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Abstract 

Asymmetric catalysis is an indispensable tool of great importance for the economic and sustainable 

synthesis of non-racemic chiral molecules. In addition to organic compounds and biomolecules, chiral 

transition metal complexes represent a pivotal pillar for generating enantiomerically pure products. 

The design and development of metal complexes for the transfer of stereochemical information form 

the very foundation of creating a sophisticated chiral environment to achieve sufficient 

enantioselectivities. Often, the applied catalysts comprise a stereogenic metal center that gives rise to 

a distinct chiral topology. Therefore, considerations regarding the metal-centered chirality are crucial 

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

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

ruthenium(II), and iron(II) complexes and their applicability in asymmetric transition metal catalysis.   

Chapter 3.1. A synthetic access to furnish pentadentate, achiral ligands that give rise to iron(II) 

complexes comprising metal-centered stereogenicity upon coordination (chiral-at-metal) is 

described. A ligand scaffold containing a mesityl substituted dipicolylamine moiety connected to a 

quinoline ring by an amido tether is shown to provide a paramagnetic complex without the required 

feasibility of extensive NMR spectroscopic analysis. By substitution of the 8-amido quinoline motif 

with a 2,2ô-bipyridyl group, the corresponding racemic iron(II) complex exhibits diamagnetic 

properties, hence facilitating NMR measurements. A subsequent chiral auxiliary mediated separation 

of the enantiomeric 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 ligands comprising a central 

dipicolylamine motif generating metal-centered chirality upon complexation (stereogenic-at-metal) 

is depicted. Incorporation of a methyl group into the ligand framework results in a diastereomeric 

mixture of iron complexes after reaction with Fe(II) -perchlorate. The necessity of a laborious 

separation is prevented by exploiting the different thermodynamic stabilities of the diastereomers. 

The ligand centered chirality can act as a chiral lever enabling a subsequent isomerization to furnish 

the diastereomerically pure iron(II) complex. The rate of this interconversion is significantly 

influenced by the steric demand of the chiral lever and is demonstrated to improve with the 

incorporation of a bulkier isopropyl motif. A following structural elucidation via NMR spectroscopic 

measurements and X-ray crystallographic analysis confirms the overall topology and coordination 

mode. The modular synthetic approach of the ligand synthesis provides the convenient possibility of 

derivatization which is shown by incorporation of a mesitylene and a benzimidazole group. The 

efficiency of the obtained catalysts is then demonstrated for a ring contraction of isoxazoles under 
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open flask conditions to afford chiral 2H-azirines with high enantioselectivities (up to 93% ee) and 

an exceptional activity affording turnover numbers (TON) of up to 10,000. 

Chapter 3.4. The design and synthesis of novel non-C2-symmetric, tetradentate chiral ligands to 

obtain octahedral complexes with heterotopic reaction sites is demonstrated. The central stereogenic 

motif of this ligand scaffold is represented by a proline-derived chiral diamine backbone that enables 

a convenient synthetic access to the final ligands. Moreover, this backbone provides a high selectivity 

towards a cis-a topology of the corresponding Fe(II)-complexes while evincing a L-configuration at 

the metal center. Pyridyl, 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 enriched 2H-azirines. 

A catalyst comprising a terminal pyridine and a benzothiazole group provides the best results and is 

applied in a substrate scope of 19 different isoxazoles. The corresponding 2H-azirines are obtained 

with high enantioselectivites (up to 92% ee) and 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 enantioselectivity in the synthesis of several a-amino acid 

derivatives. Additionally, an unprecedented transformation of 2H-azirines to directly access a racemic 

b-amino acid derivative is shown. 
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Zusammenfassung 

Asymmetrische Katalyse stellt ein unverzichtbares Werkzeug von großer Bedeutung für die 

ökonomische und nachhaltige Synthese nicht racemischer, chiraler Moleküle dar. Neben organischen 

und biologischen Katalysatoren bilden chirale Übergangsmetallkomplexe eine tragende Säule bei der 

Erzeugung enantiomerenreiner Produkte. Das Design und die Entwicklung solcher Metallkomplexe, 

die stereochemische Informationen übertragen können, bilden die Grundlage für die Schaffung einer 

definierten chiralen Umgebung und das Realisieren von hohen Enantioselektivitäten. Häufig 

enthalten die verwendeten Katalysatoren ein stereogenes Metallzentrum, welches zu einer 

einzigartigen Topologie führt. Daher ist das Berücksichtigen dieser metallzentrierten Chiralität 

entscheidend für die Zusammensetzung neuartiger Katalysatoren. In den letzten Jahren hat die 

Meggers-Gruppe gezeigt, welches Potenzial in der genauen Betrachtung der absoluten Konfiguration 

am Metall steckt und dies mit zahlreichen Iridium(III)-, Rhodium(III)-, Ruthenium(II)-, und 

Eisen(II)-Komplexen sowie deren Anwendung in asymmetrischer Übergangsmetallkatalyse 

demonstriert. 

Kapitel 3.1. Ein synthetischer Zugang zu fünfzähnigen, achiralen Liganden ist beschrieben, die zu 

Eisen(II)-Komplexen mit metallzentrierter Chiralität nach Koordination führen (chiral-at-metal). Das 

Liganden-Gerüst besteht aus einer Mesityl-substituierten Dipicolylamin-Einheit, die über einen 

Amid-Linker mit einem Chinolinring verbunden ist. Wie gezeigt wird, erlaubt der resultierende 

paramagnetische Komplex jedoch nicht eine nötige umfassende NMR-spektroskopische Analyse. 

Nach Ersetzen der 8-Amidochinolin-Einheit durch ein 2,2ó-Bipyridin-Motiv wird ein racemischer 

Eisen(II)-Komplex mit diamagnetischen Eigenschaften erhalten, der eine Charakterisierung über 

NMR-Messungen ermöglicht. Eine nachfolgende Auftrennung der Enantiomere mittels chiraler 

Auxiliare unter Verwendung von chiralen Oxazolinen, Sulfoxiden und Carbonsäuren zeigt 

unzureichende Ergebnisse. 

Kapitel 3.2 und 3.3. Es wird die modulare Synthese fünfzähniger, chiraler Liganden mit einem 

zentralen Dipicolylamin-Motiv gezeigt, die bei der Komplexierung zu metallzentrierter Chiralität 

führen (stereogenic-at-metal). Der Einbau einer Methylgruppe in das Ligandengerüst führt nach 

Reaktion mit Eisen(II)-Perchlorat zu einem Diastereomeren-Gemisch von Eisenkomplexen. Die 

Notwendigkeit einer aufwendigen Trennung wird durch das Ausnutzen der unterschiedlichen 

thermodynamischen Stabilitäten der Diastereomere vermieden. Die ligandenzentrierte Chiralität kann 

als chiraler Hebel dienen, der eine Isomerisierung zu einem diastereomerenreinen Eisen(II)-Komplex 

ermöglicht. Die Geschwindigkeit dieser Umwandlung wird maßgeblich durch den sterischen 

Anspruch des chiralen Hebels beeinflusst und erhöht sich nachweislich durch den Einbau eines 
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größeren Isopropylrests. Eine anschließende Strukturaufklärung durch NMR-spektroskopische 

Messungen und röntgenkristallographische Analyse bestätigt die Topologie und den 

Koordinationsmodus. Der modulare synthetische Aufbau der Liganden bietet die praktische 

Möglichkeit der Derivatisierung, welche durch den Einbau einer Mesitylen- und einer 

Benzimidazolgruppe gezeigt wird. Die Effizienz der erhaltenen Katalysatoren ist für eine 

Ringkontraktion von Isoxazolen unter Luft gezeigt, um chirale 2H-Azirine mit hohen 

Enantioselektivitäten (bis zu 93% ee) und einer außergewöhnlichen Aktivität zu erhalten. Dabei 

werden katalytische Produktivitäten (engl. turnover numbers, TON) von bis zu 10,000 beobachtet. 

