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Abstract

Due to iron's low toxicity and abundance on Eatthital inexpensive metallic iron catalystave
gainedgreatattention. There are still no examples of the direct use of simple and raadilgble
chiral iron catalysts to catalysée activation of €H bonds toenantioselectivelform C-N bonds.

This thesis is based on the enantioselective catalytic amination of challenging secondary and tertiary
C-H bonds via chiral N4 iron catalysts. At the same time, the enantioselective ampratioices a
series of unnaturdl-amino acids. A novel approach fyntheszing U-amino acids is disclosed.

In the firsttwo sectiors, a series of chiral N4 iron catalysts wesgnthesizd and successfully
applied to asymmetrisecondaryC-H bondsaminatbn reactionsOur method employs abundant and
easily accessible carboxylic acids as starting materials, which are connected to a nitrogenation reagent,
followed by a highly regio and enantioselective irecatalyzed Cfp)-H amination. This
straightforwardmethod displays #road scope, providing rapid access to optically adihzenino
acids with aryl, allyl, and alkyl side chains, and also permits stereocontrollestdgte amination of
carboxylic acidcontaining drugs and natural products.

In the third section, A straightforward twestep synthesis of nomacemic a,a-disubstitited
a-amino acids by an enantioconvergent-thigratory nitrene C(s{-H insertion is reported. Readily
available racemi@-branched carboxylic acids are DCC/EBs@upled to provide racemic azanyl
esters which undergo a rearrangement into-nacemicN-Troc-protecteda,a-disubstituteda-amino
acids catalyzed by an easy to store and robust chiral iron catydRisubstituteda-amino acids
with one aryl group ira-position are provided in yields of up to 99% and with up to 88% ee. Selected

examples demarate that recrystallization can improve the enantiomeric excess to 99% ee.

Vi



Vi



Zusammenfassung

Aufgrund der geringen Toxizitd und des hohen Vorkommens von Eisen auf der Erde haben
glhstige und chirale Eisebasierte Katalysatoren viel Aufmerksamkeit aigh gezogen. Jedoch gibt
es noch keine Beispiele fir die direkte Verwendung einfacher und leicht erhdtlicher chiraler
Eisenkatalysatoren fir die Aktivierung von-g-Bindungen, umenantioselektivC-N-Bindungen zu
bilden Diese Arbeit thematisiert die eraselektive, katalytische Aminierung von anspruchsvollen
sekund&en und tertiden €H-Bindungen mittels chiraler NEisenkatalysatoren, wobei diese
Reaktion den Zugang zu einer Reihe unnatirlichekminoséauren ermdylicht. Dies stellt einen neuen
Ansatz zir Darstellung solchegi-Aminoséiren dar.

In denersten Abschnitt wurde eine Reihe von chiralen;Bigenkatalysatoren synthetisiert und
erfolgreich auf die asymmetrische Aminierungsreaktion sekundaéi-EBindungen angewandt.
Unsere Methode verwendet eaoh zugéngliche Carbonsédren als Substrate, die zun&hst mit einem
NitrogenierungsReagenz umgesetzt und anschliefend in einer hoch -remid enantioselektiven,
Eisenkatalysierten C(sp-H-Aminierung eingesetzt wurden. Diese unkomplizierte Methode zeigt
einen sehr breiten Anwendungsbereich, einen schnellen Zugang zu optisch akfiveimosaren
mit Aryl, Allyl- und Alkylseitenketten und ermdlicht ebenfalls die stereoselekiate-stage
Aminierung von Carbonsairdaltigen Arzneimitteln und Naturstoffen.

Im dritten Abschnitt wird iber eine unkomplizierte zweistufige Synthese voihtaiacemischen
a,a-disubstituierten a-Aminosaren durch eine enantiokonvergente, -m@ratorische
Nitren-C(sp’)-H-Insertion berichtet. Leicht verfigbare, racemisclteeyverzweigte Carbonsaren
werden DCC/EDGhekuppelt, um racemische Azanylester bereiddlen, die eine Umlagerung in
nichtracemizscheN-Troc-geschiizte a,a-disubstituierte Aminoséaren eingehen, katalysiert durch
einen einfach zu lagernden und robusten chiralen Eisenkatalys@tdpisubstituierte Aminoséaren
mit einer Arylgruppe ina-Postion kdnen in Ausbeuten von bis zu 99% und mit bis zu 8866
dargestellt werden. Ausgewdlte Beispiele zeigen, dass durch Umkristallisation der

EnantiomereniberschuRauf 99%everbessert werden kann.
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Chapter 1. Theoretical Part

Chapter 1: Theoretical Part

1.1 Introduction

There is high current interest in developing homogeneous catalysts fromaleanttantmetals
rather than previously dominant noble metals because ealthmetals are much cheaper, usually
have less impact on health and the environment, and are expected to achieve a reaction mechanism
different from noble metal catalysisAmong theabundantmetals on earth, iron is a particularly
nontoxic metal. It ha a very high content in the earth's crust and its chemical properties are very
attractive, such as a variety of accessible oxidation states and rich coordination chemistry. Therefore, it
is not surprising that iron is widely used in nature, such as pauteins and enzymes. Chemists
have adopted this strategy, and hgatalyzed reactions in organic synthesis have gained great
relevance in the past two decad@encerningasymmetric iron catalysis, a large number of chiral iron
complexes have been repm to catalyze asymmetric conversion, including asymmetric
hydrogenation, asymmetric oxidation and asymmetric carbene or nitrene transfer reactions, but there
are still challenges in catalytic performance and new catalytic mechahisms.

EnantioselectiveC-N bond formation is of utmost importance due to its presence in natural products
and bioactive molecules that have numerous applications in the pharmaceutical, agrochemical and fine
chemical industrie3. Over the decades, enormous success has been eachievthe transition
metatcatalyzed @N bondforming reactions, which played a vital role in the syntheses of
nitrogencontaining natural and unnatural compouhdglost prominentenantioselective @ bond
formation reactions include: Azidation ofi B and C=C bonds and Amination of i¢1 and C=C bonds
(Figure 1).5 All the above enantioselective-iT bondforming reactions have been studied in great detail.
However, the drawbacks of most of these catalysts are either very expensive or toxic. Therefore, the
sciatists shifted their attention to a cheaper and greener option and considered iron as one of the

alternative.
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Azidation 1 Amination
R! _H Rng3 | R! _H RH,NHR
Rh/ MLn, N3 source RPgs ! Rh/ i R?
R3 » N3 > R ' R3 MLn, Nitrene precurser RS
R !n B NR R
R1’\/R R1JYN3 E R1’\/R2 R1’<¥ or R1J\rNHR
R2 ! R2 R2

Figure 1. Construction of EN bonds by enantioselective azidation and amination

1.2 Background of N4 Iron Complexes

N4 ligands refer to ligands containing four nitrogen atoms and participate in coordination. The
earliest related research is about P4&he of them is the structure of porphyrin chelated with ferric
ions.” Because of its eellent catalytic activity, it has attracted wide attention. Then some scientists
began to study the catalytic activity of porphyrin metal catalysts and found that they were also useful
in oxidation,carbeneandnitreneinsertion® Because the synthesiscamodification of porphyrins are
not very simplenew porphyrin ligands containing N4 have been designed and synthesized in the past
two decades. There are also many catalytic applications of the catalysts synthesized from them.

Especially the catalytic abcation of N4 iron catalysFjgure 2).°

The development of N4 iron complexes

[ >
=z
R ~ I
N N
Rl:[ N /I/' | \\‘\\\ x
“Fel
' -
R R RN l \X
N
|
! X~ X: OTf, CHsCN
Heme enzyme Iron porphyrin Nonheme Iron complex

Figure 2. The development dfi4 iron complexes.

1.2.1 HemeEnzyme

The cytochromes P450 constitute a large family of cysteéme enzymes, are presentaih
forms of life (plants, bacteria, and mammals), and play a key role in the oxidative transformation of
endogeneous and exogeneous molecules. The total number of members of the cytochrome P450
family is increasing rapidl}f In all these cyste@heme ezymes, the prosthetic group is constituted
of an iron (lll) protoporphyrin covalently linked to the protein by the sulfur atom of a proximal

cysteine ligand. These enzymes are potent oxidants that are able to catalyze the hydroxylation of
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saturatedC-H bonds, the epoxidation of double bonds, the oxidation of heteroatoms, dealkylation
reactions, oxidations of aromatics, and so on. Two main mechanisms have been proposed and
discussed depending on the nature of the substrate and on the enzyme itseltoatoaltesl radical

mechanism (the Aoxygen reboundd mechani sm) or

a

radi cal intermedi ate based Fgore3d.fhe use of ultrafa

concerte:

! /
1 ,’
S, S/ \
HOLC CO.H \ : cage-radical
2 2

via the iron-oxo triplet state

Figure 3. Prosthetic of cysteinatbeme enzymeand two possible reaction pathways in hydroxylation
reactions catalyzed by P450 enzymes.

1.2.2 Iron Porphyrin

The selective, nodirected oxidations of unactivated hydrocarbons by cytochrord&0P
enzymes stimulatl interest in developing chemical model systems. \defined iron catalystwith
heme ligands that can be tuned were extensively explored as models for cytochrome P450 to catalyze
al i phatic C1 HFighre 4). Basedyn thiprincgple, the Groves groupreported a series
of iron-catalyzed hydrocarbon hydroxylation effoftom 1979 tothe 1980s.Unfortunately, aliphatic
C1 H o x irehetions withlron (lll) porphyrin catalystis very low yielding, requiring solvent
guantities of hydrocarbon sudrate. Siteselectivities for hydroxylation were investigated with
electroncally biased substrates and shown to be minimathe iron porphyrin systems, strong

evidence exists that free radical processes operate contemporaneously with more seletfibx@)net

chemistry. Al i phati c CiH hydroxyl at i oeostentve, deadiegptox i d at |

long-lived carborcentred radicals that can open cyclopropane ((Riggire 4B).12
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A. Hydroxylation: Groves (1979-1980s)

Fe(TPP)CI (10 mol%)
PhIO (1equiv.)

20 equiv. Fe: <1% yield
based on substrates

OH

B. Long lived radicals (reaction is not stereospecific)

H OH OH
Fe(TPP)CI N ¥
—_—
PhIO
H H H

cis: trans = 9:1

Fe(TPP)CI

Figure 4. Aliphatic hydroxylation catalyzed by Irofill) porphyrin.

1.2.3 N4 Iron Complexes

In the 1990s, welblefined pyridinéamine linked notheme iron complexes began to appear in
the form of small molecular functional mimics for Rbame iron oxidase. The polydentate amine
ligands tris(2-pyridylmethyl)amine (TPAY and NN MjimethykN , N Nj
bis(2-pyridylmethyl)ethylenel,2-diamine (MEP3}* and other® were introduced and complexed with
iron salts to furnish both monomeric and dimeric iron complexes that shovir&dy@roxylation
activity with cyclohexane. Preparatively, thesgstems did not distinguish themselves from the
previous stat®f-the-art: reactions were run with large excesseshefsubstrate and afforded trace
yields of oxidized products. However, mechanistically these systems appedredistinct. Most
significantly, hydroxylations of cid,2 dimethylcyclohexane were stereospecific, with no observed
transalcohol. Labding experiments with BD'® showed that the irehound oxidant generated from
H.0O. was able to exchange with water, suggestive of an iron(ntemediateRigure 5). 16

In the oxidationreaction the Fe(MEP) complexes exhibited higher catalytic activity than those
of Fe(TPA). Additionally, the MEP ligand hass t r odomating character via the bidentate tertiary
amine ligation and a symmaal, modular structure that allows electronic and steric strucitireity
relationships to be evaluated in a synthetically straightforward way. In 2000acobson group
discovered that [Fe(I)(MEP)(GIEN).](SbFs). is a preparatively usefutatalyst vith H.O. for
epoxidations of terminal olefingigure 5).1” Albeit a much lower energy process than aliphatid C
oxidation, this discovery represented the first time a-meme iron oxidation system had been

rendered preparatively useful.
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2N, 12+(Cl04); = l T 12+(ClO4 ), =z T]2+ (SbFg),
g <
N
N\ AN
(N,,, wNCCH N, l WNCCH;
€. ( “Fe.
-
/N \NCCH3 N | \NCCH3
NS N I
2 3

[Fe(TPA)(CH3CN),](CIO,4), [Fe(MEP)(CH3CN),J(CIO,),  [Fe(MEP)(CH3CN),](SbFe),

H
iron cat. (0.1 mol% iron cat 1 or 2. (0.1 mol%») HO
H,0, (10 equiv.)
H,0, (10 equiv.) H,0'® exchange

mixture stereospecific

Iron catalyst 1: 0.37% yield
Iron catalyst 2: 0.63% yield

H,0, Iron cat. 3 (3.0 mol%)
LFeII(SO|V)2 —_— LFeIII_OOH > n-CsH17\/ ' o n-C8H17\<|
H202 (1 5 equiv.) . o)
LFeV=0 -R-H 5 R-OH AcOH (0.3 equiv.) 85% yield

Figure 5, Al i phati¢c CiH hydroxylation and thM4Fepoxi da
complexes.

A breakthrough was made Ibiye White group in 2007 when the MEP system was strategically
altered to endbe t he fir st preparative, undirected Cil
In c r e as i-dongtiort df the afnine ligands and simultaneously rigidifying the ligand would result
in improvements in selectivity. After significant experimentation, exchmnghie ethylene diamine
backbone with pyrrolidine rings ultimately  furnished Fe (PDP) catalyst
([Fe(IN(PDP)(CHCN),](SbR)2) 4t h a't afforded a significant i mpr
hydroxylation (90%)This complex uses hydrogen peroxide@;) to oxidizea variety of substrates.

It realized the extraordinary potential of nonactivasgél C-H bond oxidation in organic synthesis

with both high activity and predictable selectivity. Predictable selectivity is entirely based on the
electronic and spel properties of €H bonds, and directional groups are not required. It is worth
mentioning that the hydroxylation of hydrocarbon bonds of complex natural products can also be
realized in their catalytic systerfigure 6A).'8 In 2013 the same group firdemonstrated this with

the discovery of catalyst Fe(g#DP)5. Sites el ect i vi ti es coul d be predict

oxidations with no changes made to the substrate or the reditjome( 6B).1°
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2N 12+ (PFg),

A. White (2007, PDP)

]
i
s Sy
H Iron cat. 4 (5 mol%) OH | N, NCCH
/O_ AcOH, H,0, (1.2 equiv.)» Q_ i Fle\ 3
. ~
PivO PivO N N/,L NCCH,
(1 equiv.) 38% yield 1 | X
>99:1 dr stereospecific _
reactivity >99:1 dr 4

| y
H\/\<< H)<_|<H)k

H
Sl ewe < LB« S
o EWG

Iron cat. 4 (5 mol%)
_——
AcOH,

H,0, (1.2 equiv.)

B. White (2013, CF5-PDP)

Iron cat. 5 (25 mol%)

OAc AcOH, H,0, (5.0 equlv.)>

Figure 6. Useful aliphatic CH oxidation reaction catalyzed by N4 Iron complexnd5.

In 2013, Costas with cavorkers studied the asymmetric epoxidation of olefins witd®
catalyzed by aminopyridine iron complexes containing various sudst#t R, R?> and R at the
pyridine rings of the PDP ligand. The obtained catalytic epoxidation efficiency and enantioselectivity
(up to 99%) were found to be strongly dependent on the eledtnauating nature of the pyridine
moieties. Complexes containingore electrordonating substituents at the pyridine rings exhibited
higher enantioselectivities. Thu8,and 10 (Figure 7A) were identified as the besatalysts in the
series. Complex9, which showed the highest olefin epoxidation enantioselectivity bagdi
remarkable efficiency and enantioselectivity even at very low loading (3 nubl®h carboxylic acid
additive. For some substrates§){Iburofen is the best additivinat acts as an additive (Figure 7B).

The authors assumed that electdmmating sbstituents in complexe® and 10 attenuated the
electrophilicity of the corresponding oxoiron(V) intermediate, thus enhancing its enantioselectivity
And they proposed possible mechanisfi.The original mechanism proposed Qye and cavorkers

for the Fecatalyzed AcOHassistedepoxidation of olefins with kD, involves the intermediacy of

6
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oxocarboxylatdaron(V) specieslb (Figure 7C) as the oxygeratom delivering agent. Species Ib is
formed via acieassistedheterolytic cleavage of the -@ bond in a FP&OOH)(HOAc) (la)
precursof! Experimental spectroscopic eviderneavour of this mechanistic scenario has been also
provided by Talsi, Bryliakov, and emorkers?? and furthercomputational support for the formation
and oxidativecompetence of these espes has been built by Rajaramanaktin a study of the

ortho-hydroxylation of aromatic compounds/ norrheme Fe complexés.

A
Ra
) < 2] m% e
VY I\ Ny \ \N N 9 H  NMe,
o NIII"": | \\\OTf e, NIII"'I, | \‘\()Tf C[N/Ill'l \\\OTf ‘0, NII"I, \\\OTf 10 Me OMe
! Fe. | Fe. 1 H OMe
N, N,
N/,L oTf N/,\Il OTf N Notf N NoTe 12 H OMe
7 7 14 H Cl
R R3
R, 15 H CO,Et
6 7 8
9 (1 mol%) C
H202(1.6 equiv.) 0 LNEQ(CEASO)] + RCOLH
X Acid (3 mol%) . [ e'(CF3S03).] 2 H,0,
CchN -30°C, 30 m|n 1/2 H202 /H
R OV‘H
! N4 IIl7
Acid: CH3CO,H  87% yield, 62% ee O=CO L™Fe \O ("
‘C
|
Acid: (S)-lburofen  97% yield, 86% ee 2 CF3805 LNpe!l a
R\ R
m (S)-Iburofen o)
LVFeY”

O‘C Ib

\

Figure 7. Asymmetricepoxidation with HO, by manipulating the eleobnic properties of naheme
Iron catalysts.

