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Abstract

Asymmetric catalysiss an indispensabl@ol of greatimportancefor the economic and sustainable
synthesis of nomacemic chiral molecule# addition toorganic compounds and biomolecules, chiral
transition metal complexes represent a pivotal pilargenerating enantiomerically pure products.
The deign and development of metal complef@sthe transfer o$tereochemicahformationform

the very foudation of creating a sophisticated chiral environmernb achieve sufficient
enantioselectivitieOften the applied catalystomprise a stereogenic metal ceniert givegise to

a distinct chiratopology. Therefore considerationsegardinghe metalcentered chirality are crucial

in the composition of novel catalysts. In recent years, the Meggers deougnstratethe potential

of emphasizing the absolute configuration at the metal with numerous iridium(lll), rhodium(lil),

ruthenium(ll), and iron(llzomplexes and their applicability in asymmetric transition metal catalysis.

Chapter 3.1 A synthetic access to furnigfentadentateachiral ligands that give rise to iron(ll)
complexes comprising metaéntered stereogenicity upon coordination (ckatahetal) is
described. A ligand scaffold containingreesityl substituted dipicolylamine moiety connected to a
quinoline ring by an amido tethershown to provide @aramagneticomplex without the required
feasibility of extensiveNMR spectroscopic ahgsis. By substitution of the-8mido quinoline motif

wi t h -hipyrily] @dup, the correspondingacemiciron(ll) complex exhibié diamagnetic
properties, hence facilitating NMR measurements. A subsequent chiral auxiliary mediated separation
of the enatiomeric mixture of complexes with chiral oxazolines, sulfoxides, and carboxylic acids is

demonstrated to give insufficient results

Chapter 3.2 and 3.3 The modular synthesis of pentadentate, chiral ligaodsprising a central
dipicolylamine motifgeneratingnetatcentered chirality upon complexation (stereogeatimetal)

is depicted Incorporation of a methyl group into the ligand framework results in a diastereomeric
mixture of iron complexes after reaction witRe(ll)-perchbrate. The necessity of a laborious
separation is preventday exploiting the different thermodynamic stabilities of the diastereomers.
The ligand centered chirality can act ash@al leverenabling a subsequent isomerization to furnish
the diastereomerally pure iron(ll) complex. The rate of this interconversion is significantly
influenced by the steric demand of tkbhkiral leverand is demonstrated to improve with the
incorporation of dulkierisopropylmotif. A following structural elucidation via NR spectroscopic
measurements and-pdy crystallographic analysis confirms the overall topology and coordination
mode. The modular synthetic approach of the ligand syntpesiglesthe convenient possibility of
derivatization which is shown by incorpoxati of a mesitylene and a benzimidazole group. The

efficiency of the obtained catalysts is thdgmonstratedor a ring contraction of isoxazolesmder



open flask conditionto afford chiral H-azirines with high enantioselectivities (up to 93% ee) and

an ceptional activityaffordingturnover numbers (TON) of up to 10,000.

Chapter 3.4. The design and synthesis of novel f©nsymmetric, tetradentate chiral ligands to
obtain octahedral complexes with heterotopic reaction sites is demonstrated. The tezatgésic

motif of this ligand scaffold is represented by a prolileeived chiral diamine backbone that enables

a convenient synthetic access to the final ligands. Moreover, this backbone provides a high selectivity
towards ecis-a topology of the corrggonding Fe(Ilcomplexeswhile evincing alL -configuration at

the metal centeRyridyl, benzimidazolyl, and benzothiazolyl groups are incorporated as terminal
coordinating groups and all nine possible combinations of the dichloro complexes are synthesized.
The influence of the catalyst symmetry in regard to the steric and electronic environment is evaluated
with the asymmetric ring contraction of isoxazoles to furnish enantiomerically enriehadi2nes.

A catalyst comprising a terminal pyridine and a benzothiazole group provides the best results and is
appliedin a substrate scope of 19 different isoxazoles. The correspondiagi2nes are obtained

with high enantioselectivites (up to 92% ea)d excellent yields (up to >99%) under open flask
conditions. A subsequent survey of the versatility of the chiral products showcases their usefulness
as synthetic intermediates without loss of enantioselectivitiye synthesis of severatamino acid
derivatives Additionally, an unprecedented transformationtéfdzirines to directly accessacemic

b-amino acidderivativeis shown.



Zusammenfassung

Asymmetrische Katalyse stelltine unverzichtbares Werkzeug von grol3er Bedeutung fur die
O0konomische md nachhaltige Synthese nicht racemischer, chiraler Molektle dar. Neben organischen
und biologischen Katalysatoren bilden chirale Ubergangsmetallkomplexe eine tragende Saule bei der
Erzeugung enantiomerenreiner Produkte. Das Design und die Entwickluhgrddietallkomplexe,

die stereochemischiaformationen tbertragen kénnen, bilden die Grundlage fiir die Schaffung einer
definierten chiralen Umgebung und das Realisieren von hohen Enantioselektivitaten. Haufig
enthalten die verwendeten Katalysatoren einesggnes Metallzentrum, welchesi einer
einzigartigen Topologie fuhrt. Daher ist das Berlcksichtigersed metallzentrierten Chiralitét
entscheidend fudie Zusammensetzung neuartiger Katalysatoren. In den letzten Jaatretie
MeggersGruppe gezeigt, wehes Potenzial in der genauen Betrachtung der absoluten Konfiguration
am Metall steckt und dies mit zahlreichen Iridium¢iRhodium(lll}, Ruthenium(ll), und
Eisen(llxKomplexen sowie deren Anwendung in asymmetrischer Ubergangsmetallkatalyse

demonstrert.

Kapitel 3.1. Ein synthetischer Zugang fiinfzahnigen achiralen Liganderst beschrieben, die zu
Eisen(ll}Komplexen mit metallzentrierter Chiralitat nach Koordination fuhobirél-at-meta). Das
LigandenGerust besteht aus einer Mesisyibstituierten Dipicolylamiiinheit, die Ubereinen
Amid-Linker mit einem Chinolinng verbunden istWie gezeigt wird, erlaubted resultierende
paramagnetische Komplex jedooitht eine nétigaumfassende NMBpektroskopische Analyse.
Nach Ersetzen der-8midochinolinEi nhei t d «Bipyidin-Metiv nvird Z2in 1aacemischer
Eisen(ll}Komplex mit diamagnetischen Eigenschaften erhalten, der eine Charakterisierung utber
NMR-Messungen ermdglichiEine nachfolgede Auftrennung der Enantiomersittels chirale
Auxiliare unter Verwendung von chiralen Oxazolinen, Sulfoxiden und Carbonsauren zeigt

unzureichende Ergebnisse.

Kapitel 3.2 und 3.3 Es wird die modulare Synthese fuinfzahniger, chiraler Liganden mit einem
zertralen DipicolylaminMotiv gezeigt, die bei der Komplexierung zu metallzentrierter Chiralitat
fuhren (stereogenieat-meta). Der Einkau einer Methylgruppe in das Ligandengerist fihrt nach
Reaktion mit Eisen(IlPerchlorat zu einem DiastereomefBamisch va Eisenlomplexen. Die
Notwendigkeit einer aufwendigemrennungwird durch das Ausnutzen der unterschiedlichen
thermodynamischen Stabilitdten der Diastereomere vermieden. Die ligandenzentrierte Chiralitat kann
als chiraler Hebel dienen, der eine Isomernisigrzu einem diastereomerenreinen Eisef{tinplex
ermdglicht. Die Geschwindigkeit dieser Umwandlung wird mal3geblich durch den sterischen

Anspruch des chiralen Hebels beeinflusst und erhdht sich nachweislich durch den Einbau eines



grol3eren Isopropylrests Eine anschlieBende Strukturaufklarung durch NBgRektroskopische
Messungen und rontgenkristallographische Analyse bestatigt Teologie und den
Koordinationsmodus. Der modulare synthetische Aufbau der Ligatetet die praktische
Maoglichkeit der Deriatisierung, welche durch den Einbau einer Mesitylemd einer
Benzimidazolgruppe gezeigt wird. Die Effizienz der erhaltenen Katalysatoren ist flr eine
Ringkontraktion von Isoxazolen unter Luft gezeigt, um chirald-Azirine mit hohen
Enantioselektivitaterfbis zu 93% ee) und einer aul3ergewohnlichen Aktivitdt zu erhalten. Dabei

werdenkatalytische Produktivitaten (englirnovernumbers TON) von bis zu 10,000 beobachtet.

Kapitel 3.4. Das Design und die Synthese neuartigaht-Co>-symmetrischer, vierzahniger chiraler
Liganden zur Herstellung von oktaedrischen Komplexen mit heterotopen reaktiven
Koordinationsstellen werden prasentiert. Das zentrale stereogene Motiv dieses Ligarstengdri

von eing chiralen Diamin-Einheit dagestellf die von Prolin abgeleitet ist und einen praktischen
Zugang zu den finalen Liganden ermoglicht. Dariiber hinaus bietet dieses Ligandenriickgrat eine hohe
Selektivitat fur eineis-a-Topologie der entspeenden Fe(llKomplexe, die einé& -Konfiguration

am Metall aufweisen. Pyridyl Benzimidazolyl und Benzothiazolylgruppen werden als endstandig
koordinierende Einheiten in den Liganden eingebaut und die Synthese aller neun mdglichen
Kombinationen der Didbrokomplexe gezeigt. Der Einfluss der Katalysatorsymmetrie auf die
sterische und elektronische Umgebung wird anhand der asymmetrischen Ringkontraktion von
Isoxazolen zu enantiomerenangereichtertd-Azirinen bewertet. Ein Katalysator, der eine
endstandig Pyridin und eine Benzothiazolgruppe enthalt, erméglicht die besten Ergebndssard

fur 19 verschiedene Isoxaz8lubstrate verwendet. Die erhaltenéf2Rzirine kdnnenunter Luft mit

hohen Enantioselektivitaten (bis zu 92% ee) und hervorragendenuAestibis zu >99%yebildet
werden Die Nutzlichkeit und Vielseitigkeit der chiralen Produkte als synthetische Intermediate wird
daraufhin  demonstriert, indem mehrerea-Aminosdurederivate  ohne  Verlust der
Enantiomerenreinheit synthetisiert werden. Dariifdeaus wird ein neuartiger, direkter Zugang zu

einem racemischetrAminoséaurederivat ausgehend vdi#-Azirinen gezeigt
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Iron Complexes in Asymmetric Transition Metal Catalysis

1. Iron Complexes in Asymmetric Transition Metal Catalysis

1.1 Introduction

Transition metakatalysis represents assential pillar in the toolbox of modern chemistry for the
ongoing pursuit of exploring chemical space by the synthesis of novel compounds. Accordingly,
transition metal catalysts have become an imperative and fundamental toatl doty realizing this
endeavor of pushing the boundaiiesesearchbut also for meeting the increasing demtmarucial
moleculedn the fields of medicinal and material chemistry an industriascalelX 3! In addition of
providing indispensable possibilities fdret exploration of new synthetic pathways, transition metal
catalysisalsocontributessignificantly to humanyt éoagoingeffortsof improving effectiveness and
sustainability as catalysis itself is a fundamental principléi&feen Chemistig!*! Yet, many
catalstsstilr equi re the application of rar e, expens
chemists are faced witthe challenge of combining thgeneraladvantages of transition metal
catalysis with the advantages of eaatbundant 3dransition metalsregarding economic,
environmental, andoxicity aspect$’ Hence, the development and design of nouatalytically
active complexes relying on cheap and eaatlundant basenetals presents ahallerging yet
intriguing field of research!

This enticing task becomes all the more ambitious regardingréd@®f asymmetric transition
metal catalysis in which the predominance of noble metakvés more noticeableSince its
beginnings n t he | ate 196006s, enantioselective cat:
into animportanttool for the trasfer and implementation of chirality into prochiral molecules to
furnish enantioenrichepgroducts Therefore its pivotal impactwashonoredin 2001whenWilliam
S. Knowles, Ryoji Noyori, and K. Barry Sharplegsre awarded the Nobel Prigigure1).l’]

..............................................................................

Metal Rh @
i OMe : OMe OO OH
_ : PPh,
Chiral

PN\ P.,

’ ; X PPh,
Ligand H © OO OH

(R,R)-DiIPAMP (S)-BINAP (2S,3S)-DET
T Me™™"TTTTTTTTITTTITTIIIIRRTTTI
' MeO COOH : H,, R
Synthetic j©/\( COZH (Q
Application : NH
PP : AcO 2 MeO OH :
] L-DOPA (95% ee) (S)-naproxen (97% ee) (R)-glycidol (95% ee)!

..............................................................................

Figure 1: Representative eraples of catalytic systemaventedby Knowles, Noyori, and Sharplesand
synthetic applicatioH’



Iron Complexes in Asymmetric Transition Metal Catalysis

Prior to asymmetric catalysis, the synthesis of enantiopure compounds mostlgitbkedn using
precursors from the chiral pool or on the separation of a racemic mixture of enantiomers. Both
approaches suffer from the drawback that stoichiometric amounts of chiral precursors or ancillary
molecules are necessdtyln contrastenantioselective transition metal catalysiquiresonly sub
stoichiometric amounts of chiraiformation to invoke chirality in achirgdrecursorsThe optically
active products of such conversions are crucial f@any industrial branches, includindpe
agrochemical, foodgndpharmaceutical industf® Consequently, the development and application
of new catalgts is of high interest, especially regarding aspects of environmedfitihdy
chemistry In particular, recemnesearch on catalytically active transition metal systems based on 3d
metals hasittractech lot of attentiort!®!

Since the groundbreaking work of Know/&! Noyori*?! Sharples&? Kaganl}* and others,
much effort and progresdias been made towards the application of-r3étal complexes in
asymmetric catalysis tgrovide a broad variety ofchiral moleculeswhile following a more
sustainable pathMany of such examples show that-Betal catalysts are not only capable to
substitute their noble congeners, but can also exhibit distinct methgmthways that open up

possibilities for novel synthetic routes to further expand the limits of chemical $Pace.

1.2 Asymmetric Iron Catalysis

I n terms of sustainability, especially iron s
crust (5.63%%% is significantly higher thathat ofother 3d or 4dtransition metals as depicted in
Figure2.

Abundance of 3d- and 4d-transition
metals in earth‘s crust in %

e Y Y Y Y A
3d Cr (Mn Co| Ni [Cu|Zn
00102 | 0.095 0.0025 | 0.0084 | 0.006 | 0.007
—
ad Mo | Tc Rh | Pd | Ag | Cd
12:104[1.4-102| 1-107 [ 1-107 [1.5-10¢|7.5:10¢[ 1.5-10°3
\. A A N N vy
W >0.1%
0.1%-0.01%
0.01%-0.001%
<0.001%
Figure 2. Relative abundance of 3dnd4dt r ansi ti on oestt® |l s in eart

Consequentlyit is not surprising that nature makes extensive use of iron and its catalytic properties
in countlessproteins and enzymes making it an essential elemenvifarally every living
2
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organism®’l A prominent example of an irecontaining enzyme that is ubiquitously found in
nature is the superfamily Cytochrome P4&@onooxygenase that serves as a natural catalyst for the
oxidation of numerous molecul€g It has been extensively researched in the last decades and
employedas a powerful todior the realization of using enzymes in reactions involving-matural
substrates!® Moreover, its subvariants have been redesigned and modified to function as efficient
catalysts in enantioselective reactionsésearclyroups like Reet?® Arnold,?Y and many mor&?

The method of developing such artificial enzymes for spet#igetsis commonly known as
fiDirected Evolutio® and was a wa hea Mobel Rife lir8 chemisttAtthough its
importance for asymmetric catalysis is indisputable, enzymatically catalyzed asymmetric reactions
involving iron are beyond the scope of this introduction.

The following sectionswill provide aconcisesurveyof sdectedrepresentative exampled
asymmetrichomogeneousatalysis with ironcomplexescomprising multidentate ligands that
coordinate to the central me&dclusively vianitrogen atomsDue to its rich coordination chemistry,
many chiral ironcatalystshave been reported in the last decades with a broad variety of different,
multidentate ligand scaffold€® 2% An overview of the presented ligand scaffottiscussedn this

introduction isdepicted inFigure3.

( IBidentatel )
R' R'
- @) (o)
=Y 71><WJ
N N N N~/
R* R* R R
phenanthroline BOX SpiroBOX
Tndentate
® YOY
(0] i~ O,
D
N N~/
R R ¢
R R
PyBOX IPO bopa
| Tetradentate |
‘lr'
Ny
C( b G -
N-é
. .:\rR'
porphyrin Acyclic, N4-Type Ligands y

.

Figure 3: Overview ofmultidentatechiral ligand scaffoldsor asymmetric iron catalysis presented in this
chapter.An emphasis isnade on ligands that exclusively coordinate to the central iron @t® nitrogen
atoms.
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1.2.1 Asymmetric Iron Catalysiswith Bidentate Ligands

The application of bidentate chiral ligands for asymmetiramsition metal catalysis has been
scrutinizedsincethe very beginning of this field of chemistity 19682%! In the following decades,

numerous chiral bidentate ligand systems were developed with mometies being a prominent

structural motif. In 198%he group of Masamune first reported the application of a chiral bidentate

bisoxazoline BOX) ligand for an asymmetriccoppercatalyzed cyclopropanatiéti! The BOX

scaffold has since become a privileged ligand system and has been applied in a broad variety of

asymmetric catalytic reactioff§! Due to its overalC,-symmetric topology, this ligantlassusually
gives rise to catalytically active species exhibiting homotopic reaction siéege reducing the
number of possible reaction intermediates or transition states when compategytmmetric
catalystligand ystemd?®! Regarding enantioselective iramatalysis with chiraBOX-derivatives
seminal work has beeachieved by Coregt al.in 1991.An enantioselective Diel8lder addition
was conducted bin situ generation of the active femplex from elemental iroandchiral BOX-
ligand1 in the presence of2l With CH.Cl, as solvent at50 °C, full conversion was observed after
2 h and the produd¢R)-2 was obtained in 95% yield with a high selectivity towardseth@cisomer
(enddexo 96:4) and an enantioselectivity of 82% (Schemel).B% Inspired bythese promising
results, the group of Sibi later reported the same reaction B@K-analoguel, FgClOs), as a
precursor, and pyrazolidif@one3 as an additive to furnish Diehlder product2 with an improved

enantioselectivity of 91%e(Schemel).!!