Kapitel 3.4. Das Design und die Synthese neuartiger, nicht-C2-symmetrischer, vierzähniger chiraler 

Liganden zur Herstellung von oktaedrischen Komplexen mit heterotopen reaktiven 

Koordinationsstellen werden präsentiert. Das zentrale stereogene Motiv dieses Ligandengerüsts wird 

von einer chiralen Diamin-Einheit dargestellt, die von Prolin abgeleitet ist und einen praktischen 

Zugang zu den finalen Liganden ermöglicht. Darüber hinaus bietet dieses Ligandenrückgrat eine hohe 

Selektivität für eine cis-a-Topologie der entsprechenden Fe(II)-Komplexe, die eine L-Konfiguration 

am Metall aufweisen. Pyridyl-, Benzimidazolyl- und Benzothiazolylgruppen werden als endständig 

koordinierende Einheiten in den Liganden eingebaut und die Synthese aller neun möglichen 

Kombinationen der Dichlorokomplexe gezeigt. Der Einfluss der Katalysatorsymmetrie auf die 

sterische und elektronische Umgebung wird anhand der asymmetrischen Ringkontraktion von 

Isoxazolen zu enantiomerenangereichterten 2H-Azirinen bewertet. Ein Katalysator, der eine 

endständige Pyridin- und eine Benzothiazolgruppe enthält, ermöglicht die besten Ergebnisse und wird 

für 19 verschiedene Isoxazol-Substrate verwendet. Die erhaltenen 2H-Azirine können unter Luft mit 

hohen Enantioselektivitäten (bis zu 92% ee) und hervorragenden Ausbeuten (bis zu >99%) gebildet 

werden. Die Nützlichkeit und Vielseitigkeit der chiralen Produkte als synthetische Intermediate wird 

daraufhin demonstriert, indem mehrere a-Aminosäurederivate ohne Verlust der 

Enantiomerenreinheit synthetisiert werden. Darüber hinaus wird ein neuartiger, direkter Zugang zu 

einem racemischen b-Aminosäurederivat ausgehend von 2H-Azirinen gezeigt.
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1. Iron Complexes in Asymmetric Transition Metal Catalysis 

1.1 Introduction  

Transition metal catalysis represents an essential 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 tool for not only realizing this 

endeavor of pushing the boundaries in research, but also for meeting the increasing demand for crucial 

molecules in the fields of medicinal and material chemistry on an industrial scale.[1ï3] In addition of 

providing indispensable possibilities for the exploration of new synthetic pathways, transition metal 

catalysis also contributes significantly to humanityôs ongoing efforts of improving effectiveness and 

sustainability as catalysis itself is a fundamental principle of ñGreen Chemistryò.[4] Yet, many 

catalysts still require the application of rare, expensive, and noble transition metals and todayôs 

chemists are faced with the challenge of combining the general advantages of transition metal 

catalysis with the advantages of earth-abundant 3d-transition metals regarding economic, 

environmental, and toxicity aspects.[5] Hence, the development and design of novel, catalytically 

active complexes relying on cheap and earth-abundant base metals presents a challenging yet 

intriguing field of research.[6]  

This enticing task becomes all the more ambitious regarding the area of asymmetric transition 

metal catalysis in which the predominance of noble metals is even more noticeable. Since its 

beginnings in the late 1960ôs, enantioselective catalysis with transition metal complexes has evolved 

into an important tool for the transfer and implementation of chirality into prochiral molecules to 

furnish enantioenriched products. Therefore, its pivotal impact was honored in 2001 when William 

S. Knowles, Ryoji Noyori, and K. Barry Sharpless were awarded the Nobel Prize (Figure 1).[7] 

 

Figure 1: Representative examples of catalytic systems invented by Knowles, Noyori, and Sharpless, and 

synthetic application.[7] 
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Prior to asymmetric catalysis, the synthesis of enantiopure compounds mostly relied either on 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 necessary.[8] In contrast, enantioselective transition metal catalysis requires only sub-

stoichiometric amounts of chiral information to invoke chirality in achiral precursors. The optically 

active products of such conversions are crucial for many industrial branches, including the 

agrochemical, food, and pharmaceutical industry.[8,9] Consequently, the development and application 

of new catalysts is of high interest, especially regarding aspects of environmentally-friendly 

chemistry. In particular, recent research on catalytically active transition metal systems based on 3d-

metals has attracted a lot of attention.[10] 

Since the groundbreaking work of Knowles,[11] Noyori,[12] Sharpless,[13] Kagan,[14] and others, 

much effort and progress has been made towards the application of 3d-metal complexes in 

asymmetric catalysis to provide a broad variety of chiral molecules while following a more 

sustainable path. Many of such examples show that 3d-metal catalysts are not only capable to 

substitute their noble congeners, but can also exhibit distinct mechanistic pathways that open up 

possibilities for novel synthetic routes to further expand the limits of chemical space.[10]  

 

1.2 Asymmetric Iron Catalysis 

In terms of sustainability, especially iron stands out as a suitable candidate as its abundance in earthôs 

crust (5.63%)[15] is significantly higher than that of other 3d- or 4d-transition metals as depicted in 

Figure 2. 

 

Figure 2: Relative abundance of 3d- and 4d-transition metals in earthôs crust.[15] 

 

Consequently, it is not surprising that nature makes extensive use of iron and its catalytic properties 

in countless proteins and enzymes making it an essential element for virtually every living 
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organism.[16,17] A prominent example of an iron-containing enzyme that is ubiquitously found in 

nature is the superfamily Cytochrome P450, a monooxygenase that serves as a natural catalyst for the 

oxidation of numerous molecules.[18] It has been extensively researched in the last decades and 

employed as a powerful tool for the realization of using enzymes in reactions involving non-natural 

substrates.[19] Moreover, its subvariants have been redesigned and modified to function as efficient 

catalysts in enantioselective reactions by research groups like Reetz,[20] Arnold,[21] and many more.[22] 

The method of developing such artificial enzymes for specific targets is commonly known as 

ñDirected Evolutionò and was awarded 2018 with the Nobel Prize in chemistry. Although its 

importance for asymmetric catalysis is indisputable, enzymatically catalyzed asymmetric reactions 

involving iron are beyond the scope of this introduction. 

The following sections will provide a concise survey of selected representative examples of 

asymmetric homogeneous catalysis with iron complexes comprising multidentate ligands that 

coordinate to the central metal exclusively via nitrogen atoms. Due to its rich coordination chemistry, 

many chiral iron catalysts have been reported in the last decades with a broad variety of different, 

multidentate ligand scaffolds.[23ï25] An overview of the presented ligand scaffolds discussed in this 

introduction is depicted in Figure 3. 

 

Figure 3: Overview of multidentate chiral ligand scaffolds for asymmetric iron catalysis presented in this 

chapter. An emphasis is made on ligands that exclusively coordinate to the central iron atom via nitrogen 

atoms.  
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1.2.1 Asymmetric Iron Catalysis with Bidentate Ligands 

The application of bidentate chiral ligands for asymmetric transition metal catalysis has been 

scrutinized since the very beginning of this field of chemistry in 1968.[26] In the following decades, 

numerous chiral bidentate ligand systems were developed with imine moieties being a prominent 

structural motif. In 1989, the group of Masamune first reported the application of a chiral bidentate 

bisoxazoline (BOX) ligand for an asymmetric, copper-catalyzed cyclopropanation.[27] The BOX 

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

asymmetric catalytic reactions.[28] Due to its overall C2-symmetric topology, this ligand class usually 

gives rise to catalytically active species exhibiting homotopic reaction sites, hence reducing the 

number of possible reaction intermediates or transition states when compared to C1-symmetric 

catalyst-ligand systems.[29] Regarding enantioselective iron catalysis with chiral BOX-derivatives, 

seminal work has been achieved by Corey et al. in 1991. An enantioselective Diels-Alder addition 

was conducted by in situ generation of the active Fe-complex from elemental iron and chiral BOX-

ligand 1 in the presence of I2. With CH2Cl2 as solvent at ï50 °C, full conversion was observed after 

2 h and the product (R)-2 was obtained in 95% yield with a high selectivity towards the endo-isomer 

(endo/exo 96:4) and an enantioselectivity of 82% ee (Scheme 1).[30] Inspired by these promising 

results, the group of Sibi later reported the same reaction with BOX-analogue 1, Fe(ClO4)2 as a 

precursor, and pyrazolidine-3-one 3 as an additive to furnish Diels-Alder product 2 with an improved 

enantioselectivity of 91% ee (Scheme 1).[31] 

 

Scheme 1: Top: Enantioselective, Fe-catalyzed Diels-Alder reaction with chiral BOX-ligand 1.[30] Bottom: 

Improvement of Coreyôs system by Sibi for the enantioselective Diels-Alder reaction by using additive 3.[31] 
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In addition to their application in asymmetric Diels-Alder reactions, BOX-derived compounds have 

been proven to be suitable ligands for an enantioselective, Fe-catalyzed oxyamination as reported by 

the group of Yoon in 2012. By synthesizing the bulky, 1-naphthyl-substituted, chiral BOX-ligand 6, 

they were able to convert styrene (7) and N-sulfonyl oxaziridine 8 with Fe(NTf2)2 as precursor and 

MgO as drying agent to the corresponding oxyamination product 9 in 75% yield with a high 

enantioselectivity of 92% ee (Scheme 2).[32] 

 

Scheme 2: Enantioselective oxyamination of styrene (7) with chiral BOX-ligand 6 by Yoon.[32] 

 

Following the report by Yoon, the group of Xu achieved an intramolecular functionalization of double 

bonds via an aminohydroxylation by using a catalyst system comprising BOX-analogue 10 and 

iron(II)-bis(trifluoromethylsulfonyl)azanide as metal precursor. When this catalytic system was 

employed in a reaction with N-benzoyloxycarbamate 11, cyclic carbamate syn-12 was obtained in 