For the epoxidation of double bonds, some othétigdnd catalysts have been reportBeck to
2011, the Yamamoto group reported the combination of Fe(@&f)jd novel phenanthroline ligands
which enables the talytic asymmetrie p o x i d at i o n-disnldstitueed gnanksi The rbaction
provides hi ghl yepexykatonesi (ae@2% ieq) that dan bk, further converted to
f unct i oketmdlderwdesiwitiban atlarbon quaternary cest(Figure 8A).2* The sameyear the
Sungroup reportech new N4 iron complex17 which can achieve the epoxidation of chalone and

provide the product with up to 90% yield and 87% Egyre 8B).% And in 2012,the Sun group
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reported another typ&4 iron complexesl9 and 20 which can calyze the epoxidation of
multisubstitutedenones The substrates scope is broad and ee value up toFagese 8C).%° In 2015,
the Gao group reportednain situ formed porphyrimspired iron complex21-28 which cancatalyze
the asymmetric epoxidation of i-d and trisubstituted enonesThis reaction provides highly
enant i o eMmepaxyketoaesd (up)to 99% eéfigure 8D).*” And all mechaniss for these

reactions are similao previously described.

A. Yamamoto (2011 )
R® 0O R® 0O

16 (5 mol%) O

2J\/u\ 1 > NG

R R CH,CO4H (1.5 equiv) R2J\/U\R1
CH4CN, 0°C, 0.5h

acyclic .
B,B-disubstituted up to 88/2 yield
o,fB-enones up to 92% ee
B. Sun (2011) _
Ry [T ]
(0] o) \ N
18 (2 mol%) () . N o
2/\)1\ ; —> R2»<|)LR1 N, | OTE 17:R1=Ph
R R' CH3COAH (5 equiv) Fe 18: R1 = 4-tBuPh
H,0,(2 equiv.) ~ l NoTs
CHACN. -15°C 1h up to 90% yield N N
s ' up to 87% ee /\ S
S

C. Sun (2012)

N
19 (2 mol%) No,, | SOTF N, | WO
o n ‘1, 1 W ”' T
. Fe e
CH3CO,H (3 equiv.) ~ ~
H,0,(1.2 equiv. Q N | o 1o
\)j\ 20,(1.2 equiv.) ,@L N N_ Tf
RN NR! CHiCN,-20°C2h R 3 N1 —¢ |
N =
up to 99% yield —
up to 98% ee 19 20

D. Gao (2015)

o) —|2+ (0Tf), 21: R1="Ph
o~ Cij)\ 22:R1=iPr
23: R1=Bn
22mol%) ” Fo H 24: R1 = BuPh
o CH3CO3H (3 equiv.) =N~ R N= gg 21 i séBuPh

\)j\ H,0,(1.2 equiv.) \\\ (R7ZBuPh
R~ “Ph  CH4CN, -20°C,2h R2 R

27:R1 = Et

28: R1 =Me
up to 94% yield
up to 99% ee

Figure 8. The epoxidation of double bonds catalyzed by N4 iron catalysts.

In 2016, the Costas group reported that iron complexes withs@@hmetric tetradentate-based
ligand catalyzed the asymmetric epoxidation of cyclic enones and cyclohexene ketbrexgueous

hydrogen peroxideHigure 9B). This catalytic system can provide the corresponding epoxides in good
8



Chapter 1. Theoretical Part

to excellent yields and enantioselectivities (up to 99% yield, and 95%nde) mild conditions and in
short reaction time. Evidence is prdei that reactions involve an electrophilic oxidant, and this
element is employed in performing sgelective epoxidation of enones containing two alkene sites
(Figure 9C). They think he design of C1 symmetric complexes where the electronic and steric
properties of distinct heterocycles are combined constitutes a fmash the design of this class of
catalysts.Screening different combinations of ligands, they found the besB3ree TIPSsubstituted

pyridine and a benzimidazole ringrigure 9A).2

A. Catalyst scope

= TIPS = TIPS N N
S | [\ g N zN'Q
N
%, N, otf ‘u, Nu, Tf / NN N [\ SN
I”,II'F|e‘\\\\ ’l/, \\\O N I"'l: | \\\OTf l/, //,,I | \\\on /,, N”I/, | \\\on
v | o N \OTf |
N N ~ > e
| N N N N
= |
=
TIPS
OMe
29 30 _NJ 31 Sve 32 Se 33
B. Cyclic aliphatic enones asymmetic epOX|dat|on C. Dienones asymmetic epoxidation

O 33 (3 mol%) 33 (3 mol%)
(;/[/ H,0,(2.3 equiv.) H,0,(2.3 equiv.)
Acid (1.4 equiv.) . "o N Acid (1.4 equiv.) {
(0] CH3CN, -30°C, 30 min CH3CN, -30°C, 30 min
O)LR O,),L up to 99% vyield,
w0 99% ee

up to 98% yield, 92% ee

Figure 9. Theasymmetric epoxidatioaf cyclic enones and cyclohexene ketooamlyzed byN4 iron
catalysts

Back to 2007, Collins and coworkers reported another new N4 iron con8slexhich have
proven to bean efficient catalyst in the decomposition of numerous pollutants by hydrogen peroxide.
This is the first synthesis of the oxoiron(V) complex. The reaction3®fwith mCPBA in
n-butyronitrile at-6 0 yielded a deep green complex, identifiedBaby EPR, EXAFS and ESMS
studies Figure 10A).%° In 2014, Gupta and coworkers reported another two similar com@éxaasd
37. The latter one can catalyziee epoxidation of cyclohexandHowever, its reaction condition is
room temperature and the oxidants are sodium hypochlorite@PBA. Their catalytic reaction can

be carried out in a catalytic manner with modest yields and turnover nurlugne (10B).*°
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A.Collins B.Gupta
OH, T]-(PPhy)* NaOCI(1.2 equiv.)
O N
y_ :\,.\\\ 0 CH3CN, 25°C
NQ /N
Fe (Il
7\
N N . .
0 o . T12-EuNy o o I(EWN)
34 O S Qe

L 0
0
m-CPBA, NS —~ N QN
-60°C e N e N
n-BuCN N)_QN—&O N)—Q N*o
36 O 37 O

Figure 10. The synthesis of oxoiron(V) complexes.

In 201Q the Che group reportethe 38-catalyzedcis-dihydroxylation of avariety of alkenes,
particularly electrordeficient ones, by oxonwith high cis-diol selectivity (Figure 11A).3! In 2011,
Costas and coworkers reported 88catalyzechydroxylation ofalkanes and theis-dihydroxylation
of alkenes using #D. asoxidant The hydroxylation otis-1,2-dimethylcyclohexane is stereospecific
and affords a racemimixture of (1R,2R)-dimethylcyclohexanol and §2S)-dimethylcyclohexanal
Similarly, oxidation ofcis-2-heptene byd9 is synstereospecific and affords a 2:1 racemic mixture of
95% erythroheptane2,3-diol and 2butyl-3-methyloxirane (97%cis). When the catalytic \axtions
were performed in the presence %0, the oxidized products exhibited a correspondingly large
content of $¥0. alcohols (R,2R)-dimethylcyclohexanoland (1S29)-dimethylcyclohexanol were
76+3%*®0-labelled, buterythradiol was 84+3%"°0'*0-labeled, which provided evidendbat one
of the two oxygen atoms in the major part of the dietived from HO (Figure 11B).>? In 2015,
Costas and coworkers reported another comlewhich can react with peracetic acid etyogenic
temperaturesind form tte iron speciegd 1l This onealsoproves to be sensitive to the strength of the
C-H bond, polareffects, and steric constraints, and therefore it bearshifwacteristics of a selective
C-H hydroxylating agen{Figure 11C).23 All three N4 iron catalysts arinvolved in subsequent

reactions by forming iro(V) oxygen intermediates under the corresponding oxidation conditions.

10
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OH +(ClO,y
A.Che (2010) R2 ,<?/Rz 1+(Ci0,)
A R2 R1 R1
R OH
38 (0.7-3.5) mol% ' I
eqg. -
go Q CH4CN, Oxone OH Q
NS 9N o
o O OH
99% yield

B.Costas (2011)

39 (0.1 mol%) 7,
- OH
H,'80

76+3% '80-lablled

(0.1 mol% OTf
/_\_L H2180 Ax >_<_L 39

64+3% 180-Iab|led 84+3% 180'60-Jablled
16x3% '90"%0-lablled

OH N\
Sy Sy
>~ N
A N I/// I \\\\ N C H3CO3H IIII" ", F ‘\\\‘\\ N

e
\OTf -40°C N/S ~NoAc

/
L "OH
40 4

Figure 11. DifferentN4 ironcomplexes catalysis.

C.Costas (201 5)

In 2016 the Chegroupreported the synthesis of new complexes able to catalyze ABgrhkdiated
cis-dihydroxylation of alkenes with excellent results in terms of stereoseleéfiviiyjmong the different
ligands tested, compled6 (Figure 12A) was particularly selective towardsetformation ofcis-diols and
brought to an ee higher than 90% in the oxidation of varid)salkenes, both electretich and
electrondeficient, reaching 99.8% ee with methig){cinnamate. Lower enantioselectivities were obtained

with (Z2)-alkenes[figure 12B).

11
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A. Complexes scope

TfO N TfO
/N Et /N _ FH,C N
N N N N
46 a7 OMe 48 49

B OH

~ R? 46 (3 mol%), H,0, T, OH
A - R1JYR Ph/'\rCOZMe or
MeOH, 27°C,1.5-3h
up to 1 g scale OH OH
24 examples > 80 %ee 94% conversion 87% conversion
99.8% ee 40.6% ee

Figure 12. cis-dihydroxylation of olefins catalyzed tiy4 iron complex46.

In 2019 compleXs0 was also reported to work agatalyst for the asymmetric epoxidation of a wide
scope of alkees with good enantioselectivity, bgenerally with slightly lower activity than other
complexes already mentioné&ttis-b-Methyl styrene was also employed as a substrate and the conditions
for catalysis were used as reported eattiegnable direct comparison 9 with related Fell) complexes
(Figure 13A).36 Under catalytic conditions, compl&0 oxidizedcis-b-methylstyrena to form the epoxide
with 60% vyield and an ee of 43%gure 13B). In organic synthesis, the trisubstituted cyclic
U ,-epoxyketones are resourceful intermediates because of the presence of a chiral quaternary carbon
cente.*” The development of airon catalyst for the enantioselective construction of such quaternary
carbon cemes coordinated to an oxygen atom is still highly attractivesing tetralone derivatives as
substrates for this type of reactiohhey obtained good yields of trisubstiaat U ,-poxyketones with
quaternary carbon cees with excellent enantioselectivities (up to 97Btgure 13C). Furthermore, the
e poxi da t-unsaturatedfketddes fvas evaluated. For chalcone and its derivatives, a higher epoxide

yield and ee (up to 97%ere obtained with-2ha than AcOH as the auxiliary carboxylic acid

12
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A. 50 (1-2 mol%)
H,0, (1.6 equiv.) 0
m CA(3or14equiv) m
CH4CN, -30°C, 30 min \N
up to 61% vyield, 61% ee {
[\ SN
B. “,, N”"l,,, | \‘\\OTf

o 50 (3 mol%) 0o

Fe
H,0, (1.6 equiv.) 0 = N/ | NoTf
Z R 2-eha (1.4 equiv.) N
(I j CH4CN, -30°C, 30 min /N@
50

up to 98% vield, 97% ee

C. 50 (3 mol%)
0 H202 (1 .6 eqUiV.) 0O

2-eha (1.4 equiv.) 0
R1/\)LR2 > R1’<I)J\R2

CH3CN, -30°C, 30 min i
up to 84% yield, 97% ee

Figure 13. Highly enantioselective epoxidation of olefins catalyzed by N4 confilex

In 2020 Che reported a protocol for thenantioselective alkylation of pyrroles, indoles and
N,N-disubstituted anilines catalyzed by tRé iron complex51-53 (Figure 14A): the tetradentate ligand
binds iron generating grcis-b configuration, thanks to th&R)-diaminocyclohexane backbone. Complex
53 was able to catalyze the conjugate addition of substituted indolés-tinsaturated -2acyl imidazoles,
leading to the products of alkylation on positions 1, 2 or 3 abl@dbut always with googields and
enantioselectivity ranging from 71.5% up to >9%#g(re 14B). High yields and excellent ealueswere

also obtained in the alkylation of pyrroles and anilifégy(re 14C).3°
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A Cl
~ z N
N \N ~
/
TfO’"’u \‘\\NI' Tfo”/, | \\‘N’ ’ \N/ | WOTf
L ) \
Z 1N Fe\ U e
o™ | N Tfo/l N vy o SN
N N P
’d
N \
Cl
51 52 53
(0]
X/\)J\r/N
B ,NJ)
Y
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87-95% yields,
91->99% ee

RSmRZ 53 (5mol%)
Z >N MeCN, -25 °C, 4A MS
21 examples

0
X/\)j\(/N
12
Y
R @\/\g_ S3(5mol%) 65-96% yields,
Z >N MeOH, -40°C, 4AMS  R2— X 0 71.5->97.5% ee
AN <

H
\_/~n =N
— ,N\/)
R’ v
¢ A\ X O
RzT!\ E
N\ II/\ 6 examples

) N
Ry 7 i
2 N 87-94% yields,
Y

0
- 0,
X/\/U\‘//N 53(5mol%) R, 93->99% ee
9 .

MeOH, -40°C, 4A MS
8 examples

i<

Y R
R 3 N )
/\/7 87-95% yields,
R Ri~ 76->97% ee
™N N Y

Figure 14. Alkylation of indoles, pyrroles and N;Nisubstituted anilines catalyzed by N4 Iron complex

53.
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1.3 Enantioselective CN Bond Formation Catalyzedby Chiral | ron Catalyst

As described previouslthe most prominenenantioseledte C-N bond formation reactioreatalyzed

by iron complexeincludeazidation of GH and C=C bonds arttieamination of @ H and C=C bonds.

Azidation ! Amination
R!__H RI__N; 1 R" H R! .NHR
Rh/ N R?C i Rh/ Rh’
rs __Feln, Nssource R : R3 Feln, Nitrene precurser
3 ]
, R i iron-containing
RITXAR R1J\’N3 E R(\/RZ cytochromes P450 R(({ or R1J\rNHR
]

R2

Figure 15. Azidation and amination catalyzed by iron quexes or irorcontaining cytochromes P450.

It is noteworthy that there are two major ways to introdudd Bonds into organic molecules
throughnitrene transfer (NT)the NR can add to a C=C bond (aziridinatibigure 16 right) or insert
into a CH bond(amination). Although numerous examples of raceNiicpromoted by a variety of
transition metals are known, the development of general enantioselective reactions has been
substantially more challenging. A simplified mechanism of transitietatmediated N (Figure 16
left) involvestheinitial reaction of a metal catalyst MLn with a nitrene precursor RN=LG (where LG
denotes a leaving group such as Ph,dN CQ) to give a metahitrene RNMLn. This reactive
intermediate can engage a C=C bond to form anda® or insert into a ¢4 bond to generate an
amine product. Depending on the electronic structure of the nitrene species, the reaction can occur
through either a concerted or a stepwise pathway. Theimittahe intermediate typically exists in
either a singlet or a triplet electronic ground state. Singlet metal nitrenes generally perform NT
through concerted pathways involving asynchronous transition states. In contrast, triplet nitrene
complexes afford radical intermediates byatém transfer or radit addition to the alkene, followed

by radical recombinatiof?.
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MLn
RI_NHR R3
X NR
R% s RN=LG R1’<' or R1J\(NHR
(LG = Phl, Ny, CO,) R R2
LG
[ RN=MLn ]
singlet
concerted
R!_H ¢
R?I/ RN-MLn R R?
R3 ) R
triplet
stepwise

Figure 16. A simplified mechanism of transitiemetatmediated C=C aziridination or-B amination
or through nitrene transfer.

1.3.1Iron -Catalyzed Asymmetric Azidation o f -Kefo Esters and Oxindoles

In 2013, the first example of enantioselectivechtalyzed azidations of cyclizketo ester and
oxindoles using a readily available and stable azidoiodinane astaansfer reagent was reported by
Gade and cavorkers in ligh yields with up to 93% ed-igure A).*! The reaction was catalyzed by the
combination of boxmiron (II) chloride complex and silver carboxylatEhe ®lvent of the reaction
also plays an important role in achieving enantioselectivity and diethylettsfound to be the best.
Silver benzoates with an electrarithdrawing group were most suitable for the reaction e.g. silver
4-nitrobenzoate provided the highest enantioselectivity. Both eledtorand-poor indanones and
substituted cyclopentenone detiives were converted to the corresponding azo product in high yields
with high enantioselectivity. A bulky ester such &esrt-butyl substituent is essential for
enantioselectivityCyclic sixmembereding betaketo ester was also successfully employedhie
process but with moderate enantioselectivity. The methodology was successfully extended to azidation
of 3-aryloxindoles, wherein catalyst was prepared in situ from iron (Il) propionate and the boxmi

ligand Figure B).
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o 54 (10 mol%) o ) \T “Ph
1 Ag salts(10 mol%), R 3 _~ClI
R COR® _ ELO.m48h COZR N—Fes,
4
R2 n H Nsy,, R2 n Na \ _N._Ph
=1,2 4
n="u 15 examples, 69-90% yield, o 5
67-93% ee
(1.5 equiv.)
AgOZC—Q—Noz
B.
Ho A Fe(OOCEt), (10 Tol%) Ns ar Ag salts
Boxmi (12 mol%), N
O o Et,0, rt, 36h A o 0
R*% _ » R*T _ j
N N N SN Ph
\ 3N \ / N
Boc Boc | __cl
9 examples, 85-90% yield, N Fle\sn
87-94% ee
(1.5 equiv.) \_, Njfph
@) Boxmi

Figure 17. Enantioselective @ coupling reaction betwedmnketoesters and oxindoles catalyzed by Fe
complex.