I|gand 1 (12 mol%)
(10 mol%)

Q 0 | (25 mol%)
@ N VLNJ(O 2 mo .~
L

CH,Cl,, -50 °C, 2 h

5 L emmmmmmmmmmmmmeseses (2R)- 2

4
1 95% yield, 82% ee
Corey 1991 3’\’)%\) endo/exo 96:4

....................

ligand 1 (10 mol%)

o Fe(CIOy), (10 mol%)
O additive 3 (10 mol%)
@ + VLNJ(

P CH,Cl,, 4 A Ms
0°C,2h

Q Nz (2R)-2
N / >85% yield, 91% ee
I\iN endo/exo 92:8
Me M Bn 3

Schemel: Top: Enantioselective, Featalyzed els-Alder reaction with chiraBOX-ligand 1.2% Botton
|l mprovement of Coreyods syst e Aldd react®ibypusingfadditivefth e

4

e
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In addition to their application in asymmetric Didi&ler reactionsBOX-derived compoundsave
been proven to be suitable ligands for an enantioselectivegtBlyzed oxyamination as reporteyl
the group of Yoonn 2012.By synthesizinghe bulky, 1-naphthytsubstituted, chiraBOX-ligand6,
they were able to convert styref® andN-sulfonyl oxairidine 8 with Fe(NT%). as precursor and
MgO as drying agent to the corresponding oxyamination pr&uct75% yield with a high

enantioselectivity of 92%e(Scheme).2
Fe(Nsz)z (10 mOI%)

Ns< ligand 6 (20 mol%)
X N-O MgO (400 wt%) cl
©/\ + H > O »s‘
A\ cl

benzene, 0°Ctort,3 h
Ph“‘&,N~NS

Cl
7 8 ; : 9
D0
-6 5

..................................

Scheme2: Enantioselective oxyamination dfysene(7) with chiralBOX-ligand6 by Yoon[F2

Following the report by Yoon, the groupXfi achieveanintramolecular functionalization of double
bonds via an aminohydroxylation by using a catalyst system cempBOX-analogie10 and
iron(I)-bis(trifluoromethylsulfonyl)azanide as metal precursor. When this catalytic system was
employed in a reaction witN-benzoyloxycarbamatgl, cyclic carbamatesyn12 was obtained in
68% yield with high diastereoselectivity (>20:1 dr) and good enantioselectivity 8286 shown
in Schemed.*%! In 2015 the sare group was able to expldlie mechanism dhis reaction by the
addition of chlorinating agent tetrabutylammonium chloride (TBAC) to furnishatitieisomer of
aminochlorination produc3in 67% yield. Though the diastereoselectivity of this convergias
lower compared to the aminohydroxylation, a leighnantioselectivity of 89%e was achieved
(SchemeB).l34 Both reactions are supposed to proceed via the crucial intermedilten cleavage
of the NO bond by the iron catalyst, nitrenoid spediés formed thattan subsequentlyitiate a
cycloamination. Depending on the counterion coordinated to theaoter (when TBAC is present,

X = ClI), either aminohydroxylation pragtt 12 or aminochlorination produdt3can be obtained®34
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Fe(NTf,), (10 mol%) OR
Q ligand 10 (20 mol%) /\/\ aminohydroxylation
PhMOJLN’OR = Ph" YT e
H MeCN, 0 °C, 8 h HN~\( X = NTf,
1 12 O
R=24-Cl-benzoyl ... 68% yield .
' . E OMe Meo E >20:1 dr, 82% ee PhMO
pmnohysosaien om0 Oyt -
Aminochlorination N N~/ R/RO I
i Ph Ph | _FeL,
‘.  (4S,4'S,5R,5'R)-10 X I

........................

Fe(NTf5), (15 mol%)
ligand 10 (15 mol%)
0 TBAC (2.5 eq.)

AN W or > Ph/\(\o
Ph 0" N . HN

H CHCls, ~40 °C, 6 h ~

1 13 ©

R'= CH,CI 67% yield

9.6:1 dr, 89% ee

Scheme3: EnantioselectiveFecatalyzedaminohydroylation (top) and minochlorination (bottom) with
BOX-ligand10as reported by u 2334

A more rigid, BOX-derived ligand system containing a chiral spirobiindane backbone was first
introduced in 2006 by Zhoet al.and is commonly abbreviated 8piroBOX% This scaffold was
shown to be a competent ligand for highly enantioselective;catalyzed GH bond insertion
reactions outperforming classidaDX-ligands in terms of stereoinducti6f. For example, Zhou

and coworkers were able apply SpiroBOXligand 14 in combination with an irosalt for a highly
stereoselective ®f bond insertion with diazocompounis (Schemet).B”! For this reaction system,
iron proved to be most suitalMath regardto activity and selectivitywhile other metalgaveinferior
results.Intriguingly, this system exhibited excellent applicability towards a broad variety of different
alcoholsl6 in terms ofenantioselectivity and also toleratallylic alcohols and KO as suitable
substrate§’!

FeC|2‘ 4 H20 (5 mOl%)
ligand 14 (6 mol%)
N>

NaBArg (6 mol%) . FelL,
co,Me + R-OH > CO,Me via Ph)l\CO Me
CHCI3, 40 °C 2
15

16a (R=nBu) ,===="ccs=-ztteeees . "
16b (R=H) 17a (R = nBu) iron carbene
ligand 14a, 15 h
93% yield, 98% ee
! 17b (R = H)
QSN N7 O ligand 14b, 10 h
— 5‘—J : 90% yield, 95% ee
RR '
R =iPr14a :
R=Ph14b

..................

Scheme4: Asymmetric OH bond insertion of diazocompounds via iron carbend! with SpiroBOX
ligands14 by Zhoul*"
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In contrast to the previously described examples, in which presymaimgle chiral bidentate ligand
coordinates to one irocenter, a 2+2opology oftwo bidentate ligansisurrounding a central iron
atomcan be feasibleThis topology gives rise to a stereogenic metal center that can either result in
the L-(left-handed propeller) ob-(right-handed propeller) isomer when the resulting complex

exhibits an octahedral coordination sphefigre4).

(e}
SRR
b,,,,” I wX . Xu, I wb

.M..\ : 'n.M.‘
nd I Ny 0ox” | N
\a : a-/

A A

Figure 4: Topology of octahedral complexes with helical chiraliy= labile ligands)

Consequentlythe isomers have toe separated in order facilitate an enantioselective conversion
or a welttailored chiral ligand system has to be applied to control the resulting diastereoselectivity
during the formation of the catalytically active speciesthemore,theapplication ofC;-symmetric
bidentate ligands cdeadto several possible diastereomdrsa very elegant approachy bsing a
chiral 1,10phenanthrolieligand comprising a chiraR&x)-binaphthylmoiety, Yamamotet al were
able to achievéhein situ formation of & iron catalystwith a high diastereoselectivity towards
overallcis-topology, affording &2-symmetric catalysicomplex18in Schemes).*8 The selectivity
of the coordination was investigated Byray analysis ofthe isolated complex confirming the
ligandss ability to exclusively induceéhe aforementioned configuration, presumably dug-i
interactions between the naphthyl groups and the diphenylphenanthroline .risithidy, duego a
limited configurational stability of 3dnetal complexes, the chiral ligands must coordinate under
thermodynamic contipthus fixing the absolute configuration at the metal cemtaech is suggested
to be the main contributor during the asymmetreestinductionThe efficacy of this systerwas
shown foran enantioselective epoxidation of challengimg-disubstituted enone® with chiral
ligand 20 to afford enantioenrichedepoxide21 in good yields with high enantioselectivities of
mostly >90%ee!38 A representative example is depicte®ithemes.

Remarkably such a complex topology can even be apt for asymmedricatalysis when the
bidentate ligands are devoid of any chirality as was shown in 2019 by Meggersvith a chiral
atiron complex comprisingj-heterocyclic carbene ligands for enantioselective Nazayozation

and Cannizzarreeactiors.®9!
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Fe(OTf), (5 mol%)
ligand 20 (10 mol%)
Me O CH3CO3H (15 eq) Me_ O

A-18
(R,)-20
5 (R = m-xylyl)

..........................

Schemes: Enantioselective epoxidation witlhical phenanthrolinéerivative20 by Yamamotd®®!

Since their first applications in asymmetric transition metal catalysis, chiral bidentate ligands have
become an essential tdor realizingvariousasymmetric transformations and the last decades have
given birth to countless novel chiral bidentdtameworksfor enantioselective, metahtalyzed
reactionsin terms ofiron, theBOX-ligand scaffoldn particularhas proven todeffectivefor awide

variety of different reaction pathwaysoviding access teufficient stereoselectivities. Due to their
well-established synthesis and their convenient applicatian bitu formation of the catalytically

active species, there are many reports of successfully conducted reactions wliis shigigands.!

1.2.2 Asymmetric Iron Catalysis with Tridentate Ligands

In contrast to the unambiguous coordination mode of bidentate ligand scaffolds, tridentate ligands
can surround a central metal atom either in a facial or meridional fashion resuttifigrent overall
topologies of the complexeBigure5). Generally, a meridional coordination modeaslizedwhen

a more rigid scaffold is applie@onsequently, tlentate ligands with all don@toms arranged in a

single plane are only able to coordinate meridionally to a metal center.

X
a ‘,, | “\C a "' I \“X
Vs I\l/l

/ I \ e \
1
X

facial meridional

Figure 5: Facial and meridionalaordination mode of &ridentate ligand in an octahedral complex.

A prevalenttridentate ligand system prominently used in asymmetricciatelysis is represented by

the pyridine bis(oxazolingPyBOX) motif. This scaffold was first reported Nishiyamaet al. in

8
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1989for an asymmetric, rhodiwoatalyzed hydrosilylation of ketoneven before the previously
describedBOX-ligands were introducdt’] As a consequenceof their rigid arrangement of
coordinating atom$yBOX-ligands surround a metal center exclusively in a meridional fasAion
early report of an irofcatalyzedasymmetric reaction involving the employment ¢fydlOX-ligand
scaffold was published in 2004y the group of Shibasaki! This catalysis represents the first
asymmetric, catalyzed Dielslder reaction of an acycligetrasubstituted 1,&liene22. In the
presence of FeByr arylsubstituted PyBO>erivative23, AgSbk as activating additive, and
dienophile24 Diels-Alder product?5 was formed in 96% yield with 86%el*!. Interestingly, the
group was able to exploit this catalytic system l&dethe total synthesis dfiologically activeent
hyperforin(Schemes).*?!

FeBrs (10 mol%) oTIPS
AgSbFg (20 mol%)
N 6 OTIPS
l oTIPS ligand 23 (12 mol%)
(\N o+ Z OTIPS >
o4 | CH,Cl,, 5 A MS N’\o
O ~70°C, 30 h (\
24 22 P T 5 0 25
2004 : o | o 96% yield, 86% ee
Asymmetric Diels-Alder Reaction ) N
""""""""""""""""""""""" 3 N
Application in Total Synthesis H R; RR
2010 : ,R)-
: R=4 EtOCGH4

.........................

OTIPS
FeBrs (10 mol%)

ZY[ OTIPS  AgSbFg (20 mol%)
ligand 23 (12 mol%)
N

CH,Cl,, 5 A MS

| -70°C,30h

24 26

93% yield
>33:1 dr, 96% ee Shtnyperiorn

Scheme6: Asymmetric, Fecatalyzed DielsAlder reaction withPyBOX-ligand23 and application of the
catalytic system in the total synthesisothyperforin#42

In 2006, the group of Mlynarski reported the application of an iron catalyst for an enantioselective
Mukaiyamaaldol reaction. The employed FelyBOX-catalyst system provided the corresponding
ketones with high diastereoselediies and moderate enantioselect@stof up to75% eel*! By a
thorough screeningof different PyBOX-derivatives they were able to improve the
enantioselectivity**!  When sterically bulky O-tert-butyldiphenysilyl(TPS)hydroxyethy}
substituted PyBOX analogue€28 in combination with FeGl was used, paramethoxy
benzaldehydé€29) could be convertemhto 6-hydroxyketone80in 94% vyield with a high dr of 94.6

and aneeof 92% for the major diastereomeé8gheme’). Remarkably for several substrates the
corresponding Zn(J-catalyst gave significantly higher enantioselectivitiés,

9
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o FeCl, (10 mol%) OH O
OTMS ] ligand 28 (12 mol%) /@/krl
Ph
~ Me >
ph)\/ . °
MeO” : SO0 G0 CIN w0 M
31 29 : S ; 94% yield
' 0 N/ fe) : synlanti 94:6

\J ; 92% ee (syn)

W

...........................

Scheme7: Stereoselective Mukaiyarraidol reaction with bulkyPyBOX-ligand28 as reported by Mlynarski
et al.200714

In order to expand th&cope of their developed asymmetric aminohalogenation reaSiubieihes),

Xu etal. scrutinized the advantages of usiPgBOX-ligands for the realization of a stereoselective
intermolecular aminofluorination in 2038! In a proof of concepstudy, indene(32) was reacted

with carbamat@3 in the presence of Fe(NIk, chiral PyBOX-ligand34, EtN A3 HF, and
XtalFluor-E® to furnish aminofluorination produ85 with a modest diastereoselectivity of 3:1 while

both diastereomers were formed withesof 84% SchemeB). Thereactionis supposed to proceed

via an ironnitrenoid species (see intermediaten Scheme3). Noteworthy the electrophilic
fluorination agent XtalFluegE® was crucial for the prevention of a competing olefin
aminohydroxylation as it is assumed to sequester the anionic benzoate leaving group, thus acting as
a trapping reagefft’! The reaction is depicted Bchemes.

Fe(NTf,), (20 mol%)
ligand 34 (20 mol%)

cl Et;N-3HF (2.4 ¢
o) 3 ®( q.) /—CF3
XtalFluor-E™ (4.0 eq.)
+ F C/\OJLN’O
3 H CH,CI,/MeCN, 4 R MS

32 33 ° © 35100 °C,3h

59% yleld
oI T e s 3.0:1dr, 84% ee

.................................................

Scheme8: Intermolecular aminofluorination ofidene(32) with a chiral Fe(ll)PyBOX-catalyst by Xu#!

In addition to theexampleshownhere, chiraPyBOX-ligands havdeendemonstratetb be suitable
ligands regarding activity and selectivity for other kmatalyzed, asymmetric transformaticifs.
Althoughthe majority of oxazolindased scaffoldexhibit Co-symmetry dudo the convenient

synthesis antheadvantages mention@deviously,there areexampleshowing that &1-symmetric

10
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topology can be beneficial for the outcome of a reaciateven outperform related ligands with-
symmetry. In 2014, the grospof Huang and Lu almost simultaneousiyntroduced a novel
iminopyridine-oxazoline [PO, sometimes also abbreviated@K, Figure6) scaffold for acopper
catalyzed enantioselective hydroboration of disubstitutedadikgnes*”*® Interestingly, a related
PyBOX-ligand showed significantly loweryield for this catalysis implyinghat the imie moiety is
crucial for an enhanced activity of the catalyst.

N

Me I/ (0}

S ND®,
activity @N\'\IA/N / stereoinduction
4 "’/ 'R
Rl X X
IPO

Figure 6: General structure afatalystscomprising theCi-symmetriclPO ligand. The oxazolinenoiety is
supposedly steering the stereoinduction during reactbiie the imire motif enhances the activigs well as
stability of the obtainedomplexed*’ 48l

Subsequentlythe IPO-scaffoldproved to be a competent ligand for asymmetric catalysis, especially
in reactions involving 3dnetals such ason, cobalt or nickel*® Moreover, the convenient synthesis
(as demonstrated by Lu withtangramscale synthiic protoco)®® and possibilityto implement
modifications on both terminal coonéting moieties render it a promising ligand system for
asymmetric transition metal catalysis.

Regarding asymmetric iron catalysis, &ual.reported in 2014 thdte-complex36 comprising
anlIPCO-ligand was capable of promoting an enantioselective hydatiba of 1,tdisubstituted aryl
alkened®” For example, olefi87 was converted irthe presence of pinacolborane -@pin),
catalyst36a (5 mol%), and NaBHEt as reductant to obtain chiral hydroboration prod&in
excellent yield (98%) and with excellent stereoselectivity (@82%Schemed). A subsequent
substrate scopemphasizedhe efficiency of this catalyst system for the presented reaction thih
possibility of obtaining a variety of electronically different products in high yields with mostly
excellent enantioselectivitiedNotably, employment of achiral bidentde pyridincoxazoline
ligand 39 or chiral PyBOX-derivative40 gavesignificantly lower activityand provided produ&8
only in traces orin 6% yield, respectivel{?* In 2015, the same group reported a successful
asymmetric hydrosilylation of 1;disubstituted alkenes for the synthesis of optically pure
organosilane®?! Specifically, ron complex36b, bearing ariPr-motif on the oxazoline moiefyvas
shown to be an apt catalyst for the conversioa-ethyl styreng41) towards chiral silané2in 92%
yield with 94%ee When cobalt congend8 wasapplied asa catalyst,a drastic decline in activity

butonly aslightdecreasén enantioselectivity t84%eewasobservedScheme).b?