68% yield with high diastereoselectivity (>20:1 dr) and good enantioselectivity (82% ee) as shown 

in Scheme 3.[33] In 2015, the same group was able to exploit the mechanism of this reaction by the 

addition of chlorinating agent tetrabutylammonium chloride (TBAC) to furnish the anti-isomer of 

aminochlorination product 13 in 67% yield. Though the diastereoselectivity of this conversion was 

lower compared to the aminohydroxylation, a higher enantioselectivity of 89% ee was achieved 

(Scheme 3).[34] Both reactions are supposed to proceed via the crucial intermediate I . Upon cleavage 

of the N-O bond by the iron catalyst, nitrenoid species I  is formed that can subsequently initiate a 

cycloamination. Depending on the counterion coordinated to the iron-center (when TBAC is present, 

X = Cl), either aminohydroxylation product 12 or aminochlorination product 13 can be obtained.[33,34]  
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Scheme 3: Enantioselective, Fe-catalyzed aminohydroxylation (top) and aminochlorination (bottom) with 

BOX-ligand 10 as reported by Xu.[33,34] 

 

A more rigid, BOX-derived ligand system containing a chiral spirobiindane backbone was first 

introduced in 2006 by Zhou et al. and is commonly abbreviated as SpiroBOX.[35] This scaffold was 

shown to be a competent ligand for highly enantioselective, iron-catalyzed O-H bond insertion 

reactions outperforming classical BOX-ligands in terms of stereoinduction.[36] For example, Zhou 

and coworkers were able to apply SpiroBOX ligand 14 in combination with an iron-salt for a highly 

stereoselective O-H bond insertion with diazocompounds 15 (Scheme 4).[37] For this reaction system, 

iron proved to be most suitable with regard to activity and selectivity, while other metals gave inferior 

results. Intriguingly, this system exhibited excellent applicability towards a broad variety of different 

alcohols 16 in terms of enantioselectivity and also tolerates allylic alcohols and H2O as suitable 

substrates.[37]  

 

Scheme 4: Asymmetric O-H bond insertion of diazocompounds 15 via iron carbene I I  with SpiroBOX-

ligands 14 by Zhou.[37] 
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In contrast to the previously described examples, in which presumably a single chiral bidentate ligand 

coordinates to one iron center, a 2+2-topology of two bidentate ligands surrounding a central iron 

atom can be feasible. This topology gives rise to a stereogenic metal center that can either result in 

the L-(left-handed propeller) or D-(right-handed propeller) isomer when the resulting complex 

exhibits an octahedral coordination sphere (Figure 4). 

 

Figure 4: Topology of octahedral complexes with helical chirality (X = labile ligands). 

 

Consequently, the isomers have to be separated in order to facilitate an enantioselective conversion 

or a well-tailored chiral ligand system has to be applied to control the resulting diastereoselectivity 

during the formation of the catalytically active species. Furthermore, the application of C1-symmetric 

bidentate ligands can lead to several possible diastereomers. In a very elegant approach, by using a 

chiral 1,10-phenanthroline ligand comprising a chiral (Rax)-binaphthyl moiety, Yamamoto et al. were 

able to achieve the in situ formation of an iron catalyst with a high diastereoselectivity towards an 

overall cis-topology, affording a C2-symmetric catalyst (complex 18 in Scheme 5).[38] The selectivity 

of the coordination was investigated by X-ray analysis of the isolated complex confirming the 

ligandôs ability to exclusively induce the aforementioned configuration, presumably due to p-p 

interactions between the naphthyl groups and the diphenylphenanthroline residue. Notably, due to a 

limited configurational stability of 3d-metal complexes, the chiral ligands must coordinate under 

thermodynamic control, thus fixing the absolute configuration at the metal center which is suggested 

to be the main contributor during the asymmetric stereoinduction. The efficacy of this system was 

shown for an enantioselective epoxidation of challenging b,b-disubstituted enones 19 with chiral 

ligand 20 to afford enantioenriched epoxides 21 in good yields with high enantioselectivities of 

mostly >90% ee.[38] A representative example is depicted in Scheme 5.  

Remarkably, such a complex topology can even be apt for asymmetric iron catalysis when the 

bidentate ligands are devoid of any chirality as was shown in 2019 by Meggers et al. with a chiral-

at-iron complex comprising N-heterocyclic carbene ligands for enantioselective Nazarov cyclization 

and Cannizzarro reactions.[39] 
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Scheme 5: Enantioselective epoxidation with chiral phenanthroline derivative 20 by Yamamoto.[38] 

 

Since their first applications in asymmetric transition metal catalysis, chiral bidentate ligands have 

become an essential tool for realizing various asymmetric transformations and the last decades have 

given birth to countless novel chiral bidentate frameworks for enantioselective, metal-catalyzed 

reactions. In terms of iron, the BOX-ligand scaffold in particular has proven to be effective for a wide 

variety of different reaction pathways providing access to sufficient stereoselectivities. Due to their 

well-established synthesis and their convenient application by in situ formation of the catalytically 

active species, there are many reports of successfully conducted reactions with this class of ligands.[36]  

 

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 resulting in different overall 

topologies of the complexes (Figure 5). Generally, a meridional coordination mode is realized when 

a more rigid scaffold is applied. Consequently, tridentate ligands with all donor-atoms arranged in a 

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

 

Figure 5: Facial and meridional coordination mode of a tridentate ligand in an octahedral complex. 

 

A prevalent, tridentate ligand system prominently used in asymmetric iron catalysis is represented by 

the pyridine bis(oxazoline) (PyBOX) motif. This scaffold was first reported by Nishiyama et al. in 
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1989 for an asymmetric, rhodium-catalyzed hydrosilylation of ketones even before the previously 

described BOX-ligands were introduced.[40] As a consequence of their rigid arrangement of 

coordinating atoms, PyBOX-ligands surround a metal center exclusively in a meridional fashion. An 

early report of an iron-catalyzed asymmetric reaction involving the employment of a PyBOX-ligand 

scaffold was published in 2004 by the group of Shibasaki.[41] This catalysis represents the first 

asymmetric, catalyzed Diels-Alder reaction of an acyclic tetrasubstituted 1,3-diene 22. In the 

presence of FeBr3, aryl-substituted PyBOX-derivative 23, AgSbF6 as activating additive, and 

dienophile 24 Diels-Alder product 25 was formed in 96% yield with 86% ee.[41]. Interestingly, the 

group was able to exploit this catalytic system later for the total synthesis of biologically active ent-

hyperforin (Scheme 6).[42]  

 

Scheme 6: Asymmetric, Fe-catalyzed Diels-Alder reaction with PyBOX-ligand 23 and application of the 

catalytic system in the total synthesis of ent-hyperforin.[41,42] 

 

In 2006, the group of Mlynarski reported the application of an iron catalyst for an enantioselective 

Mukaiyama-aldol reaction. The employed FeCl2/PyBOX-catalyst system provided the corresponding 

ketones with high diastereoselectivities and moderate enantioselectivities of up to 75% ee.[43] By a 

thorough screening of different PyBOX-derivatives, they were able to improve the 

enantioselectivity.[44] When sterically bulky O-tert-butyldiphenylsilyl(TPS)-hydroxyethyl-

substituted PyBOX analogue 28 in combination with FeCl2 was used, para-methoxy 

benzaldehyde (29) could be converted into b-hydroxyketone 30 in 94% yield with a high dr of 94:6 

and an ee of 92% for the major diastereomer (Scheme 7). Remarkably, for several substrates the 

corresponding Zn(II)-catalyst gave significantly higher enantioselectivities.[44] 
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Scheme 7: Stereoselective Mukaiyama-aldol reaction with bulky PyBOX-ligand 28 as reported by Mlynarski 

et al. 2007.[44] 

 

In order to expand the scope of their developed asymmetric aminohalogenation reaction (Scheme 3), 

Xu et al. scrutinized the advantages of using PyBOX-ligands for the realization of a stereoselective 

intermolecular aminofluorination in 2016.[45] In a proof of concept study, indene (32) was reacted 

with carbamate 33 in the presence of Fe(NTf2)2, chiral PyBOX-ligand 34, Et3N Ā 3 HF, and 

XtalFluor-E® to furnish aminofluorination product 35 with a modest diastereoselectivity of 3:1 while 

both diastereomers were formed with an ee of 84% (Scheme 8). The reaction is supposed to proceed 

via an iron-nitrenoid species (see intermediate I  in Scheme 3). Noteworthy, the electrophilic 

fluorination agent XtalFluor-E® 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 reagent.[46] The reaction is depicted in Scheme 8. 

 

Scheme 8: Intermolecular aminofluorination of indene (32) with a chiral Fe(II)/PyBOX-catalyst by Xu.[45] 

 

In addition to the examples shown here, chiral PyBOX-ligands have been demonstrated to be suitable 

ligands regarding activity and selectivity for other iron-catalyzed, asymmetric transformations.[36]  

Although the majority of oxazoline-based scaffolds exhibit C2-symmetry due to the convenient 

synthesis and the advantages mentioned previously, there are examples showing that a C1-symmetric 
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topology can be beneficial for the outcome of a reaction and even outperform related ligands with C2-

symmetry. In 2014, the groups of Huang and Lu almost simultaneously introduced a novel 

iminopyridine-oxazoline (IPO, sometimes also abbreviated as OIP, Figure 6) scaffold for a copper-

catalyzed enantioselective hydroboration of disubstituted aryl alkenes.[47,48] Interestingly, a related 

PyBOX-ligand showed a significantly lower yield for this catalysis implying that the imine moiety is 

crucial for an enhanced activity of the catalyst.  