1.3.2Iron -Catalyzed Asymmetric Carboazidation of Styrenes

In 202Q the Bao group reported the ireratalysed enantselective carboazidation of styrerfés.
This reaction proceeds through a carbon radical addition to double bond and the following group
transfer of azido group from Fe (HNs species to benzylic radicdFigure 18A). The stereaontrol
on the radical cedre is realized via the synergistic effects of van deaWas and =~ i nteract
rigid chiral space created by the tridentate chiral N@dter ligand and iron salFigure 18B). In
their work, styrene with one or more substituents on the phenyl dsgxamined and were found to
provide the correspondingroducts with good to high yields and high enantiomeric ratios. Both
electrondonating groups, such as methyl or methoxy, and elegtittrdrawing groups, including F,
Cl, Br, NG,, are tolerated. And inexpensive industrial chemical feedstocks such a<CERr CHBIs,
CBrCl; and other commercially available carbon sources such as fluoroalkyl bromides or iodides all
react effectively to afford the desired products. Finally, tofe7 substratesvere catalyzed by this

catalytic system and providéle desred product with up to 87%seld and 97:3e.r. (Figure 18C).
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[Fel/LPO [Ln*Fe-Nj] N3
A + RIBr > Ar‘8<8 — > R
Ar/K/

B. : Rigid chiral pocket
0 : 1 Steric hindrance : O O
| 0’@ ; 0

"
(
/U\ ~O_-C11H23 ! 3
CiHs™ O Y "\ o
\n/ i "x'\—’;l—,vu’/ ] ; Q \N N 4
LPO O 1 N/Fe\o, ) K
E + x interactions E Ar‘ L1 :: Ar
; b — : Ar Ar
‘... Froposedmode : Ar = p-tert-butylphenyl
C. n 0, 0, NS
X-R"  Fe(OTf), (1 mol%), L1 (1.5 mol%)

R + TMSN; +

' o R'
R')\/
67 examples,
up to 87% vyield, 97:3 e.r.

N3 Ry: F 77% yield; 92:8 e.r. s Ry: CBr3 82% yield; 94:6 e.r.

IC4F; . Ry . o e an.
R4: Cl 63% yield; 92:8 e.r. Ry: CCl3 77% yield; 92:8 e.r.
R R4: Br62% yield; 93:7 e.r. R,: CHBr, 60% yield; 91:9 e.r.
i

Ry: NO, 46% yield; 90:10 e.r. ¢ Ra: CHI; 41% yield; 90:10 e.r.

X=1,Br LPO (2.0 equiv.), Et,0, r.t. 6-8 h

Figure 18. Iron-catalysed asymmetric carboazidation of styrenes.

In 2021, the Bao grouprepored the firstiron-catalyzedradical asymnetric aminoazidatiorand
diazidationof styreneg?® The reactionproceedsunder mild reactionconditions,with low catalyst
loading and broad styrene scope. For aminoazidation, most substratase catalyzed by the
combination of Fe (OTf)and L1. Severalubstratesare catalyzed by the combination of Fe (QiIf)
and L2. Most of the reactionsvere performedwith L1 or L2, and itwas foundthat L1 afforded
productswith better enantioselectivityin most casesexcept forreactionsnot forming products
Electrondonatinggroupssuchas methoxylmethyl, isopropyl or n-octyl, and electronwithdrawing
groups,including F, Cl, Br, Ck, or CHF; are all toleratedWhenvinyl and allyl/alkynyl groups are
present in the same molecule the aminoazidation occurs selectivbbByvinyl group, affording the
desired productRigure19A). For diazidation of alkenes, théyundthe chiraliron catalystis suitable
for disubstitutedandtrisubstitutedstyrenesand producehe otherwisd@naccessiblechiral diazidation
products(Figurel9B). For these two reactions, totaf 54 examples were provided with up to 98%

yield and 98.5:1.5 e.r.
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R!  F-N(SO,Ph), Fe(OTN, (1 mol%) N3

I - )\/N(SOZPh)z
R TMSN; L1 or L2 (1.2 mol%), Ar O O

CHClj, rt, 48h R2
0

N3 N
R? N(SOzPh); F N(SO,Ph), 0N N
Ar‘\\l\( 3 Ar
= Ar

Ar
R1: OMe 62% yield; 90:10 e.r. 68% yield; 89:11 e.r. L1 Ar = p-tert-butylpheny
R4: Me 75% vyield; 90:10 e.r.
R1_ . °8§0/ 9010 o N3 L2 Ar = 4-(2,3,3-trimethylbutan-2-
A oY N(SO,Ph),  Y)phenyl
R4: F 90% yield; 93:7 e.r.

R4: Br 60% yield; 95:5 e.r. _
R4: CF,H 86% yield; 93:7 e.r. 74

Ry: CF5 86% yield; 93:7 e.r. 80% yield; 90:10 e.r. Et o )<
n-Bu)\[f ~0
(0]

B. R Alkyl perester Fe(OTf), (5 mol%) N3

Ar/\r + > )\(N3
L1 (6 mol%), Ar Alkyl perester
R? TMSN; CHCls, t, 72h R P
N3

N N
N, 3 3 .
©/K/N3 ©/‘\§/ ©/’Z§ 3
N ) N3
n

dr 3:2, 61% vyield
_ . n=1, 75% yield; 95:5 e.r. major 85:15 e.r.
61% yield; 73:27 e.r.  54% yield; 92:8 e.r. = 2 559 yield; 93:7 e.r. minor 93:7 e.r.

Figure 19. Iron-catalyzed radical asymmetric aminoazidation and diazidation of styrenes.

In 2021 the Feng group disclosed an efficient enantioselective radical carboazidation and
diazidatiummatodr ald,efd ket ones and adiokidk/&e(OTfx at al y z
complexes? A series of substituted olefins are converted into correshd® n g  eAkidofcarborgl U
derivatives have good enantioselectivity and are conducive to the preparation of chiral compounds
U-amino ketones, ortho amino alcohols and ortho diamines. they studied the substrate range of ketene
in asymmetric reaction, iftuoromethyl azide reaction. UsinBogni reagent andMSNs as reaction
partner s, -ayV-anshiudatey ketorkes transfer the corresponding molecules smoothly
b-trifluoromethytU-azido can obtaingood enantioselectivity. In generalkenoneswith substituted
benzoyl groups have good tolerance, good vyield B88%), and high enantioselectivity
(96.5:3.598:2). It should be noted that other commercial carbon sources, such as fluoroalkyl iodine,
are suitable carbon partners. With the assistaricéawyl peroxide, the required adducts are
transported in the ratio of 94:@.eand 93.5:6.5 .e In addition, alkyl peroxides can also be oxidized as
an ideal carbon source for alkyl azide, respectively. Methyl peroxide and ethyl peroxide also

participded in the reaction, providing methyl product in the ratio of 93.%e6.%nd ethyl product in
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the ratio of 87:13 e, respectively. The corresponding alkyl peroxides can generate a series of primary
alkyl radicals with various functional substituentgls as chlorine and esters, and provide related
products with good yields at medium to good enantiomeric réigsire 20A). And for diazidation,

an arrawsaft udabed ket ones wi tplenyhriagwere allsameable st i t u

in diazidation (75:2891.5:8.5 &.)(Figure 20B).

A

o Fe(OTf), (10 mol%) o o @ . o
R+ s ¢ TMSN Ligand (10 mol%) , %I\\‘ N\/\\\‘[:]
2 - > N
R R-LG ® DME@©.1M),70°C.3h RE 4 RO N O O, .NL
Ng R R” H H R
R = 1-adamantyl

R3-LG

F3 59% yield, 97:3 er 56 5% yield, 97.5:2.5 er 70 5% yield, 98:2 er 73% yield, 97.5:2.5 er

R3-LG
i Pd/C, H o Pd/C H OH

C4Hgl 2 < , Hp H
CLQI Ph)g/\C4H9 C4H9 ph)l}{\CGHm—) Ph/Y\CeHm
ng N; “Ph N3 Ph N5 Ph

66% yield 88.12 dr 67% yield 90:10 dr

68% yield, 94:6 er 68% vyield, 93.5:6.5 er

R3'LG o R3_LG

O _R? i 0 Q i

3
o \n/ Ph)g(\Me Ph)g(\Et R3JJ\O/O\[]/R Ph)l){\/\Ph
o} Y 7
N3

o O Fe(OTf), (10 mol%)
1 Ligand (10 mol%)
R? R &+ /O + TMSN; DME u>/\
| (0.1 M), 70°C, Sh o~

\
OAc

o) 0 o} o 0
Ph)1>{\N3 Ph)l>{\N3 Ph)y\N:s N3
FS LS Te's TS SRie's
Br SMe OH cl

56% vyield, 91.5:8.5 er 59.5% yield, 90:10 er 67% yield, 75:25 er 68% yield, 91.5:8.5 er

31% yleld 84:16 er

Figure 20. Iron-catalyzel enanti osel ective radical-Utauaked azi da't
Carbonyl Compounds.

1.3.3Iron -Catalyzed Asymmetric Intramolecular Aminohydroxylation of Indoles

In 2013, the Xu group disclosed iron (Il)-catalyzed asymmetric intramolecular
aminohydroxylation of indole€® In this reaction, the iron catalyst transfers the N and O groups of
hydroxylamine to various indoles (dr > 20:1, ee up to 99%). Simple product derivatization provides

enantiomerically enriched forms of aminohydroxyindole andnamdolanes(Figure 21). They
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applied the optimized reaction conditions to various substituted indoles. And observed that
5-methylindole is an excellent substrate for Fe gRAatalyzedasymmetric amino hydroxylation.
They also found that #nethyl substuent, bromine substituent and chlorine substituent were well
tolerated in the asymmetric amino hydroxylation of indole catalyzed by Fe){Qwhich provided a
multipurpose method for further research. Further studies showedhatglindole was an egttent
substrate for F€OTf), catalyzed asymmetric ammonia hydroxylation (91% ee), amekthylindole
participated in Fe (O#é), catalyzed asymmetric ammonia hydroxylation with acceptable ee (88% ee).
However,they observed that the ee of amino hydroxyatof 4bromoindole was significantly lower

than that of other substrates (74% ee), suggesting-tHahdy be important for asymmetric induction.

0
0
O\]],H Fe(OAc), (15 mol%) 4 Y o o
N, 4 “OR! Ligand (30 mol%) N 2 NH _Ph ,N '\}J..nPh
R~ N toluene/ MeCN (50:1) R OR 3
\ N Ph

4A MS, rt, 12h Ph
S0,Ph S0,Ph
R1: 2,4-Cl,-benzoyl dr > 20:1
0 o) OH OR’
o) 0O
a4 a4 4 /
“,_2NH “, 2NH ~aNHBoC ~aNHBoC
N N
Me N Br N \ \
50,Ph 50,Ph SOzPh SO,Ph
65% yield, 95% ee 64% yield, 91% ee 64% yield, 90% ee 61% yield, 90% ee

Figure 21. Iron(ll)-catalyzed asymmetric intramaldar aminohydroxylation of indoles.

1.3.41ron -Catalyzed Asymmetric Aminohydroxylation and Aminofluorination of Olefins

In 2016, Xu and colleagues reported that the PyBOX ligand effectively supports arledacentble
enantioselective intermolecular amoxygenatiorand aminofluorination of inderfé€ Control experiments
suggest the presence of a carbon centred radical intermediate generated through radical addition of a
putative Fénitrene. This mechanism differs from the classical aziridinationapeging pathway because
the radical intermediate is proposed to be oxidized by the resultingvalight Fe (lll) intermediate
through singleelectron transfer to generate a carbocation, which subsequently combines with either BzO

or F (Figure 22).
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o F Q /CFs
Fe(NTf,), (15 mol%) >\‘—0
ol ) Fe(NTf,), (15 mol%) PyBOX (15 mol%) NH
PyBOX (15 mol%) [Et;NH]F, [Et,NSF,]BF,
4AMS 4AMS 44% yield, 84%
O CH,Cl/CH5CN, -30°C CH,Cl,/CH;CN, -30 to 0 °C F Q. /CFs
X=Cl X=F o

Cl
CCly ©:§‘NH
70%, >20:1 dr, 95% ee X, N0 15% yield, 84%

ee
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A .o
y
o
BN (-
6} Z 0,
©\_ RO Single-electron > = RL | N \\7.,,,
P - N N
’/\\N\A\O transfer H(‘H\N O .
HY h LaipyB0%) PYBOX
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_ Fe'(PyBOX)
OBz

NTY, NTY,

Figure 22. Enantioselective intermolecular aminooxygenaaod aminofluorination of indene.

1.3.5Iron-Heme Enzyme-Catalyzed Asymmetric Aziridination

Since the structures of iron carbene<E (RY) (R?) and iron nitrene (&NR) are similar to those of

iron oxide (FE=0) intermediates involved in the catalytic oxidation of cytochrome PABG9ld and
coworkersused synthetic carbene and nitrobenzene precursors never encountered in biological systems and
reused P450 to catalyze unknown reactions in ndtuse, they tried different nitrene transfer reacgidn

2015, they disclosed that P411s could catalyze the asymmetric aziridination pf styrene derivatives using
tosyl azide as the nitrene souféd&hey found that evolved enzymes can suppress the reduction of azide
The final variantP 1263 A328V L4377V allows the preparation of a series of enantiomerically enriched
aziridines from electronich and electrically neutral styrene. Due to their weakenedeaphbllicity,

electrondeficient styrene is a less effective substrate under these con(itigns 23).

ANTs
S P I1263F A328V L437V N
R-L + N3 > |
! Ts R—-+
= =
ANTs ANTs ANTs ANTs NTs
©/\l /@/\1 /@/\l /@\/\I Me\©/‘\]
Me Cl Me Me
70% yield, 600TTN 55% vyield, 450TTN  36% yield, 290TTN 15% vyield, 130TTN 10% vyield, 85TTN
99% ee 99% ee 99% ee 81% ee 95% ee

Figure 23. Iron-heme enzymecatalyzed asymmetric aziridination.

1.3.61ron -Heme Enzyme-Catalyzed Asymmetric Aminohydroxylation

In 2019, Arnold and coworkers found that the transfer of unprotected nitrene to styrenes afforded

amino alcohols as the final produethen they used willype Rma cytochrome c as the catafysthey
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proposed this due tthe rapid ringopening of the unprotected edine under the reaction conditions.
Starting fromRma cytc, active site engineering provides aQL " variant, a highly active biocatalyst for
asymmetric amino hydroxylation of various styrene (includingctebrrdeficient styrene). Further
mechanism studies showed that the hydrolysis of unproteogttiopureaziridineis enantiospecificThis
finding suggests that the enantiomerically enriched aziridine formékeleynzyme may be the precursor of
1,2-aminoalcohol producté~igure 24).

OH

X . P 1263F A328V L437V N NH,
I -BUCOONH3*TfO" > R
R P * . TQL variant R P~

whole cells / M9-N

OH OH OH OH OH
/@)\/NHZ /@/‘\/NHZ /@A/NHZ /@/‘\/NH2 ANH;
MeO Me,N Me
) Cl O2N MeO

2500TTN 1900TTN 330TTN 2400TTN 2400TTN 87:13 dr
90% ee 86% ee 92% ee 85% ee 85% ee

Figure 24. Iron-hemeenzymecatalyzed asymmetric aminohydroxylation.

1.3.7 Iron -Heme Enzyme-Catalyzed Asymmetric I ntermolecular Benzylic GH Amination

In 2017,the Arnold group successfully applied their chiral mporphyrin based enzymatic catalyst
system in asymmetric intermolecularFCamination of benzylic & bonds?® The chiral amides were
obtained in up to >99% ee and up to 86% yield. Based on the mani@jyhrfposedhe catalytic cycle
for intermolecular aminatioehown in(Figure 25) First, reduction of the ferric state of the haem cofactor,
with electrons derived from NADPH, gives the ferrous stB&action with a nitrene source, here tosyl
azide (TsN), then provides the putative iron nitrenoid. Subsequent reaction ofrtteemediate with an
alkane such as-dthylanisole wouldleliver the GH amination producbenzylic amineand regenerate the
ferrous state of the catalyst. A competing process obskineP411catalysednitrene transfer is the
reduction of the nitrenoid, generating thedesired byproduct p-toluenesulfonamidethe targeted &
bond is necessarily present in the enzyme active site wheredlotive nitrenoid is formed, biasing

productive GH amination over the deleterious nitrenoid reduction pathway.
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H H P411 cra
S oTsNy ————
)\R1 AR

HTs

Wz

up to 86% yield, >99% ee

NHTs NHTs HTs NHTs NHTs

©/\Me - /©/\Me ) /©/\Me @CMe @:)

15% yield, 120 TTN 86% yield, 670 TTN  19% vyield, 150 TTN 14% yield, 110 TTN 76% yield, 660 TTN
>99% ee >99% ee >99% ee >87% ee >95% ee

"Wz

Proposed mechanism:

Nitrene reduction
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TsNH,, /N\Fe”,/N
N—/! \N
e 2H* Ser’O\H N

Cytochrome P411

,TS /\
N Ts N3, -N2 N————N
v 7
\ |\
N/ ! N N_(I)N
Ser’O\H Ser” "H
Iron nitrenoid

Nitrene transfer

/@/\Me productive /@/\Nw
MeO MeO
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Figure 25. Iron-heme enzymecatalyzed intermoleculacbn zy | i ¢ CT H ami dati on.