11
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cat. 36a (5 mol%)

H-Bpin (0.5 eq.
N NaBHEtS((15 mol‘)’/o) 1 o |
- in 0 @
Et,0,0°C, 1h SJN
37 38

.......................... . 39

: | N ‘ 98% yield, 96% ee o traces 6% yield

' Me b/ (o) :

ot e N ')
Hydroboration % Ne | .
------------------ - Fe " feeeeeecececascscacescececescecescscecescscasescecacescacanann
i lati : | | 4

Hydrosilylation prCl Cl

: R =Bn, 36a

DU Rzipr 36b . : 1

cat. 36b (5 mol%) ,-p'\fe I N ‘37
Et Ph,SiH, (0.83 eq.) Et Ner | _—N—/
NaBHEt; (15 mol%) . __SiHPh, @( Go—
toluene, 25 °C, 12 h 42 43
41 92% vyield, 94% ee 10% yield, 84% ee

Schemed: Top: Enantioselective ydroboration catalyzed by compl&8ga Chiral bidentate ligand9 and
PyBOX-ligand40 in combination with FeGlas catalytic system gave prod@&in low yields>! Bottom:
Asymmetric ironcatalyzed hydrosilylationn the presence of chiral complé6b to furnish enantiopure
organosilané2. A cobaltderivative43 of the catalyst provided the product in low yield withcreased
enantioselectivity??

In the following years, Land coworkersucceeded in usirthe IPGligand scaffold in combination
with cobalt or iron for several asymmetric functionalizations of oléfithén an impressive more
recent study, the group was able to achieve a highly enantioselecthaaiedyzed hydrogenation of
minimally functionalized alkene3he incorporation of a central quinoline motif instead of a pyridine
into the scaffoldead tosignificantly better resultsiith respect taactivity and selectivity for this
catalytic transformatioR¥ Accordingly, olefinic substratd4 was hydrogenated by employing iron
catalyst45 in the presence of NaBHEta long chained hydrosilane, and acetomitag an additive.
After 12 h under mild conditionand an atmosphere of hydrogen,gdmsral producé6 was furnished

in excellent yield>99%) and with excellent enantioselectivig9%ee Schemel0).54 Strikingly,
this marked the first report of a highly enantioselective-gatalyzed hydrogenation of minimally
functionalized alkenes and ia anpressive contributioto the concept of using more benign metals
for reactions that have beepredominantlyperformedwith noble metalsMechanistically, the
catalytic cycle commences with the formation of an -hgdride species that can insert into the
double bond forming iron alkyl specit. Afterwards, intermediatel can participate irs-bond
metathesis with the hydrosilane to afford optically active prodéicEurthermorgthe system was
shown to tolerate other olefinic bonds amés subsequently applied for the synthesis of
enantiopurel7, a compound that can be e@nted to biologically activeR)-xanthorrhizol in one step
(Schemel 0).54%!
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cat. 45 (5 mol%)
NaBHEt; (15 mol%)
n-C18H37SiH3 (20 mol%)

M
CH4CN (20 mol%) e [Fe]

Et > /©/\Et via R“)i

MeO H, (balloon) MeO Af H

44 toluene, rt, 12 h 46
98% yield, 99% ee

.................................................................

z
~ | M e first highly enantioselective

N | € Pr hydrogenation of simple olefins with iron
F

: L( - ‘Eu, e broad applicability (>30 substrates)
v b O ey 5

e gram-scale reactions feasible

_________ A
Me Me
MeO standard conditons MeO A HO :
- JO L <=
Me’ Me' Me I
N P
48 47
95% yield, 93% ee GR)-xanthorrhizoD

SchemelO: Top: Iron catalyzed ydrogenation of styrene derivatidd with catalysé5. Bottont Showcase
of tolerance towards other double bonds for subsfiételydrogenatiorproduct47 can be converted to the
sesquiterpenoidR)-xanthorrhizol in one steXanthorrhizol possesses a variety of biological activite¥)

Another class of tridentate bis(oxazoline) ligands is represented by compoomi@sniog a
bis(oxazolinylphenyl)aminebppg motif. This type ofscaffoldwas first introduced by Guiry and
McManus in 2002 fomn asymmetric transfer hydrogenation of acetophefdhalthough initial
experiments exhibited low enantioselectesf the group was able to improve the selectivity for a
ruthenium catalyzed transfer hydrogenaiioa subsequent stu! First attempts of employing this
ligand scaffold in asymmetric iron catalysis were reported in 2007 by the group of Nishiyama for the
hydrosilylation of ketonesAlthough the majority of the presented substsatepe was conducted

with achiral ligands, the feasibility of asymmetric catalysis was scrutinized for selected examples
with chiral bopaderivativesproviding a stereoinduction ofip to 79%ee Remarkably a chiral
PyBOX-ligand provideda significantly lover enantioselectivit{?® Following these promising
results, the group further explored the efficacy of blopaframeworkfor enantioselective iron
catalysis. In 2010, they presented the {catalyzed asymmetric hydrosilylation tine presence of

chiral ligand49 (Schemell). Throughin situ formation of the catalytically active speciey
employing 2mol% of Fe(OAc), 3mol% of chiral ligand49, and (EtO)MeSiH as reducing agén
ketone50was converted tdR)-51in 93% yield with 88%eel®® A substrate scope of various ketones
which was performedvith iron- and cobaksalts indicates a bettstereoinduction of the cobalt
congenerproviding higher enantioselectivities for most substrates. Furthermore, a structural
elucidation of the active catalyst species was conducted by synthesizing and isolatvogahe
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complexescontaining chloride counti®ns Interestingly, the two oxazolin@oieties occupy apical
positionsin the irorcomplexwhereas Xray analysis revealed the two oxazoline rings to be situated

at equatorial position®r the cobalt congen&”!

......................

Fe(OAc), (2 mol%) :
o ligand 49 (3 mol%) o :
Me (EtO),MeSiH (2.0 eq.) Me : H
N > N/©/\ P oSN NP
THF, 40 °C, 96 h Py —
0\) 50 then HyO* 0\) 51 ; Bn B’
93% yield, 88% ee : (S S)—49

......................

Schemell: Enantioselective hydrosilylation e presence of chiral bopagand49 to furnish enantiopure
alcohol51 by Nishiyamd®®

In 2003, Nakada and colleagues introduced a structurally very similar scaffold comprising a fused
carbazole backbone for an asymmetric Nozékiama allylation and methallylatidf! This ligand

as part of iron compleX2 waslater presented tefficiently catalyze an enantioselective epoxidation

of olefins®? For examplealkene53 could be converted to thg §)-epoxide54 with PhlO as oxygen
source and gsbum tetrakis(3,5is(trifluoromethylyphenyl)borate  (NaBArF) with an
enantioselectivityof 83%ee Addition of a silvercarbene sal(SIPrAgCl; SIPr=N,N&bis(2,6di-
isopropylphenyh4,5-dihydroimidazole2-ylidene) as additive was shown to slightly impe the
stereoinductior{f88%ee as well as the yieldThe catalysis is supposed to proceed via an iron(1V)
0XO0 species bearingmcation radical (intermedial®’ ) that is formed upon reaction of the catalyst
with PhlO(Schemel 2).[62

cat. 52 (1 mol%)
NaBArF (4 mol%)

PhIO (3.0 eq.) N
SIPrAgClI (2 mol%) 10 I
Z
Ph\/\Ph CH CI 0 OC 30 . > Phl,.l)\Ph via N’/'/:‘eIV\N
53 2¥i2 B e SR min 54 & Sipr
55% yield, 88% ee v
Ph Ph
: Q\/Pr : - = R\ /R
L iPr N N\ Y/
24 ] : _ | ___ resemblance to
. : o —l Qm— ]
LN R Wi
: pro: cl o 2
: 5 Ph Ph

.............................................................................

Schemel2: Enantioselective epoxidatiaeported by Nakadet al in the presence of chiral iron catalys?
via ironroxo intermediatdV . The carbazole ligand scaffold partially resembles the porphgaifiold©?
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A similar N,N,N-pincer ligandframework was introduced in 2011 by the group of Gade for
enantioselective fluorinatienand NozakHiyamaKishi reactions with nickel and chromium
catalystd®®! Two yeass later, the group proved this scaffold to be a suitable ligandccess chiral
azides viaan ironcatalyzedazidation of-keto esters and oxindol®4! In analogyto the previous
examples, the developed bis(oxazolinylmethylidena)daline poxmi) also coordinates in a
meridional fashion providing a suitable framework for the incorporation afophisticated
stereodirecting environmerBy application ofcatalyst55 for the azidation of racemic compou&é
optically pure azid&7 was furnished in 87% yield with 93%e(Schemel 3).64

N3
\l__o

Me
@ﬁﬁwe QT LI, ‘
58 (1.5 eq.) : 5

t. 55 (10 1%
0 ca (10 mol%) 0

4-NO,-CgH4-CO,Ag (10 mol%) : I :
Meomcoztsu > Meomcoztsu P OV —Fe—n \’/? :
Ve H Et,0, rt, 48 h MeO “Ns 5 l\(souv‘ T

rac-56 57 . .
87% yield, 93% ee ' cat. 55 .

.....................

Schemel3: Enantioselective azidatiaof 4-keto esterac-56 by employment of iron comples developed
by the group of Gadé&!

Conspicuously, when compared to bidentate ligand scaffolds, chiral catalyst systems comprising a
tridentate ligandramework are more frequently applied as-j@ated complexes in asymmetric
transformationsThe pe-isolation and, more importantly, characterization of these complexes can
give valuable insight into theoordinationenabling a better understanding of the mode of operation

for the correspondingomplexesduring asymmetric catalysidlotably, oxazolinesre a prominent

motif in many tridentate ligarsfor iron catalysts, again confirming their importance and usefulness
for asymmetric irormediated transformations. Moreover, the possibility of altering these tridentate
chelates in order to realif&-symnetric frameworks (as for the IPO scaffofatpvides chance®r
intriguing modifications on the ligands and, subsequently, on the formed iron catdbtstsorthy

the vast majority of applied tridentate systems exert a meridional complexation mode when

coordinated to the central metal due to their high rigidity.
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1.2.3 Asymmetric Iron Catalysis with Tetradentate Ligands

Forthe vast majority of chiral transition metal catalystataining a tetradentate ligand scaffdlde
coordinating donoatomsare arranged in a linear (or sequential) framewar&ctahedral complexes,
this framework can lead to the three different togmetrans cis-a, andcis-6 (Figure7). Whereas
complexes withtranstopology do not exhibit metatcentered stereogenicity, formation @$é-a or

cis-b complexes is accompaniég the creation of a chiral center at the metal as showigure7.

a X X
/‘ /‘
<b'l, I ‘\\X <bll,' ?a: b':, wa
I v \ I
X
cis-a trans cis-f
no metal-centered
stereogenicity
E T : X ° X 5
. <b"l, I ‘\\X X ., | \‘\b ;@ n N ““\b b""' R “‘a :
: me "M > N M :
. b/l\x X/I\b Ex/|\b b/|\xE
a a. J a_/ \__a :
1 A-cis-a A-cis-a A-cis-p A-cis-f
................................ [ e

Figure 7: Coordination isomers forifear tetradentate ligands in an octahedral coordinatjgmere
Complexes exhibitingis-a or cis-b lead to metatentered stereogenicity. { and D-isomer). Thetrans
configuration is devoid of a chiral metagénter.

In resemblance to a meridional coordination malle,donor sites tetradentate ligands giving rise
to complexes with &ranstopologyare alignedn equatorial positions. Usually, the coordination is
complemented by one or two apical coordinating monodentate ligAndsn-cyclic privileged
scaffold frequently applied to asymmetrion catalysisthat falls beyond the scope of this
introductionare for exampl&\l,N-ethylenebis(salicylimine) (salen) deriviégands!®®!

Another class afompoundshat exclusively forms contgxes withtrans-topology when applied
asligands are porphyrinue to their strong ability to form stable iron complexes, nature makes
extensive use of these compounded exploits the complexation abilities in numerous
metallgroteins such asemogldin or Cytochrome P456%571 Inspired by theseiblogical systems,
Groves and Myers achieved a pioneering and seminal accomplishment in 1983 regarding
enantioselective iromatalysisfollowing their research on ireporphyrin complexes for racemic

epoxidations and hydroxylatioff§¢% By incorporation of chiramoietiesinto the centraporphyrin
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motif of iron complexs9, they were able to attain a satisfying stereoinduction for the epoxidation of
prochiralolefinic bonds.Specifically, four chiral §-binaphthyl motifs connected to the porphyrin
core via a phenyamido tether providanoverall chiralenvironmenduring catalysisFor example,
p-chlorostyren€60) was convertednto chiral epoxide61l in the presence otatalyst59 (4 mol%)

and iodosylmesityleneat 123 °C for 12h providing the desired product in 63% yield with an
enantiomeric excess of 51@chemel 4).%8 This studyrepresents a milestone due teepresenting
thefirst report of an artificially synthesized chiral irgorphyrin complex successfully employed in
asymmetric catalysisAfterwards, the groupnvisionedio improve the efficiency of the porphyrin
scaffold for asymmetric irorcatalysis. In 1990, the vaulted ir@orphyrin compleX62 was
introduced and its efficacy in oxygéransfer reactions such as epoxidations, sulfoxidations, and
hydroxylations wasnvestigated For instance when tetrahydrondgphaleng63) was used as a
substrate for an asymmetric hydroxylationtlire presence of inol% of catalys62 and PhlO as
oxidizing agent, chiral alcohd4 was provided in 47% yield with 72%e(Schemel4).["®

cat. 59 (4 mol%)

m MeslI=0O (1.0 eq.)
> :
Cl toluene, —23 °C, 12 h

Cl
60 61 :
63% yield, 51% eei

1983
Asymmetric Epoxidation

Asymmetric Hydroxylation
1990

cat. 62 (1 mol%)

OH :

PhIO (1.0 eq.) H

CO - =
CH,Cl,, 0°C, 1h :

64 :

63
10 eq. 47% yield, 72% ee

Schemel4: Top: First enantioselective irecatalyzed epoxidation as reported by Groves and Myers in
198368 Bottonmt Asymmetric hydroxylation of tetrahydronaphthal€68) by Groves™

Over the past decades, tp®rphyrin framework has been exploited as a scaffold for numerous
different chiralligand systems by implementation of various chiral moiéif€s."?! Furthermore, in
addition to their application in oxygdransfer reactions, chiral irgmorphyrin complexes have also

been shown to be competent catalystsri@rmokecular cyclopropanations of alkenes via a metal
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carbenoidln 2009, the group of Simonneaux presented such a catalytic transformation by employing
iron-porphyrincomplex65a bearing multiplenorbornanegused to central phenyl benzene rings, a
ligand first introduced by Haltermanet al in 1991374 By reacting styreneg(7) with
diazocompound6 in the presence of catalysta, cyclopropan&7 was obtained in 67% with a&e

of 76% and a good diastereoselectivitaiigcis 93:7, Schemel5).[”®! Interestingly a concomitan
formation of the dimeriby-product originating from the coupling of twaarbeneprecursorsvas
observedBy further modifying the porphyriligandvia addition of four sulfonatemoietiesthe group
later achievedan asymmetric sulfoxidation dfiioanisole(68) with catalystt5b and HO- to obtain
chiral sulfoxide69 in an excellent yield with 84%e (Schemel5).[”®! Unsubstituted comple&5a
provided asignificantly lower yield and stereoinduction when compared to com@idx Initially,

the modifications on the ligamaf catalyst65b wereconducted to provide better solubility in protic
solvents however, addition afnajor amounts ofl.O during the catalysis deteriorated the activity as
well as selectivity.

cat. 65a (0.5 mol%)
pyridine (1 mol%)

N,CHC(O)Ph (66, 1.0 eq.)
N .
©/\ > pp Ph

CHCly, 40 °C o
7 67
5.0 eq. 67% yield .
cisltrans 93:7, 76% ee

Cyclopropanation

Sulfoxidation
cat. 65b (1 mol%)

Spte H,0, (1.2 eq.) _S/,O
o -
MeOH, -20 °C, 1 h
68 69

95% vyield, 84% ee

Schemels: Top: Enantioselective intermoleculayaopropanation with iron porphyrin complé%a to
furnish chiral cyclopropane derivatiéd.®! Bottomt Asymmetric sulfoxidation of thioaniso(€8) in the
presence of cataly6bto obtain chial sulfoxide69.[’!

In contrast to the previously described porphoasedcompoundsnoncyclic tetradentate ligands
comprising a chiral and flexible diamidmackbone usually exhibit @s-a or cis-b topology when
coordinated to a complex in an octahedral coordination spRegeré¢7). The derivedcomplexes

have emerged as a powerful class of catalysts for several asymmetric reactions, such as
hydroxylations and epoxidatiof8:’”! These two topologies give rise to a meteéntered
stereogenicity(Figure7) and, thus can theoretically result ia mixture of diastereomers when a
stereogenic ligand is erlgyed However theligand-centered chirality can haagprofound influence

on the overall chiral topology of the complaxdcanevenbe exploited for theredeterminatiorand
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fixation of the metalcentered stereogenicitizor this purpose, usually a chitzckbone ispplied
that iscomplemented by two ancillary, terminally coordinating moietieese rigidity can also have
an impact on the overall topology of the resulting compR%!