         

Figure 6: General structure of catalysts comprising the C1-symmetric IPO ligand. The oxazoline moiety is 

supposedly steering the stereoinduction during reactions while the imine motif enhances the activity as well as 

stability of the obtained complexes.[47,48] 

 

Subsequently, the IPO-scaffold proved to be a competent ligand for asymmetric catalysis, especially 

in reactions involving 3d-metals such as iron, cobalt, or nickel.[49] Moreover, the convenient synthesis 

(as demonstrated by Lu with a ten gram-scale synthetic protocol)[50] and possibility to implement 

modifications on both terminal coordinating moieties render it a promising ligand system for 

asymmetric transition metal catalysis. 

Regarding asymmetric iron catalysis, Lu et al. reported in 2014 that Fe-complex 36 comprising 

an IPO-ligand was capable of promoting an enantioselective hydroboration of 1,1-disubstituted aryl 

alkenes.[51] For example, olefin 37 was converted in the presence of pinacolborane (H-Bpin), 

catalyst 36a (5 mol%), and NaBHEt3 as reductant to obtain chiral hydroboration product 38 in 

excellent yield (98%) and with excellent stereoselectivity (96% ee, Scheme 9). A subsequent 

substrate scope emphasized the efficiency of this catalyst system for the presented reaction with the 

possibility of obtaining a variety of electronically different products in high yields with mostly 

excellent enantioselectivities. Notably, employment of a chiral bidentate pyridino-oxazoline 

ligand 39 or chiral PyBOX-derivative 40 gave significantly lower activity and provided product 38 

only in traces or in 6% yield, respectively.[51] In 2015, the same group reported a successful 

asymmetric hydrosilylation of 1,1-disubstituted alkenes for the synthesis of optically pure 

organosilanes.[52] Specifically, iron complex 36b, bearing an iPr-motif on the oxazoline moiety, was 

shown to be an apt catalyst for the conversion of a-ethyl styrene (41) towards chiral silane 42 in 92% 

yield with 94% ee. When cobalt congener 43 was applied as a catalyst, a drastic decline in activity 

but only a slight decrease in enantioselectivity to 84% ee was observed (Scheme 9).[52] 
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Scheme 9: Top: Enantioselective hydroboration catalyzed by complex 36a. Chiral bidentate ligand 39 and 

PyBOX-ligand 40 in combination with FeCl2 as catalytic system gave product 38 in low yields.[51] Bottom: 

Asymmetric iron-catalyzed hydrosilylation in the presence of chiral complex 36b to furnish enantiopure 

organosilane 42. A cobalt-derivative 43 of the catalyst provided the product in low yield with decreased 

enantioselectivity.[52] 

 

In the following years, Lu and coworkers succeeded in using the IPO-ligand scaffold in combination 

with cobalt or iron for several asymmetric functionalizations of olefins.[53] In an impressive more 

recent study, the group was able to achieve a highly enantioselective iron-catalyzed hydrogenation of 

minimally functionalized alkenes. The incorporation of a central quinoline motif instead of a pyridine 

into the scaffold lead to significantly better results with respect to activity and selectivity for this 

catalytic transformation.[54] Accordingly, olefinic substrate 44 was hydrogenated by employing iron 

catalyst 45 in the presence of NaBHEt3, a long chained hydrosilane, and acetonitrile as an additive. 

After 12 h under mild conditions and an atmosphere of hydrogen gas, chiral product 46 was furnished 

in excellent yield (>99%) and with excellent enantioselectivity (99% ee, Scheme 10).[54] Strikingly, 

this marked the first report of a highly enantioselective iron-catalyzed hydrogenation of minimally 

functionalized alkenes and is an impressive contribution to the concept of using more benign metals 

for reactions that have been predominantly performed with noble metals. Mechanistically, the 

catalytic cycle commences with the formation of an iron-hydride species that can insert into the 

double bond forming iron alkyl species III . Afterwards, intermediate III  can participate in s-bond 

metathesis with the hydrosilane to afford optically active product 46. Furthermore, the system was 

shown to tolerate other olefinic bonds and was subsequently applied for the synthesis of 

enantiopure 47, a compound that can be converted to biologically active (R)-xanthorrhizol in one step 

(Scheme 10).[54,55] 
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Scheme 10: Top: Iron catalyzed hydrogenation of styrene derivative 44 with catalyst 45. Bottom: Showcase 

of tolerance towards other double bonds for substrate 48. Hydrogenation product 47 can be converted to the 

sesquiterpenoid (R)-xanthorrhizol in one step. Xanthorrhizol possesses a variety of biological activities.[54ï56] 

 

Another class of tridentate bis(oxazoline) ligands is represented by compounds containing a 

bis(oxazolinylphenyl)amine (bopa) motif. This type of scaffold was first introduced by Guiry and 

McManus in 2002 for an asymmetric transfer hydrogenation of acetophenone.[57] Although initial 

experiments exhibited low enantioselectivities, the group was able to improve the selectivity for a 

ruthenium catalyzed transfer hydrogenation in a subsequent study.[58] First attempts of employing this 

ligand scaffold in asymmetric iron catalysis were reported in 2007 by the group of Nishiyama for the 

hydrosilylation of ketones. Although the majority of the presented substrate scope was conducted 

with achiral ligands, the feasibility of asymmetric catalysis was scrutinized for selected examples 

with chiral bopa-derivatives providing a stereoinduction of up to 79% ee. Remarkably, a chiral 

PyBOX-ligand provided a significantly lower enantioselectivity.[59] Following these promising 

results, the group further explored the efficacy of the bopa-framework for enantioselective iron 

catalysis. In 2010, they presented the iron-catalyzed asymmetric hydrosilylation in the presence of 

chiral ligand 49 (Scheme 11). Through in situ formation of the catalytically active species by 

employing 2 mol% of Fe(OAc)2, 3 mol% of chiral ligand 49, and (EtO)2MeSiH as reducing agent, 

ketone 50 was converted to (R)-51 in 93% yield with 88% ee.[60] A substrate scope of various ketones 

which was performed with iron- and cobalt-salts indicates a better stereoinduction of the cobalt-

congener providing higher enantioselectivities for most substrates. Furthermore, a structural 

elucidation of the active catalyst species was conducted by synthesizing and isolating the bopa-
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complexes containing chloride counterions. Interestingly, the two oxazoline-moieties occupy apical 

positions in the iron-complex whereas X-ray analysis revealed the two oxazoline rings to be situated 

at equatorial positions for the cobalt congener.[60]   

 

Scheme 11: Enantioselective hydrosilylation in the presence of chiral bopa-ligand 49 to furnish enantiopure 

alcohol 51 by Nishiyama.[60] 

 

In 2003, Nakada and colleagues introduced a structurally very similar scaffold comprising a fused 

carbazole backbone for an asymmetric Nozoki-Hiyama allylation and methallylation.[61] This ligand 

as part of iron complex 52 was later presented to efficiently catalyze an enantioselective epoxidation 

of olefins.[62] For example, alkene 53 could be converted to the (S,S)-epoxide 54 with PhIO as oxygen 

source and sodium tetrakis(3,5-bis(trifluoromethyl)-phenyl)borate (NaBArF) with an 

enantioselectivity of 83% ee. Addition of a silver-carbene salt (SIPrAgCl; SIPr = N,Nô-bis(2,6-di-

isopropylphenyl)-4,5-dihydroimidazole-2-ylidene) as additive was shown to slightly improve the 

stereoinduction (88% ee) as well as the yield. The catalysis is supposed to proceed via an iron(IV)-

oxo species bearing a p-cation radical (intermediate IV ) that is formed upon reaction of the catalyst 

with PhIO (Scheme 12).[62] 

 

Scheme 12: Enantioselective epoxidation reported by Nakada et al. in the presence of chiral iron catalyst 52 

via iron-oxo intermediate IV . The carbazole ligand scaffold partially resembles the porphyrin scaffold.[62] 
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A similar N,N,N-pincer ligand framework was introduced in 2011 by the group of Gade for 

enantioselective fluorinations and Nozaki-Hiyama-Kishi reactions with nickel- and chromium-

catalysts.[63] Two years later, the group proved this scaffold to be a suitable ligand to access chiral 

azides via an iron-catalyzed azidation of b-keto esters and oxindoles.[64] In analogy to the previous 

examples, the developed bis(oxazolinylmethylidene)isoindoline (boxmi) also coordinates in a 

meridional fashion providing a suitable framework for the incorporation of a sophisticated 

stereodirecting environment. By application of catalyst 55 for the azidation of racemic compound 56, 

optically pure azide 57 was furnished in 87% yield with 93% ee (Scheme 13).[64] 

 

Scheme 13: Enantioselective azidation of b-keto ester rac-56 by employment of iron complex 55 developed 

by the group of Gade.[64] 

 

Conspicuously, when compared to bidentate ligand scaffolds, chiral catalyst systems comprising a 

tridentate ligand framework are more frequently applied as pre-isolated complexes in asymmetric 

transformations. The pre-isolation and, more importantly, characterization of these complexes can 

give valuable insight into the coordination enabling a better understanding of the mode of operation 

for the corresponding complexes during asymmetric catalysis. Notably, oxazolines are a prominent 

motif in many tridentate ligands for iron catalysts, again confirming their importance and usefulness 

for asymmetric iron-mediated transformations. Moreover, the possibility of altering these tridentate 

chelates in order to realize C1-symmetric frameworks (as for the IPO scaffold) provides chances for 

intriguing modifications on the ligands and, subsequently, on the formed iron catalysts. Noteworthy, 

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

coordinated to the central metal due to their high rigidity.   

