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Synthesis of Amino Acids in Nature

In nature
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Synthetic Analysis of Amino Acids

Introducing
a carbon chain o
4 o

NH,

Introducing
an amino group

Najera, C.; Sansano, J. M.; Chem. Rev. 2007, 107, 4584.




Introducing a Carbon Chain

a)

b)

c)

phzczN\/COzR‘

R’ NHPG RX | Asym. alkylation

R” “CO,R!

Tang, W.; Zhang, X. Chem. Rev. 2003, 103, 3029.

Cabré, A.; Verdaguer, X.; Riera, A. Chem. Rev. 2022, 122, 269.
Eftekhari-Sis, B.; Zirak, M. Chem. Rev. 2017, 117, 8326.
Maruoka, K.; Ooi, T. Chem. Rev. 2003, 103, 3013.

ato”
- wd(oge“ \ NHR'!
NPG psY o R « )}‘/ORz

z + Nu d)

racemic

Yang, Z.-P.; Freas, D. J.; Fu, G. C. J. Am. Chem. Soc. 2021, 143, 8614.




Introducing a Carboxyl Group
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Introducing an Amino Group
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The Intermolecular Amination of a-Position of Esters
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up to 98% yield
up to 99% e.e.

Tanaka, M.; Hashimoto, S.; Tetrahedron Lett. 2007, 48, 8799.




Carboamination of Alkenes to Access a-Amino Acids
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The Former Work in Their Group
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The Former Work in Their Group
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Reaction Conditions Optimization-N-Protecting Group

RuDMP (1 mol%) NHPG R _|2+
Bh O\N/PG K,COj3 (3 equiv.) oH o~ N 2PFg’
H > Ph *  Ph CO5H I _
VA4VIRELE
o CH,Cl,, rt. 16 h I (\ N _Me
standard conditions /I 2C
1a-e (R)-2a-e PAA (side product) —— | N
-.Ru‘o‘“‘
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S NN N Me
PG = L'l \\// Q/ X
%)I\CFs \CL % Me )I\OMe )I\ o cel, U
Me F R
a b c d e RuDMP: R = 3,5-Me,CgH3
Entry PG Conversion (%) Yield of 2 (%) Yield of PAA (%) e.e. of 2 (%)
1 COCF, (a) 0 / / /
2 Ts (b) 37 <5 23 n.d.
3 Ms (c) 50 <5 25 n.d.
4 CO,Me (d) 100 86 12 89
5 Troc (e) 100 93 4 95
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Reaction Conditions Optimization-Ru Catalyst

Ru catalyst (1 mol%)

o} Troc
Ph/ﬁ( \”/

K2003 (3 equiv.)
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RuDMP: R = 3,5-Me,CgHj

RuTMS: R = TMS
RuCF3: R = CF,

RuH:R=H

Entry Ru catalyst Conversion (%) Yield of 2 (%) Yield of PAA (%) e.e. of 2 (%)
1 RuDMP 100 93 4 95
2 RuTMS 98 80 9 92
3 RuCF, 19 6 5 90
4 RuH 100 85 9 92
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Reaction Conditions Optimization-Base and Solvent

/{j/ _| 2PFg

o . RuDMP (1 mol%) NHTroc N Z°
Ph SN roc Base(3 equiv.) OH P o
/\l)]/ H Solvent, r.t. 16 h Ph * Ph oA Mes\
0
1e (R)-2e PAA (side product)
LlR
RuDMP: R = 3,5-Me,CgH3
Entry Base Solvent Conversion (%) Yield of 2 (%)  Yield of PAA (%) e.e. of 2 (%)
1 K,CO4 CH,CI, 100 93 4 95
2 Na,CO4 CH.CI, 99 87 5 95
3 Et;N CH.CI, 100 25 73 95
4 K,CO4 THF 94 15 75 82
5 K,CO4 MeOH 96 0 64 /
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Substrate Scope
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Carboxylic acids
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10
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8
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NHTroc
CO,H
X

13, X=1,91%, 94% e.e.

14, X = Br, 93%, 94% e.e.
15, X = Cl, 93%, 95% e.e.
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Substrate Scope

NHTroc NHTroc NHTroc NHTroc NHTroc
A O > Qo™
MeO,C PivHN N3 &
18 19 20 21 22
91%, 93% e.e. 93%, 96% e.e. 95%, 97% e.e. 88%, 94% e.e. 92%, 96% e.e.
Cl
O NHTroc NHTroc NHTroc O NHTroc
NH  NHTroc
CO,H S coH T coH O O COzH L
== N o CO,H
/
EtO,C
23 24 25 26 27
92%, 95% e.e. 84%, 95% e.e. 77%, 90% e.e. 87%, 98% e.e. 54%, 96% e.e.
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Substrate Scope

NHTroc NHTroc NHTroc

™ COM R” X CO,H X CO,H
29, R = Et, 83%, 84% e.e.
28 30, R = 'Pr, 88%, 81% e.e. 33
62%, 73% e.e. 31, R = "Hex, 85%, 82% e.e. 72%, 81% e.e.