1.3.8 Iron-Heme Enzyme-Catalyzed Asymmetric Amination of Primary , Secondary andT ertiary

C(sp®)-H Bonds

In 2019,the Arnold group reported thimtramolecular @H amidation of sulfamoyl azide as a model
system They demonstrated thaall three modes of enantioinduction could be achieved using P411
catalyst$! The amidation of secondary €f)-H bonds primary Cép’)-H bonds ar@wo of three modes
and the third one is enantioconvergent tertiathl @midations viaa putative stereoalilae hydrogen atom

transfer (HAT)/stereoselective rebound mechar{iSigure 26).
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H H  FG
3 op 0P
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HN/ \N’Me HN/ \N’Me
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O>\O L e 7 e
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0y 0 oar O P . OMe CF,
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o. 0 o. 0
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Figure 26. Iron-heme enzymecatalyzed asymmetric amidation of primary, secondary, and tertiary

C(sp’)-H bonds.

1.3.9 Iron-Heme Enzyme-Catalyzed Benzylic and Allylic C(sp®)-H Bonds

Even more exciting, in 202@he Arnold group reported the asymmetric primanHCaminations at

both benzylic and allylic €4 bonds provided desired chiral amines in up to 3930 TTN and 96% ee.

Variant P411APA chemoselectively aminates the allyliel ®ond, leaving the olefin moiety completely

untouched. This chemoselectivity is orthogonal to the Rma cyt ¢ TQL variant previously engineered for

olefin aminohydroxylation. With P411BPA and P41BARN array of easily available hydrocarbon starting
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materials could be converted into valgded primary amine&igure 27).
6
e N
5 ,
Ar” R P411gpa of P411 ppp A RS
+ PivO-NH;OTf
R? H H R?  NH;
R»]JY(R“_ R‘lJ\K\R“
R3 R3
NH; NHy NH, NH,
Me Cl MeO
48% yield, 500 TTN  46% vyield, 310 TTN
88% ee

Cl
88% ee

38% yield, 1610 TTN 73% yield, 710 TTN
88% ee

84% ee
Figure 27. Iron-hemeenzymecatalyzed asymmetric amination of benzgid allylic C6p®)-H bonds.
1.3.101Iron -Heme Enzyme-Catalyzed Benzylic C(sp®)-H Bonds

Subsequentlythe Arnold group disclosed a biocatalytic, intermolecular benzyliel @midation

reaction operating at mild and scalable conditRSng/ith hydroxamate ests as nitrene precursors,

H

feedstock aromatic compounds can be converted to chiral amides with excellent enantioselectivity (up
to >99% ee) and high yields (up to 87%igure 28).
(0]
PN
Ar - R” “NHOPiv

E.coli whole cells with

(0]
amidation variants
' HNJ\R
2.5 % ethanol, .
0.5 mM Tween 80 M9 Buffer, Ar)\"
PH 8.4 anaerobic, RT, 24h
Analytical scale Large scale
NHAc NHAC NHAc NHAG NHAc
1580 TTN 1500 TTN
>99% ee >76% ee

Et/©/\
1 mmol scale
72% vyield, >99% ee

2 mmol scale 2 mmol scale
76% vyield, >99% ee 87% yield, >99% ee

4 mmol scale

83% yield, >99% ee
Figure 28. Biocatalytic, intermolecular €H bond amination for enantioenriched amides.
1.4 Aim of Thesis

Based on the previous literature revjdie activation of direct @€ bonds is still the most challenging

direction among the current methods for the constructiomicdldC-N bonds. Direcenantioselective ¢H

bond functionalization remains a difficult task due to the high dissociation energy and the ubiquity of C
26



Chapter 1. Theoretical Part

bonds in organic substrat&sin this endeawvar, the reported, efficient catalysts that are based on
non-precious metals such as iron renssparse. When compared to precious metals;pmecious metals

as exemplified by iron are usually eaghundant and relatively more biocompatible. The development of
Fe catalysis can be linked to the preparationiofmbnetic Fe complexes witthe catalytic activity that
could match that of heme and/or Aeame enzymes. Especially in the applicatioerantioselective CH
bonds functionalizatian

Iron-catalyzed C-H bond asymmetric amination

Advantages:
H via [Fe]=NR He R B Simple catalyst
Rh.ﬂ\ + "NR" - RZ"Q\ B Atom economical
R [Fe]: simple iron catalyst : H B High yield of target product
R

B High asymmetric induction

Figure 29. Iron-catalyzed @H bond asymmetric amination.

Some N4 Iron complexes have been reported and can be applied in efficient asymmetric catalysis as
demonstrated for enantioselectiy@oridations cis-dihydroxylation ofalkenesand simpleMichael addition
reactons.lt is worth mentioning that this catalyst has never been used for enantioselective catalyis of C
bonds formation, especially the enantioselective amination-bf Bonds. Therefore, we envisioned that N4

Iron complexes might also catalyze asymmegrid amination reactions.

1.4.1 Synthesis of New N€hiral Iron Complexes

N4 ligands have been easy to synthesize during the last two decades and they can coordinate with a
variety of metals (Mn, Fe, Co), especially iron. N4 ligands are typically pregdaredlectrophilic
substitution from diamines and nitrogeantaining heterocycles. The chiral ligand carals®synthesized
if the diamine is chiral. In addition, the leaving groups in the complexes now prepared from N4 ligands are

primarily acetonitrile ad triflate. The goal of this thesis is to develop novel catalysts with leaving groups

other than acetonitrile and triflate.
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For example:
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Figure 30. New N4 iron complexes design.

1.4.2 Apply N4 Iron Complexesin Asymmetric Intramolecular C-H Aminations

Transitionmetal catalysed asymmetric-KC aminations are a major topic in organic synthesis
nowadays. Despite various efforts which have been put into this research area, there are still some
challengeghat needto be solved in this field. For example, the development of less expensive and more
easily available transition metal catalysts is a significant scientific endedndhis thesis, we intend to
lay the foundation for iroratalyzed enantioselective antioa and establish the basis for further research.
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Chapter 2: Results and Discussion

2.1Synthesis ofChiral N4 Iron Catalysts

As described irthe introduction, chiral N4 iron catalysts are not currently used to catalyse the
direct construction of @ transformations from €1 bonds. Besides, according poblishedwork
from Que Jr group, Wiké group and Costas group, the iron complexes of N4 ligands will go through
high valence Fe (V) oxo intermediates in the reaction process of catalyzthddd oxidation or
carboncarbon double bond epoxidation and carbarbon double bond hydroxylatidrinspired by
this active reaction Fe (IV) oxo intermediate, we imagined whether iron catalysts with N4 ligands
would form Fe nitrene intermediates. If it can be formed, then the N4 iron catalyst can aclleve C
amination. In addition, our group has swssfelly developed a series of enantioselectivél C
aminations and enantioselective difunctionlization of double bonds catalyzed by-athiretal
ruthenium catalysts in the past 4 yealtsis worth mentioning that excellent enantioselectivity control
can be achieved in all rutheniunatalyzed €H amination reactions. The structure of the N4 iron
catalyst is similar to that of the ruthenium catalyst, so we envision that the N4 iron catalyst might also
achieve good chirality control in the process of gaialy GH amination. With this background and

idea in mindwe will present the synthesis of a series of N4 iron catalysts in this chapter.

N, 12" (SbFg), /—@ 12* (SbFg), S R 12* (PF),
» e OY

. Chiral space
Metal activity /,, Ny, NR ‘, |
//,,,,l O ", 4 N / NR
e —> Fe\ {— Mes

F
Mes.
N ’L Sol or sub N Sol or sub o N‘( | \Sol or sub
L)
R
Fe (IV) oxo Fe nitrene Ru nitrene

Figure 31. Proposal for N4 iron nitrene intermediates
2.1.1 Synthesis of ModifiedChiral N4 Iron Catalysts

The chiral N4 iron catalyst design went back to related chiral rigidifying pyrrolidine complexes
first reported by Whité? We synthesized two types of chiral N4 complexes, the first of which uses
acetoritrile as the leaving group. A compound containing chlorine atoms as the leaving group is the
second kind. The synthesis of the first of these categories is straightforward and follows the procedure
described in the literatur@he synthesis of a chirapand is the initial stage. To generate a chlorinated
complex, the ligand is ligated 1:1 with an iron salt. After dissolving the chlorinated complex in
acetonitrile, 2 equivalents &gSbk are added to form the acetonitrile coordination complex, with
hexafuoroantimonate as the counterion. Four pyriestaess catalysts were synthesized. There have
been three of these recordéd® Benzimidazoleclasscatalystsare the other kind. There has been

one of these reportédlo improve the chiral control ohe GH amination process, we introduced a
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large steric hindranctert-butyl group and electrewithdrawing bromine to the benzimidazole ring
based on steric hindrance and electronic effded@-Fe5 yields range from 37% to 89%.e6Fe8
yields range from &% to 83%Fe2'? Fe3? Fe5 andFe6' have been reported.

R! 2 | 2°(SbFe),

a. FeCl, 4H,0 (1.0 equiv.) \
N g\\ /\O‘ 1 CH3CN, rt, 4h NCMe"""F Ny
1/ \ R i > )
R p —\:\_5 \ / b. AgSbFg (2.0 equiv.) NCMe/l\N

CH4CN, rt, 18h N
’d
37-89% yield g
R1

-Fe2 (R = H)

-Fe3 (R" = iPr;Si)

-Fe4 (R' = 3,5-(CH5),CgH3)
-Fe5 (R" = 2,6-(CF3),CgHs)

(RR
(RR
(RR
(RR

-LigandA (R! = H)

-LigandB (R" = iPr3Si)

-LigandC (R = 3,5-(CH3),C¢H3)
-LigandD (R = 2,6-(CF3),C¢H3)

NN NG NG

R3 N,Rz

2 2 ] 2*(SbFe),
A R‘N a. FeCly4H,0 (1.0 equiv)  ncwe,, R
@:\ N N R® b. AgSbFg (2.0 equiv.) NCMe/l\N
” 8 L) CH4CN, 1t, 18h !

R? 58-83% yield \\,)
R3 N‘R2

(R,R)-BIP (R? = Me, R® = H) (R,R)-Fe6 (R? = Me, R® = H)
(R,R)-LigandE (R? = Me, R® = Br) (R,R)-Fe7 (R? = Me, R® = Br)
(R,R)-LigandF (R? = Et, R® = tBu) (R,R)-Fe8 (R? = Et, R® = Bu)

Figure 32 The synthesis of N4 iron complexes.

In our synthesis of acetonitrile complexes, we need to first synthesize complexes where th
leaving group is chlode. We attempted to evaluate the activity of chiral iron complexes with a
chloride leaving group because no one has previously disclosed their direct applidétiemn.we
tested the catalytic activity of this complex, it was fowmdbe very goodlt is worth mentioning that
this finding opened a new door for us. Firstly, the synthesisuohcomplexeswhere the leaving
group is chlorde is much easier without the addition of expensive silver salts to remove théehlori
Secondlysuchcomplexesaremore stable and we do not have to worry about loss of activibeiir.

And in our thoughts, the ideal catalyst has always been one with excellent stability and catalytic
activity. In the process of validating our idea, we first sgsized RR)-BIP with a 93% vyield. To
expand our catalyst library, we then synthesiZ@dHe8 and R R)-Fe9 with 94% and 89% vyields,
respectivelyComparing the synthetic yields of the acetonitrile complex and the complex wittdehlori

as the leaving gup, the latter gives a much higher yield than the former.
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\

(\ \Nj@ FeCly-4H,0 (1.0 equiv.) Cla, ’ AN
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,Me
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Figure 33. Synthesis of N4 iron chloride complexes.
2.1.2 Gram-Scale Synthesis ofR,R)-FeBIP

To a stirred solution of the ligan®RR)-BIP (990 mg, 2.3 mmol, 1.05 equiv.) in 13 mL N
under N atmosphere was added FgiCH.@ (437 mg, 2.2 mmol, 1 equiv.) in one portion. A yellow

precipitate was formed within several seconds. The reaction mixture was stirred for 16 hours at room

temperaturebefore being diluted with diethyl ether (40 mL). The slurry was transferred into a

centrifuge tube, and the solid material was separated by centrifugation and was washed with a mixed

solvent of CHCN/diethyl ether (v/v = 1/2.5) for three times (3 x 35 mltotal). The solid was dried
under nitrogen flow to affordR,R)-[Fe(BIP)]CI: as a yellow powder (1.14 g, 2.1 mmol, 93% vyield).
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Figure 34. Synthesis ofR R)-FeBIP.
2.13 Crystal Structure of (R R)-FeBIP

For all but the repoed catalystsye have determined the structure of the complexes by elemental
analysis and mass spectrometry. Secondly, to prove whether the BIP iron complex structure was
correct, we tried a number of methods, eventually by first dissolving thér@iRRamplex in DMF
followed by a slow dropwise addition of tetrahydrofuran or ethyl acetate. It is then left to stand
overnight and calurless yellow crystals are found to precipitate in the solufibe.resulting crystal

structure also reveathat the BIP ligndstereochemistry isRR) and the iron cest stereochemistry

ism

Figure 35. Crystal structure off R)-FeBIP.
2.1.4 Conclusions

Two kinds of chiral N4 iron catalysts were synthesised in this chapter. The first type islaxcomp
with acetonitrile as the leaving group, while the second tygedomplex witlchloride as the leaving
group. Complexes wittchloride as the leaving group are easier to syniteesind more stable.
Furthermore, BIP complexes can beogucedin gram scaleyields of up to 9%. (RR)-FeBIP
complex crystals were also obitad. The stereochemistry of the crystal structure is consistent with the
theoreticaresults
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2.2 Asymmetric Amination of Secondary CGH Bonds Catalyzed by Chiral N4 Iron Catalysts
2.1.1 Researa Background and Reaction Design

AsymmetricC-H bond amination via nine insertion is antaactive method for the synthesis of
nitrogencontainingchiral organic compoundsThis method allows the direct installation of amino
groups into the moleculdrackbone, avoiding tedious mudtiep functional group conversions. Due to
the high activityof free nitrene? there may be problems of low selectivity and low yield when used
directly for synthesis. Thus, the feasibility of efficienrtHCbond amination ‘@ nitreneinsertion often
relies on the use of metal catalysts to mediat#ranetransferprocess by which metdloundnitrene
species can be generated, rather than fiiene and as a reactive intermediate to facilitate
functionalization of GH bonds. The exploration of metallic catalysts forHCbond amination has led
to the development dfficient rhodium, ruthenium, cobalt, and coppebased metal catalysts with
high regiospecificity for metatatalyzed @H bond aminationwith which metaicatdyzed GH bond
amination reactions with high regi@and stereeelectivity have been achievéd-ollowing this
progress, there has also been strong interest in develolpirag iron catalysts for the amination of
C-H bonds, since the earttbundance and idcompatibility characteristics of iron make iron
complexes ideal candidates for economical anvironmentally friendly catalystdvloreover, iron, as
a typical 3d metal, forms versatile complexes that show useful reactivity ofdeanhge and
-formation, e.g. oxidative addition, reductive eliminatianbond metathesis, singdectron transfie
and grougtransfer

Previously ChenXi Ye, a PhD student in the Meggeagsoup developeda rutheniumcatalyzed
enantioselective synthesis of chialamino acids by nitrene §¢)- H insation (Figure 36).6 The
method is based on a unique stereocoetldl,3nitrogen shift from one carboxylic acid oxygen to the
a-carbon.Although chiralat-ruthenium catalysts casatalyze this typef reaction and obtaia wide
variety of aryl, alkenyl, ad alkynyl substituted amino acigdsth good yield and good ee lua, more
challenging alkyl substrateC-H camot provide good resultfOn the other hand, in addition to
ruthenium catalysts, we have also been pursuing cheaper anefficieat iron catalystsAlthough a
range of work has been reported on the actimatibalkyl C-H bonds’ iron-catalyzed activation of

asymmetric alkyl €H remains dighly desirablairection worthy of further investigation
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a.) Desirable features for enantioselective C-H functionalization methods

(1) Avoiding noble metals
(2) Cheap, nontoxic and easy available catalyst
(3) Functionalization of non-activated C(sp®)-H bonds

b.) Developed by Meggers group

Chenxi's work

OH a-amination protocol NHz oH N R 12+ (PFg)2
) S - R)\[r . oy
¢} o) ' (/\N N -Me
carboxylic acid enantioenriched ,NJ'I,, | N =C
abundant feedstock a-amino acids : Mes “Ra™
Mes\N‘( | \N
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' N
: |
A-RuDMP (1-2 mol%) NHTroc R
R/\n/O\N/Troc K,COj3 (3 equiv.) - R OH A-RuDMP: R = 3,5-Me,CgH3
H
0 CH,Cl,, rt., 16 h o)

R: Aromatic Rings, Olefin, Alkynes

c.) This work: Efficient enantioselective C-H amination with simple N4 iron catalyst

HH o JO]\ N4 Fe catalyst H ‘\NHTO“LC N
< AN -
R)Qn/ ” 0" CCly Solvent, T °C R>\ﬂ/ Cla, Ny
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R: Aromatic Rings, Olefin, Alkyl Chains up to 95% yield,
92% ee

A\
[ )=
Ul

Figure 36. Previous reports and this design for amygtric amination by N4 iron callysis.