 

 



Iron Complexes in Asymmetric Transition Metal Catalysis 

  16   

 

1.2.3 Asymmetric Iron Catalysis with Tetradentate Ligands 

For the vast majority of chiral transition metal catalysts containing a tetradentate ligand scaffold, the 

coordinating donor atoms are arranged in a linear (or sequential) framework. In octahedral complexes, 

this framework can lead to the three different topologies trans, cis-a, and cis-b (Figure 7). Whereas 

complexes with trans-topology do not exhibit metal-centered stereogenicity, formation of cis-a or 

cis-b complexes is accompanied by the creation of a chiral center at the metal as shown in Figure 7. 

 

Figure 7: Coordination isomers for linear tetradentate ligands in an octahedral coordination sphere. 

Complexes exhibiting cis-a or cis-b lead to metal-centered stereogenicity (L- and D-isomer). The trans-

configuration is devoid of a chiral metal-center. 

 

In resemblance to a meridional coordination mode, the donor sites in tetradentate ligands giving rise 

to complexes with a trans-topology are aligned in equatorial positions. Usually, the coordination is 

complemented by one or two apical coordinating monodentate ligands. A non-cyclic privileged 

scaffold frequently applied to asymmetric iron catalysis that falls beyond the scope of this 

introduction are for example N,N-ethylenebis(salicylimine) (salen) derived ligands.[65]  

Another class of compounds that exclusively forms complexes with trans-topology when applied 

as ligands are porphyrins. Due to their strong ability to form stable iron complexes, nature makes 

extensive use of these compounds and exploits their complexation abilities in numerous 

metalloproteins such as hemoglobin or Cytochrome P450.[66,67] Inspired by these biological systems, 

Groves and Myers achieved a pioneering and seminal accomplishment in 1983 regarding 

enantioselective iron catalysis following their research on iron-porphyrin complexes for racemic 

epoxidations and hydroxylations.[68,69] By incorporation of chiral moieties into the central porphyrin 
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motif of iron complex 59, they were able to attain a satisfying stereoinduction for the epoxidation of 

prochiral olefinic bonds. Specifically, four chiral (S)-binaphthyl motifs connected to the porphyrin 

core via a phenyl-amido tether provide an overall chiral environment during catalysis. For example, 

p-chlorostyrene (60) was converted into chiral epoxide 61 in the presence of catalyst 59 (4 mol%) 

and iodosylmesitylene at ï23 °C for 12 h providing the desired product in 63% yield with an 

enantiomeric excess of 51% (Scheme 14).[68] This study represents a milestone due to it representing 

the first report of an artificially synthesized chiral iron-porphyrin complex successfully employed in 

asymmetric catalysis. Afterwards, the group envisioned to improve the efficiency of the porphyrin 

scaffold for asymmetric iron catalysis. In 1990, the vaulted iron-porphyrin complex 62 was 

introduced and its efficacy in oxygen-transfer reactions such as epoxidations, sulfoxidations, and 

hydroxylations was investigated. For instance, when tetrahydronaphthalene (63) was used as a 

substrate for an asymmetric hydroxylation in the presence of 1 mol% of catalyst 62 and PhIO as 

oxidizing agent, chiral alcohol 64 was provided in 47% yield with 72% ee (Scheme 14).[70] 

 

Scheme 14: Top: First enantioselective iron-catalyzed epoxidation as reported by Groves and Myers in 

1983.[68] Bottom: Asymmetric hydroxylation of tetrahydronaphthalene (63) by Groves.[70] 

 

Over the past decades, the porphyrin framework has been exploited as a scaffold for numerous 

different chiral ligand systems by implementation of various chiral moieties.[66,71,72] Furthermore, in 

addition to their application in oxygen-transfer reactions, chiral iron-porphyrin complexes have also 

been shown to be competent catalysts for intermolecular cyclopropanations of alkenes via a metal-



Iron Complexes in Asymmetric Transition Metal Catalysis 

  18   

 

carbenoid. In 2009, the group of Simonneaux presented such a catalytic transformation by employing 

iron-porphyrin complex 65a bearing multiple norbornanes fused to central phenyl benzene rings, a 

ligand first introduced by Halterman et al. in 1991.[73,74] By reacting styrene (7) with 

diazocompound 66 in the presence of catalyst 65a, cyclopropane 67 was obtained in 67% with an ee 

of 76% and a good diastereoselectivity (trans/cis 93:7, Scheme 15).[73] Interestingly, a concomitant 

formation of the dimeric by-product originating from the coupling of two carbene precursors was 

observed. By further modifying the porphyrin ligand via addition of four sulfonate moieties, the group 

later achieved an asymmetric sulfoxidation of thioanisole (68) with catalyst 65b and H2O2 to obtain 

chiral sulfoxide 69 in an excellent yield with 84% ee (Scheme 15).[75] Unsubstituted complex 65a 

provided a significantly lower yield and stereoinduction when compared to complex 65b. Initially, 

the modifications on the ligand of catalyst 65b were conducted to provide better solubility in protic 

solvents; however, addition of major amounts of H2O during the catalysis deteriorated the activity as 

well as selectivity.  

 

Scheme 15: Top: Enantioselective intermolecular cyclopropanation with iron porphyrin complex 65a to 

furnish chiral cyclopropane derivative 67.[73] Bottom: Asymmetric sulfoxidation of thioanisole (68) in the 

presence of catalyst 65b to obtain chiral sulfoxide 69.[75] 

 

In contrast to the previously described porphyrin-based compounds, non-cyclic tetradentate ligands 

comprising a chiral and flexible diamino-backbone usually exhibit a cis-a or cis-b topology when 

coordinated to a complex in an octahedral coordination sphere (Figure 7). The derived complexes 

have emerged as a powerful class of catalysts for several asymmetric reactions, such as 

hydroxylations and epoxidations.[76,77] These two topologies give rise to a metal-centered 

stereogenicity (Figure 7) and, thus, can theoretically result in a mixture of diastereomers when a 

stereogenic ligand is employed. However, the ligand-centered chirality can have a profound influence 

on the overall chiral topology of the complex and can even be exploited for the predetermination and 
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fixation of the metal-centered stereogenicity. For this purpose, usually a chiral backbone is applied 

that is complemented by two ancillary, terminally coordinating moieties whose rigidity can also have 

an impact on the overall topology of the resulting complex.[76ï78] 

Especially iron- and manganese-complexes with such tetradentate, N4-type ligands proved to be 

powerful catalysts for asymmetric transformations.[79] A prominent backbone for these types of 

chelating compounds is represented by a chiral 1,2-diaminocyclohexyl motif. First reported by Vagg 

and coworkers in 1991, this ligand is complemented by two 2-pyridinyl groups that are connected to 

the backbone by a methylene-bridge.[80] Gratifyingly, this scaffold exhibited a strong tendency 

towards a cis-a coordination when applied as a ligand for the synthesis of cobalt complexes. 

Furthermore, a selective complexation towards the D-isomer of the product was feasible by using the 

(R,R)-configured cyclohexyl-backbone.[80] The predetermination of the overall topology of the 

obtained complexes by a finely tailored ligand framework is crucial for their application as chiral 

catalysts. Hence, the research and development of such coordinating compounds enabling the 

complete control over the chiral environment is of high interest. An early example of exploiting this 

coordination behavior for asymmetric iron catalysis was achieved by Que Jr. et al. in 2001 when they 

reported the first iron-catalyzed enantioselective cis-bis-hydroxylation.[81] The iron-congener 70 of 

the previously described cobalt-complex by Vagg was shown to facilitate the conversion of trans-2-

heptene (71) with H2O2 to furnish the corresponding diol 72, albeit only with low activity (TON 0.3) 

and a modest ee of 29% . Moreover, the activity of the catalyst for the competing epoxidation was 

higher with a TON of 5.4. Noteworthy, the implementation of a methyl-group into the pyridines 

significantly improved the selectivity as well as activity towards the bis-hydroxylation. When the 

reaction was conducted with complex 73 as catalyst, product 72 was obtained with a significantly 

higher activity (TON 8.2) and 79% ee in a virtually diastereopure fashion while the formation of 

epoxide 74 was less favored with a TON of 2.1. Single crystals of both catalysts gave further insight 

into the influence of the additional methyl groups at the 6-position of the pyridyl-rings of complex 73. 