Especially ironand manganessomplexes with such tetradentate -type ligands proved to be
powerful catalysts for asymmetric transformati§flsA prominent backbone for these types of
chelating compounds is represented by a chiratlig@inocyclolexyl motif. First reported by Vagg
and coworkers in 1991, this ligand is complemented by tpgrlinyl groups that are connected to
the backbone by a methylebedgel®® Gratifyingly, this scaffold exhibited a strong tendency
towards acis-a coordination when applied as a ligand for the synthesis of cobalt complexes.
Furthermore, a selective complexation towardHwomer of thegroductwas feasible by using the
(RR)-configured cyclohexytbackbond® The predetermination of the overall topology of the
obtained complexes by a finely tailored ligand framework is crucial for their application as chiral
catalysts. Hencethe research and development of such coordinating compounadding the
complete control over the chiral environment is of high interest. An early example of exploiting this
coordination behavior for asymmetric iroatalysis was achieved by Qdieet al.in 2001 when they
reported the first irorcatalyzed enantselectivecis-bis-hydroxylation® The ironcongenei70 of
the previously described cobalbmplex by Vgg was shown to facilitatihe conversion dfrans-2-
heptendg71) with H2O- to furnish the corresponding did2, albeit onlywith low activity (TONO.3)
and a modeste 0f29%. Moreover, the activity of the catalyst for the competing epoxidation was
higher with a TON of 5.4Noteworthy the implementation of a methgroup into the pyridines
significantly improved the selectivity as well as activity towaitts bishydroxylation When the
reaction was conducted with complé3 as catalyst, produ@?2 was obtained with a significantly
higher activity (TON8.2) and 79%eein a virtually diastereopure fashiawhile the formation of
epoxide74 was less favored with a TON of 2.1. Smgrystals of both catalysts gave further insight
into the influence of the additional methyl groups at tp@$ition of the pyridyrings of complex’3.
Depending on this residue, the resulting complex can either be formeisia-#opology O-(RR)-

70) or can exhibit a&is-b-configuration D-(R,R)-73). The results are depicted 8themel6. These
structures clearly highlight the importance of the ligand design even regarding minor modifications
and the effects #t such alterations can have on the resulting overall chiral agypabf the

complex®l
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cat. 70 or 73 (0.1 mol%)

aq. H202 [e)
MGA/C4H9 r Ho&OH +
MeCN, 30 °C Me C4Ho
C4Hg
71 72 74
“ oTf
N M Me\ v ﬂ
| © Nln,, ‘\\N %
TfOun,, | . wN "Fe"\
0" |e NS /N/ | o
Me Me N
N\ - |
l X
cis-a cis-f
A-(R,R)-70 (10 eq. H,0,) A-(R,R)-73 (20 eq. Hy0,)
cis-diol 72: 29% ee (TON 0.3) cis-diol 72: 76% ee (TON 8.2):
1 epoxide 74: rac (TON 5.4) epoxide 74: rac (TON 2.1)

................................................................

Schemel6: Enantioselective bikydroxylation @ olefin 71 with complexes70 and 73 comprising a chiral,
tetradentate linear N&/pe ligand scaffold. For both catalysts, epoxidevasformedas a single diastereomer
without any enantiome exces$

In 2016, the group of Che further scrutinized the feasibility of asymmetricybli®xylaions with

an iron complex comprising a tetradentate;tide ligand with a cyclohexyl diamine backbd?é.
The implementation of twd®-methyl quinolinemotifs as terminally coordinating groupnd
omission of a flexible methylereridge resulted in the formation of compl&® exhibiting cis-a
topology with al -stereogenicity at themetal centeif the |} R)-configured ligand was usedlvhen
75was applied as catalyst for a{gdroxylation of methyl cinnamat@6) in the presence of kD,
cis-diol 77 was obtained in 85% yield with an excellent enantioselectivity of 99R%emel 7).[62
Interestingly, a in-depthevaluation of te X-ray crystallographic analysis of compléxshows that
both,L andD, configurations at the metal center are possible with this ligand and observable in the
unit cell. In addition to the oxidation of olefinic bonds, the group of Che showed the feglbil
employing a similar catalyst system as Lewis acid in the alkylationN-bfeteroaromatic
compound$® For example, acylimidazole78 and N-benzyl indolg(79) were reacted with
catalyst80 to obtain alkylated produl in a very goodyield and an endioselectivity of 98%ee
(Schemel?). Regarding the relative and absolute configuration of con@flea crystal structure
with the R R)-configured cyclohexyl diamine motif proved the complex to comprBelairality at
the metal center with & overall cis-#-topology®3 Conspicuously, the implementation of fused
cyclopentane rings into the quinoline moieties unexpectgdiyerise to this ovall topology in
contrast to catalydt-(R,R)-75. Moreover, when unsubstituted quinoline groasmplemented into

this ligand scaffold, the preferred coordination mode can even be influenced by the chbee of
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counterion as shown by the groups of Shin and K#fihese exampleiustratethe high flexibility
of the cyclohexyl diamine backbone as it can give tisdifferent topologies and mete¢ntered
stereogenicities, albeit exhibiting the same ligaadteredabsoluteconfiguration Furthermorethey
indicate thesignificanceof even small modifications on the ligands regarding their preferred

coordination mde and emphasize the relevance of a carefully tailored ligand design.

............................

: N
, N/ E
: Me, ;
' N, ‘\\OTf '
cat. 75 (3 mol%) : eee™ :
H202 (3.0 eq.) {H ; | ot
o X COMe - Ph)\rCOZMe : we) | :
MeOH, 27 °C, 1.5 h : AN :
OH :
76 77 : Z
o _ 85% yield, 99.8% ee : cis-a
Asymmetric bis-Hydroxylation A-(R,R)-T5
Asymmetric Alkylation : oTf
Me,
0 o Me : \N/
_ 72 cat. 80 (5 mol%) : e
e - (0 - OO S e
N, B MeCN, 4 A MS N.M N ; Me”
Me —25°C, 48 h e Bn ! Na
78 79 81 :
90% yield, 98% ee Z
cis-f
| A-(R,R)-80

............................

Schemel?: Top: Enantioselective bilydroxylation of methyl cinnamat@6) to furnish optically pureis-
diols as reported by Che in 20%8.Bottomt The same group reported in1®an aymmetric Lewis acid
catalyzed alkylation o-heteroaromaticg9 in the presence of comple®(R,R)-80.1!

Anotherprominentchiral motif implemented into such tetradentatetide ligands is represented by

the 2(2-pyrrolidinyl)pyrrolidine moiety.First introduced in 2007 by Whitet al,[®% this backbone
exhibits a stronger tendentywards ecis-a topology of the corresponding complexes due its higher
rigidity which was exploited by Que .Jand coworkers for an irecatalyzed asymmetric bis
hydroxylation of olefins in 2008% By addition of electromlonating NMe-groups to the
coordinating pyridine rings, the group of Costas achieved a highly enantioselective epoxidation of
double bonds as presented in 261BWhen the reaction was conducted with cata®pst
chalcane (83) could be convertethto epoxide84 in the presence of kD, and 2ethylhexanoic acid
(2-eha) in quantitative yield with almost complete enantioselectivity of 98éhgmel8). This
transformation igproposedto proceed via irofV)-oxo intermediatd/ as the oxygettransferring

specied?’ 8l
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.....................

cat. 82 (2 mol%) ' NMe,
2-eha (3 mol%) : N .
o H,0, (1.6 eq.) a : | @ E
r : :
= N '
Ph)l\/\Ph MeCN, -30 °C, 30 min Ph)J\p\Ph p . N, | ot i
: Fe. :
83 84 ; N e\OTf :
/‘N 99% vyield, 98% ee : l :
' N
N, 1 O R Cd
| Y :
1 H NMe2
N . cis-a

L A<(S,S)-82

Schemel8: Asymmetricepoxidation o83 with cis-a catalyst82 via iron-oxo intermediat®/ by Costadl”!

Beyond their application in oxidative transformations, this class of ligand scaffold is also suitable for
nitrenetransfer reactions as shown by Meggetsl in 2022 In an attempt of enhancing the
bulkiness of the stereoinducing aryjbieties, twoN-methyl benzimidazole rings were incorporated

into the ligand system to affoild-(R,R)-85. Notably, the bench stable compl@x comprising two
chloride ligands was directly applied in contrast to other similar catalysts depicted in this section that
mostly contain triflate ligandsUltimately, complex85 facilitated the conversion of azanyl esdér

to @-amino acid87 in 95% vyield with 91%ee Mechanistically, formation of ircmitrene
intermediate/l and subsequent hydrogatomtransfer (HAT) arepromotirg this conversion as
depicted inSchemel .

....................

cat. XX (8 mol%) : Me

IO L N R WS
> ,

N PR : N/J\

TCE,0°C,40h o)
86 87 E CI I,," | “\\N o :
o vi o, ' “F ; :
95% yield, 91% ee : e e\N :
N o | :
(@) N ! N
oL ' .N ' N
rh—L, N\t : N
via H /F.e\ ' N
H N/: ~N : Me
| N :
Troc }  A(RR)85
vio Tt

Schemel9: Asymmetric synthesis ohiral a-amino acids87via iron-nitrene specie¥| and subsequent HAT
(indicated by a dashedamge bond) as reported by the group of Meg§®8rs.

Anotherchiral motif applied in linear, tetradentate, iN4e frameworksshowing a high selectivity
towards ais-a topology upon coordinatiois displayed by the aminomethylpyrrolidine moiety. This
scaffoldwas first introduced by Vagg and Williams in 1992 fog 8ynthesis of Co(ll{tomplexes
enablinghepredetermination of the metakentered stereogenicity by the ligacehtered chirality?®
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In contrast to the previously describ€d-symmetric ligands in this chaptehe corresponding
complexesinherit Ci-symmetry due to the ne@z-symmetric nature of the backbonEhe first
showcassgof applying this prolindbased scaffold in asymmetric catalysisre reported in 2012 by

the group of Surfor manganeseand ironcomplexes?:9? Accordingly, the group presented the
efficiency of this chiral backbone, complementad two N-ethyl benzimidazole moieties, in an
asymmetric epoxidation of mulsubstituted enones to access a variety of different epoxyketones.
For instancecomplexL -(S)-88 conveniently catalyzed the epoxidation of trisubstituted e88ne
thepresencef acetic acid and ¥#D> furnishing the desired epoxyketo8@in 90% yield with 91%ee
(Scheme20). Subsequentiythe system was shown to provide enantioselectsvifaip to 98%eefor
several other enon&€! During the following years, the group of Sun explored the applicability of

this scaffold in numerous reactigmsainly involving manganese complexX&s?l

cat. 88 (2 mol%)
HOAc (3.0 eq.)

50% H202 (1 2 eq. )
z r
MeCN, -20 °C, 2 h

89 P RRREEELLCICED

.

..................

Scheme20: Asymmetric epoxidation ofrisubstituted enon&9 by complexL -(S-88 comprising a proline
derived chiral backbori&?

1.3 Concluding Remarks

Since the pioneering work of Grovesal in 1983 a lot of progress and efforts have been made to

realize the application of irocatalyst systems in asymmetric transition metal catallystglly, the

complexesvere mainly inspired by motifs found iature,i.e. porphyrins. Starting in the early 1990s,

the application of oxazoline moieties in ligands for enantioselectivecatalysis(BOX, PyBOX,

IPO, etc) became very popular with many exampleswécessfully facilitated transformations. The

rich coordination chemistry of iron has furthermore been explored by employing linear, tetradentate

scaffolds with a chiral central motif that give risecte a or cis-b octahedratopologies, resulting in

the creation of metatentered stereogenicity. Especially these adaptive systems show that the rational
23



Iron Complexes in Asymmetric Transition Metal Catalysis

design of carefully tailored ligands is an essential part in the development of new ctialijsts a
satisfying transfer o€thiral informationfor anaccesgowardsenantioenrichegdompoundsA brief
overview of seminal work for ircratalyst systems applied to asymmetric catalysis with ligands that

are exclusively coordinating via nitrogatoms and that have begepicted irthis chapters provided

fN “%

in Figure8.
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Figure 8: Timeline ofselectedseminal vork regarding application afitrogercoordinating ligand systenis
asymmetric iron catalysis
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Due to iron being the mosteasdhb undant tr ansi t i dslownoeititydrofile, n e a
and its environmental benignitthe development of new catalytically active compteka highly
stereoselective chemical transformasios a very timely and relevant endeavor. With aspects of
sustainability becoming more and more important, the possibility of substituting rare and noble
transition metals is of high interest and the a$tievements in this field of chemistry imply, that

iron is not onlycapable tosubstituteprecious noble transition metafsmany reactions but can also

provide access toward®vel synthetic pathwayaith distinct mechanisms.
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2. Aim of this Work

The deign and development oarefully tailored ligandystemdo generate overall chiral transition

metal @mplexes represents an essential pillar for the success of asymmetric transition metal catalysis
for already half a centul§?! Typically, the central metal is assigned the role of a reaction center while
the ligand sphere is providing the sophisticated chiral environment for a satisfying stereoinduction.
Hence, theinfluence of the metatentered chirality on the topology and,nsequently, on the
stereoinducing capabilities has been somewhat underappretiatéolvever, to acknowledge the
stereogenicity of the metal is important for an expedient ligand design aaswell understanding

the origin of the asymmetric induction in the course of enantioselective transfornt&tions.

These considerations become apparent for the tetradeatptdic N4-type scaffoldsdiscussed
in Sectionl.2.3 Such ligands give rise to complexes exhibiting metahtered stereogenicity
(termed stereogeni@tmetal) and contemplations about its influence on the ovecdilal
environmentare pivotal to understand the source of stereoinduction. The chiral ligands provide a
lever to determine the chirality and, as a consequence, the overall topology of the catalysts. Due to
the carbon stereocenters being situated distant from the catalytically activétisi@tely, the metal
centered stereogenicity is responsible for the stereoinduction in asymmetric transformations.

Furthermore, a chiral complex can even be obtained when ligands devoid of any chirality are
implementedtermed chirafatmetal)asdiscoreredanddemonstratethy Alfred Wernerin 191167
Remarkably, the concept of applying chiadlmetal complexes for asymmetric transition metal
catalysis was introduced by Font ec ascawery®®n 20
However, the development of chiatmetal catalysts providing high enantioselectivities is only a
recent developmerdemonstrated in @ioneemg work by thegroups of Hartung and Grublos
20139 Following this first examplethe Meggers group attained major contributions demonstrating
the generality of this concept and the application to a variety of different rapthieaction&°% 102
Subsequently, the groups @bng, Kang, Xu, and Dfurther showed the versatility dii¢ catalysts
developed by the Meggers laboratory in numerous asymmetric transfornt@fidf These
achievements emphasize the importance and potential ofceet@red stereogenicity in the course
of asymmetric catalysis.

With these considerations in mind, the first aim of this work was the design and development of
novel, ironbased complexes comprising a pentadentate ligand system. Despite bidentate, tridentate,
and tetradentate Ngpe ligands beinguccessfully applied in numerous reactions (see Cha@er
reports on pentadentate coordination scaffolds for the synthesis of chiral complexes are scarce.
Furthermore, by applying properly designetigand system, thpossibility of forming a stereogenic
metal center wasetto be investigatedmportantly, the ligand system was supposed to enable the
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formation of lowspin, diamagnetic Fe(Hjomplexes to fadtiate the feasibility of evaluating
important characteristics via NM8&pectroscopic measurements. A report by Hitetnail. from 2012
served as the initial inspiration for the desigraaiuitable ligand system to furnish a chiral Fe(ll)

catalyst as depicted Figure9.11%"]

Initial Inspiration Design of a Chiral Pentadentate System

OH, —l 3+ X

X
- = T T
N':., 1 N Cer,,,

T s, |1 C

|_Fe Fe Fe
N T — \<I\a %,
N | b—" \—b
(6)
Requirements
Hitomi et al. :'0 diamagnetic complex for NMR analysis

2012 emodular synthetic access for convenient

implementation of modifications

.......................................

Figure 9: Inspiration and subsequeational ligand design for chiral iron complexes containing a pentadentate
ligand framework:°"

Very recently, the Meggers growghowed that a decrease in symmetry of complexes can have
beneficial effects on the outcome of a reaction. Famg{e,Ci-symmetric catalysts were proven to

be superior for an asymmetric Ru{tatalyzed GH-amidationof dioxazolonesand for a Rh(lIl)
catalyzed enantioselectivafluorination anda-chlorinationof 2-acyl pyrazolesvhen compared to
Co-symmetric analguesl!®®1%l Hence, the second aim of this work was investigation of
combining the advantages of lowering the overall symmetry with the advantages of the iron
complexescontaining atetradentateN4-type ligand regalidg sustainability to create heterotopic

reaction sites in the furnished cataly$igy(re10).

x| N N X
(pseudo)homotopic sites <:I re” )* Vs *<N>Fe<x |:> heterotopic sites

€
X |
N
C, or pseudo-C, non-C,
prevalent scarce

Requirements of Chiral Backbone

.......................................

.
e accessible via chiral pool

e facilitation of convenient synthetic access:
' towards unsymmetric final ligands :

Eo high selectivity towards cis-a topology

1 e determination of metal-centered chirality

........................................