2.1.2 Initial Experiments and Reaction Development

We commenced our study with readily availaBleaphthaleneacetiacid which was subjected to
a dicyclohexylcarbodiimid (DCGoupling with 2,2,Zrichloroethoxycarboyl (Troc)N-protected
hydroxylamine (TrocNHOH) to provide the azanyl estar The azanyl esteta was used as a model
substrate for an irenatalyzedasynmetricamination ofsecondary €H bonds

We firstly investigated the catalytic properties of therad-atiron complexFel® which was
synthesized by our former group member Yubiao Hong and found-#iadisplayedlow catalytic
activity for the #condary GH amidation ofazanyl estePa. And when wetested the activity ofFe2,
we were surprised to fththat it could catalyse the reaction and give 99% of the product, altiioeigh
ee was only 11%ln order to further improve the chiral purity of tpeoducts, the iron complexes
Fe3Fe5with different substituents were screenétthough high yields wer@btained from 95% to
97%, ee did not improve much, in the range of 14% to .4B&wvealingly, when we replaced the

pyridyl with N-methylbenzimidazole oietiesFe6, the Troeprotected amino acidsf-2a was obtained
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in 95% vyield with 82% ee (entry 5and we &0 tried substitutedN-methylbenzimidazolenoieties

Fe7-Fe8 which can provide(9-1a in 90% yield with 74% ee and 93% vyield with 59% ee,
respectivdy. Interestingly, the bidenzimidazole complexXR)-FeBIP, in which chlorides are used as

labile monodetate ligands instead of the much more common acetonitriles or triflates, afforded
further improved results with 96% yield and w8fi?o ee (entry 7)JEx ¢ h a n g i rbpyrrolibiree 2, 26
backbone with prolinglerived 2pyrrolidinemethaneamine R{-Fe9) or cycbhexanel,2-diamine
((RR)-Fel0) provided inferior results (entriel0 and 11), thus revealing the advantage of using a
rigidified chiral backboneAnd we also screened different solvents, such as DCE and TCE.tWéhen
solvent is TCE, the desired prod{§-2a was provided in 91% yield with 83% ee. In additia/men

the reaction temperature was d&e2a93% gicdadd 80% ee0 :
after 40 hours of reaction. Finally, we increased the amount of catalyst from 4 mol% to 8&nubl%

obtained §)-2ain 96% yield with 90% ee.
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Table 1. Initial experiments and optimizatién.

Fsc\fjj% PFe¢) RN, 12+ (SbFe R3<i%\m'R2 ]2+ (SbFe)
O | Me \N N/)ﬁ
N ’\\l\/\> CSN//, | \\\Nq MeCN, Nq
MeCN,,' . ’ \\‘\\\\\ N Mes /":Fe\; \5 ) l"’Fe“\ W K
i Mes N | ) mecn” | N
MeCN | \N Me” N !
NN < S
“ R RSGN\
X (R,R)-Fe2: R=H R?
FsC (R,R)-Fe3: R = iPr3Si (R,R)-Fe6 (R? = Me, R® = H)
A Fe (R,R)-Fed: R = 3,5-(CH3),C¢Hs  (R,R)-Fe7 (R% = Me, R® = Br)
e (R.R)-Fe5: R =2,6-(CF3),CeH;  (R,R)-Fe8 (R2 = Et, R3 = {Bu)
Q Q" Q"
» A )
CII,’I ‘‘‘‘‘‘‘ 3 \\N * CI//, \\\N/ CI///,I' \\\\N/ o
Fe. Fe. l'Fe“\
a”” ,L\'/T o l \N\5 o | i<
S N\\H N@H
N
ass ass ass
(R,R)-FeBIP (R)-Fe9 (R.R)-Fe10
O Troc Fe cat (4-8 mol%) N”Tr°°
SORL
o K,COj5 (3 equiv.)
Slovent, T°C
Entry Catalyst Cat. Loading Solvent T (€) t (h) Yield ee (%Y
(mol%) (%)°
1 p Fel 4 DCM rt 16 trace N.D.
2 (RR)-Fe2 4 DCM rt 16 99 11
3 (RR)-Fe3 4 DCM rt 16 95 14
4 (RR)-Fe4 4 DCM rt 16 96 45
5 (RR)-Feb5 4 DCM rt 16 97 15
6 (RR)-Fe6 4 DCM rt 16 95 82
7 (RR)-Fe7 4 DCM rt 16 90 74
8 (RR)-Fe8 4 DCM rt 16 93 59
9 (RR)-FeBIP 4 DCM rt 16 96 81
10 (R)-Fe9 4 DCM rt 16 95 80
11 (RR)-Fell 4 DCM rt 16 94 68
12 (RR)-FeBIP 4 DCE rt 16 89 81
13 (RR)-FeBIP 4 TCE rt 16 91 83
14 (RR)-FeBIP 4 TCE 0 40 93 89
15 (RR)-FeBIP 8 TCE 0 40 96 90

[a] All reactions were performed with 0.1 mmol of subast 1a in solvent (1.0 mL)
under an atmosphere of nitrogen. [b] All yields refeistwated products after colurr
chromatography. [c] Enantiomerexcess determined by HPLC analysis of the isol
products on a chiral stationary phase.
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2.1.3 Substrate Scope

With the optimizedcatalyst and reactioconditions in handwe performed aubstrate scopave
screened substrates for this reactibhe phenyl substrates were well tolerated and provid@b%
yield with 91% ee Zb). Electronwithdrawingtrifluoromethylin the pargposition of phenyl moiety
provided 72% vyield with 92% e@d). An electrordonating methoxy group in the pgpasition of the
phenyl moiety gavea 95% yield with 90% ee2d). The aubstrate withphenyl allylic C-H afforded
reduced yieldand ee value. Replacing tiplenyl allylic moiety with phenylpropargyic provideda
lower yield and ee valu&Ve think this isbecauséhe alkynegroup may be coordinated with irdhis
worth noting that our chirairon catalysts can also cataly when confronted with the more
challengingC-H bonds Substrates with primary2¢-2n), seondary 0), and tertiary Zp) aliphatic
side chains underweatnination in 4875% yield and with 8®2% ee. The method is also suitable for
the latestage amination of mer complex moleculesAzanyl ester formation followed by
iron-catalyzed stereocontietl 1,3nitrogen shift converted lithocholic acid to amino a2l (77%
yield, 23:1 dr).
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R?2 HO., ~Troc (R,R)-FeBIP (8-15 mol%) NHTroc
oL _T K,COj3 (3 equiv.) . _OH
R1J\n/o|-| H - R1/\n, N roc 20U3 > R(\n/
I DCC (or EDCI)-coupling o TCE, 0°C, 40 h 0
Carboxylic acids Azanyl esters a-Amino acids
1b-q (S)-2b-q
NHTroc NHTroc NHTroc NHTroc
F4C MeO 2e
2b 2c 2d 44%, 86% ee
95% yield, 91% ee 72% yield, 92% ee 95% vyield, 90% ee
I;IHTI‘OC NHTroc NHTroc f;lHTrOC
: H : Ph X
/\COQH Me\/\002H Me\/\/\/\COZH \/\/\C02H
Ph
2f 29 2h 2i
13%, 44% ee 62%, 91% ee 75%, 92% ee 60%, 91% ee
NHTroc NHTroc NHTroc O\/I\iﬂ-roc
MeOLC~ o Pho” >"coH BocHN™ " CO,H ~NCo,H
2j° 2k 2 2m

70%, 90% ee

53%, 90% ee

51%, 90% ee

57%, 91% ee

NHTroc
NHTroc H
2 CO,H
CO,H
2n 20 2pP 2q(77%, 23:1 dr.)

65%, 92% ee 48%, 89% ee

56%, 85% ee from lithocholic acid

Figure 37. Reaction coditions: reactions were carried out witRR)-FeBIP (8-15 mol%), kCO; (3
equiv.) and 1,1,2,2tetrachloroethane (TCE, 0.1 M) at O for 40 h. Enatiomeric excess (ee) values
were determined by HPLC analysis (see Supplementary Information sefdiciull details).?solated
after conversion to the methyl esti®eaction performed at room temperature (25for 16 h.

2.1.4 Mechanism Proposal

A simplified mechanisnpropasalbased on the DFT calculations and control experimehts
ruthenium discussedefae® is shownin Figure 38. The azanyl ester substrate is first activated by
N- O cleavage to provide intermediafe (correspondingd intermediatelV in Figure 38) after
deprotonation. A subsequent hydrogen atom transfer then affords the dido@reponding to
intermediateV in Figure 38), followed by a rapid radical rebound to yield the chelate com@lex
(corresponding to interediateVI in Figure 38). Protonation of the carboxylate induces product
dissociation and concludes the catalytic cycle. mbe result of the MO bond fragmentation and

subsequent stepwisek insertion is an asymmetric tBtrogen shift to provide neracemic chiral

a-amino acids.
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Step 1 OMH
N-O cleavage H Step 2
(200 T AN HAT
<, ~1roC 2N
R/\n/ N o [Fe]” ~Troc
0 A
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R
OV\H
[J
" o !
\ e N_
[Fe] "Troc
H NHTroc B
L 2 OH
R™3 1 .
0 +H o, R
.\\H
a-Amino acid ~ Step 4 ; H Step 3
release O, NI1.¢ rebound
[Fe]
C

Figure 38. Proposed mechanism.

2.1.5 Conclusions

In conclusion, based on the previously work of our grouwe reporéd the catalytic
enantioselective synthesis of dlirm-amino a&ids by chiral N4 iron catalyzednitrene C¢p’)-H
insertion. ChiralN4 iron catalysis providg a good scope, endimg rapid access to optically active
a-amino acids with aryl, allyl, and neactivated alkyl side chainsThe good functional grogp
tolerance of this method also permits the enantioselective-3éage amination of carboxylic
acid-containing drugs and na@l products. The Treprotected amino acids obtained through this
protocol can be used directly in synthesis with the Troc gbaiipg seledtely removable under mild
conditions via a reductive Grob fragmentatiohhis strategy will expedite the synsie of unnatural
a-amino acids, which are important building blocks of peptidomimetic drugs, as well as engineered

proteins and erymes with maulaed properties?
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Chapter 2. Results and discussion

2.3 Enatioconvergent Tertiary C-H Bonds Amination Catalyzed by ChiralN4 Iron Catalysts
2.3.1 Research Background and Reaction Design

Direct asymmetric transformations of racemic tertiary €(¢p bonds (pKa>32)! remain a
chdlenging area, particularly for enantioconvergent ones theoretically leading to highly
enantioenriched prodtgin 100% yield, although enantioconvergent substitution reactions of racemic
tertiary alkyl electrophiles are emerging as a pfubesynthetic frategy to access quaternary
stereocentrein this regard, Arnold et al. achieved the first highly enaotiwergent tertiary ¢
amination process using enzymatic catal§sifiere have also been successive reports of work on
enantiomei convergent amation by Liu et af.and Peter Zhang et &lThe issue for the lagging
development of such a procedure stemsstly from the mechanistic constraint inherent in earlier
enantioselective T functionalization methods: partial or total chityalretention Figure 39C).
Specifically, G H activation catalysed by a transition metal and coordinated +ceatadnoid/nitenoid
Ci H insertion have only achieved stereospecific conversibigsie 39A),”® whereas hydroxylation
by metal oxo speciéss hindered by partil or complete chirality retentiorfrigure 39B).1° As a result,
these solutions are often more suited to tigneesolution, which provides at best a 50% yiélaj(re
39C, left). The explanation for chirality retention in roanstrained ettings stems &m the typically
quick radical rebound (RR) step, which appears to be kinetically connected to the imdtiaddry
atom abstraction (HAA) step. As a result, the resultaht finctionalization products inherit chirality
to varying degreefFigure 39B).1%1% As a result, the commonly accepted transitiogtatcatalyzed
enantioselective <1 functionalization métods appear to limit efficient enantioconvergent

conversions of racemic tertiary C€sp1 bonds Figure 39C).
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A. Organometallic C-H activation and metal-carbenoid/nitrenoid concerted C-H insertion

S N BT e
~ N ~ ~ \\ ~
R' “R? R "R? R' “R? R' “R? R" “R2
Metal-carbenoid/nitrenoid
concerted C-H insertion

Organometallic
C-H activation

B. Metal-oxo/carbenoid/nitrenoid/stepwise C-H insertion

L*M—XH
H)iﬁ L*M=X . I;l XH);H
1 2 - N - > X
R™ R® hydrogen atom abstraction R "R? Radical rebound R" "R2?
C. Challenge for enantioconvergent functionalization of tertiary aliphatic C-H
1 1 1 Enantioconvergent 1
R\<Nu Kinetic resolution R\<H H>/R process ° R\<Nu
\\\‘* - \\\‘ ';” ------------------- > \\\‘
RZ RS RZ RS R2 "Rg No research for RZ " 'R3
simple iron catalysis
Maximum yield 1:1 Single enantiomer
up to 50% Racemate of product

Figure 39. Design of catalytic enantioconvergent tertiary @p’)-H functionalization An
Organometallic CH activation and metatarbenoid/nitrenoid concertedi B insertion lead to
stereospecific functionalizatioi3, Coupled HAA and rdical reboundfor metatoxo-mediated CH
functionalization and stepwise metarbenoid/ nitrenoid TH insertion tend to result in partial or
complete chirality retention due to the commonly fadical rebound C, Reported CH
functioralization catalged by a transition metal is amenable only to kinetic resolution, but not yet to
enantioconvergent transfortians, due to the chirality retention problem.

Seeking to address this challenge, mexamenterested in developingew method with chiral
N4 iron catalysis to provide a general platform for enantioconvergent reactions of racemic tertiary
C(sp)-H bonds. Previously, we reported a stereocontrolled -hiogen rearrangement via
1,3-migratory nitrene insertion as #arategy for highlyregioselectiveand stereoselective §f)-H
aminations to access chi@lamino acids. Here we now report an applicatiothef stereocontrolled
1,3-nitrogen migration to the irenatalyzed!! enantioconvergent synthiesof a,a-disubsituted
a-amino acid from racemica-branched carboxylic acid feedstock molecules in two stEjggire

40).
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R

H
Ar)ﬁfo

0]
racemic carboxylic acid
abundant feedstock

DCC/EDCI coupling oa-amination protocol

R iron catalyzed A

1,3-nitrogen migration R, JNHTroc
A )\H/O\N,Troc > _-OH
r H enantioconvergent r

o} . O
enantioenriched

a,o-disubstituted a-amino acids

Figure 40. Iron-catalyzed enantioconvergent synthesis agh-disubstituted a-amino acids by
1,3-nitrogen migation.

2.3.2 Initial Experiments and Reaction Development

Initial experiments and optimization. We commenced our study withadily available racemic
2-phenylpropionic acidréc-3a) which was subjected to a dicyclohexylcarbodiimid (D€GYpling
with 2,22-trichloroethoycarbonyl (Troc)N-protected hydroxylamine (TrocNHOH) to provide the
racemic azanyl esterac-4a. The azanylester rac-4a was used as a model substrate for an
iron-catalyzedenantioconvergerit, 3-nitrogen migration.

We firstly investigatedthe catalytic poperties of theFe2 In the presence of XO; (3
equivalents)rac-4a was converted to the Trgaotected mino acid §-5a after 18 hours at room
temperature in only 63% vyield and with disappointing 22% ee (Taldatfy 1).In order tofurther
improvethe chiral purity of the products, the iron compleke8-Fe5were screenedhe yields were
obtained from17% to 30%, ee did not improve much, in the range2d% to 30%. (entries 24).
Revealingly, when wdestediron complex RR)-Fe6, the Troeproteced amino acid §-5a was
obtained in 94% vyield with 76% ee (entry 5). Replacing the MeCN ligands with eriflaions,
deriving at iron complex RR)-FeOTf 2 a slightly improved yield and enantioselectivity were
obserned (entry 6). Interaigly, the bisbenzimidazole complexRR)-FeBIP, afforded further
improved results with 96% yield and with 79% ee (entry (fp)-Fe8) and ((R,R)-Fe9) provided
inferior results (entries 8 and 9). Finally, we investigated the infriesfc temperature onhé
enantioseleatity of the 1,3nitrogen migration with R R)-FeBIP for which the catalyst loading was

increased to 8 mol%®tcounterbalance the reduced reaction rate. Accordingly, at 0 CHh& the
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enantioselectivity increased 83% and 84% ee, q@sctively (entres 10 and 11). For further studies,

0 € was chosen as the optimal reaction temperature with a compromisef eeaction rate and

enantioselectivity. In summary, we developezhaal N4iron catalyzed enantioconvengeconversion

of theracemic azanylsterrac-4ato enantioenriched-amino acid §-5a.
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Table 2. Initial expgiments and optimizatioh.