Depending on this residue, the resulting complex can either be formed in a cis-a-topology (D-(R,R)-

70) or can exhibit a cis-b-configuration (D-(R,R)-73). The results are depicted in Scheme 16. These 

structures clearly highlight the importance of the ligand design even regarding minor modifications 

and the effects that such alterations can have on the resulting overall chiral topology of the 

complex.[81] 
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Scheme 16: Enantioselective bis-hydroxylation of olefin 71 with complexes 70 and 73 comprising a chiral, 

tetradentate linear N4-type ligand scaffold. For both catalysts, epoxide 74 was formed as a single diastereomer 

without any enantiomeric excess.[81] 

 

In 2016, the group of Che further scrutinized the feasibility of asymmetric bis-hydroxylations with 

an iron complex comprising a tetradentate, N4-type ligand with a cyclohexyl diamine backbone.[82] 

The implementation of two 2-methyl quinoline-motifs as terminally coordinating groups and 

omission of a flexible methylene-bridge resulted in the formation of complex 75 exhibiting cis-a 

topology with a L-stereogenicity at the metal center if  the (R,R)-configured ligand was used. When 

75 was applied as catalyst for a bis-hydroxylation of methyl cinnamate (76) in the presence of H2O2, 

cis-diol 77 was obtained in 85% yield with an excellent enantioselectivity of 99.8% (Scheme 17).[82] 

Interestingly, an in-depth evaluation of the X-ray crystallographic analysis of complex 75 shows that 

both, L and D, 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 feasibility of 

employing a similar catalyst system as Lewis acid in the alkylation of N-heteroaromatic 

compounds.[83] For example, 2-acylimidazole 78 and N-benzyl indole (79) were reacted with 

catalyst 80 to obtain alkylated product 81 in a very good yield and an enantioselectivity of 98% ee 

(Scheme 17). Regarding the relative and absolute configuration of complex 80, a crystal structure 

with the (R,R)-configured cyclohexyl diamine motif proved the complex to comprise a D-chirality at 

the metal center with an overall cis-b-topology.[83] Conspicuously, the implementation of fused 

cyclopentane rings into the quinoline moieties unexpectedly gave rise to this overall topology in 

contrast to catalyst L-(R,R)-75. Moreover, when unsubstituted quinoline groups are implemented into 

this ligand scaffold, the preferred coordination mode can even be influenced by the choice of the 
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counterion as shown by the groups of Shin and Nam.[84] These examples illustrate the high flexibility 

of the cyclohexyl diamine backbone as it can give rise to different topologies and metal-centered 

stereogenicities, albeit exhibiting the same ligand-centered absolute configuration. Furthermore, they 

indicate the significance of even small modifications on the ligands regarding their preferred 

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

 
Scheme 17: Top: Enantioselective bis-hydroxylation of methyl cinnamate (76) to furnish optically pure cis-

diols as reported by Che in 2016.[82] Bottom: The same group reported in 2019 an asymmetric Lewis acid 

catalyzed alkylation of N-heteroaromatics 79 in the presence of complex D-(R,R)-80.[83] 

 

Another prominent chiral motif implemented into such tetradentate N4-type ligands is represented by 

the 2-(2-pyrrolidinyl)pyrrolidine moiety. First introduced in 2007 by White et al.,[85] this backbone 

exhibits a stronger tendency towards a cis-a topology of the corresponding complexes due its higher 

rigidity which was exploited by Que Jr. and coworkers for an iron-catalyzed asymmetric bis-

hydroxylation of olefins in 2008.[86] By addition of electron-donating NMe2-groups to the 

coordinating pyridine rings, the group of Costas achieved a highly enantioselective epoxidation of 

double bonds as presented in 2013.[87] When the reaction was conducted with catalyst 82, 

chalcone (83) could be converted into epoxide 84 in the presence of H2O2 and 2-ethylhexanoic acid 

(2-eha) in quantitative yield with almost complete enantioselectivity of 98% (Scheme 18). This 

transformation is proposed to proceed via iron(V)-oxo intermediate V as the oxygen-transferring 

species.[87,88]  
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Scheme 18: Asymmetric epoxidation of 83 with cis-a catalyst 82 via iron-oxo intermediate V by Costas.[87] 

 

Beyond their application in oxidative transformations, this class of ligand scaffold is also suitable for 

nitrene-transfer reactions as shown by Meggers et al. in 2022.[89] In an attempt of enhancing the 

bulkiness of the stereoinducing aryl-moieties, two N-methyl benzimidazole rings were incorporated 

into the ligand system to afford D-(R,R)-85. Notably, the bench stable complex 85 comprising two 

chloride ligands was directly applied in contrast to other similar catalysts depicted in this section that 

mostly contain triflate ligands. Ultimately, complex 85 facilitated the conversion of azanyl ester 86 

to a-amino acid 87 in 95% yield with 91% ee. Mechanistically, formation of iron-nitrene 

intermediate VI  and subsequent hydrogen-atom-transfer (HAT) are promoting this conversion as 

depicted in Scheme 19. 

 

Scheme 19: Asymmetric synthesis of chiral a-amino acids 87 via iron-nitrene species VI  and subsequent HAT 

(indicated by a dashed orange bond) as reported by the group of Meggers.[89] 

 

Another chiral motif applied in linear, tetradentate, N4-type frameworks showing a high selectivity 

towards a cis-a topology upon coordination is displayed by the aminomethylpyrrolidine moiety. This 

scaffold was first introduced by Vagg and Williams in 1992 for the synthesis of Co(III)-complexes 

enabling the predetermination of the metal-centered stereogenicity by the ligand-centered chirality.[90] 
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In contrast to the previously described C2-symmetric ligands in this chapter, the corresponding 

complexes inherit C1-symmetry due to the non-C2-symmetric nature of the backbone. The first 

showcases of applying this proline-based scaffold in asymmetric catalysis were reported in 2012 by 

the group of Sun for manganese- and iron-complexes.[91,92] Accordingly, the group presented the 

efficiency of this chiral backbone, complemented by two N-ethyl benzimidazole moieties, in an 

asymmetric epoxidation of multi-substituted enones to access a variety of different epoxyketones. 

For instance, complex L-(S)-88 conveniently catalyzed the epoxidation of trisubstituted enone 89 in 

the presence of acetic acid and H2O2 furnishing the desired epoxyketone 90 in 90% yield with 91% ee 

(Scheme 20). Subsequently, the system was shown to provide enantioselectivities of up to 98% ee for 

several other enones.[92] During the following years, the group of Sun explored the applicability of 

this scaffold in numerous reactions, mainly involving manganese complexes.[79,93]  

 

Scheme 20: Asymmetric epoxidation of trisubstituted enone 89 by complex L-(S)-88 comprising a proline-

derived chiral backbone.[92] 

 

1.3 Concluding Remarks 

Since the pioneering work of Groves et al. in 1983 a lot of progress and efforts have been made to 

realize the application of iron catalyst systems in asymmetric transition metal catalysis. Initially, the 

complexes were mainly inspired by motifs found in nature, i.e. porphyrins. Starting in the early 1990s, 

the application of oxazoline moieties in ligands for enantioselective iron catalysis (BOX, PyBOX, 

IPO, etc.) became very popular with many examples of successfully facilitated transformations. The 

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

scaffolds with a chiral central motif that give rise to cis-a or cis-b octahedral topologies, resulting in 

the creation of metal-centered stereogenicity. Especially these adaptive systems show that the rational 
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design of carefully tailored ligands is an essential part in the development of new catalysts to allow a 

satisfying transfer of chiral information for an access towards enantioenriched compounds. A brief 

overview of seminal work for iron-catalyst systems applied to asymmetric catalysis with ligands that 

are exclusively coordinating via nitrogen atoms and that have been depicted in this chapter is provided 

in Figure 8.  

 

Figure 8: Timeline of selected seminal work regarding application of nitrogen-coordinating ligand systems in 

asymmetric iron catalysis. 