Figure 10: Concept of loweringhte symmetry in octahedral complexes comprising a tetradentatgpi4
ligand scaffoldo furnish heterotopic reaction sites.
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Aim of this Work

Furthermore, the potential application of both systems apetmmt catalysts for enantioselective
transformations was set to be scrutinizede to a great number of reports about asymmetrie iron

catalyzed oxidation reactions, an emphasis was made on catalytic transformations that do not involve

the formation of G@0-bonds.
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Results and Discussion
3. Results and Discussion

3.1 Development of Chiratat-Metal Iron(ll) Complex es with a Pentadentate

Ligand

3.1.1 Chiral Iron Complexeswith PentadentateLigandsin Asymmetric Catalysis

Multidentate ligand frameworkbave been shown toffer a great number opossibilities for
asymmetridron catalysis and, thus, contrileug lotto its succesDespite this and many reports on

a variety of different achiral pentadentate ligands and their corresponding iron corfipfékeshere

are surprisingly few reports on welefined chiral iron complexes arising from pentadentate ligands
One of the first examples was introduced by the group of Oha®94*? A linear, pentadentate
ligand mimicking the binding site of the antitumor antibiotic glycopeptide bleomycin was synthesized
and applied in an ircnatalyzed epoxidation afis-methyl styreng¢91) with H>O in presence oin
situgenerated catalyS2 to furnish chiral epoxid®3in 30% yield with an enantioselectivity of 57%
(Scheme21, Top)**? Another linear, pentadentate framework for the synthesis of a stereogenic iron
complex was reported by Klein Gebbiek al in 20071*'¥! The grouppresented the synthesis of
different ligands derived from a central 4pgrrolidinyl pyridine pincer unit and their subsequent
application for the complexation of iron. Accordingly, comp®&xwas shown tocatalyze an
asymmetric subixidation of thioanisol¢68) with a high activity (85% vyield), albeit only a modest
enantioselectivity of 27%Scheme21, Bottom)**3l

.......................................

HoN
cat. 92 (1 mol%) : N

X H,0, (1.0 eq.) O ; oAHo | ~

> ' N N
Me . : OH2 —

MeOH, rt, 30 min Me ! - 4

91 93 ; tBuO,C" fy H OtBu
3.4 eq. 30% yield, 57% ee

cat. 92

Ohno 1991
Klein Gebbink 2007
cat. 94 (2 mol%)

H,0, (1.2 eq.) o
S< anisic acid (0.2 eq.) é\
> ® Me
MeCN, rt, 1 h
68 69

85% yield, 27% ee

Scheme21: Chiral iron complexeseatived from linear, pentadentate ligands for asymmetric catalysig:
The Fecatalyst92 comprising a bleomycirinspired ligand was reported to facilitate an asymmetric
epoxidation of styrene derivati®d as reported by the Ohno groli{3! Bottom: Asymmetric sulfoxidation of
thioanisole(68) to furnish chiral sulfoxidé9 as presented by the group of Klein Gebbihk.
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Arguably, the most notable pentadentate scaffold for chiral iron complexetewaspedy Kaizer

and coworkersln 2016, thegroup introduced the chiral ligandN-bis(2-pyridylmethyl}1,2-di(2-
pyridyl)ethylamine (asN4Py95).''4 This compound is derived from thevell-established
tetrapyridyl ligand N,N-bis(2pyridylmethyl)}N-bis(2-pyridyl)methylamine (N4Py96)1*151%1 py
replacing one yridyl moiety with a 2pyridylmethyl groupthereforecreating a stereogenic carbon
center in the backbone(Scheme&?2, Top. Consequently, chiral ligar@b facilitated a
diastereoselective complexation when applied as a ligand to furnish iron cdvpiMich was
shown to be an apt catalyst for the enantioselectivesdttion of methoxylthioanisol€98) to
obtain chiral sulfoxid®9 in high yield with 98% eeJcheme22, Botton). Subsequently, the group
applied thisscaffold to an enantioselective hydroxylation of ethylbenzene and other stoichiometric

oxidation reactiong§2% 123l

1 N
O\)Q Y
Z diastereoselective
: complexation
I & 1\6 -z N

N4Py (96) asN4Py (95)

Chiral Ligand Design

Asymmetric Sulfoxidation ©
cat. 97 (1 mol%) 0

Sa tBUOOH (1.0 eq.) &
i " AT
MeO MeCN, 35 °C, 5 min MeO

.............................

98 Y 99
10eq. Me "] (ClOM: | 96% yield, 98% ee
' C H
g i
\ 7
<N, | ““\\N _\>
Fe-
\ 2
2 N/\l T
| N NS
N §
H
! cat. 97

.............................

Scheme22 Top: Design of chirh pentadentate asN4R95) inspired by achiral N4P{96). Bottom
Application of asN4Pyderived complex@7 for a highly enantioselective sulfoxidatig#

The depicted examplesreveal that chiral iron complexes derived from pentadentate ligand
frameworks can be suitable catalysts for the transfer of chirality into products. Howearely
oxidation reactions are reported and pnesentecenantioselectities are mostly low to moderate
with the exception of the sulfoxidation reported by Kaizer. Hencedélsegn and development of
novel pentadentate systearsd the derivedhiraliron catalystsepresents aenticingfield that could
comprise untapped oppunities for unique complexewvincing distinct catalytic properties
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3.1.2 Initial Design of a Chiral -at-lron Complex

Based on the pentadentate amido liga@@reported by Hitomet al*°” the design of a derivative
that, upon complexation to iron, gives birth to a complex inheriting reetgtered stereogenicity is
depicted inScheme23. By addition of a mesitylengroup to one of the two pyridyl ringsf
ligand 100, the symmetry of the dipicolylamine motif is brokerl01, consequentlyesultngin the

possibility of forming two enantiomeric ira@omplexesvhen coordinated.

Initial Inspiration Design of Chiral-at-lron Complex Realization
c

X X N | N\
I\<f el I Z

Cs, . “‘\\e el:, onC O

Fe. “Fe.
o / a / 101
Hitomi et al. b b
N N
| l_

Scheme23: Rational ligand desigrof the development & chiralat-iron complex. Pentadentate ligabdl
is inspired bythe scaffold100reported by the Hitomi group in 20£87

Synthetic access towards the novel pentadentate amido ligdnd illustrated inScheme24 and
was realized viathreestepsynthesis commencing with commercially available bromopyritio#
Following a slightly modified proakire by the group of HarbuR#* reductive amination 0102
with 2-picolylamine(103) provided dipicolylaminel04 in 98% vyield Subsequently, -&minc
guinoline(105 was converted with -Bromoacetyl bromid€106) to the corresponding amide
followed by a nucleophilic substitution with dipicolylamih@4in a onepot procedurén analogy to
the procedure by the Hitomi group furnish107 in 68% yield.:°”! Ultimately, a Suzukcoupling
with mesitylboronic acid provided the final ligad@1in an excellent yield of 96%Scheme24).[12%]

) TMOF, rt, 1 h N N
N N N
O” - OO0
. NaBH, Br
104

MeOH rt, 16 h
98%

1) 0
Br
106 ° Mes-B(OH),
NH Na,CO3 d(PPhg3), 5mo|% /

2 \ MeCN, 0 °C, 20 min  Br K,CO4

~N

J 2) 104 ,Na,CO, DME/H,0 (1: 1)

MeCN, 0 °C, 18 h 107 \ 100 °C, 16 h 101 N

105 68% | P 96% | _

Scheme24: Synthetic pathway towardsredo ligand101via three steps starting from commercially available
5-bromao2-pyridinecarboxaldehyd@ 02).
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Afterwards ligand 101 wasreacted with Fe(llperchloratédhexahydratéo convenientlyfurnish iron

complex108as a mixture of enantiomeirs 95% yield(Scheme25).

ClOy)
(CIOy) (ClO4
N~y Ng NCMe | NCMe |
| | Fe(ClO,),- 6 H,0 /l P ~ ~|\
_ 1@ e YR <l Y
Mes |_Fe Ferd
> - I i Vi \ f SN l T~
HN MeOH, rt, 16 h >—N N
101 95% o O
NI
Z 108 108

...............................

Cq, B e el:,,.. ““\C
\ /Fle\a . /Fle\/
L N | Ny

..............................

Scheme25: Complexation with tripodal, gntadentate liganti01 to obtain a racemic mixture of iron
complexed08 Condi ti ons are accordig to Hitomids repo

Analysis of the obtained mixture was first conducted by high resolution mass analysis (HRMS) and
elemental analysis (CHN) which both confedthe formation of the desired complex with a high
purity. Apparently, sibsequentNMR spectroscopic measuremeriitglicated that108 exhibits
paramagnetic characteristiosll measured spectra show no conclusive and distinct signals in the
diamagnetic region df to 15ppm Figurel1l) for complex108 thus impeding a thorough evaluation

of the complexation by NMR spectroscopic methods. Furthermore, attempisifging the crude
mixture by column chromatography on deactivated silica gel or alumina led to exclusive isolation of
the free ligand, hence indicating decomposition during wamkDue to the confirmation of the
product by HRMS ands purity by elemera analysis, the possibility of a failed coordination was,
however, discarded. Application of other bases besides, SEth as disopropyl ethylamine

(DIPEA) or 2,6lutidine providedthe sameesults.
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Figure 11: RepresentativeH NMR spectra of complex08in CDsCN (top, 300MHz, rt) and CRCl, (bottom,
300MHz, rt).

Possibly, these results could be explained by formation of adpighFe(llYcomplex rather than the
desired lowspin complex resulting in a paramagnetic spechdditionally, a potential oxidative
decomposition could lead to the formation of an Fe@éiterresulting in paramagnetic properties.
Reports obtherpentadentate ligands show, tha nature ofthe ligandhas a profound influence on
the redoxpotential of their derived iron complexd$e half wave potentials of selected pentadentate
ligands applied to the synthesis of corresponding iron perchlo@tglexes are depicted in
Figurel2. Strikingly, ligandsl00and109, comprising a carboxamido nitrogen upon deprotonation
and complexation, show significantly lowerdox potentials when compared to other pentadentate
scaffolds £10-114). A higher potentiatesembles a stronger tendency towards the Fgglries of
the derived complexes suggesting that the carboxamido lig@@dsmd109are able to facilitate the
formation of an Fe(lllcomplex!°728!|n contrast, ion complexes derived from liganii$0-114

exhibit a relatively high half wave potential implying a higher affinity towards an iron(ll) oxidation
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state. For example, when ligah@l3was reacted with iron(lll) perchlorate, a spontaneous reduction

of the coordinated iron compound in MeCN was obseaga@ported by the group of Maschalfdk
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Figure 12 Half wave potentials(E.) for the Fe(ll)/Fe(lll) redox couple (vs SCE) of the iron perchlorate
complexes derived from the depicted ligaffst26 131

Considering these reports, a potential undesired and spontaneous oxidation of iron ¢68qxeid

result in an isolation athe Fe(ll) -complex,thereforeemanatingparamagnetic characteristicéhe
formation of an iron(lI)species during the complexation depictedaheme25 was subsequently
qualitatively conformed by HRMS of the fragment [E@{)H-O(CIO4)]?*. Consequently, a different
scaffold was chosen to realize the synthetic access towards novel diamagnetic iron complexes

containing metal centered stereogenicity.

3.1.3 Design and Synthesis aét Diamagnetic Chiral -at-Iron Complex

In 2013, the group of Britovsaktroduced a stronfjeld pentadentate ligand for the synthesis of a
low-spin iron(ll) complexX*?8 Conveniently, the obtained complex could be yred and verified by

H NMR spectroscopy, thus implying to be a suitable scaffold for meeting the requirements for this
work as stated in Chapt2rIn analogy tqpentadentate ligantDl, the addition of a mesityl group to

one of the pyridine rings of the dipicolylamine substructure was planned to give rise to a stereogenic

metal center upon complexaticBogheme26).
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Inspiration Design of Chiral-at-lron Complex Realization
c
| N\ N | N\ X X N | N\
= = c/ \e e/ \c =
A o, 1 o, 1ot A
| Fe. Fe |
ol p— \/l\a a/l\/ p— Hs Nz
ritovsek et al. \b ; - 4
g g
NS NS

Scheme26: Modification of the igand frameworklL11 reported by Bribvseket al to obtain metatentered
chirality upon complexaan.

To establistasynthetic access towards compourid, the target structure wdssided into two parts;

t h e -bpyridylsubstructure and the dipicolylamimetif. The synthesis of the two building blocks
was realized as illustrated Bcheme7 and commencedvith the implementation of the mesityl
group into commerciallyavailable bromind02 via a Suzukicoupling providing aldehyd&16 in
64% yield!**? Subsequently, reductive amination (TMOF: trimethyl orthoformai#) NaBH, as
reducing agenyieldedthe desired dipicolylamingl7 in 97%!'?4 Synthetic accestowards?2 , -2 6
bipyridine aldehydd 18 wasachieved via literaturknownp r oced ur e s s-bigyndine n g

(119 in a twostep synthesig33.134

1. N
) I N NH2
Mes-B(OH), 2 103

0 Pd(dppf)CI (o)
W CsOAG N TMOF, t, 1 h NN Ny
| BN ’ | S r | P H | _
_ THF, reflux, 28 h = 2.)) NaBH4 Mes
Br 64% Mes MeOH, rt, 16 h
102 116 97% 17
1) MeLi, KMnO,
“ Et,0, 0 °C to reflux, 4 h “ Se0, H,0 “
N SN > N\ > NSy 20
| 2)) KMnO, | 1,4-dioxane, reflux, 48 h |
acetone, rt, 10 min
119 65% 120 39% 18

Scheme27: Independent synthesis afiilding blocks117and118

Ultimately, the desired ligantil5was furnished by a final reductive amination in presence of thionyl
chloride for the condensation step and NaBN as reducing agent during the second stegive

115 with quantitativeyield.[*?®1 Conveniently, purity of the crude product was sufficiat the
subsequent complexatiogliminating the necessity of further purification. Notably, addition of
activating thionyl chloride during the firstep of this onepot procedure was crucial as when it was
omitted, the yield ofL15 significantly droppedWith pure ligandl15in hand, complexation with

Fe(ClQy)2 A6 H20 in MeCN was conducted providing compleXl as an enantiomeric mixture after
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purification via precipitatiom 92% yield(Scheme28). The eaction conditions for the complexation
were chosen in analogy to a procedure by the group of Britovsek with an exact 1:1 ratio of catalyst
and ligand to prevent the formation of unded side products such as paramagnetic eight

coordinated iron complexes as reported by the gfétip.

Ny N Ny
1)  sOCl, | /\EJ
N N MeOH, rt, 2 h Mes” NZ Z

YN N S
+ I _J H | _ > [
Mes 2.) NaBHZCN 15 N Z
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>99% N7
N

ClO ClO
| Ny N/\ENj NCMe _l (ClOy), NCMe _| (ClO4)2
~ Z S —
Mes N Fe(CIO,),* 6 H,0 N/I R N \N
| r oy — I/ e, /"F | S
s W MeCN, tt, 3 h NP ,L NS 2N TN
N7 92% Mes I z N IN\ Mes
S | X Z
121 121

Scheme28: Reductive amination toufnish final pentadentate ligadd5 and subsequent complexation to
obtain racemic Fe(Hgomplex121

Gratifyingly, the *H NMR spectrumof the obtained compouri®1 exhibited a well resolved
spectrum with distinct and sharp signals indicating the formation of -@iny diamagnetic species

facilitating the possibility of NMR spectroscooalysis Figure13).
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Figure 13: 'H NMR (300MHz, rt) spectrunof iron(ll) complex121in CDsCN.
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Moreover, Xray analysis of a single crystal of complEXl confirmed the expected structure in the

solid state and gave further insight into the coordination mbtigand115 The crystal structure is

depicted inFigure14.

Figure 14: Crystal structure ofac-Fe(ll)-complex121las an ORTEP drawing with 50% probability thermal
ellipsoids. Solvent molecules and perchlorate counterions are omitted for clarity.

For the separation of enantiomers, a charatiliary mediated approach weestedas established by

the Meggers grouB®'35137 For this purpose, a chiral coordinating compousith a fixed

configurationis reaced with the racemic complex, consequently giving rise to two diastereomers.

Due totheir different physicochemical properties, such diastereomers can subsequently be separated

by methods such as chromatography or preatipn/recrystallizationFinally, by auxiliary cleavage

of the diastereopureompoundan enantiopureomplexcan be obtainedScheme29).

X X . "aux "aux N
S reaction \.N.Ith ~ auxiliary
((:,,. e e,,,' c chiral auxiliary -cs, | w€ Ca,,, ‘\7 cleavage

Fe. Fe.

IS | < <> D

b—" b b—" \_

racemic complex diastereomeric mixture

7 different ;{h'y's',éé&h'éﬁv?ééi b}ébéﬁl'e; """ ‘;
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.............................................
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CI,' I ‘\\e e{ \‘\C
\/Fle\ or |\/
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Scheme29: Concept of theaxiliary mediated separation of a racemic complex mixture to obtain enantiopure
iron-compounds. Due to the different physicochemical properties of the diastereomers, they can be separated
by conventional purification methods such as chromatography or precipitation.
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In 2019, the Meggers group introduced a chateiton complex comprising two bidentate NHC
pyridy! ligands to furnish octahedral complexes which are complemented by two labile acetonitrile
ligands. Enantiomerically pure iron catalysts were accessed lafdrementioned chiral auxiliary
mediated approach using a chitatientatesalicyloxazolind®® Due to a chelating effect of this
ligand, the convenient separation of the diastereomers was feasible. In contrast, the here introduced
complex121 containsonly one ld&ile coordination site. Hence, a survey finding a suitable
monodentate chiral auxiliary was conducted. Furthermore, bidentate coordinating compounds were
discarded due to a potentially competing coordination with one of the ligand donorthébrosuld
result in the agitation of the overall topology.