32, R = ph, 88%, 82% e.e.

Me Me, NHTroc

Me \\N HTroc
O _-Iroc \

CO,H

Iz

(0]

37 (R)-38

Azanyl ester

(S)-389

91%, 98% e.e.f

71%. 48% o.0.° 34%, 28% e.e.

86%, 99% e.e.

NHTroc NHTroc
#~ COH CO,H
R
34° R = Ph, 46%, 62% e.e. 36¢

35° R = Et, 63%, 64% e.e. 20%, 90% e.e.

Me, NHTroc
Me, NHTroc

R” CO,H
39 40

419f R = Et, 57%, 86% e.e.
429f R = cyclohexyl, 25%, 92% e.e.

¢KHCO; instead of K,CO; as a base. IA-RuH (2-10 mol%) as the catalyst. ¢The reaction performed with racemic

azanyl ester 37 afforded (R)-38 in 71% yield with 48% e.e. 'Reaction performed with enantiopure (S)-azanyl ester.

9Reaction performed with enantiopure (R)-azanyl ester.

40%f R = (E)-EtCH=CH, 77%, 87% e.e.
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Substrate Scope Catalyzed by Fe Catalyst

U o LY
2 (R,R)-FeBIP (8-15 mol%) N )\
,R)- - mol™e 2
R K.CO (3 o uiv) R §NH2T|'OC MeCN”/’, ‘ \“\\ N\ MeCN,,,,I \\\\\ ‘\\‘ Cl//,,,' “\\\
o Troc 2003 uwv.) g OH Mes o o | e
R N7 R Fe‘
B TCE, 0°C. 40 h "
—~Mes
0 o MeCN N
Azanyl esters a-Amino acids U /O) WJ
2PFg 2SbFg’
AFel (R.R)}-Fe2, R =H }-FeBIP
(R R)-Fe3, R = 2,6-(CF3),CgHs
NHTroc
NHTroc NHTroc H NHTroc NHTroc
CO,H Me Me\/\/\/g\
O/\C%H Ph X""co,H o /\ 2 ~"co,H COH
(S)-2e (5)-32 (5)-34 43
A-Fe1 (8 mol%), trace 44%, 86% e.e. 13%, 44% e.e.
(R,R)-Fe2, (8 mol%), 91%, 15% e.e.
(RR)-Fe3, (8 mol%), 75%, 10% e.e

(R,R)-FeBIP, (8 mol%), 95%, 91% e.e

62%, 91% e.e.

44
72%, 92% e.e.
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Substrate Scope Catalyzed by Fe Catalyst

NHTroc NHTroc NHTroc NHTroc NHTroc
Ph\/\/\ MeOZC\/\/g\ /\/\ /\/\
CO,H CO,H PhO CO,H BocHN CO,Me CO,H
45 46 47 4gab
60%, 91% e.e. 70%, 90% e.e. 53%,
90% e.e.

49
51%, 90% e.e.

57%,91% e.e.
NHTroc i : E
O\/’E\HTrOC E ,%IHTrOC
CO,H :
CO,H O/\ h/\COQH
50 51
65%, 92% e.e.

(S)-36
48%, 89% e.e. 56%, 85% e.e.

Me, NHTroc

Bu

523 (77%, 23:1d.r.)

533 (70%, 85% ee)

3Reaction performed at room temperature (25 °C) for 16 h.
bIsolated after conversion to the methyl ester. d.r., diastereomeric ratio.
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Control Experiment

Ph A-RuDMP (1 mol%) Ph  NHTroc
. 0. _Troc KyCOj3 (3 equiv.) A OH
N CH,Cl, rt., 16 h
(e} o
full conversion (Z)-32
(2)-1f 49% combined yield 65% e.e.
E/Z ration = 4.2 minor product
via:

+

NHTroc

OH
Ph” X

(0]
(E)-32
55% e.e.
major product
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Control Experiment

A-RuDMP (1 mol%)
K,COj3 (3 equiv.) _

CH,Cly, r.t., 16 h

Ph CO,NHTroc

1e (0.1 mmol) 53% conversion

H,’ NHTroc

OH
Ph

(0]
2e (53% yield)

KIE =

A-RuDMP (1 mol%) NHTroc
K,CO3 (3 equiv.) L oH

CH2C|2, r.t., 16 h

\\“U

D D

),
X

Ph CO,NHTroc

o)

1e-d, (0.1 mmol) 18% conversion 2e-d; (18% yield)

2.9
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Reaction Mechanism

N-O cleavage
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Summary
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Writing Strategies-introduction Part

Strategies for the synthesis A direct and straightforward strategy for the synthesis of optically active a

) ) amino acids is the catalytic enantioselective introduction of an amino group in
of a-amino acids N _ _ o
l the a-position of readily available carboxylic acids.

v" A number of methods for direct asymmetric C(sp?®)-H aminations have been
Current development of _ _ o
reported and typically exploit the acidity of the C-H group next to a carbonyl

the first method functionality for electrophilic aminations via enolate intermediates.