\\\ N K )

(R,R)-Fe2: R=H
(R,R)-Fe3: R = iPr,Si

Qx

o |
N
N

””'1,, | \\\\\\
Fe
~
~ l N

2+ (SbFG-)Z
K

(RIR)}-Fea: R =35-CHa)Cetly 1 FFIFEBIP (R.R)-Fes
(R,R)-Fe5: R = 2,6-(CF3),CgH3
QN,Me Q\N'Me QN,Me
A . S
i, l \\\\‘N/_\} Clu,, | o CI"II,,' FI R
/F|e\N\5 CI/Fle\ CI/ l ~
N\\'/' N\\H N\s'/'
@'N‘Me Q/N‘Me O/N‘Me
(R,R)-FeOTf (R)-Fe9 (R.R)-Fe10
Me 0
Ph OH TrochHon o Ph)M\en/O\N/Troc Focatds mél Q g:){:;ngoc
o) DCC (or EDCI)-coupling o H KZCO3T(CC:’>EeqUIV.) o)
rac-3a rac-4a (S)-5a
Entry Catalyst Cat. Loading T (€) Time ) Yield (%) ee (%Y
(mol%)
1 (RR)-Fe2 4 rt 18 63 22
2 (RR)-Fe3 4 rt 18 70 30
3 (RR)-Fe4 4 rt 18 61 25
4 (RR)-Fe5 4 rt 18 17 21
5 (RR)-Feb6 4 rt 18 94 76
6 (RR)-FeOTf 4 rt 18 95 77
7 (RR)-FeBIP 4 rt 18 96 79
8 (R)-Fe9 4 rt 18 97 76
9 (RR)-Fel0 4 rt 18 85 65
10 (RR)-FeBIP 8 0 40 91 83
11  (RR)-FeBIP 8 -10 40 89 84
[a] All reactions were performed with 0.1 mmol of racemic substrage in

1,1,2,2tetrachloroethane (TCE) (1.0 mL) under an atmosphere of nitrogen. [b] All y
refer to isolated mducts after column hromatography. d| Enantiomeric exces
determined by HPLC analysis of the isolated products on a chiral stationary phase.
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2.3.3 Substrate Scope

Having favorable reaction conditions identified, we next investigated the scope for this
enantioconvergent Gf)-H amination Figure 41). Starting from the initial 2henylpropionic acid
azanyl ester substrate 4a, we found that sulestis in the parposition of the phenyl moiety are well
tolerated, including alkyl groups (methyl, tédtyl, isobutyl), electrorwithdrawing sulstituents (F, Cl,
Br, CFs), and a methylsulfide, providing treea-disubstituteda-amino acidsb-5i in 62-96% yield
and with satisfactory 887% ee. A paraethoxy substituents is an exception and afforded the
a-amino acid 5 in 97% yield and with a redued 56% ee. Instead, a phenoxy substituent in
metaposition of the phenyl moiety provided better results BRPo yield and 77% e&Kk). Likewise,

a benzoyl substituent in mepasition affordeda-amino acid5l with 85% yield and 82% ee. Two
substituents irthe phenyl ring were also well accommodated as demonstrated faraiméno acids
5n-5p (63-76% vyield, 6833% ee). Replacing the phenyl moiety with-a&phthyl group provided the
a-amino acid5q in 90% yield and witl84% ee. On a largecale (1.0 mmol)the napthyla-amino
acid 5g was obtained in 88% yield and with 79% ee. The enantiomeric excess coulddaesédiacto
99% ee with a single recrystallization. Introducing a methoxy substituent intertaphZhyl moiety
provided thea-amino acid 5r with exellent 99% vyield but just 64% ee, thus reinforcing that
electrondonating groups reduce the enantioselegtitteteroaromatic moieties in tlzeposition are
also suitable for the new method, including a thioph&se94% vyield, 83% ee) aha quinoline %t,
86% yield, 70% ee). However, the carbazodataininga-amino acid5u was only isolated in 26%
yield with 72% ee. Next, we evaluated the replacement of the methyl substitueph@nglpropionic
acid azanyl estetawith other alkyl graps. Accordinglyreplacing the methyl with an ethyl-propyl,

or n-hexyl group provided the respectigga-disubstituteda-amino acids 227 in 8591% vyield and
with 82-83% ee. Secondary alkyl groups are also enabled for this mé&bodxamplea-aminoacids
with isopopyl (5y), cyclopentyl b2), or cyclohexyl $za) groups were obtained in /8% yield and
82-88% ee. The tedhydronaphtalena-amino acid5zb was provided in 56% yield and with 68% ee,
while the steroiefunctionalizel a-amino acidszc wasafforded in 41%yield and with 90:10 dr. The
products5zd and 5ze reveal an important limitation for the introduced methodmely that an
aromatic moiety im-position is a requirement for obtaining a significant enantiomeric excebe
course of thel,3-nitrogen migation. Finally, it is worth noting that the enantiopurities of the

Troc-protected a,a-disubstituteda-amino acids can be increased by simple crystallization. For
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example, when the irecatalzyed 1,3itrogen migrationwas executed on a 1 mol scale and
followed by a crystallization step EtOAc/ih-hexane, the amino acisl, 5n and5q were obtained in

yields of53%, 63% and 64% over the two steps, respectively, and all with 99% ee.

(R,R)-FeBIP (4-8 mol%)

2 2
R TrocNHOH R K,COj3 (3 equiv.) R2 NHTroc
R1J\[rOH R1J\n/O\N/Troc S R1 OH
DCC (or EDCI)-coupling H TCE, 0 °C, 40 h 5
rac-3a-ze rac-4a-ze (S)-5a-ze

Me NHTroc

OH Me, NHTroc ) Me NHTroc Me, NHTroc
PhO {_OH OH F OH
X o) Ph
0 O Ph ©

X =H (5a): 87% yield, 83% ee

X = Me (5b): 93% yield, 87% ee L, Sk 8l 5m
X = tBu (5¢): 62% yield, 84% ee 82% yield, 77% ee 85% yield, 82% ee 81% yield, 80% ee
X=iBu (5d): 70% vyield, 85% ee
(incl. cryst: 53% yield, 99% ee)? Meg o NHTroc NHTroc Me. NHT
X = F (5e): 86% yield, 83% ee Me OH OH KO OIr_?C
X = CI (5f): 96% vyield, 83% ee O 0 <O
X = Br (59): 61% vield, 82% ee F F o]
= . o, H o, Me
X = CF3 (5h): 65% yield, 80% ee 5n 50 5p

X = MeS (5i): 88% yield, 80% ee
X =MeO 51) 97% vyield, 56% ee (

NHTroc

63% yield, 75% ee 69% vyield, 83% ee 76% yield, 68% ee
incl. recryst: 63% vyield, 99% ee)?

OH Me NHTroc Me NHTroc
OH OH
90 4
O S @)
5q, 90% vyield, 84% ee
f . 0/ \si % a Sr 5s
(incl. recryst: 64% yield, 99% ee) 99% vield, 64% ee 94% yield, 83% ee
NHTroc Et NHTroc nPry NHTroc
_ OH o> OH Ph>\[rOH
S (0] (0]
N o]
5t Cl 5u 5v 5w
86% yield, 70% ee 26% yield, 72% ee 85% vyield, 83% ee 91% yield, 82% ee
Hexn NH(:)I'L(')c NHTroc NHTroc NHTroc
H $ _OH
Ph Ph>\[(0 P Ny O Ph” N ©
0 o) o o)
5x 5y 5z 5za
90% vyield, 82% ee 88% vyield, 88% ee 44% yield, 82% ee 61% yield, 82% ee
NHTroc HH Me_ NHTroc Me NHTroc
5 Troc OH
OH OH pr "X OH
O TBSO 0 0 o}
) 5zb 5zc 5zd 5ze
56% yield, 68% ee 41% vyield, 90:10 dr 52% yield, 5% ee 42% vyield, 10% ee
Figure 41. Subst at e scope. Standard conditions: Racemi

and KCOs; (0.6 mmol) inl,1,2,2tetrachloroethané 2. 0 ml ) under argon at
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are shown? Increased scale with 1.0 mmoltbf substrie.

2.3.4 Additional Experiments

To obtain insight into the stereodiscriminating step, the azanyl eRjeds 6nd §)-44a, derived from
(R)- or (§-2-phenylpropionic acid, respectively, were used as enantiomerically pure substrates instead of
their racematgFigure 42a). Using our standard reaction conditionS)-%a was formed with almost
identical yields and ee valugsespective of starting frorR-configured,S-configured, or racemic substrate,
suggesting a radical mechanism in which the findd Bond famation must be the stereodetermining step.
Interestingly, when we instead performed the -catalyzed 1,3itrogen migration with the azanyl ester
4ze in which the phenyl moiety of substrdiais replaced with a cyclohexyl moiety, almost racemic amino
acid 5ze was obtained, regardlest whether the reaction was performed with racefRiqr S-configured
substratelze These experiments provide insight into the requirement of the aromatic mageposition
for achieving enantioconvergence, whiéh apparetly not associated with a stabilization of the
intermediate radical but rather the asymmetric inductionf.itdekinetic isotope effect (KIE) of 1.1 also
reveals that the €l bond cleavage is not the ratetermining step in the catalytic cydEigure 42b).
Finally, it is worth noting that this enantioconvergens|€-H amination to access enantiomerically
eniiched a,a-disubstituteda-amino acidsare not suitable for chirahtruthenium catalysts, which were
demonstrated to be suitable for a&giag a-monosubstituteda-amino acids by nitrermediated

1,3-nitrogen migrationKigure 42c).
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a) Conversion of enantiomerically pure substrates

78% yield, 84% ee

Me
(R,R)-FeBIP (8 mol%)
K,CO3 (3 equiv.), 0 °C >
C)\NHTroc
81% yield, 82% ee
o 49% vyield,16% ee
“NHTroc
Me
(R,R)-FeBIP (8 mol%)
K5,CO3 (3 equiv.), 0 °C
H, Me
O\NHTroc
0 48% yield, 15% ee
(S)-4ze
b) Kinetic isotope effect
Me, X (R,R)-FeBIP (4 mol%) Me, NHTroc
N K,CO3 (3 iv.), 0 °C <
Ph>ﬂ(o NHTroc 26Qa (3 equiv.) > OH
o] relative rates e}
X = H (4a) or D (4a-d) kH/kD = 1.1 (S)-5a
KIE = 1.1
c) Comparison with Ru-catalyzed 1,3-nitrogen migration
z T2+ (PFg)2
\N l N
M A\
®~cs L
N N’/I \\\\\ N.
"'Ru“‘ Mes
/N/ I \’N.Mes
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X
Me, H Me, NHTroc
O« - 9 <
Ph><ﬂ/ NHTroe __ A-RUH (2 mol%) o OH
(o) K>CO3 (3 equiv.) o)
4a CH,Cly, rt, 16 h (S)-5a

Figure 42. Additional experiments.
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2.3.5 Mechanism Proposal

The catalytic cycle starts with a basad ironinduced heterolytic cleavage of theQNbond of
the racemic azanyl ester to generate a nitrene and carboxyi@ate are both bound to the same iron
center Figure 43, intermediatd). Since the azanyl ester substrate is used as a racemic mikeure,
iron nitrene intermediate forms as a mixture of the two diastereolaeasdlb. This is followed by
hydrogen atomtransfer (HAT) from thea-position of the carboxylate to the nitrene, thereby
generating the diradical intermediatéa and Illb, which rave a suitient long lifetime to be in
equilibrium with each other. The subsequeAN @ond formation constitutes thstereodetermining
step in the catalytic cycle, generating a single diasterebbimek high stereodiscrimination in this step
is only obgrved withan aryl substituent im-position and this can be rationalized with a favorable
stacking of the aryl groupptone benzimidazole moiety in intermediatéal but notllb. Finally,
protonation of the carboxylate then induces the dissociation dairtiveo aail from the iron catalyst

and regenerates the iron catalyst for another catalytic cycle.

A
O I?‘\Ar O ‘\(R
ﬁ')\H N H
e e
Ar)\n/O\N/Troc H la Ib
o f \ HAT \
racemic azanyl ester R Ar
DS, co
. H * H
[Fe] O . N-Troc ™~ O . N-Troc
N\ </ A4
[Fe] [Fe]
b

lla
R, NHTroc
{__OH o R / stereocontrolled
Ar>\[( +H* H\‘Aﬁ C-N bond formation
O d N7

a,a-disubstituted \_/ “Troc
a-amino acid [Fel
]|

Figure 43. Proposed mechanism.

2.2.6 Conclusiors

In summary, we have described a strategy for tlimtantioonvergenttertiary C(sp)iH
amination starting from readilgvailable racemi@zanyl estersvith a simple chral N4 iron catalysis

The mechanistic blueprint consisting of sequentialTHad stereocontrolled @ bond formation.
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And the enantioeriched a,a-disubstituteda-amino acidscan be provided by this powerful and

strightforward methodSome of the productsan be obtained as >99% ee by recrystallisation.
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Chapter 3: Summary and Outlook

3.1 Summnary

A simple, convenient, and eaBysynthesize chiralN4 iron catalystwas identified and
successfully appd to theformation ofC-N bonds byasymmetric @H amination.ThesimpleN4 iron
catalyst enables rapid access to optically adikeenino acids vith aryl and noractivated alkyl side
chains, includind) ,-disubstituted amino acids by enantioconvergekt @mination.

H H R3 H
R13\rrO\N/TrOC R?SrO\N/Troc
o H o H

aryl, non-activatived racemate

alkyl side chain

enantioselective
functionalization of secondary C-H

enantioconvergent
functionalization of tertiary C-H

H \\\NH(-)ILOC (R,R)-FeBIP R? NHTroc
. RPN OH
o (9) o (9

a-amino acids a,a- disubstituted amino acids

Figure 44. An overview of the key results of this thesis.
1) Asymmetric Amination of Secondary GH Bonds Catalyzed by ChiralN4 Iron Catalysts

Based on the previous work of our grotipe enantioselective synthesis afamino acids by
nitrene C§p’)- H insertionwith chiral N4 iron catalystsvas developd The method is based @n
unique stereocontrolled tr8trogen shift from one carboxylic acid oxygen to thecarbon. Our
method empmys abundant and easily accessible carboxylic acids as starting materialsN& liicai
catalysis providea broad scpe, enabling rapid access optically activea-amino acids with aryl,
allyl, and nonractivated alkyl side chains. The high functionabup tolerance of this method also
permits the enantioselective lattage amination of carboxylic aetntaining drugsand natural
products.
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R2 HO.~Troc (R,R)-FeBIP (8-15 mol%) ~ NHTroc
R1H(0H H - R1«\[rO~H/Troc K,COs3 (3 equiv.) . R1/\ﬂ,OH
DCC (or EDCI)-coupling o) TCE, 0°C, 40 h 0
Carboxylic acids Azanyl esters a-Amino acids
1b-q (S)-2b-q
l;lHTroc NHTroc Me
~ N
©/\CO2H Ph” " CO,H H B
< N
2b 2e i
0, o)
95% yield, 91% ee 44%, 86% ee .

FeS
NHTroc O\/’;‘\HTroc HOY \ *H
Me\/\COZH CO2H 2q(77%, 23:1 dr) @:

29 from lithocholic acid
2m
62%, 91% ee 57%, 91% ee (R,R)-FeBIP

Figure 45. Asymmetricamination ofsecondary €H bonds catalyzed bychiral N4 iron catalysts
2) Enatioconvergent Tertiary C-H Bonds Amination Catalyzed by Chiral N4 Iron Catalysts

A powerful and strightforward method for the asymmetric synthesis of claraldisubstituted
a-amino acids based on an enaotiovergent 1,3nigratory nitrene °)-H insertionwas developed
Readily available racemic feedskocarboxylic acids are converted in a DCC/ERGUpling step into
racemic azanyl esters which rearrange to enantioenriehedlisubstituteda-amino acids.The
1,3-migratory nitrene insertion is catalyzed by a robust chiral iron complex which is ingerneitir

and humidity.Some of the products gde obtained as >99% ee by recrystallisation.
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(incl. cryst: 53% yield, 99% ee) (incl. recryst: 63% vyield, 99% ee) (incl. recryst: 64% yield, 99% ee)

Figure 46. Enatioconvergertertiary GH bondsaminationcatalyzed bychiral N4 iron catalysts

3.2 Outlook

Considering, the simplicity, stability dnease of synthesis of chirbl4 iron catalystsand the
diverse synthetic applications ofCamination prodcts to drugs, natural products, chiral ligands, and
chiral catalystsit would be an extremely valbbe direction if chiraN4 iron catalysts coulthe applied

to otherC-H aminationreactions.

1) Expanding new substratefor enantiomeric convergenceproces

Since enantiomeric convergence alloase enantiomer of high chiral purity to be obtained
directly from the racemic compound, it greatly accdlesathe process adbtaining norracemic
compoundsTherefore enantiomeric convergence has been a diredtigreat interest to chemists.
Based on our research work, we found thhirat N4 iron catalysts can achieve enantiomeric
convergence very well, sois also worthwhile to continue exploring the direction of designing new

substrates suitable for enantiameconvergence.

2) Exploiting asymmetric intermolecular C-H amination reactions

Compared with asymmetric intramolecular -8 amination reactions the asymmetric

intermolecular version is more direct for the synthesis of chiral amlagsally intramolecuar
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amination reactions start with the synthesis of suitable reactiaurpms, while intermolecular
amination reactions can be avoided. Secqntily cyclic Nheterocycles obtained by intramolecular
amination reactions require further ring opening weghe final chiral amine. The pervasiveness of

the functional groups cahe problematic due to the rirapening conditions. But intermolecular
amination reactions can avoid this and it gives direct and fast access to chiral amines. This would be a
landmak discovery if a suitable reaction precursor could be found for therintecular asymmetric

amination reaction in combination with chifédl iron as a catalyst.
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Chapter 4: Experimental Part

4.1 Materials and Methods

All reactions were carried out undam atmospheref nitrogenwith magnetic stirring. The catalysis

reactionsvere performed using standard Schlenk glassware techniques.

Solvents andReagents

Solvents were distilled under nitrogen from calcium hydride (&, CHCN) or
sodium/benzophenon&®O, THF and tolueneSuperdry solvents, such ak 1 2 2tetrachlorodtane
(from Acros)and DMF (from Sigma Aldrich) were perchasedrom commer@l available source and
used directly without furthedrying. All reagents purchased from Acros, Alfa Aesigma Aldrich,

TCI, ChemPu Merckand Fluorochemvereused withouanyfurther purificatiors.

