, PO, (2 equiv) 148
L] al equiv,
24 q 40 examples

ArNHRZ? (147), 40 °C, 12 h )
21 - 81% yield

Scheme 31 Xu's sulfoxide-mediated functionalisation of alkynes.

o] R Ir(ppy)3 (1 mol%) o R
Ar1/\ JJ\ lll )k/’l‘
A" D07 “Troc white LEDs Ar’ “Troc
149 150 DMSO, 25 °C 151
Ar? = p-CF3-Ph 3-12h 21 examples
R =H, Me, Ph 38 - 96% yield

0
(4 I
: OMe
Troc NHBoc

'T] TrocHN

Me O (]

152 153
(94%) (49%)

Scheme 32 Yu's photoredox-mediated generation of nitrogen-centred
radicals for the functionalisation of styrenes.

A useful example of a radical functionalisation of styrene
derivatives was published by the Yu group in 2017.° This func-
tionalisation (Scheme 32) involved the attack of a terminal
alkene (149) by a nitrogen-centered radical, generated from a
protected hydroxylamine (150), and further conversion of the
resultant radical to a cation that reacted with DMSO to give the
a-amino carbonyl (151). The reaction proceeded in up to 96%
yield with a wide range of substituted aromatics, and the func-
tional group tolerance of this methodology was proven
through the synthesis of steroid and amino acid-derived ami-
nocarbonyls 152 and 153 respectively. This work followed
Zhang’s 2015 publication on a copper(n)-mediated radical
addition of NFSI and its analogues to alkynes, yielding 1,2-dia-
rylated a-amino ketones.”"

2.9. Nitrogen heterocycles

The copper(i)-catalysed azide alkyne cycloaddition (CuAAC)
provides efficient access to 1,4-disubstituted triazole building
blocks, convenient starting materials for Murakami’s work on
the synthesis of amino ketones. Murakami converted 4-phenyl-
sulfonyl-1,2,3-triazole to an a-imino rhodium-(u) carbenoid
that reacted with water to give a phenyl-substituted a-amino
ketone in 91% yield.”> After this initial success, a wide range
of aromatic-, heteroaromatic-, alkyl-, alicyclic-substituted tri-
azoles (154) were subjected to the optimal reaction conditions,
providing the expected products (155) in up to 99% yield
(Scheme 33). Further investigations demonstrated that the
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Rh,(Octy), (0.5 mol%)
NS Ts
N "N H,0 (10 equiv) 0
R1>_/— CHC, R1JK/NHTS
140 °C, 15 min
154 155
R' = Ph, 2-Naphtyl, 7 examples

Me, Bn, Me;Si(CH,), 86 - 99% yield

Scheme 33 Murakami's rhodium-catalysed a-amino ketone synthesis
from 4-substituted sulfonyl-1,2,3-triazoles.

process could be conveniently performed in one-pot with the
click reaction required to form the tetrazole starting material.
Additionally, Murakami found that water may be substituted
for tert-butyl alcohol to give an a-amino enol ether product, a
significant result developed subsequently by the group.

Following this initial publication, a domino reaction invol-
ving a regioselective 1,2-aminohydroxlation of terminal
alkynes in tandem with a [3,3]-sigmatropic rearrangement was
published by Murakami and Miura, providing access to
a-substituted a-amino ketones in one-pot from substituted tri-
azoles (156) (Scheme 34).” In this later investigation, water in
the reaction medium was replaced by substituted allylic/pro-
pargylic alcohols. Notably, a-substituted allylic alcohols pro-
vided the E-alkene product exclusively, supporting the authors’
proposed transition state with an a-substituent in the pseudo-
equatorial position for a six-membered chair (165)
(Scheme 35). In addition, (S)-1-methyl-2-propen-1-ol (159)
(97% ee) was used providing the expected product (160) in
93% yield with good chirality transfer (91% ee); this approach
later applied to the enantioselective synthesis of
(=)-a-conhydrine.’* Lee also exploited this chemistry to form
a-substituted a-amino ketones with a view to forming y-oxo-
f-amino acids and 8-oxo-y-amino acids.®>°°

Further building on this approach, Bi investigated the 1,2-
aminohydroxylation with a concomitant [1,3]-sigmatropic
shift.”” This formal [1,3]-shift provided access to a-substituted
a-amino ketones without a dependence on unsaturated

was

Rhy(£BuCO,),

N
N7 ON-TS (1 mol%)
_ o~ ——————— Py
P PhMe, 3 A MS
100 °C,0.5h
156 157 158
E/Z =98:2 92% vyield
88:12 dr
Rh,(#BuCO,),
//N\ —Ts o
N N /YOH (1 mol%)
Ph/\ PhMe, 3A MS
120°C,0.5h
156 159 160
97% ee 93% yield
91% ee

Scheme 34 Murakami’s rhodium-catalysed domino 1,2-aminohydrox-
lation/[3,3]-sigmatropic rearrangement.
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Scheme 35 Mechanistic proposal for Murakami’s rhodium-catalysed
domino 1,2-aminohydroxlation/[3,3]-sigmatropic rearrangement.

alcohol starting materials, a requirement in Murakami’s work.
After a successful initial study with 2-phenyl-2-propanol and a
range of substituted triazoles, Bi found that primary, second-
ary, and tertiary alcohols were also suitable for this transform-
ation, producing the expected products in up to 91% yield.
This domino reaction was developed further by Dong and
Feng, who reported an asymmetric [1,3]-rearrangement of the
amino enol ether intermediate (Scheme 36).°® Phenyl-substi-
tuted triazoles (167) were successfully reacted with a range of
substituted-benzyl alcohols (168) in the presence of both
rhodium and a chiral indium catalyst, and the corresponding
a-substituted a-amino ketone products (170) were isolated in
72-93% yield and 82-96% ee for phenyl-substituted deriva-
tives. Based on mechanistic studies, the authors proposed that
the chiral N,N-dioxide-indium(m) species coordinates to the
enol ether oxygen, weakening the bond and blocking the Si
face of the enolate.