First, chiral oxazolines were scrutinized as they are a prominent motif in reported bidentate chiral
auxiliaries®*13513% Accordingly, iron compleXd 21 was reacted with phengubstituted R)-122a
under several conditions ahownin Schemed0. 'H NMR spectroscopic analysis showed n
conversion to the desired produt®3aand 123b after conducting the reaction in THF, MeOH,
CHCly, or 1,2dichlorcethane (1,DCE) in presence of 1.0 eq. dR)({122a. Instead, only starting
material and free auxiliary22a were detected which was also confirmed by HRMS measurements.
Likewise, gplying elevated temperaturasd/or increasing the amount of oxazolir#2a did not
facilitate the transformatiorand, starting at 7€C, induced decomposition of the starting material.
Next, benzysubstituted chiral oxazolindr)-122b was chosen due to the higher flexibility of the
benzyl group compared to the phenybiety of R)-122a and thus, a potentially highgyossibility
of giving rise top-stacking with one of the pyridine rings. However, with the applied conditions, no
convesion to the desired diastereomersat higher temperatures, decomposition of compdaid
was detected Scheme30), rendering the application of monodentate oxaeoliauxiliaries
insufficient for the separation of racemic compl@d Notably, a possible formation of the
diastereomeric complexes could be occurring with the coordination exhibiting a high .[athigy
could resultin a possible ligand exchange when RNheasurements in GON were conducted
ligandcleavage during mass spectrosgamyligand substitution by the reaction solvent.

Because of its high affinity towards iron as displayed in numerous pr8t&its! the possibility
of using chiral sulfoxidd.24for the formation of a diastereomeric complex mixture weasstigated
Similar to the abowelescribed results for chiral oxazolinE22 sulfoxidel24 proved to be
insufficient for providing anaccess towards enantiopure complexesl2f, either showing no
conversion or leading to decomposition of the starting material like shoBcheme30. A detailed
chaacterization of all decomposition products by NMR spectroscopic methods was not feasible due

to presumably paramagnetic propertieshafsespecies.

37



Results and Discussion
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Scheme30: Temperature and solvent screenfogthe application of liral oxazolinesl22a and122b, and
chiral sulfoxide(R)-124 to furnish diastereomeric complext&3a and 123h Conditions without any
detectable conversion are indicated bgray square(); condtions that resulted in (partial) decomposition
are indicated by a red squm.

In contrast to thgreviousauxiliaries,monoanionic chirale-methoxy phenylacetic acid25 was
testedas a poterlly suitablecandidatefor the purpose of obtaining diastereomeric complexes.
Consequentlyracemic compled21was reacted withR)-125in presence of Negbr K2COzin THF,
MeOH, or CHCI, at different temperatures as illustrated Scheme31. All applied reaction
conditions were insufficient to facilitate the formation of desired compl&2éaand126b. When
compared to the results depictedsicheme30, decomposition of the starting material was observed
at lower temperatures, which could be explained by the presence afdsaisging the complex or

an agitation of the topology by the cdoration of the carboxylate leading to the formation of a

paramagnetic species.
OMe

Ph OMe (CIOy)
NCMe _l (ClO4)2 Ph/kCOZH ( ) I _| )

125 (1.0 eq.)
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—X—>
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.............................................

.............................................

Scheme31: Temperature and solvent screenfog the application of luiral carboxylic acidl25 to furnish
diastereomeric complexé26aand126h. Conditions without any detectable conversion are indicated by a
grey square=)); conditions that resulted in (partial) decomposition are indicated by a red sguare (
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3.1.4 Concluding Remarks

In summary, the del@oment and synthesis of chiral iron complexes comprising an achiral
pentadentate ligand scaffold while exhibiting metahtered stereogenicity was described. First
attempts of applying an amido ligand provided a complex not meeting the requireraeiitating

a convenient characterization via NMR spectroscopic analyhkis. could be rationalized by a
potentially oxidative decomposition of the obtained iron compound due to the ligand framework
implementing an insufficient redox stabilitfherefore the ligand framework was successfully
modified to furnish diamagnetic complexes that inherit a stereogenic iron center upon coordination
and enable NMR spectroscopic measurements. Subsequent approaches of separating the two
enantiomers via ahiral auxiliay mediated approadi® gainaccess towards enantiomerically pure
chiralatmetal iron complexes proved to be insufficient. All attempts of applying this method
provided no conversion to the desired diastereomers or led to decomposition of the startinj mate
Possibly, the coordination of neutral monodentate chiral auxiliaries could be deficient, thus impeding
an isolation of the diastereomeric complexes. Likewise, application of a monoanionic chiral
carboxylate did not facilitate the conversion andre quickly led to decomposition of racemic
complex121that could be explained by a destabilization of the overall coordination topology by the
monodentate ligand. Considering these results, the auxiliary mediated separation of enantiomers was

discarded and different approach was chosen that will be discussed in the follseitgpn
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3.2 Stereogenieat-lron Complexes with a Chiral Tripodal Pentadentate Ligand

3.2.1 Considerations fora Stereogenieat-Iron Complex with a Chiral Pentadentate Ligand

When the coordination of a chiral ligand is accompanied by the formation of-ceetared
stereogenicitythe complexation provides a mixture of diastereomers that can be separated due their
different physicochemical properties. Moreouay,selection of suitable ligandsuch systems can

be exploited to provide diastereoselective accessthe desired complexhenceeliminating the
necessity of a potentiallaborious separatio(Scheme32). Thus the implementation of a chiral
moiety(chiral level) into the ligand scaffold27wasplannedo obtain stereogeniat-iron complexes

that can either be separated or, more intriguingly, that form in a diastereoselective fasitien
examples have been discusse@hapterl).

diastereomeric mixture

xR R
/k /‘_\ ---------------------------------
L R St | € ."differentphysicochemical properties”
\/Fle\a a/FIe\/ — i‘separation of diastereomers possible,
: N N
N | NS
£
B
N

...... ! diastereoselective complexation
/Fl \a a/FIe\/ — + no further separation necessary ;
b—" N

diastereopure complex

Scheme32: Formation of stereogeniat-metal complexes with a chiral pentadentate ligand. Complexation
can either provide a mixture of diastereomers that can be separatedr (tbe)coordination proceeds in a
diastereoselective fashion providiagly one diastereomébottom).

The strategy to implement suctchiral leverinto the ligand scaffold to obtain the possibility of a
more convenient synthetic access towards sterecgéemetal complexes can furthermore rely on
an improved thermodynamic control of the matahtered stereogenicity as reported behyr¢he

groupof Carmond*4 1471

40



Results and Discussion

3.2.2 Synthesis andComplexation of Chiral Pentadentate Ligands

Gratifyingly, chiral picolylaminel28 comprising a methyl residugas commercially available and,
therefore chosen for first attempts of synthesizing stereoganmetal iron complexes with chiral,
pentadentate ligangcaffold127. Starting from pyridine aldehyde29 two consecutive reductive
aminations were conducted to obtain desired compa&@iidDue to a higher yield and purity of the
obtained product, dipicolylamink80was synthesized based on a procedure bBtinener group*e!
instead of the conditions depicted3nheme27 providing130in 92% yield.Subsequently, a second
reductive amination with AcOH as an activating reagent at an elevated temperatut€ ¢bidved
by reduction with NaBkCN providedpentalentate ligand.27in 44% yield Scheme33).

0 Me 1.) Na,SO, Me
N | N, Et,O, rt, 4 h Nae N Ny
| + | ) NH > |l J H I Z
- _ 2)  NaBH,
MeOH, rt, 18 h
129 128 92% 130
1) AcOH Me
N We " MeOH, 55 °C, 2 h 7 Ny 3 /_\
TN T ) - !
_J H _ B 2) NaBHcCN N= N
MeOH, rt, 18 h N/ —
130 118 127

44%

Scheme33: Synthesis of chiral pentadergdigand127 via two consecutive reductive aminations.

Afterwards, complexation with iron(ll) perchlorate hexahydrate conveniently gave a mixiLB&aof
and131bin quantitative yield after precipitation and filtratiofhe'H NMR spectrum of the obtained
complex siowed the formation of two separate species with a ratio @1lithplying that the two
diastereomers exhibit significantly different thermodynamic stabilities orctwdination of
ligand127 occurs under kinetic contrqlScheme34). Next, separation ofil31a and 131b by
conventional methods wasvisionedHowever, attempts of purification by column chromatography
on silica or alumina resulted in major decomposif the complexes on all testgtdtionaryphases.
Even when deactivated silica gel or basic alumina was applyla decomposed species could be
obtained as evaluated Byl NMR analysis. Segregation of the two complexes by exploitation of
different ®lubilities wasexaminedwith various solvents, such as MeOH, EtOH, THF,.CH,
CHCIs, EtOAc, EtO, acetone, or toluene,ading either to a significant decomposition or an

insufficient separation.

41



Results and Discussion

NCMe (C104)2 (C10a2
Me
R 7 \ =
/_\ _ Fe(ClO.), 6 H,0  Meum., N7 I\h@
N ~N N > = | _Fey +
N= N7 Y MeCN,rt,3h DA
\/ = >99%

dr1.31:1

127

separation via

column chromatography (silica/alumina)
solubility (centrifugation or recrystallization)

Scheme34: Synthesis ofliastereomeristereogeniat-iron complexed3laand131hb,

Fortunately, when theomplexatiorwas conducted for a longer reaction time ohl@ change of
the diastereomeric ratio could be observddswasconfirmed by dissolving the complex in GON

to determine the ratio bYH NMR measurements followed by a second assessment aftewiid
the same sample. Afte24h at rt, the dr changed from 131.to 1:1.73 indicating that the
diastereomers are intercamtible and one of tm is thermodynamically more favoreBigure15).
Considering steric repulsion, compl&lawith the methyl group pointing away from the labile

coordination site was initially assumed to be thermodynamioadiyefavored.
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Figure 15: *H NMR spectrum (300/Hz, rt, CD:CN) of the product mixture obtained after complexation.
Conspicuously, the spectrum shows two sets of signals in a ratio of .1Sel&8ted peaks used for ratio
determination are highlighted with codal squares.
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Subsequently, isomerization wasantifiedvia *H NMR spectroscopic analysis after dissolving the
complex mixture in MeCN and stirring at room temperature arftCA5 gaininsight into the rate of
conversion. As illustrated iRigure16, dissolvingthe product in acetonitrile for 48 provided a dr

of 1:1.91 implying that higher tempéuaes are necessary in order to furnish a diastereomerically
pure complex. Hence, the mixture was stirred at@%or several daygroviding a virtually pure
compound with a high dr of >20:1. The possibility of one diastereomer decomposing during the
proaess was discarded by addition of an internal standard (tig&{PaZhloroethane) that confirmed

an isomerization occurring. Conveniently, the feasibitifyconverting the minor into thenajor
diastereomemiscards thenecessity of a separation and, thgsants aneat access towards

diastereomerically pure product.
mixture after
reaction ( \
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Figure 16: Aromatic region ofH NMR spectra (CBCN, 300MHz, rt) of the diastereomeric mixture after
stirring complexed3laand131bat the stated temperature. The signals used to determine the diastereomeric
ratio are highlighted.

Next, the implementation of a biggehiral leverinto the ligand scaffold and its influence on the
isomerization of the corresponding complex was ingatd. Instead of a methyl residue, a sterically
bulkier isopropyl group was chosen which supposedly could provide a more diastereoselective
complexation or facilitatéhe subsequent isomerization. Due to the corresponding picolylaiihe

not being commeially available, a suitable synthetic pathway weaaminedto obtain the chiral
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building block with high enantiopurity. A protocol reporteglthe group of Chelucg® was chosen

that commenced with a reacti@h commercially available -2yano pyriding133) with iPrMgCl

yielding ketonel34 i n 8 0 %. Afterwards, condensation Wi
sulfinamide(135 in presence of activating reagent Ti(QEjave iminel36 in a modest yield of

36%. Subsequent imine reduction with NaBitovided a mixture of thevo diastereomers37aand

137b that could be separated by column chromatography on silica gel to furnish highly
diastereomerically pure (dr >20:1) products. Ultimately, cleavage of the sulfinyl moiety under acidic
conditions gave enantiomerically pure glidaminel32 The synthetic route is depicted i
Schemess.

0
g
tBU” " “NH,
(R)-135
P

N._CN iPrMgCl \ ° Ti(OEt), N [ g

I N > Y Ve
X THF, -15°Ctort, 4 h S THF, 70 °C, 72 h ~

133 80% 134 36% 136

iPr

lN\ NH,

~

(S)-132 6 M HCI 8 PrQ NaBH,

or *-——— N NS py N N8y
: MeOH, rt, 18 h J H + j H MeOH, rt, 1 h
iPr e s 1L NN N » I

N 91% 137b 137a
| ] N 37% 53%

~

(R)-132

Scheme35: Synthetic pathway tocagess chiral picolylamine building blodiB2 as reported by the Chelucci
groupt49!

With enantiomerically pure picolylamir{®)-132 in hand, the pentadentate chiral ligand was
synthesized in analogy to the synthesis of lighdd Reductive amination with aldehyd&9
conveniently gave dipalylamine138in quantitative yield. Subsequent reductive amination provided
the finalpentadentate ligantB9in 47% yield after purificatioriScheme36). Notably, purification

of desired compounti39 exhibited a strongdependencyof the mobile phase during column
chromatography on thernishedyield. For example, when silica gel was usesligaificant drop of

yield to 18% was observed possibly due to decomposition. Similar results and, furthermore, an
adverse effect on the purity were obtained when neutral alumina was applied. Ultimately, column

chromatography on basic alumipeoved to benost efficient in regard to yield and purity.
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o Pr 1) Na,SO, iPr
N N Et,0, rt, 4 h N NN
S s S NH, Ll | H « I
Z P 2)  NaBH,
MeOH, rt, 18 h
129 132 99% 138
1 1.) AcOH JPr
\ P N “ MeOH, 55 °C, 2 h 7 N /_\
Z | N 7 | + N\ \N r N N N
X o | 0 2) NaBHiCN N= N2
MeOH, rt, 18 h \ / —
138 118 139

47%

Scheme36: Synthesis of pentadentate ligal®d comprising anPr-moiety aschiral lever

When the first step of the final reductiamination was conducted at higher temperataneksstirred

for a prolonged timethe yield could be improved to 60%. However, due to a possible application of
the complexes as catalysts for asymmetric transformations, the enantiomeric purity of thardjand
consequently, of the iron complex is of high priority to ensure an efficient stereoinduction.
Accordingly, different temperatures were applied dhdir effect on the yield and the ee of
compoundl39 were determinedTable1). Conspicuously, the conditions of the condensation can
induce a significant racemization depending on the applied temperature and reaction time. With
standard conditions, final compouh89 was obtained with an ee of 99% gblel, entryl).
Prolonging the reaction time fromh2to 4h was accompanied by a minor racemization with an
enantiomeric excess of 98% (en®y When higher temperatures were applied, the optical purity
significantly dropped while the yield could be increased up0& (entries3i 5). Furthermore, the

effect of the activating agent wasaluatedWhen AcOH was omitted, the reaction proceeded at a
slower rate while the enantioselectivity remained at 99% ee (@ntirycreasing the amount of acid
provoked a higher dege of epimerization giving desired compour89in 48% yield with 92% ee
(entry7) implying that acidic conditions accelerate the formation of the undesired enantiomer by
racemization. The application of formic acid instead of acetic acid provided 1g&width 99% ee,
however, aignificant drop in yield was obtained (en8) Ultimately, the conditions stated in entry

were chosen as standard conditions due to a focus on enantioselectivity, albeit other conditions

provided higher yieldg8>!
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Table 1: Survey ofReaction Conditions for Final Reductive Aminatfon.

..................

s O L meonT e s
Z 2 + N
> 1:8/\&J = Y ST v \ 4 W O
entry T (°C) t (h) yield (%)P ee (%Y
1 55 2 47 99
2 55 4 50 98
3 70 2 52 97
4 70 4 60 94
5 65 2 48 98
6d 70 4 20 99
¢ 55 2 55 92
gf 55 2 30 99

®Reactionconditions: A flame dried Schlenk flask was charged with aldefh$81.00 eq.), dipicoly
aminel38 (1.30eq.), and MeOH (0.1B1) under inert gas atmosphere. Afterwards, AcOH (@%0Q was
added and the resulting mixture was stirred for the indicatedldt the statétemperature. Subsequentiie
reaction was treated witdaBH:CN (6.00eq.) and stirred for 1B at rt.’Isolated yield ‘Enantiomericeexcess
was established by HPLC analysis on a chiral stationary pfReaction was conducted without AcOH.
®Reaction was conducted with 1.88. of AcOH.'Reaction was conducted with formic acid (Oe8p) instead
of AcOH.

After establishing the optimal conditions for the ligand synthet89 was employed in a
complexation reaction to obtain diastereomeric complé®@a and 140b with a dr of 1:1.45
(Schemes7).

NCMe _l(C|O4) MeCN’Pr _l(C|O4)z

7\ 7 \ I
_N N N_ Fe(C|O4)2'6 Hzo IPr“ \N P ' \N P

N= 7N\ MeCN, tt,3h \ N N S N N
N/ = 98%
dr 1.45:1

139 140a 140b

Scheme37: Complexation withchiral pentadentate ligariB9 to form diastereomeric complex&40a
and140bwith a dr of 1:1.45.

Again, analysis of the diastereomeric mixture was feasiblEH/NMR spectroscopic measurements
showing that a slightly increased diastereoselectoityyng complexation is realized with thér-
moiety when compared to the complex comprising the mettbgtiuted ligand.27. TheH NMR
spectrum of the obtained product is depicteBigurel7.
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Figure 17: 'H NMR spectrum (3001Hz, rt, CD:CN) of the product mixture obtained after compléon.