 

Due to iron being the most earth-abundant transition metal in earthôs crust, its low toxicity profile, 

and its environmental benignity, the development of new catalytically active complexes for highly 

stereoselective chemical transformations is 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 past achievements in this field of chemistry imply, that 

iron is not only capable to substitute precious noble transition metals in many reactions but can also 

provide access towards novel synthetic pathways with distinct mechanisms. 
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2. Aim of this Work  

The design and development of carefully tailored ligand systems to generate overall chiral transition 

metal complexes represents an essential pillar for the success of asymmetric transition metal catalysis 

for already half a century.[94] 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, the influence of the metal-centered chirality on the topology and, consequently, on the 

stereoinducing capabilities has been somewhat underappreciated.[95] However, to acknowledge the 

stereogenicity of the metal is important for an expedient ligand design as well as for understanding 

the origin of the asymmetric induction in the course of enantioselective transformations.[96]  

These considerations become apparent for the tetradentate, acyclic N4-type scaffolds discussed 

in Section 1.2.3. Such ligands give rise to complexes exhibiting metal-centered stereogenicity 

(termed stereogenic-at-metal) and contemplations about its influence on the overall chiral 

environment are 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 active site, ultimately, 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 

implemented (termed chiral-at-metal) as discovered and demonstrated by Alfred Werner in 1911.[97] 

Remarkably, the concept of applying chiral-at-metal complexes for asymmetric transition metal 

catalysis was introduced by Fontecave in 2003 almost a century after Wernerôs discovery.[98] 

However, the development of chiral-at-metal catalysts providing high enantioselectivities is only a 

recent development demonstrated in a pioneering work by the groups of Hartung and Grubbs in 

2013.[99] Following this first example, the Meggers group attained major contributions demonstrating 

the generality of this concept and the application to a variety of different metals and reactions.[100ï102] 

Subsequently, the groups of Gong, Kang, Xu, and Du further showed the versatility of the catalysts 

developed by the Meggers laboratory in numerous asymmetric transformations.[103ï106] These 

achievements emphasize the importance and potential of metal-centered 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, iron-based complexes comprising a pentadentate ligand system. Despite bidentate, tridentate, 

and tetradentate N4-type ligands being successfully applied in numerous reactions (see Chapter 1.2), 

reports on pentadentate coordination scaffolds for the synthesis of chiral complexes are scarce. 

Furthermore, by applying a properly designed ligand system, the possibility of forming a stereogenic 

metal center was set to be investigated. Importantly, the ligand system was supposed to enable the 
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formation of low-spin, diamagnetic Fe(II)-complexes to facilitate the feasibility of evaluating 

important characteristics via NMR-spectroscopic measurements. A report by Hitomi et al. from 2012 

served as the initial inspiration for the design of a suitable ligand system to furnish a chiral Fe(II)-

catalyst as depicted in Figure 9.[107] 

 

Figure 9: Inspiration and subsequent rational ligand design for chiral iron complexes containing a pentadentate 

ligand framework.[107] 

 

Very recently, the Meggers group showed that a decrease in symmetry of complexes can have 

beneficial effects on the outcome of a reaction. For example, C1-symmetric catalysts were proven to 

be superior for an asymmetric Ru(II)-catalyzed C-H-amidation of dioxazolones and for a Rh(III)-

catalyzed enantioselective a-fluorination and a-chlorination of 2-acyl pyrazoles when compared to 

C2-symmetric analogues.[108,109] Hence, the second aim of this work was an investigation of 

combining the advantages of lowering the overall symmetry with the advantages of the iron 

complexes containing a tetradentate, N4-type ligand regarding sustainability to create heterotopic 

reaction sites in the furnished catalysts (Figure 10). 

 

Figure 10: Concept of lowering the symmetry in octahedral complexes comprising a tetradentate N4-type 

ligand scaffold to furnish heterotopic reaction sites. 
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Furthermore, the potential application of both systems as competent catalysts for enantioselective 

transformations was set to be scrutinized. Due to a great number of reports about asymmetric iron-

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

the formation of C-O-bonds. 
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3. Results and Discussion 

3.1 Development of Chiral-at-Metal Iron(II) Complex es with a Pentadentate 

Ligand 

3.1.1 Chiral Iron Complexes with  Pentadentate Ligands in Asymmetric Catalysis 

Multidentate ligand frameworks have been shown to offer a great number of possibilities for 

asymmetric iron catalysis and, thus, contribute a lot to its success. Despite this and many reports on 

a variety of different achiral pentadentate ligands and their corresponding iron complexes,[110,111] there 

are surprisingly few reports on well-defined chiral iron complexes arising from pentadentate ligands. 

One of the first examples was introduced by the group of Ohno in 1991.[112] A linear, pentadentate 

ligand mimicking the binding site of the antitumor antibiotic glycopeptide bleomycin was synthesized 

and applied in an iron-catalyzed epoxidation of cis-methyl styrene (91) with H2O2 in presence of in 

situ generated catalyst 92 to furnish chiral epoxide 93 in 30% yield with an enantioselectivity of 57% 

(Scheme 21, Top).[112] Another linear, pentadentate framework for the synthesis of a stereogenic iron 

complex was reported by Klein Gebbink et al. in 2007.[113] The group presented the synthesis of 

different ligands derived from a central bis-pyrrolidinyl pyridine pincer unit and their subsequent 

application for the complexation of iron. Accordingly, complex 94 was shown to catalyze an 

asymmetric sulfoxidation of thioanisole (68) with a high activity (85% yield), albeit only a modest 

enantioselectivity of 27% (Scheme 21, Bottom).[113]  

 

Scheme 21: Chiral iron complexes derived from linear, pentadentate ligands for asymmetric catalysis. Top: 

The Fe-catalyst 92 comprising a bleomycin inspired ligand was reported to facilitate an asymmetric 

epoxidation of styrene derivative 91 as reported by the Ohno group.[112] Bottom: Asymmetric sulfoxidation of 

thioanisole (68) to furnish chiral sulfoxide 69 as presented by the group of Klein Gebbink.[113] 
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Arguably, the most notable pentadentate scaffold for chiral iron complexes was developed by Kaizer 

and coworkers. In 2016, the group introduced the chiral ligand N,N-bis(2-pyridylmethyl)-1,2-di(2-

pyridyl)ethylamine (asN4Py, 95).[114] This compound is derived from the well-established 

tetrapyridyl ligand N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4Py, 96)[115ï119] by 

replacing one 2-pyridyl moiety with a 2-pyridylmethyl group, therefore creating a stereogenic carbon 

center in the backbone (Scheme 22, Top). Consequently, chiral ligand 95 facilitated a 

diastereoselective complexation when applied as a ligand to furnish iron complex 97 which was 

shown to be an apt catalyst for the enantioselective sulfoxidation of methoxylthioanisole (98) to 

obtain chiral sulfoxide 99 in high yield with 98% ee (Scheme 22, Bottom). Subsequently, the group 

applied this scaffold to an enantioselective hydroxylation of ethylbenzene and other stoichiometric 

oxidation reactions.[120ï123] 

 

Scheme 22: Top: Design of chiral pentadentate asN4Py (95) inspired by achiral N4Py (96). Bottom: 

Application of asN4Py-derived complex 97 for a highly enantioselective sulfoxidation.[114]  

 

The depicted examples reveal that chiral iron complexes derived from pentadentate ligand 

frameworks can be suitable catalysts for the transfer of chirality into products. However, mainly 

oxidation reactions are reported and the presented enantioselectivities are mostly low to moderate 

with the exception of the sulfoxidation reported by Kaizer. Hence, the design and development of 

novel pentadentate systems and the derived chiral iron catalysts represents an enticing field that could 

comprise untapped opportunities for unique complexes evincing distinct catalytic properties. 
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3.1.2 Initial Design of a Chiral -at-Iron Complex  

Based on the pentadentate amido ligand 100 reported by Hitomi et al.,[107] the design of a derivative 

that, upon complexation to iron, gives birth to a complex inheriting metal-centered stereogenicity is 

depicted in Scheme 23. By addition of a mesitylene-group to one of the two pyridyl rings of 

ligand 100, the symmetry of the dipicolylamine motif is broken in 101, consequently resulting in the 

possibility of forming two enantiomeric iron complexes when coordinated. 

 

Scheme 23: Rational ligand design for the development of a chiral-at-iron complex. Pentadentate ligand 101 

is inspired by the scaffold 100 reported by the Hitomi group in 2012.[107] 

 

Synthetic access towards the novel pentadentate amido ligand 101 is illustrated in Scheme 24 and 

was realized via a three-step synthesis commencing with commercially available bromopyridine 102. 

Following a slightly modified procedure by the group of Harbury,[124] reductive amination of 102 

with 2-picolylamine (103) provided dipicolylamine 104 in 98% yield. Subsequently, 8-amino-

quinoline (105) was converted with 2-bromoacetyl bromide (106) to the corresponding amide 

followed by a nucleophilic substitution with dipicolylamine 104 in a one-pot procedure in analogy to 

the procedure by the Hitomi group to furnish 107 in 68% yield.[107] Ultimately, a Suzuki-coupling 

with mesitylboronic acid provided the final ligand 101 in an excellent yield of 96% (Scheme 24).[125] 

 

Scheme 24: Synthetic pathway towards amido ligand 101 via three steps starting from commercially available 

5-bromo-2-pyridinecarboxaldehyde (102). 
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Afterwards, ligand 101 was reacted with Fe(II)-perchlorate hexahydrate to conveniently furnish iron 

complex 108 as a mixture of enantiomers in 95% yield (Scheme 25). 