169 (10 mol%)
In(OTH)3 (10 mol%)

NSy ~SOPh on  Rhafesp); (125 mol%) 0
o 1)J\/ NHTs
>—/ RZJ\RS 4AMS, 1,12-TCE R Y
R1 o =
90°C, 24 h RS
167 168 170
R' = Ph, = (Het)Ar 26 examples
allyl, mBu R3=H, Ph 31-97% yield
60 - 96% ee

Scheme 36 Dong and Feng'’s dual indium/rhodium-catalysed domino
1,2-aminohydroxlation/[1,3]-sigmatropic rearrangement.

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ob02098b

Open Access Article. Published on 08 December 2020. Downloaded on 2/27/2026 3:53:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

While the chemistry of triazoles has been heavily exploited
in the synthesis of a-amino ketones, other nitrogen-containing
heterocycles have not received the same level of attention.
Azetidin-3-ones and their corresponding alcohol derivatives,
for instance, represent an interesting category of starting
materials, as they contain the required 1,2-relationship
between the oxygen and nitrogen functionalities. As such, the
development of ring opening procedures for these easily acces-
sible heterocycles can lend itself to novel approaches towards
a-amino ketones.

The first protocol in this class involved ring opening of
2-alkyl-azetidin-3-ones (171) with titanium(iv) to generate a
diverse range of a-amino ketone derivatives (Scheme 37).%°
Treatment with titanium(iv) iodide leads predominantly to a
reductive ring opening at the less hindered position (173),
whereas the addition of an equal amount of titanium(wv) chlor-
ide/bromide reverses this regioselectivity (172). Furthermore,
the sole use of titanium(v) bromide leads to a-amino-o’-bromo
ketones (174), whereas using similar conditions on O-alkyl
oxime analogues (175) leads to products with the opposite
regioselectivity (176). The high versatility of this methodology
is provided by the various mechanistic pathways encountered
therein.

In contrast to these reductive or redox-neutral conditions,
Parsons disclosed an oxidative deconstruction process that

(0]
(0]
y . NHTs
Tily (2 equiv) )k:/ R%NHTS
TiX, (2 equiv) é1
(X=0Cl, Br) 172
DCM, 15-21 h 8iexamples
26 - 90% yield
172/173 = 25:75 to 0:100
o o}
)J\/NHTS @
R : ¥ R%NHTS
N 51
Ts R
171 172 173
6 examples
TiBr, (2 equiv) 66 - 97% yield
DCM, 17 h 172/173 = 63:37 to 95:5
(e}
Br\)J\/ NHTs
&
174
4 examples
59 - 89% yield
2
PR TiX, (1.5 equiv) \~OF?
(X=Cl, Br) |
—— " R! NHTs
meR! DCM, 4-20 h
i b
175 176
7 examples

33 - 97% yield
E/Z = 67:33 to 100:0

Scheme 37 Titanium(iv)-mediated ring opening of 2-alkyl-azetidin-3-
ones.
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Scheme 38 Parsons’ oxidative deconstruction of azetidinols.

converted tertiary aryl-/heteroaryl-substituted azetidin-3-ols
(177) to the corresponding primary a-amino ketones (178) with
the loss of one carbon atom (Scheme 38).*% In the presence of
the silver(1)/persulfate oxidant pair, the desired products were
obtained in up to 80% yield. This reaction was compatible
with a variety of aromatic substitution patterns (179 and 180)
and heterocyclic scaffolds (181) and offers a new retrosynthetic
disconnection for pharmaceutically relevant aryl-a-amino
ketones.

3. Conclusions and future outlook

This review collates and compares novel procedures for the
synthesis of amino ketones published in recent years
(2011-2020). In the surveyed period, there are two notable
themes. The first theme is a shift away from traditional bond
disconnections (Scheme 2), as alternative functional groups,
including unsaturated hydrocarbons and nitrogen-hetero-
cycles, are clearly shown to be feasible precursors. We antici-
pate that the expanded repertoire of procedures will allow for
the practical introduction of the desired amino ketone motif
into a diverse range of complex scaffolds. The second theme is
a significant improvement of green metrics for the synthesis of
this high-value synthon, which is in line with the global antici-
pated paradigm shift towards reaction design based on the
Twelve Principles of Green Chemistry.*>* The need for sub-
sequent functional group modification steps was substituted
with protocols achieving direct access to the desired motif,
and the requirement for stoichiometric quantities of toxic or
hazardous reagents was replaced with more economical and
environmentally benign transition-metal-free or catalytic proto-
cols. Remarkably, the application of alternative synthetic tech-
niques such as electrochemical, photochemical, or biocatalytic
protocols'®"'%> addressed some of the aforementioned short-
comings and with their potential to access otherwise challen-
ging reactivity, and further improve on environmental factors,
we expect further advances within these areas in the near
future.
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