1
3.01

Afterwards, isomerization of the diastereomeric mixture reaizedby stirring in acetonitrile at rt

and 70°C. Diastereomeric ratios were determinediyNMR measurements of the obtained product
mixture to evaluate the effect of the bulkig?Pr-group on thisinterconversion(Figurel8).
Gratifyingly, implementation othe sterically more demandirgiral leveraccelerated the rate of
isomerization. After stirring for 24 at rt, a dr of 1:3.72 was observed that improved to >20:1 after
an additional 24, hence, providing a virtually diastereomerically pure complexurexoreover,
complete conversion to the desired thermodynamically more stable diastereomer could be achieved
after 16h when an elevated temperature of’@was appliedFurthermore, a possible bypassing of
complex isolation prior to the isomerizatiorastestedby conducting the coordination at elevated
temperatures for longer times. However, no complete isomerization atteat480°C was detected
and*H NMR analysis revealed minor formation of an unidentified species, indicating that these
conditiors could result in decomposition. Therefore, ancillary isolation of the diastereomeric mixture
prior to isomerization was maintained to ensure a high purity without any decomposition products

forming.
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Figure 18& H NMR spectra (CBCN, 300MHz, rt) of the diastereomeric mixture after stirring
complexesl40aand 140b at the stated temperature for the noted time. The signals used to determine the
diastereomeric ratio are highlighted.

3.2.3 Structural Elucidation of the DiastereopureStereogenieat-lron Complex

With diastereomerically pure complex in hand, a full NMR signal assignment for further insights into
the kinetics and complexation of the ligand was performed in cooperation wiiuban Xie from

the PhilippsUniversitat Marburg. Furthermore, such measurements were supposed to provide a
structural elucidatioandverify the conformation of the isolated diastereorer. this purpose, the
tripodal pentadentate ligadd9 was dividedinto three segmentas illustrated inFigurel9 by
different colors. Analysis of DQEOSY and TOCSY spectra exhibited spin systems and connection
within the segments. The HMBC spectrum confirmed the -lamge connectivity among them,

ultimately providing the possibility to assign every signal in‘th&lMR spectrum Eigure19).
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Figure 19: Significant excerpt®f thelH NMR (CDs;CN, 600MHz, rt) spectrum of iron complek40aand
correspondingignal assignments.

On the basis of the complete assignment, unambiguous NOE interactions among the aliphatic protons
of theisopropylmoiety of the ligand, the methine, and the methylene groups atgbsitions of the
tertiary amine could be identified. The pattern of srpgaks and NOE interactions depicted in
Figure20 strongly indicates that thér-group of the ligand is facing away from the labile MeCN
ligand. NOE measurementstbe diastereomeric mixture further confirmed the structure assignment
(for further information, se8ection5.3.4.7.1*5

Subsequently, a single crystal suitable foray crystallographic analysiwas obtained to
confirm the structure of compledd0a hence, reassuring that the structures in solution and the solid
state are identical. Additionally, the crystal structure confirmed that the dipicolylamine motif in the

ligand framework is coordinatinin a meridional fashiorF{gure21).
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Figure 20: Section ofthe 'Hi *H NOESY spectrum of diastereontetOa showing interactions among the
aliphatic fragments. The spectrum was recorded on an AVII 600 at rt with a mixing timesof 0.5

Figure 21: X-ray crystallographic sucture of compled40aas an ORTEP drawing with 50% probability
thermal ellipsoids. Perchlorate counterions and solvent molecules are omitted far clarity
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Next, studies in other solvents were conducted to gain additional insightsheatoobrdination
characteristics. Unfortunately, compl&g0aexhibited an insufficient solubility in various solvents
besides acetonitrile fdurtherNMR spectroscopic analysis. Gratifyingly, dichloromethane provided

an ample solubility facilitating NMR pasurements. At rt, the spectrum only showed broad peaks
with no possibility of distinguishing between single signals. Interestingly;@trlore defined peaks

were observed and, accordinglyj &0 °C a welldefined spectrum was obtained. Such a temperat
dependency could be explained by a more rigid coordination of the ligand to the metal center in
methylene chloride at lower temperatures, indicating that the configurational stability is lower when
compared to MeCNRjgure22).125
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Figure 22 'H NMR (CD.Cl,, 600MHz) of complex140aat different temperatures. The signals get more
defined when measurements were conducted at lower temperatures implying a rather strong influence of the
solvent on the configurational stability.

With the possibility of conducting NMR spectoopic measurements in @Dz, kinetic
investigations concerning the lability of the acetonitrile ligand were feasible. By using a mixture of
CD2Cl> and MeCN (4%v/v of MeCN), ROESY measurements were performed to determine the
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chemical exchangeof metalo und s ol vent em®l éMelCINe s Twniet kt rfofsrs
in Figure23 confirm this ligand to be the most labile site of the complex and EXSY experiments
provided further insights intdhe exchange rate for compl&t0awhich was determined to best

(seeSection5.3.4.).
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Figure 23: ROESY (500MHz, 0 °C, mixing time 50ms) spectrum ofi40ain CD.Clo/MeCN (4%v/v of
MeCN).

3.2.4 Maodifications of the Pentadentate Ligand Scaffold

With thepossibilityof conveniently exploiting thehiral leverto furnish diastereomerically pure iron
complexes and the structural elucidation byaX crystallographic and NMR spectroscopic analysis,
possible modifications in the ligand scaffold were tested. Specifically, implementation of a sterically
demanding m&ityl group on one of the pyridine ringsd application of a different bidentate
coordinating aryl -bpgidiemygtfwere sette ke chvestifated. Bansid2ring 6
a potential employment of the complexes as catalysts for asymmetngfotraations these
diversifications of the framework can provide helpful information about their effects on the

stereoinducing capabilities.
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Accordingly, chiral pentadentate ligaridil was synthesized via the established route by
conducting two consecugweductive aminations as illustratedScheme38. Enantiomeric purity of
the desired compourii#l was evaluated by HPLC analysis on a chiral stationary phase and
determined to be 99%.

1)  Na,SO, iPr

(0] iPr
N N Et,O, rt, 4 h N NN
Q N NH > | H I
| (| 2 > S
~Z ~ 2) NaBH4 Mes
Mes MeOH, rt, 18 h
116 132 2999, 142
(]
. 1.) AcOH iPr
N Pr N “3 MeOH, 55 °C, 2 h 7 N\ /_\
TN T * YN I > a: "o
~ NN | 8 2.) NaBH,CN = N
es MeOH, rt, 18 h N\ // _
142 118 141
52% Mes

Scheme38: Synthesis of mesityl substitutedmtadentate chiral ligaridt 1via the established synthetic route

Next, implementation of a benzimidazole moiety into sitaffold was realized by synthesis of
aldehyde building block143 via a threestep procedure by the Beller group starting from
commercially available pyriding,6-dimethanol144).1°1  The obtained benzimidazole
aldehydel43 was subsequently converted ttoe desired chiral pentadentate ligaldb via the
established ragttive aminationin 39% vyield Determination of the enantiomeric purity of the

furnished ligand confirmed an excellent optical purity with 99%Sah¢me39).
H

o
O5N
147
N N328204
“O” — -
1,4-dioxane =z 2-ethoxyethanol/H,O 4:1
65°C,48h 146 100 °C, 24 h 148 4
79% 57%
Me
EI =,
_— \ /
1,4-dioxane N
110 °C, 24 h 4
148 o
96%
iPr
Pr : AcOH 72\ 7 N\
MeOH 55°C,2h =N N N= Me
\ / > N= N
MeOH, rt, 18 h
Meg 145

39%

Scheme39: Synthesis of benzimidazole buildindpbk 143 starting from commercially available pyridine
2,6-dimethanol {44) and sbsequent conversion to final pentadentate ligb4tel
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With enantiomerically pure ligandstl and 145 in hand, complexation with iron(ll) perchlorate
conveniently providedhe desired iron complexelloteworthy the diastereoselectivityas lower
when compared to ligand®7 and 139 When mesityl substituted compoubdil was applied,
diastereomeric complexdg9a and 149b were formed with a dr of 1:1.04Schemel0, top).
Likewise, when benzimidazole ligadd5 was employed for complexation, almost no
diastereoselectivity during the formation ®50a and 150b (1:1.02) was observedS¢hemetO,
bottom). Notably, isomerization of both complex mixtures required prolonged reaction time$of 24
and a slightly increased temperature of €30 furnish diastereomerically pure iron compouhd8a

and 150a (dr >20:1) as determined vitH NMR analysis The longer reaction time and higher
activation barrier of the interconversiaould be rationalized by the higher steric demand of the
ligandsimpeding thigransformation

..................

isomerization
MeCN 75 °C, 24h

D
t

..................

7\ 7 N\ l \
_ N N= Fe(C|O4)2' 6 Hzo N,'. . N

N > —{ | _Fe: +

N > NT | AN

- 7\ MeCN, rt, 3 h 4 ]
Y/ N N
— >99% Mes i
Mes dr 1:1.05 NS
141 149a 149b
favored diastereomer unfavored diastereomer
(ClO4),
i NCMe
/A FIPI' 7R\ / - —l
=N N N Me Fe(ClOy), 6 Hzo> iPrim. ‘\N Mes
N= N
\ / N MeCN, rt, 3 h
93%
Mes i dr 1:1.02
145
150a 150b
favored diastereomer unfavored diastereomer
“"“isomerization

MeCN 75 °C, 24 h'
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Scheme40: Complexation and isomerization witigand141 (top) and ligand45 (bottom) to furnish
diastereomerically pure chiral Fefdpmplexesl49a(top) and150a(bottom).

Subsequently, a single crystal suitable feray diffraction analysiof complex149awas obtained
again confirming the favored structure to comprise a chiremoiety pointing away from the
catalytically active sitas shown irFigure24. Attempts of growing single crystat$ benzimidazole

iron compoundL50awere not successful, probably due to decomposition darygjalization
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Figure 24: X-ray crystallographic sucture of compled49aas an ORTEP drawing with 50% probability
thermal ellipsoids. Perchlorate counterions and solvent molecules are omitted for clarity.

Having established a synthetic pathway to access diastereomerically pure sterabigemic
complexes with chiral pentadentate ligands, next, #féiciency during asymmetric catalysis was
planned to be scrutinized. The results of this survey will seudsed in the following chapter.

3.2.5 Concluding Remarks

To summarize, a synthetic access towards diastereomerically pure steredgenccomplexes
comprising chiral pentadentate ligands has been achiévemtporation of achiral leverinto the

ligand framework conveniently granted the possibility of an isomerization to exclusively furnish a
single diastereomer after interconversion. Subsequent modification of the chiral ligand showed that
by choosing a sterically more demandiagergroup the isomegation can be improved in regards

to reaction time, affording the desired pure complexes after stirring at elevated temperatures
overnight. Moreover, a structural elucidation via NMR spectroscopic measurements granted further
insights into the coordinatiotopology of the ligand and provided crucial information about the
kinetics of the Fe(lFcomplexes. Analysis of Xay crystallographic dataf two complexesonfirmed

the structuralproposal obtained by NMR measuremerntgerestingly upon complexatignthe
dipicolylamine motif of the ligand coordinates in a meridional fashion in contrast to the iron
complexes introduced by the Kaizer group, that exhibit a facial coordinating dipicolylamin&sunit.

a consequengcehis topology can potentially give birtb a unique sophisticated chiral environment
beneficial during asymmetric catalytic transformations. The resultheofapplication as chiral

catalysts will be discussed in the followidgapter
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3.3 Application of Iron Complexes with a Chiral Pentadentate Ligand

Asymmetric Catalysis

3.3.1 Initial Survey of Application in Asymmetric Catalysis

As discussed irSection3.1.1 chiral iron complexes witlpentadentate ligand frameworks have
exclusively been applied to oxidation reactions as catalysts. Therefore, investigation of a possible
application in other reaction types is an enticing endeavor due to the possibilities such a unique overall
topology cauld providein regard taactivity and selectivity.

In recent years, the enantioselective formation - 6onds has specifically attracted a lot of
intention dueto nitrogen appearing incountless biologically active chiral compouritd:53
Remarkablytransition metal nitrenes halsely been shown to provide a convenient access to chiral
nitrogencontaining compound&>1%41801 A prominent organic precursor for the formation of metal
nitrenoid intermediates is represented by ldigkazol5-onesl51as intriguingly shown in 2018 by
the group of Chang for an-tratalyzed €H amidation to furnishylactams152126% Subsequently,
catalytic enantioselective versions of this reaction have been reported emphasizing the versatility of

this nitreneprecursolSchemet1).[109.162164]

H

1

N, cat N

RW o Rvo
o~« -CO,
151 O 152
Catalysts

5 Yu 2019 Chen 2019 Chang 2019 :
/Pr—©—Me ) | C \Q/ :
: I |r iCl E
' 0 RywCl S\ Cln q ;
b ) \)L N % ol :
ASey “H, PhthN 2 \ % ;
S T s° Mes 5
5 153 154 155 156 5
1 upto 97% yield up to >95% yield up to 97% yield up to 99% yield :
E up to 98% ee up to >99% ee up to >98% ee up to >98% ee :
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Scheme4l: Enantioselective, intramolecular(sp’)-H amidationof 1,4.2dioxazot5-ones151 and applied
catalystd!09.162164]

Due to numerous publications about Haitrene mediated reactioA§Y %71 the possibility of
applying the complexes introduced in this work to an intramoleculdt @midation with

dioxazolones was investigate@omplex140a was chosen as the standard catalyst for initial
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feasibility studies because of its establishgattsetic access, extensive structural elucidation, and
more easily accessible catalytically active reaction giteordingly, based on a procedure by the
Meggers grouf?® substrated 51 was applied t@ reaction inthe presence of fol% catalystl40a

in methylene chloride or 1,@ichlorobenzene as solvents. However, NMR spectroscopic analysis of
the cude product revealed that desirgdactamel52 and undesired Curtiugarrangement
productl57wereformed only in traces whildhne conversion was completéowever major amounts
(>90% vyield) of an undesired side product were deteckedther evaluation of the NMR spectra in
combination with mass spectroscopic analysis suggests that upon perdlistocyanatéormation,

a subsequent, irecatalyzed hydroaminatioio form 158 would match thenalytical data obtained
during this reactiorfScheme42). Furthermore, this assumption is supported by a report from 2019

by the groups of Geer and Kays about an(ifyp-catalyzed hydroamination of isocyanafés.

0 Ph’lti&:o

cat. XX (5 mol%) N

N
PR NN - 'j"]‘j + p™NNco ¢+ Ph/\/\N’gO

o CH,Cl, or 1,2-DCB
2Ll ,
ﬁo it, 16 h Ph/\/\N’gO
151 192 57 H
Y 158
IR el e A . traces proposed side product
: Neme | (1042 >90% yield
L iPrm., ;\1,/ I N
e Fel
P Q ,EN’ | I
: . i ~
X
! 140a

................................

Scheme42: Intramolecular ¢sp’)-H amidation in presemcof catalysfl40a Desired product52and Curtius
rearrangement produtb7 were only observed in traces. NMR and mass spectroscopic data lead to the
proposed structure of hydroamination prodL&s.

Another type of precursor for the formation of reactive transition metal nitrene intermediates is
repreented by azidel® Previously, hese compoundsave been reportetd form active iron-
nitrene speciesuitable for GN bond formation reactiods’® 173 Therefore preactivatedazide§®®
wereconsidereds potential precursors for the novel Fe¢ihmplexes presented in this work. Initial
experiments with catalyd40aandazidoformatel59 were conducted tevaluate the feasibility of

an intramolecular C(SpH aminationto furnish cyclic carbamates0. When the reaction was
performed in 1,2DCE at rt, no conversion was observed afterh24€onsequently, the reaction
temperature was gradually increased due to similar reactions being acbigyedt elevated
temperaturest’? However, even at a higher temperature86PC, no conversion was observed
implying that complexi40ais not capable of forming the nitrene specigshemet3, top). Higher
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temperatures were not tested due to a potential decomposition of the catalyst system.