Chromatographic Methods
The course of the reactisrand the column chromatographic elution were monitorethioyayer
chromatography (TLC) [Machereyagel (ALUGRAM®Xtra Sil G/UV254)]. Flash column

chromatography was performed wéttica gel from Merck (particle size 0.040063 mm).

Nuclear Magnetic Resonance Spectroscopy (NMR)

H NMR, proton decouplet!C NMR, and proton couplefF NMR spectra wereecordel on Bruker
Avance 300 systentfl NMR: 300 MHzand 500 MK, *C NMR: 75 MHz and 125 MHz*F NMR:
282 MH2 spectrometers at ambient temperat@aemical shifts are given in ppm on thescale, and
were determined after calibration to the residual sigofaise solvents, which were used as an internal
standardNMR standards @re used are as followd1 NMR spectroscopyd= 7.26 ppm(CDCl), d=
5.32 ppm (CD-Cl,), d= 2.50 ppm(DMSO-d6), &= 3.31 ppm (CDsOD); *C-NMR spectroscopyd =
770 ppm (CDCls), d= 538 ppm (CD.Cl,), d= 118.26 1.32 ppm(CDsCN), d= 206.26,d= 39.52
ppm (DMSO-d6), d = 49.0 ppm (CDsOD). F NMR spectroscopyd = 0 ppm (CG-Cls). The
characteristic signals were specified from the low field to Higll with the chemicakhifts @ in
ppm).*H NMR spectra peak multiplicities indicated as singlet (s), do)etioublet of doublet (dd),
doublet of doublet of doublet (ddd), triplet (t), doublettrgblet (dt), quartet (q), multiplet (m). The
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coupling constand indicated in hertHz).

High-Performance Liquid Chromatography (HPLC)

Chiral HPLC was performed with an Agilent 1200 Seriggilent 1260 Series HPLC Systeror
Shimadzu Le2030c All the HPLC conditionswveredetailedin the individual procedures. The type of

the columns, mile phase and the flow rate were specified in the individual procedures.

Infrared Spectroscopy (IR)
IR measurements were recorded on a Bruker ARIREFIR spectrometer. Thabsorption bands were

indicated a wave numbevgcnr ). All substances wen@eaured as films or solids.

Mass Spectrometry (MS)
High-resolution mass spectra were recorded on a Bruker En Apex Ulti&T-BIS instrument using
ESI or APCI or FD technique. lonic masses are given in units of m/z for the isotopes with the highest

naturalabundance.

Crystal Structure Analysis

Crystal Xray measurements and the crystal structure analysis were carried outkigusrHarms
(Chemistry Department, Philipps University of Marbuag)d Sergei IvleChemistry Department,
Philipps University ofMarburg) X-ray data were collected with a Bruker 3 circuit D8 Quest
diffractometer with MoKa radiation (microfocus tube with multilayer optics) and Photon 100 CMOS
detector. Scaling and absorption correction was performed by using the SADABS softwaigepzfck
Bruker. Structures were solved using direct methods in SHELXS and refined using the full matrix least
squares procedure in SHELX2013 or SHELXI-2014. The Flack parameter is a factor used to
estimate the absolute configuration of the coumounds.ri@smf PFE ions, solvent molecules or
methylene groups was refined using restraints for both the geometry and the anisotropic displacement

factors.

Optical Rotation Polarimeter
Optical rotations were measured on a Kriss P8UQfr PerkinElmer 241 polarimeter with R]p? or
[a]p?® values reported in degrees with concentrations reported in g/100 mL.
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4.2 Synthesis ofChiral N4 Iron Catalysts

4.2.1 Synthesis ot igands

L~ e "
Me N
N N 1 <
H H N NaOH (6.4 equiv.) N N/ <\:©
OH O + 7\ > >— TN N
: N €I DCM/MH,0 (1/1) L
HO o \
H 2.2 eq 87% yield Me

O OH S1 (R,R)-BIP
0

Synthesis of(R,R)-BIP: Ligand S1was synthesized flowing a literature procedureAccordingly, a
round bottomed flask was charged with a stir baich2oromethyl}1-methyt1H-benzo[d]imidazole
(1057.0 mg, 5.87 mmol, 2.&quiv), (RR)-2 , -Bigpyrrolidine/L-tartaric acid (918.3 mg,.87 mmol,

1.0 equiv), NaOH (683.5 mg, 17.09 mmol, 6efuiv) and 1:1 CHCI2:HO (11.2 mL) and the
reaction was stirred vigorously at room temperature for 16 h. The reaction was diluted with 1M NaOH
and CHCl,. The layers were separated and the aqueges \@as extracted wit CH:Cl» (5 x). The
combined organic layers were dried .QQs), filtered and concentrated. Purification by flash
chromatography on silica eluting with 5% MeOH/&H with 1% NH,OH afforded the crude ligand,
which was partitioned betweeCH,Cl; and 1 M NaOH The layers were separated and the aqueous
layer was extracted with GBI, (5 x). This extraction removes traces of water and®i from the
column conditions. The combined organic layers were drie€Qs), filtered and concentratet

afford the title ompound (1002.0 mg, 2.34 mmol, 87 % yield) as a yellow powder.

(RR)-BIP: 'THNMR (300MHz,CDC4) U 1.5071.93 (m, 8H), 2.1572.51
2.80713.00 (m, 2H), 3.53713.J%534HmM2H)2H)IT7T B..BD ((m,
7.6571 7. 785BC(NNIR (72 Mz, CDC}) U 152.48, 142.31, 136.26,
109.09, 65.45, 55.64, 52.59, 30.01, 26.41, 24R4film) : 3 (cn?) 2954, 2807, 1615, 1513, 1438,

1399, 1287, 1116, 860, 739, 524, 436RMS (ESI, m/z) calcd. for [CoHaoNg] * [(M + H) “J:

429.2761, found: 429.2761.
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Y b. EtOH, HCI (3N) \ )L
NZ \AOTBS c. SOCl,

1.0 eq 1.5 eq 93% yield S2
E/_(Nj Me Me, (\ Me

N N
H H NaOH (6.4 equiv.) =N N— -
—_— \
OH O + =\ \ / N N—7
HOL % Mé \l DCM/H50 (1/1) \)
\n/\)J\OH N

M
: 87% yield M€ ©
O OH 22eq (R, R)-LigandC

Me
Br 0 a. 5 mol% Pd(PPh3),
i + Il3 K3PO4 (2.0 equiv.) ~
Me Me

M¢€ N

1.0 eq

Synthesis 0ofS2 A 25 mL round bottomed flask fitted with a rubber septum was charged with a stir
bar, Pd(PP}4 (289.0 mg, 0.25 mmol, 5 mol %);dromo-3,5-bis(trimettyl)benzene (925.0 mg, 5.0

mmol, 1.0 equiy and KPO, (2.12 g, 10.0 mmol, 2.0 equjvThe flask was evacuated and backfilled

with N2 (x3). Toluene (9.0 mL) and degassdeionized water(0.9 mL) were added followed by
2-(((tert-butyldimethylsilyf)oxy)methy)-5-(4,4,5,5tetramethyil,3,2dioxaborolar2-yl)pyridine (2.6

g, 7.5 mmol, 1.5 equix The rubber septum was quickly replaced with a yellow polyethylene cap and
secured with electrical tape. Thel6h ahiclitimein was
was allowed to cool to room temperature and quenched with water (10 mL). The layers were separated
and the aqueous layer was extracted with@}3x10 mL). The combined organic layers were dried
(NaSQy), filtered and concentrate®urificaion by flash chromatography on silica (~300 mL) eluting

with 5% EtOAc/hexanes afforded the title compound in approximately 69% yield with some minor
impurities resulting from protiodeborination of the pinacol borane. The product was taken on to

subsequergynthetic steps during the course of which, the impurities were removed.

Then 2(((tert-butyldimethylsilyl)oxy)methyh5-(3,5-dimethylphenyl)pyridine (1.13 g, 3.45 mmol, 1.0
equiv) was dissolved in EtOH (3.5 mL) and 3N HCI (3.5 mL). The reaatias stired vigorously for

3 h, quenched to neutral pH with saturated NakCGind diluted with CbCl,. The layers were
separated and the aqueous layer was extracted witGI£¢t3). The combined organic layers were
dried (NaSQy), filtered and concentredl to give a crude solid. The solid was dissolved in,Ckl (17

mL) and SOGI (2.5 mL, 4.1 g, 34 mmol, 10.0 eqyiwas added dropwise. The reaction was stirred
16 h and quenched to neutral pH with saturated Nai-HTke layers were separated and the agueous

layer was extracted with Cil, (x3). The combined organic layers were dried @), filtered and
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concentrated. Purification by flash chromatography on silica eluting with 5% BEtdwganes

afforded the title compound2(749.0 mg, 3.24 mmol, 93% vyield} a ed solid.

S2 'HNMR (300 MHz,CDCl) U 8. 78 ( sl=8.1, 23 Hz, 1R), 7638 (d.£ 8l1dHz,

1H), 7.19 (s2H), 7.06 (s, 1H), 4.73 (s, 2H), 2.40 (s, 61C NMR (75 MHz,CDC}) G 155. 2 3,
148.10, 138.89, 137.41, 136.49, 135.54, 130.51, 1252879, 46.75, 21.51R (film) : 3 (cnmY)

3005 2916 1637, 1603, 1465, 842, 693, 639, 571, 46BMS (ESI, m/z) calcd. for[ CozHzeNe] * [(M

+ H) *]: 232.0888, found: 232.0888.

Synthesis of (RR)-LigandC: A round bottomed flask was charged with a stirr, ba
2-(chloromethyl)5-(3,5-dimethylghenyl)pyridine  (406.6 mg, 1.76 mmol, 2.2 eqyiv
(RR)-2 , -Bigpyrrolidine/L-tartaric acid (275.0 mg, 0.8 mmol, 1.0 eghiWaOH (2050 mg, 5.1 mmol,
6.4 equiy) and 1:1 CHCI2:H20 (3.4 mL) and the reaction was stirngdorously at room temperature
for 16 h. The reaction was diluted with 1M NaOH and.CH The layers were separated and the
aqueous layer was extracted with £ (x5). The combined organic layers were driedGR),
fitered and concentrated. Purifigat by flash chromatography on sdiceluting with 5%
MeOH/CHCI; with 1% NHOH afforded the crude ligand, which was partitioned betweesCGH
and 1 M NaOH. The layers were separated and the aqueous layer was extracted@litkix6H This
extraction renoves traces of water and MPH from the column conditions. The combined organic
layers were dried ()CQs), filtered and concentrated to afford the title compound (370 mg, 0.70 mmol,

87 % yield) as a red oil.

(RR)-LigandC: *H NMR (300 MHz,CDCl) U (& J =61% Hz, 2H), 7.77 (dd] = 8.1, 2.4 Hz,
2H), 7.46 (d,J = 8.1 Hz,2H), 7.14 (s, 4H), 7.02 (€H), 4.31 (n, 2H), 3.64 (n, 2H), 3.09 (M, 2H),
2.92 n, 2H), 2.37 (m,14H), 1.811.72 (m,8H). ®°C NMR (75 MHz, CDC}) U 147. 39,
138.02,135.05, 134.91, 129.58, 185, 122.67, 65.9%1.03, 55.40, 26.51, 23.76, 21.4R.(film) : 3
(cnT?) 2959 2914 1602, 1488, 1361, 1116, 1025, 836, 731, 698, 636, 589, HBMS (ESI, m/z)

calcd. for[CseHaaN4] * [(M + H) *]: 531.3482, found: 531.3498.
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H Me
NH, )Oj\/ HCI (4N), 16 h /©:N Dimethyl sulfate (1.02 equiv.) ,\j
+ -
. - Oy TR S
HO 100 °C Br N Cl KoCO5(1 eqUIY.), Br N Cl
Br 60% yield TBAB(0.1 equiv.) s3
1.0 eq 1.5eq 1eq 24% yield
-, Me
% Me N N
EN/_(Nj N NaOH (6.4 equiv.) g N g\ . D\
H H + /E:[ / —_—> \ N N Br
OH O Br N % DCM/H,0 (1/1) \ )
HOWL 95% yield Me
v~ “OH 2.2 eq .
= (R,R)-LigandE
O OH

1.0 eq

Synthesis of S3: A round bottomed flask was charged with a stir basy@mobenzend,2-diamine
(1.87 g, 10 mmol, 1.0 equiv.);¢hloroacetic acid (1.42 g, 15 mmol, 1.5 eguiMCI (4N, 10mL) and
the reaction was refluxeat 100€C for 16 h.After that, the resultingolution wascooled to room
temperature and then cooling to 0 fizutralizel with solid NaHCG,. Thenthe aqueous solution was
extracted withethyl acetate (50 mL x 3). The combined organic layers were washkedvaier, dried
with MgSQ; and concentratednder vacua The resulting residue was purified by flash column
chromatography on silica géh-hexane: EtOAc = 8:to 2:1)to provide product (1.46 g, 6.0 mmol,

60%) assolid.

Then a round bottomed flask was aniged with a stir bar,
5-bromeo2-(chloromethy)-1H-benzofllimidazole (1.46 g, 6.0 mmol, 1.equiv), K-COs; (0.922 g, 6.6
mmol, 1.1equiv), TBAB (193 mg, 0.6 mmol, 0.&quiv). After stirringfor 5 minutesdimethyl sulfate
(580 |L, 6.12 mmol, 1.02equiv) was addeddropwise. The reactiomixture was stirred at room
temperature for 4 h. After thatyater (4mL ) was addedThe aqueous solution was extracted with
ethyl acetate (20 mL x 4). The combined organic layers were washed with saturated brinejtdried w
MgSQ: and concenttad undervacua The resulting residue was purified by flash column
chromatography on silica g@DCM: CHsCN = 151 to 5:1)to provide product (0.37 g, 1.44 mmol,

24%) asa white solid.

S3!H NMR (300 MHz,CDCl) & 7J.=8.8 Hz( 1H), 7.40 (dd] = 8.6, 1.8 Hz, 1H), 7.19 (d,=
8.6 Hz, 1H), 4.80 (s, 2H), 3.83 (s, 3HC NMR (75 MHz,CDC}) U 150. 21, 143. 44,

123.17, 115.71, 110.85, 36.71, 30.8.(film) : 3 (cnv'Y) 3036 1507, 1420, 13931322, 1127, 1095,
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867, 798, 747, 711, 644, 593, 4BIRMS (ESI, m/Z) calcd. for[CaHoBrCIN2] * [(M + H) *]: 258.9632,
found: 258.9639.

Synthesis of (RR)-LigandE: A round bottomed flask was charged with a stir bar,
5-bromo2-(chloromethyl}1-methyt1H-beno[d]imidazole (227.0 mg, 0.88 mmol, 2.2 equiv.),
(R,R)2 , -Bigpyrrolidine/L-tartaric acid (138.0 mg, 0.4 mmol, 1.0 equiv.), NaOH (102.4 mg, 2.56
mmol, 6.4 equiv.) and 1:1 CBHI>::H-O (1.6 mL) and the reaction was stirred vigorously at room
temperature fiol6 h. The reaction was diluted with 1M NaOH and.ChHl The layers were separated
and the aqueous layer was extracted with@H(x5). The combined organic layers were dried
(K2COy), filtered and concentrated. Purification by flash chromatography ima sluting with 5%
MeOH/CH.CI, with 1% NH,OH afforded the crude ligand, which was partitioned betweesCGH
and 1 M NaOH. The layers were separated and the aqueous layer was extracted@Iitkx6H This
extraction removes traces of water and.8H from the column conditions. The combined organic
layers were dried (}CQs), filtered and concentrated to afford the title compound (220 mg, 0.38 mmol,

95 % yield) as a yellow powder.

(RR)-LigandE: *H NMR (300 MHz,CDCl;) U 7J.=8.8 Hz( 2H), 7.33 @ J = 8.6, 1.8 Hz, 2H),
7.10 (d,J = 8.5 Hz, 2H), 4.22 (dJ = 13.7 Hz, 2H), 3.73 (s, 6H), 3.63 (@= 13.7 Hz, 2H), 2.86n,

2H), 2.732.67 (m,2H), 2.31 (n, 2H), 1.821.60 (m,8H).3C NMR (75 MHz, CDC}) & 15 3.

143.60, 135.19, 125.56, 122.47, 1.910.32, 65.73, 55.75, 52.59, 30.15, 26.54, 24RZfiim) : 3
(cnmrt) 2951, 2803 1511, 1468, 1420, 1394, 1321, 791, 732, 589, 529, ARMS (ESI, m/2) calcd.
for [CaeH31Br2Ng] * [(M + H) *]: 585.0971, found: 585.0971.

-

N
H

\\
25
m
m

\
Et 3 ¢
H N NaOH (6.4 equiv.) y N ? N j@\
- N\
S W O SO e
HONOH Bu N Cl DCQ";EZ‘? (|:i/1) N W
Y yie Et
O OH 2.2 eq ’
0eg o4 (R,R)-LigandF

Synthesis of(RR)-LigandF: Accordingto the literaturé,we synthesize®4. A round bottomed flask
was charged with a stir by (tert-butyl)-2-(chloromethyl)1-ethyl1H-benzo[d]imidazole (330.0 mg,
1.32 mmol, 2.2 equiy, (RR)-2 , -Bigpyrrolidine/L-tartaric acid (207.0 mg, 0.6 mmol, 1.0 equiv
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NaOH (153.6 mg, 3.84 mmol, 6.4 eqyiand 1:1 CHCI>:H2O (2.6 mL) and the reaction was stirred
vigorously at room temperature for 16 h. The reaction was diluted with 1M NaOH ai@l.CFhe

layers were separateand the aqueous layer was extracted with@H(x5). The combined organic
layers were dried (¥)CQs), filtered and concentrated. Purification by flash chromatography on silica
eluting with 5% MeOH/CHKCI, with 1% NH,OH afforded the crude ligand, which wpartitioned
between ChLCI; and 1 M NaOH. The layers were separated and the aqueous layer was extracted with
CH.CI, (x5). This extraction removes traces of water and®Hi from the column conditions. The
combined organic layers were dried.QOs), filtered and concentrated to afford the title compound

(288 mg, 0.51 mmol, 85 % yield) as a yellow powder.