l v/ However, most existing methods use aldehydes, ketones or dicarbonyl
compounds as starting materials instead of more desirable but less acidic

Limitation of carboxylic acid derivatives. To further complicate matters, the electrophilic
the first method amination reagents employed are usually diazo compounds, which lead to

amination products that cannot be easily converted to the target a-amino acids.
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Writing Strategies-introduction Part

Current development of

the second method

|

Limitation of

the second method

|

Importance of

Developing new method

v/ The insertion of nitrenes into C-H bonds provides a more tunable alternative

platform for C(sp®)-H aminations because the reactivity of nitrenes can be
controlled by transition metal coordination. In addition, milder reaction
conditions can often be used. Much progress has been made employing chiral
transition metal catalysts for the enantioselective conversion of prochiral
C(sp®)-H bonds into C-N bonds by nitrene insertion.

v However, intermolecular nitrene insertion reactions suffer from problems with

regioselectivity and enantioselectivity. Although this is not the case for
intramolecular C(sp®)-H amination reactions, in which well-defined
intramolecular cyclic transition states allow exquisite regio- and stereocontrol,
such intramolecular C-H nitrene insertions are typically ring-closing reactions
and therefore lack general applicability.

v Thus, the catalytic enantioselective synthesis of acyclic amines by catalytic

enantioselective C(sp3)-H nitrene insertion remains a challenge, and its
application to the synthesis of chiral a-amino acids would be highly desirable.
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Writing Strategies-introduction Part

Introduction of

the new method

v In this article we introduce a strategy that combines the advantages of

intramolecular (regio- and stereocontrol via intramolecular cyclic transition
state) and intermolecular C-H nitrene insertion chemistry (more general,
acyclic products) by covalently connecting a nitrene precursor to a carboxylic
acid functionality. After O-N bond cleavage and binding of both fragments to
the catalyst, an intramolecular cyclic transition state facilitates a
stereocontrolled C(sp®)-H amination. This reaction constitutes an
unprecedented stereocontrolled 1,3-migratory nitrene C-H insertion and is

applied to the catalytic asymmetric synthesis of a-amino acids.
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Writing Strategies-Conclusion Part

Summary of

this work

l

Advantage of

the current method

v" We report the catalytic enantioselective synthesis of chiral a-amino acids by an
enantioselective 1,3-migratory nitrene C(sp?®)-H insertion. The method is based
on a unigue stereocontrolled 1,3-nitrogen shift from one carboxylic acid oxygen

to the a-carbon.

v Our method employs abundant and easily accessible carboxylic acids as
starting materials. Ligation to a nitrene precursor, followed by intramolecular
C-H cleavage through an intramolecular cyclic transition state, ensures high
regio- and stereocontrol in the synthesis of non-racemic chiral a-amino acids.
Chiral ruthenium and iron catalysis jointly provide a very broad scope,
enabling rapid access to optically active a-amino acids with aryl, allyl,
propargyl (ruthenium catalysis) and non-activated alkyl (iron catalysis) side
chains, including a-disubstituted amino acids by stereoretentive (ruthenium

catalysis) or enantioconvergent (iron catalysis) C-H amination.
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Writing Strategies-Conclusion Part

v The high functional group tolerance of this method also permits the

Advantage of enantioselective late-stage amination of carboxylic-acid-containing drugs and
the current method natural products. The Troc-protected amino acids obtained through this
protocol can be used directly in synthesis with the Troc group being

selectively removable under mild conditions via a reductive Grob
l fragmentation.

v’ This strategy will expedite the synthesis of unnatural a-amino acids, which are
Outlook of this work important building blocks of peptidomimetic drugs, as well as engineered

proteins and enzymes with modulated properties.
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Representative Examples

We commenced our study with carboxylic acid derivatives la-e in which the nitrogen
bears different electron-withdrawing protecting groups, which is established to be beneficial

for generating electrophilic nitrene intermediates. (FFig-+)

This strategy will expedite the synthesis of unnatural a-amino acids, which are important
building blocks of peptidomimetic drugs, as well as engineered proteins and enzymes with
modulated properties. (fili&: )

Importantly, catalysts of this class feature two vacant coordination sites adjacent to each
other (coordination sites of the two labile acetonitrile, highlighted in red), which is essential
for the envisioned mechanistic design. (L4 4% )

31



What We Learn from This Article

1. Synthesis of chiral amino acids is a subject worthy of being investigated in a long term.

transamination, reductive amination, amination of a-position of carboxylic acids

2. Methods to produce nitrenoid

@)
RN N Ry A e x=o.nm

(3]
\ y x> N LG = 0SO,Ar, OCOR
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What We Learn from This Article

3. The importance of the substrate design

Former work:

iR
N\/\R1 —_—
T

(0]
R
Ph” Y07
o H
Present work: Ph\)J\O/N\[(O\/CCB —_—
T o

s

2
H\N N/R

=, [

R_ _CO,H

H Troc
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