A different type of azide precursor for nitrene mediated transformations is depicted by sulfamoyl
azidesand sulfonyl azidedn previous reports, this class of compounds has proven to be a suitable
precursor for an intramolecularig amination with various catalig"# 178 Moreover, in 2019, the
group of Arnold reorted an enzymatigron-mediated version of this reaction showing that iron can
serve as a suitable catalystfacilitate this conversiod”® Hence, the reaction was conducted with
complex140ain 1,2DCE to convert sulfamoyl azidss1 to the desired produd62 Again, no
conversion was observed even when higher temperatures up°@ \8€re apfed rendering the

application of catalyst40afor this type of nitrene precursors not sufficiedtiiemet3, bottonj.

o]
0,
O _Ns cat. 140a (5 mol%) Jl\
©/\/ A > » HN" O
o }_/
1,2-DCE, rt to 80 °C, 48 h PH
160
\ cat. 140a (5 mol%) O\\ //O
N‘S’N3 N/ Si\-Me
7\ » HN™ N~
O/\O 7N
1,2-DCE, rtto 80 °C, 48 h Ph}
161 162

Scheme43: Intramolecular C(sp)-H amination ofazidoformatel 59 (top) and sulfamoyl azid&61 (bottom)
in presence of catalydd0a Even at elevated reaction temperatures ofG0no conversion was observed.
Higher temperatures weretrapplied due to possible decomposition of comfiké8a

3.3.2 Asymmetric 2H-Azirine Synthesis via Ring Contraction of Isoxazoles

In 2018, the Ohe group presented a rhodiamd iridiumcatalyzed enantioselective synthesisiaf 2
azirines via ring contractionf asoxazoles to furnish tetrasubstitutetreocenters with up to 94%
eel'8% Following this report, Meggeret al. achieved a rutheniurcatalyzed version of this
transformation in 2020 with a catalyst comprising a meridional coordinattiegmtatePyBOX-motif

and a cyclometalated bidentate N#i@and’# This complex was shown to furnish chiraH-2
azirines with up to 97% ee while exhibiting an exceptional activity (turnover number (TON) up to

2000). The overall topology of ruthenium catalyi€§3is comparable to the coordination topology of
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complex140acomprising a pentadentate ligaaslillustrated ifFigure25. Moreoverwith iron being
the lighter congener of ruthenium, potentially a similar redgtiduring this conversion could be
expected.

| N TMS
,.RU’S—N _/
Kﬁr b
O,N
140a 163
This Work Meggers 2020

Figure 25: Structural resemblance ofroplex140awith a pentadentate ligand angheniumcataylst163

Gratifyingly, an initial reaction with iron(ll) comple¥40aas catalyst and isoxazdl€4aas substrate
showedan exceptionally high activity of this catalytic system. Full conversion to the desired product
was observetdh underl min reaction timeat rtin presence of #ol% catalyst when C¥Cl, was

used as solven comparably high activity was observed for the other iron cata(ystsle 2).
Furthermorean evaluation of the enantioselectivit a lowered temperature of’G gave a first
impression on the stereoinducing capabilities of the catalysts. When comiiilengith a methyl

group aghiral leverwas applied, produd65awas formed with a low selectivity of 6% €Eaple2,
entry1). The stereoselectivity could be improved when the reaction was conducted in presence of
catalystl40a providing quantitative yield with 16%e. By implementation of sterically more
demanding modificatins on the ligand framework the enantioselectivity was further improved
(entries3 and 4). For example, iron compl&t9acomprising an additional mesityl group on the
pyridine ring conveniently facilitated the asymmetric ring contraction, consequgatiying 2H-
azirineléSawi t h an enantioselectivity of 32% -(entr
bipyridyl motif by a (tmethylt1H-benzimidazol-yl)pyridine-2-yl unit significantly enhanced the
stereoinductionthus showing the importance of this position on theralletopology in order to
achieve aophisticated chiral environment for a satisfying stereoinductiooordingly, the desired
product was obtained with 66% ee by application of compk®aas catalysfentry4). Due to the
exceptionally high activity afhese iron(ll) systems,decreasef the catalyst loading torhol% for

a subsequent optimization of reaction conditions was evalusg@ah, full conversion was observed

in a very short reaction time of onlyn@in (entry5). This fast conversiogonvenently granted the
opportunity to further improve and optimize reaction conditions to enhance the stereoselectivity.
Consideringcatalystl50aexhibitingthe highesstereoinductionthis complex was chosen for further
optimizatiors of this catalytic trarfermation!*>°

59



Results and Discussion
Table 2: Initial Catalyst Screeningdf Ring Contraction of Isoxazold$4a?®
/N'LO?‘ cat. N
//—OEt > A e
Ph CH,Cl,, 0 °C, ¢ Ph CO,Et

164a 165a
Catalysts

: e N :
E\_N/|\N\ N\ C{/|\’©
VA \\J* s
: \ X Me :
: R =Me 131a 149a 150a
R = iPr 140a §

entry catalyst (mol%) t (min) yield (%)P ee (%f
1 131a(4) 1 99 6
2 140a(4) 1 99 16
3 149a(4) 1 99 3
4 150a(4) 1 99 66

E 150a(1) 2 99 66

®Reaction conditionsCatalyst (1 or 4nol%) was dissolved in Gi€l, (0.1M, 0.5mL) under inert gas
atmospherand the solution was cooled t80. Isoxazolel64a(0.05mmol) was added and the reaction was
stirred until complete conversion of the starting material was observed. Afterwards, the solvent was removed
under vauum and crudéH NMR and HPLC were measurétiMR yield with 1,1,2,2tetrachloroethane as
internal standardDetermined by HPLC analysis on a chiral stationary pHa$e other enantiomer of the
product was obtained due to the catalyst being compogbe bfjand with R)-configuration.

Afterwards, a srvey of finding the most suitable solvent for the ring contraction was conducted
(Table3). When chloroform or MeOH were used, similar results could be obtained in regard to
enantioselectivity with the latter solveslightly retarding the reactioriréble3, entries2 and 3).

Next, acetone and MeCN were tested (enttiaad 5). In both solvents a decrease in stereoinduction
was observed and the desired azid6&afurnished with 48% and 49%e, respectively. Moreover,

a significantly lower conversion rate wadgtectedwith MeCN which can be rationalized by a
competing coordination to the active site by solvent molecules hampering substrate complexation. In
regard to enantioselectivity, a réiao setup with 1,2DCB as solvent provided the best result with
70% ee at OC (entry6). For an evaluation of further optimizing the reaction irRl(B, the catalysis

was conducted &tl5 °C resulting in an ee of 72%.onsequentlymethylene chloride as chosen as
solvent for subsequent reactioradbeit 1,2DCB giving the highest enantioselectivigue to the

possibility of applying lower temperatures to improve the selectivity.
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Table 3: Survey of Solventfor Asymmetric RingContractiort:

.....................................

NCMe ] (ClO4)
-0 X .
/'N’\/e‘OEt cat. 150a (1 mol%) o N Me Prom. ‘\N Mes
Ph Me solvent, 0 °C, t Ph CO,Et
164a 165a \/\J/L
3 150a
entry solvent t (min) yield (%)P ee (%Y
|1 CH.Cl 2 min 99 66
2 CHCIs 2 min 99 63
3 MeOH 50 min 98 62
4 acetone 5 min 98 48
5 MeCN 180min 96 49
6 1,2DCB 8 min 98 70
7d 1,2-DCB 45 min 97 72

®Reaction conditionsCatalyst150a(1 mol%) was dissolved in the indicated solvent (@,10.5mL) under
inert gas atmosphes@nd the solution was cooled tdO. Isoxazolel64a(0.05mmol) was added and the
reaction was stirred until complete conversiénhe starting material was observed. Afterwards, the solvent
was removed under vacuum and crd#e NMR and HPLC were measurethMR vyield with 1,1,2,2
tetrachloroethane asternal standardDetermined by HPLC analysis on a chiral stationary pH&adion

was conducted atl5°C.

As previously described and shownHigure22, NMR spectra of complek40ain CD2Clz imply

that the chiral tripodal ligand is coordinated more tightly to the metal center at lower temperatures.
Considering this indication, lower tempeanas could substantially contribute to a more defined
overall topology of the complex and, consequently, lead to significantly enhanced
enantioselectivitieddowever, due to the exceptionally high activity of the presented iron catalysts
this reactiona suitable procedure for an effective quenching ofttaesformationwas set to be
establishedbeforehand For this purposethe catalysis was performed in presence of different
guenching reagent3éble4). When triethylamine, pyridine, or sodium benzoate were added to the
reaction, a significantly lower conversion to the desired prathi&awas observedfter 24h at rt
(Table4, entriesli 3). However, to prevent undesired conversieith lower enantioselectivity
during workup, virtually complete prevention of the transformation was necessary. Gratifyingly,
bidentae | i g abipyhiding2 ga®edsufficient results completely impeding the reaction and was

chosen as a suitable quenching reagent (dntry
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Table 4: Screening of Suitable @Qenching Reagefit.

cat. 150a (4 mol%)

Mpon _zitetoen - hwe il S e
Ph \ CH,Cly, 1t, 24 h Ph COEt i L NT | \N’Q
e ' N I
164a 165a : “nr N
, NI Me
! 150a
entry additive yield (%)P
1 NEt: 53
2 pyridine 27
3 sodium benzoate 45
I 4 2 , -Bigyridine no conversion

®Reaction conditionsCatalyst150a (4 mol%) and the indicated additiveere dissolved in CHCI, (0.1 M,
0.5mL) under inert gaatmosphere at.rtsoxazolel64a(0.05mmol) was added and the reaction was stirred
for 24h at rt Afterwards, the solvent was removed under vacuum and &rLN&R wasmeasured®NMR
yield with 1,1,2,2tetrachloroethane asternal standard

With a conenient quenching procedure in hand, the catalysis was conducted at low temperatures for
a potential improvement of enantioselectivityable5). When theeaction was performed 850 °C,

a significantly higher ee of 88% after a prolonged reaction time bf&fld be achieved providing
azirinel65ain 74% yield Table5, entry2). By further lowering the temperaturei®0 °C, a slightly
improved stereoinduction was detectéentry3). To account for the reduced activity, the
concentration was raised to Oridl/L and the catalyst loading increased ton@% granting
guantitative yield after 2@ reaction time without loss of selectivity (entty Subsequently, the
stability of the catalysin regard tohydrolysis or oxidative decomposition wagaluatedentriesb

and 6). Addition of HO showed no disadvantageous effen the enantioselectivity, albeit the
reaction proceededalightly slower ©4% vyield) which can be rationalized by a competing
complexation of HO by the catalyst (entrfy). Conveniently, the presence of air during the reaction
neithereffected activity nor selectivity, hence enabling a simpler reactioruspt wi t h A open
conditions (entry6). By setting up the catalysis &f/5°C, a further enhancement of the
enantioselectivity to 92% was feasiphewever, the yield was significantly lower with 50@espite
providing a slightly lower enantiomeric excess, thaction parametemdescribed in entrg were

chosen as standard conditions fdolkowing substrate scope.
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Table 5: Concluding Optimizatiomnd ControlReactions.

.....................................

: NCMe ] (ClOa)2
-0 0 E
/N‘k/e-_OEt il /O)> AN oMe P ;\l"/'lzl;l@Mes
Ph \ CH,Cly, T, t Ph COEt | LT NT | \N@
e E N l
164a 165a : R
. NS Me
e 1508 .
entry  xx (mol%) concentration(mol/L) T (°C) t yield (%)° ee (%f
1 1 0.1 0 2 min 99 66
2 1 0.1 50 36h 74 88
3 1 0.1 160 36h 48 89
4 2 0.2 160 20h 99 89
5d 2 0.2 160 20h 94 89
I 6° 2 0.2 160 20h 99 89
7° 2 0.2 175 20h 50 92

®Reaction conditiongCatalyst150a(1 mol%) was dissolved i€H.Cl, under inert gas atmospheo®oled to
the stated temperatyrand prestirred for at least b&in. Isoxazolel64a (0.05mmol) was added and the
reaction wagonductedor the stated time-or conditions at50 °C or lower the reaction was quenched with
2 , -Bigyridine (0.25mmol) and stirred for another 3@in at low temperature. Subsequenthge solvent was
removel under vacuum and crudéd NMR and HPLC were measure@NMR vyield with 1,1,2,2
tetrachloroethane asternal standardDetermined by HPLC analysis on a chiral stationary pl{as&eq. of
H.O were added to the reactiGReaction was conducted under. air

Prior toan evaluation of this catalyst system in a substrate scope, further investigations concerning
the activity were performedl@ble6). In presence of inol% catalystLt50athe reaction provided
desired azirind65ain quantitative yield with 60% ee aftem@n reaction time Table6, entryl).
Reducing the catalyst loading to @nbl% gave complete conversion after 30in while the
enantioselectivity remained at 60% (er2)y Entry3 depicts a reaction sap with 0.01mol% of
complex150ashowing thata TON of up to 10,000s feasible within reasonable reaction times.
Notably, this catalysis was conducted under inert gas atmosphere to prevent a possible catalyst

decomposition upon longer reaction times at rt under air.
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Table 6: Survey of Catalyst &tivity.?

.....................................

/,N’\‘(}_ cat. 150a (xx mol%) ™ : P N/I\@
»/—OEt > A e : " | 4, 1 wN Mes
= Fe.
Ph CH,Cly, 1, t COEt 1 L NT | N
Me ! N 1

164a 165a ’\ | ’;\“Ae
Mol 1908 . :
entry xx (Mol%) t yield (%)P ee (%Y
1 1 2min 99 60
2 0.1 30min 99 60
3d 0.01 18h 99 59

®Reaction conditionsCatalyst150a (xx mol%) was dissolved in CHCl, (0.1M, 0.5mL) underair at rt
Isoxazolel64a(0.05mmol) was added and the reaction was stifoedhe indicated time at.ridAfterwards,

the solvent was removed under vacuum and ctbdBIMR and HPLC were measurédNMR vyield with
1,1,2,2tetrachloroethane asternal standardDetermined by HPLC analysis on a chiral stationary phase
YReaction conducted under inert gas atmosphere.

The high activity of the novel iron(ll) complexes towards this conversion shows thedrZition

metals can exhibit unique properties for catalytic transformations and can even exceed the
performance of noble transition metals in terms of reactivity. The rhodaiatyst166 of the Ohe

group exhibited a TON of about 40 at an elevated temperature o 4¥er 17h for this
enantioselective ring contracti®fi” Even theruthenium catalyst63introduced by Meggerst al.

with a high TON of 200 at 40°C is surpassed by the here introduced Fe@hplex150ain terms

of reacivity.”# The complexes applied to this catalytic reactiod their activiesare displayed in
Figure26.

L ¢
in situ generated NCMe +

Pr — O—-vPh _l NCMe —|2+
Nj "Ph TMS

;E* S v
- \\N Z Mes
(4 (@) o ,RU
Me” ki o Ph/\%h
CI/\)Q "!
O,N Me

I iPra,.

Ohe 2018 Meggers 2020 This Work
166 163 150a
40 TON at 40 °C 2,000 TON at 40 °C 10,000 TON at rt

Figure 26 Chiral catalysts facilitating the asymmetric riogntraction of isoxazoles to furnistizazirines.
The maximum TONs are statbelow each complelk’* 18
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In order to explore the applicability and substrate dependency of the catalytic system, the reaction
wasconducted with various isoxazol&64 The general synthesis of the majority of substrates was
conducted according to literature procedures and is depic&thamet4 (for more information, see

Section5.5.1).[174:180]

1.) K,CO3 (1.50 eq.)

R'l (2.00 eq.) 3.) NEt; (0.80 eq.)
o o acetone, 60 °C, 4 h N-C. POCI3 104 °C, 16 h N-O )
I - M= ‘ - JgoR
R OEt  2.) Pyridine (3.00 eq.) R b 4.) NaOR" (1.50 eq.) R b,
NH,OH-HCI (2.00 eq.) R"OH, reflux, 48 h
167 EtOH, 80 °C, 4 h 168 or 164
NaOR" (1.50 eq.)
microwave, 50-150 W
reflux, 5 h

Schemed4: Synthetic pathway towards the majority of isoxazole substifids

With a variety of different substrates in hand, the substrate scope was conducted as illustrated in
Schemel5. First, the influence of the alkoxy moiety on the sulte{fB64a-c) was investigated. When
methoxy substituted isoxazal®&4b was used, correspondinglazirine165 could be isolated in a
high yield of 98% with 88% ee. A significant drop in enantioselectivity and activity was observed
when a sterically more deanding @Bu group was implemented. Proddétc was obtained in 50%
yield when 4mol% of catalysti50awere applied with a low enantiomeric excess of 27%. This could
be rationalized by a distorted complexation of subsfréfe dueto an interference of the bulkytBu
moiety impeding a sufficient stereoinductidn.addition, different aryl substituted isazoles were
synthesized and subsequently converted to the corresponding aZiibeg)( Implementation of a
p-tolyl group resulted in quantitative yield with a good ee of 88%%5(). 2H-Azirine 165
comprising a zhaphthyl residue was formed in an diert yield of 97%, albeit with a significantly
lower enantioselectivity of 82% e€he addition of a halogen atom in thara-position of the aryl

ring provided the isolated aziriné85 and 1653 in good yields with good enantioselectivities.
Conspicuouly, productl165g was furnished with a significantly lower ee of 82% comparetbid

(88% ee). Electromlonating (165h) and electrorwithdrawing (165) moieties on the phenyl
substituent had no disadvantageous effect on the stereoinduction and reaatwdydingly
furnishing the products in very good yields and good enantioselectivities. Wd#with a 2
thiophenyl motif was applied to the catalysigirinel65 exhibited a significantly lower yieldnd a
moderate ee of 74% implying that a phenyl ring on this position of the substrates is essential for
enabling high enantioselectivities. The decrease in reactivity could be explained by the lavysolub
of isoxazolel64 ati 60 °C in methylene chloride. Afterwardse influence of the residue on the 4

position of isoxazole$64 wastested Intriguingly, by incorporation of a phenyl substituent at this
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position, H-azirinel65k was provided with aexcellent yield of 98% and a very high ee of 93%.
However, when the ring contraction was performed with a propyl gra@Gd)(or a fluorine
substituent 164m) on the same position, a considerable drop in enantioselectivity to 73% and 68%
ee, respectively was observed, albeit the reactivitgmaininghigh with 97% and 99% yieldln
summary, iron complet50afacilitated the ring contraction of isoxazole84to chiral H-azirines

165 with generally high activities and mostly good to very high enantioselsesi of up to

93% eel1®0

Scheme45: Substrate scope ohé asymmetric ring contraction of isoxazolEs4 to furnish chiral B-
azirines165 catalyzed by complet50a The stated yields refer to isolated yieléiReaction was performed
with 4 mol% of catalystl50a

3.3.3 Concluding Remarks

In conclusion, the novel stereogefieiron complexes developed and synthesized in the course of
this work have proven to be suitable catalysts for enantioselective transformasatiscussed in
Section3.1.], chiral iron catalysts being composed of a pentadentate ligand scaffoleiciysvely

been applied to enantioselectiveCCbond formations, hence applying this overall class in other
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