(RR)-LigandF: 'H NMR (300 MHz,CDClk) U  7J.=7.8 Hz( 2H), 7.35 (dd] = 8.5, 1.8 Hz, 2H),

7.27 (d,J = 7.8 Hz,2H), 4.41i 4.14 (m,6H), 3.68 (d,J = 12.8 Hz, 2H), 2.95 2.84 (m,2H), 2.79 fn,

2H), 2.37 (n, 2H), 1.94i 1.52 (m,8H), 1.40 (, 24H).*C NMR (75 MHz,CDC}) & 151.82, 14
142.58, 133.23, 120.56, 116.14, 108.74, 65.18, 55.38, 52.67, 38.86, 34.87, 32.01, 26.15, 24.08, 15.21.

IR (film) : 3 (cnTY) 2958 2869 1486, 1445, 1280, 1202, 1116, 905, 799, 728, 640, MBBIS (ESI,

m/z) calcd. for[CaeHsaNe] * [(M + H) *]: 569.4326, found: 569.4326.

Me

\
Me Me N
H 1] ) \
N N NaOH (4.0 equiv.) N N — :@
O+ C - >~ vy
HN— N \)

Cl DCM/H,0 (1/1) N

\

33% yield Me

1.0 eq 2.0 eq (R)-LigandG

Synthesis of (R)-LigandG: A round bottomed flask was charged hvita stir bar,
2-(chloromethylj1-methyt1H-benzo[d]imidazole (360.0 mg, 2.0 mmol, 2.0equiv),
(R)-N-methyl1-(pyrrolidin-2-yl)methanamine (114.0 mg, 1.0 mmol, EQuiv), NaOH (160.0 mg,
4.0 mmol, 40 equiv) and 1:1 CHCI>:H>O (4.0 mL) and the reactiona® stirred vigorously at room
temperature for 16 h. The reaction was diluted with 1M NaOH and€ClGH 'he layers were separated
and the aqueous layer was extracted with@H(5 x). The combined organic layers were dried
(K2COy), filtered and concentrate®urification by flash chromatography on silica eluting with 5%
MeOH/CHCI, with 1% NHOH afforded the crude ligand, which was partitioned betweesCGH
and 1 M NaOH. The layers were separated and the aqueous layer was extracted,@ith{(5C¥j.

This etraction removes traces of water and 4H from the column conditions. The combined
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organic layers were dried {§KOs), filtered and concentrated to afford the title compound (134.0 mg,

0.33 mmol, 33 % vyield) as a yellow solid.

(R)-LigandG: 'H NMR (300 MHz, CDCL) & i 7.647(, 2H), 7.33 7.16 (m, 6H), 4.29 (dJ =

13.3 Hz, 1H), 3.81 (s, 3H), 3.808.68 (m, 3H), 3.66 (s, 3H), 2.832.69 (M, 2H), 2.59 2.47 (m, 1H),

2.467 2.29 (m, 2H), 2.27 (s, 3H), 2.071.89 (m, 1H), 1.7% 1.42 (m, 3H)3C NMR (75 MHz,

cbCk) 4 152.40, 151.88, 142.34, 142.32, 136.40,
119.64, 109.20, 109.16, 62.76, 62.27, 56.19, 55.04, 52.54, 43.40, 30.51, 30.19, 30.01R ZAT3.

3 (cn?) 2948, 1434, 1455, 1398, 1363, 10040, 739, 663, 548, 43HRMS (ESI, m/z) calcd. for
[Ca4HaiNg] * [(M + H) *]: 403.2605, found: 403.2605.

M
N N NaOH (4.0 equiv.) N
\\N\ + ©: />—\ > |1\/|e \ >
N Cl DCM/H,0 (1/1) @N N_<:>
o H /
1.0 eq 2.0 eq 80% yield N>—’

(R,R)-LigandH

(RR)-LigandH: A round bottomed flask was charged with a stir bar,
2-(chloromethylj1-methyt1H-benzo[d]imidazole (320 mg, 2.0 mmol, 2.0 equiv),
(1IR2R)-N, Midnethylcyclohexand,2-diamine (119.0 mg, 0.84 mmol, leQuiv), NaOH (134.0 mg,
3.36 mmol, 40 equiv.) and 1:1 CbkCl>:H-O (3.2 mL) and the reaction was stirred vigorously at room
temperature for 16 h. The reé@mn was diluted with 1M NaOH and GHEl.. The layers were separated
and the aqueous layer was extracted with@H(5 x). The combined organic layers were dried
(K2CQy), filtered and concentrated. Purification by flash chromatography on silica eluting#it
MeOH/CHCI> with 1% NHOH afforded the crude ligand, which was partitioned betweesCGH
and 1 M NaOH. The layers were separated and the aqueous layer was extracted,@ith{(5C¥j.
This extraction removes traces of water ands®H from the columncorditions. The combined
organic layers were dried {§KOs), filtered and concentrated to afford the title compound (287.0 mg,

0.79 mmol, 80 % yield) as a yellow powder.

(RR)-LigandH: *H NMR (300 MHz, CDC¥) & i 7.67m6, 2H), 7.32 7.17 (m, 6H), 3.9€s, 4H),

3.79 (s, 6H), 2.80 2.63 (m, 2H), 2.15 (s, 6H), 2.071.98 (m, 2H), 1.83 1.75 (m, 2H), 1.35 1.10
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(m, 4H)3C NMR (75MHz,CDCY) o 152.60, 142.40, 136.48, 122.
51.79, 35.99, 30.03, 25.68, 24.1R. (film) : 3 (cnTY) 2929, 2846, 1512, 1470, 1329, 1116, 872, 727,
574, 537, 463HRMS (ESI, m/2) calcd. for[CasHasNe] * [(M + H) *]: 431.2918, found: 431.2918.

Me Me,
H { NaOH (4.0 equiv. | N
N ;
/N\/\H/ ' ©: / N\\K\ /\/N\/I\\N

NJ ;i DCM/H,0 (1/1) @N |
Me

1.0 eq 2.0 eq 84% yield LRAC

Synthesis of LRAC: A round bottomed flask was charged with a stir bar,
2-(chloromethylj1-methyt1H-benzo[d]imidazole (216.0 mg, 1.2 mmol, 2.0equiv),
N,N'-dimethyt1,2-ethanediamine (52.9 mg, 0.6 mmol, EqQuiv), NaOH (96 mg, 2.4 mmol, 4.0
equiv) and CHCIz:H20 (1:1, 3.4 mL). The reaction was stirred vigorously at roemmgerature for 16

h. The reaction was diluted with NaOH (1 M) and.CH. The layers were separated and the agueous
layer was extracted with GBI, (5 x). The combined organic layers were driedG&s), filtered and
concentrated. Purification by flash chrabgraphy on silica eluting with 5% MeOH/GEl; with 1%

NH4OH afforded the ligand RAC (191.1 mg, 0.51 mmol, 84% yield) as a yellow solid.

LRAC: 'H NMR (300 MHz, CDC§) U i7%9 @n12H), 7.367.19 (m, 6H), 3.81 (s, 4H), 3.76 (s,
6H), 2.65 (s, 4H), 2.2, 6H).°CNMR (75MHz,CDC}) & 151.85, 142.34, 136.
119.71, 109.19, 55.61, 55.40, 42.79, 30167 (film) : 3 (cnr?) 2954, 2842, 1514, 1350, 11,7845,
739, 644, 538, 442, 41BIRMS (ESI, m/2) calcd. for[CaHaeNe] * [(M + H) *]: 377.2448; found:

377.2448.

4.2 2 Synthesis ofCatalysts

(\ ) FeClyeaH;0 (1.0 equiv) gy, l W)
©: ./ < CHCN. rt, 16h o
\
>—' ~
\) 93% yield o | N
Me N\j)
(R,R)-BIP
N\
Me
(R,R)-FeBIP
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Synthesis of(R,R)-FeBIP: To a stirred solution of the ligand&R,RQ)-BIP (990 mg,2.3 mmol, 1.05
equiv.) in 13 mL CHCN under N atmosphere was added FglCh,@ (437 mg 2.2 mmol, 10 equiv.)

in one portion. A yellow precipitate was formed within several seconds. The reaction mixture was
stirred for 16 hours at room temperature beforadéliluted with diethyl ether (40 mL). The slurry
was transferred into a centrifuggbe, and the solid material was separated by centrifugation and was
washed with a mixed solvent of @EN/diethyl ether (v/v = 1/2.5) for three times{35 mL in total).

The solid was dried under nitrogen flow to affoR|R)-[Fe(BIP)]Cl. as a yellow power (1.14 g, 2.1

mmol, 93% yield). Single crystals formed in mixture of DMF/THF or DMF/ethyl acetate.

(RR)-FeBIP: HRMS (ESI, m/2) calcd for [GeHs:CIFeNs] *[ ( M T']: 58011726; found: 519.1722;
elemental analysiscalcd for [GeHa:Cl.FeNA 2.81): C, 52.81; H, 6.14; N, 14.21; found: C, 52.90; H,

5.82; N, 14.17.
Me
2+ (SbF
Me sz |_I ( 1
SN
Me ' Me a. FeCl,e4H,0 (1.0 equiv.) ARV
=N =~ ) CHiCN. 1 4h _ MeCNy,, | N
\ / SN N b. AgSbFg (1.0 equiv.) /F|e\Nj_\
Me % Me  CHsCN,rt, 18h MeCN !
. 7
(R,R)-LigandC 37% yield Me - |
(R R)-Fed

Synthesis of(R,R)-Fe4: To a stirred solution of the ligan®& R)-LigandC (132.6 mg, 0.25 mmol, 1.0
equiv.) in 1.4 mL CHCN under N atmosphere was added FgiCh,@ (49.7 mg, 0.25 mmol, 1.0
equiv.) in one portion. A yellow precipitate was formed within several seconds. The reaction mixture
was stirred for 4 hours abom temperature before being diluted with diethyl ether (3.5 mL). The
slurry was transferred into a centrifuge tube, and the solid material was separated by centrifugation
and was washed with a mixed solvent of:CN/diethyl ether (v/v = 1/2.5) for threirtes (3 x 3.5 mL

in total). The solid was dried under nitrogen flow to afford(e)-LigandC]Cl.as an orgnge solid

(68.8 mg,1.05 mmol,42% yield) HRMS (ESI, m/2) ¢ a | [€4Hd:.CIFeN;] * [M-CI] *: 621.2442,

found 621.2443.
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A flame dried 10 mL flask wsacharged with 60.9 mg of soljfe(R,R)-LigandC]Cl; (0.093 mmol, 10

equiv.) suspended in GBN (1.17 mL) under nitrogen. Silver hexafluoroantimonate (AgS68.8

mg, 0.19 mmol, D equiv.) was weighed under an inert argon atmosphere and then added to th
vigorously stirred heterogeneous mixture. The flask was covered with aluminum foil to protect the
silver salts from light. After 18 hours, the reaction was filtered through Celite and concentrated under
vacuum. The solid was redissolved in £, filtered through a 0.22um syringe filter, and
concentrated. The residue was redissolved iRGDHand the filtration/concentration procedure was
repeated two more times to ensure no silver salts remained. The brown solid obtained was dried under

a nitrogen flow toyield (R R)-Fe4 (92.9 mg, 0.082 mmol, 88% yield).

(RR)-Fe4: HRMS (ESI, m/z) calcd for [GsHasFsFeNsSb] * [(M T (CHsCN). Sbks ]*: 821.1696; found:
821.1695;elemental analysiscalcd for [GoHasF12FeNsSky]: C, 42.14; H, 4.24; N, 7.37; found: C,
41.38; H, 451; N, 5.64.

Me Q _
(\: ND\ a. FeCl, 4H,0 (1.0 equiv.) N M\
Br: S \ CH3CN, rt, 4h MeCN | N .«
\©:N\ N"\__N N Br 3 . - /,,""'Fe‘“\\\\ R
N \) b. AgSbFg (1.0 equiv.) 7 | ~\

Me CH3CN, rt, 18h MeCN Nj)
(R,R)-LigandE 67% yield <
Br—@/NMe
(R,R)-Fe7

A flame dried 10 mL flask was charged with 60.9 mg of sptie{R R)-LigandE] (Cl). (0.093 mmol,

1.0 equiv.) suspended in GAN (1.1 mL) under nitrogen. Silver hexafluoroantimonate (AgS6E.O

mg, 0.18 mmol,2.0 equv.) was weighed under an inert argon atmosphere and then added to the
vigorously stirred heterogeneous mixture. The flask was covered with aluminum foil to protect the
silver salts from light. After 18 hours, the reaction was filtered througheCatidl cacentrated under
vacuum. The solid was redissolved in LM, filtered through a 0.22pm syringe filter, and
concentrated. The residue was redissolved inGDHand the filtration/concentration procedure was
repeated two more times to ensure no sibats emained. The brown solid obtained was dried under

a nitrogen flow to yieldR R)-Fe7 (80.0 mg, 0.067 mmol, 76% yield).
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(RR)-Fe7: HRMS (ESI, m/2) calcd for [GeH3zoBrFsFeNsSb] ™ [(M-(CHsCN).-(SbFs)) *]: 874.9190;
found: 874.9199glemental analysiscalcd br [CsoHzeBroFi2FeNsSky]: C, 30.13; H, 3.03; N, 9.37;
found: C, 29.98; H, 3.59; N, 10.18.

1 2+ (SbFg),
Et‘ —
N a. FeCl, 4H,0 (1.0 equiv.) N m\
N \)

tBu . Fe
b. AgSbFg (1.0 equiv.) ~
MecN” | N
N

"y

Um

CH4CN, rt, 18h

_ 58% yield \‘f,
(R,R)-LigandF Bu N‘Et

(R,R)-Fe8

\
Et

Synthesis of(R,R)-Fe8: To a stirred solution of the ligan{® R)-LigandF (142.1 mg, 0.25 mmol, 1.0

equiv.) in 1.5mL CHCN urder N, amosphere was added Fefl.@ (49.7 mg, 0.25 mmol, 1.0
equiv.) in one portion. A yellow precipitate was formed within several seconds. The reaction mixture
was stirred for 4 hours at room temperature before being diluted with diethyl ether (I5halspirry

was transferred into a centrifuge tube, and the solid material was separated by centrifugation and was
washed with a mixed solvent of @EN/diethyl ether (v/v = 1/9) for three times (3x3 mL in total). The

solid was dried under nitrogen flow adford [Fe (RR)-LigandF] (Cl)2as dark brown solid (127.0 mg,

0.18 mmol, 72% yield) HRMS ( ES| )[CseigLIEENS]C a[M-CIPp d 659.3286, found
659.3285.

A flame dried 10 mL flask was charged with 59.4 mg of siiiel(R R)-LigandF] (Cl). (0.085 nmol,

1.0 equiv.) suspended in GBN (1.1 mL) under nitrogen. Silver hexafluoroantimonate (AgSH8.8

mg, 0.17 mmol, D equiv.) was weighed under an inert argon atmosphere and then added to the
vigorously stirred heterogeneous mixture. The flask wasredveith aluminum foil to protect the

silver salts from light. After 18 hours, the reaction was filtered through Celite and concentrated under
vacuum. The solid was redissolved in LM, filtered through a 0.22pm syringe filter, and
concentrated. The resid was redsolved in CHCN and the filtration/concentration procedure was
repeated two more times to ensure no silver salts remained. The brown solid obtained was dried under

a nitrogen flow to yieldR R)-Fe8 (80.0 mg, 0.068 mmol, 80% yield).
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(RR)-Fe8: HRMS (ESI, m/2) calcd for [GeHsaFsFeNsSb] * [(M-(CHsCN)-(SbFs)) *]: 859.2545;
found: 859.2539%lemental analysiscalcd for[C22H2sCloFeNs]: C, 40.77; H, 4.96; N, 9.51; found: C,
41.40; H,4.29; N, 10.95.

Synthesis of(R)-Fe9: To astirred solution of the ligan(R)-LigandH (80.4 mg, 0.2 mmol, 1.0 equiv.)

in 1.1mL CHCN under N atmosphere was added FglCh.@ (39.8 mg, 0.2 mmol, 1.0 equiv.) in one
portion. A yellow precipitate was formed within several seconds. Thegrantxturewas stirred for

4 hours at room temperature before being diluted with diethyl ether (3.3 mL). The slurry was
transferred into a centrifuge tube, and the solid material was separated by centrifugation and was
washed with a mixed solvent of @EN/diethyl etler (v/v = 1/3) for three times (3 x 4 mL in total).

The solid was dried under nitrogen flow to aff§R)-Fe9as light yellow solid (99.0 md).19 mmol,

94% yield)

(R)-Fe9: HRMS (ESI, m/z) calcd for [GaHscCIFeNs] * [ ( M T7]: 493.1664; found: 493.1565;
elemental analysiscalcd for [G4HsoCl.FeNsA ED]: C, 52.67; H, 5.89; N, 15.36; found: C, 52.63; H,
5.71; N, 15.30.

Synthesis of(R,R)-Fel0: To a stirred solution of the ligan& R)-LigandH (130.9 mg, 0.3 mmol,.Q

equiv.) in 1.8 mL CHCN under N atmosphere was added FelCh.B (59.6 mg, 0.3 mmol,.Q
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