 

Scheme 25: Complexation with tripodal, pentadentate ligand 101 to obtain a racemic mixture of iron 

complexes 108. Conditions are according to Hitomiôs reported procedure.[107] 

 

Analysis of the obtained mixture was first conducted by high resolution mass analysis (HRMS) and 

elemental analysis (CHN) which both confirmed the formation of the desired complex with a high 

purity. Apparently, subsequent NMR spectroscopic measurements indicated that 108 exhibits 

paramagnetic characteristics. All measured spectra show no conclusive and distinct signals in the 

diamagnetic region of 0 to 15 ppm (Figure 11) for complex 108, thus impeding a thorough evaluation 

of the complexation by NMR spectroscopic methods. Furthermore, attempts of purifying the crude 

mixture by column chromatography on deactivated silica gel or alumina led to exclusive isolation of 

the free ligand, hence indicating decomposition during work-up. Due to the confirmation of the 

product by HRMS and its purity by elemental analysis, the possibility of a failed coordination was, 

however, discarded. Application of other bases besides NEt3, such as di-isopropyl ethylamine 

(DIPEA) or 2,6-lutidine provided the same results. 



Results and Discussion 

  32   

 

 

Figure 11: Representative 1H NMR spectra of complex 108 in CD3CN (top, 300 MHz, rt) and CD2Cl2 (bottom, 

300 MHz, rt). 

 

Possibly, these results could be explained by formation of a high-spin Fe(II)-complex rather than the 

desired low-spin complex resulting in a paramagnetic species. Additionally, a potential oxidative 

decomposition could lead to the formation of an Fe(III)-center resulting in paramagnetic properties. 

Reports of other pentadentate ligands show, that the nature of the ligand has a profound influence on 

the redox-potential of their derived iron complexes. The half wave potentials of selected pentadentate 

ligands applied to the synthesis of corresponding iron perchlorate complexes are depicted in 

Figure 12. Strikingly, ligands 100 and 109, comprising a carboxamido nitrogen upon deprotonation 

and complexation, show significantly lower redox potentials when compared to other pentadentate 

scaffolds (110-114). A higher potential resembles a stronger tendency towards the Fe(II)-species of 

the derived complexes suggesting that the carboxamido ligands 100 and 109 are able to facilitate the 

formation of an Fe(III)-complex.[107,126] In contrast, iron complexes derived from ligands 110-114 

exhibit a relatively high half wave potential implying a higher affinity towards an iron(II) oxidation 

CD3CN 

CD2Cl2 
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state. For example, when ligand 113 was reacted with iron(III) perchlorate, a spontaneous reduction 

of the coordinated iron compound in MeCN was observed as reported by the group of Mascharak.[127] 

 

Figure 12: Half wave potentials (E1/2) for the Fe(II)/Fe(III) redox couple (vs SCE) of the iron perchlorate 

complexes derived from the depicted ligands.[107,126ï131] 

 

Considering these reports, a potential undesired and spontaneous oxidation of iron complex 108 could 

result in an isolation of the Fe(III) -complex, therefore emanating paramagnetic characteristics. The 

formation of an iron(III)-species during the complexation depicted in Scheme 25 was subsequently 

qualitatively conformed by HRMS of the fragment [Fe(101)H2O(ClO4)]
2+. 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 of a Diamagnetic Chiral -at-Iron Complex  

In 2013, the group of Britovsek introduced a strong-field pentadentate ligand for the synthesis of a 

low-spin iron(II) complex.[128] Conveniently, the obtained complex could be analyzed and verified by 

1H NMR spectroscopy, thus implying to be a suitable scaffold for meeting the requirements for this 

work as stated in Chapter 2. In analogy to pentadentate ligand 101, 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 complexation (Scheme 26). 
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Scheme 26: Modification of the ligand framework 111 reported by Britovsek et al. to obtain metal-centered 

chirality upon complexation. 

 

To establish a synthetic access towards compound 115, the target structure was divided into two parts; 

the 2,2ô-bipyridyl substructure and the dipicolylamine motif. The synthesis of the two building blocks 

was realized as illustrated in Scheme 27 and commenced with the implementation of the mesityl-

group into commercially available bromine 102 via a Suzuki-coupling providing aldehyde 116 in 

64% yield.[132] Subsequently, reductive amination (TMOF: trimethyl orthoformate) with NaBH4 as 

reducing agent yielded the desired dipicolylamine 117 in 97%.[124] Synthetic access towards 2,2ô-

bipyridine aldehyde 118 was achieved via literature-known procedures starting from 2,2ô-bipyridine 

(119) in a two-step synthesis.[133,134] 

 

Scheme 27: Independent synthesis of building blocks 117 and 118. 

 

Ultimately, the desired ligand 115 was furnished by a final reductive amination in presence of thionyl 

chloride for the condensation step and NaBH3CN as reducing agent during the second step to give 

115 with quantitative yield.[128] Conveniently, purity of the crude product was sufficient for the 

subsequent complexation eliminating the necessity of further purification. Notably, addition of 

activating thionyl chloride during the first step of this one-pot procedure was crucial as when it was 

omitted, the yield of 115 significantly dropped. With pure ligand 115 in hand, complexation with 

Fe(ClO4)2 Ā 6 H2O in MeCN was conducted providing complex 121 as an enantiomeric mixture after 
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purification via precipitation in 92% yield (Scheme 28). The reaction 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 undesired side products such as paramagnetic eight-

coordinated iron complexes as reported by the group.[128] 

 

Scheme 28: Reductive amination to furnish final pentadentate ligand 115 and subsequent complexation to 

obtain racemic Fe(II)-complex 121. 

 

Gratifyingly, the 1H NMR spectrum of the obtained compound 121 exhibited a well resolved 

spectrum with distinct and sharp signals indicating the formation of a low-spin, diamagnetic species 

facilitating the possibility of NMR spectroscopic analysis (Figure 13). 

 

Figure 13: 1H NMR (300 MHz, rt) spectrum of iron(II) complex 121 in CD3CN. 
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Moreover, X-ray analysis of a single crystal of complex 121 confirmed the expected structure in the 

solid state and gave further insight into the coordination mode of ligand 115. The crystal structure is 

depicted in Figure 14. 

 

Figure 14: Crystal structure of rac-Fe(II)-complex 121 as an ORTEP drawing with 50% probability thermal 

ellipsoids. Solvent molecules and perchlorate counterions are omitted for clarity. 

 

For the separation of enantiomers, a chiral auxiliary mediated approach was tested as established by 

the Meggers group.[39,135ï137] For this purpose, a chiral coordinating compound with a fixed 

configuration is reacted with the racemic complex, consequently giving rise to two diastereomers. 

Due to their different physicochemical properties, such diastereomers can subsequently be separated 

by methods such as chromatography or precipitation/recrystallization. Finally, by auxiliary cleavage 

of the diastereopure compound, an enantiopure complex can be obtained (Scheme 29). 

 

Scheme 29: Concept of the auxiliary 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 chiral-at-iron complex comprising two bidentate NHC-

pyridyl ligands to furnish octahedral complexes which are complemented by two labile acetonitrile 

ligands. Enantiomerically pure iron catalysts were accessed by the aforementioned chiral auxiliary 

mediated approach using a chiral bidentate salicyloxazoline.[39] Due to a chelating effect of this 

ligand, the convenient separation of the diastereomers was feasible. In contrast, the here introduced 

complex 121 contains only one labile coordination site. Hence, a survey of 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 donor atoms that could 

result in the agitation of the overall topology. 

First, chiral oxazolines were scrutinized as they are a prominent motif in reported bidentate chiral 

auxiliaries.[39,135ï139] Accordingly, iron complex 121 was reacted with phenyl-substituted (R)-122a 

under several conditions as shown in Scheme 30. 1H NMR spectroscopic analysis showed no 

conversion to the desired products 123a and 123b after conducting the reaction in THF, MeOH, 

CH2Cl2, or 1,2-dichloroethane (1,2-DCE) in presence of 1.0 eq. of (R)-122a. Instead, only starting 

material and free auxiliary 122a were detected which was also confirmed by HRMS measurements. 

Likewise, applying elevated temperatures and/or increasing the amount of oxazoline 122a did not 

facilitate the transformation and, starting at 70 °C, induced decomposition of the starting material. 

Next, benzyl-substituted chiral oxazoline (R)-122b was chosen due to the higher flexibility of the 

benzyl group compared to the phenyl-moiety of (R)-122a and, thus, a potentially higher possibility 

of giving rise to p-stacking with one of the pyridine rings. However, with the applied conditions, no 

conversion to the desired diastereomers or, at higher temperatures, decomposition of compound 121 

was detected (Scheme 30), rendering the application of monodentate oxazoline auxiliaries 

insufficient for the separation of racemic complex 121. Notably, a possible formation of the 

diastereomeric complexes could be occurring with the coordination exhibiting a high lability. This 

could result in a possible ligand exchange when NMR measurements in CD3CN were conducted, 

ligand cleavage during mass spectroscopy, or ligand substitution by the reaction solvent. 

Because of its high affinity towards iron as displayed in numerous proteins,[140ï143] the possibility 

of using chiral sulfoxide 124 for the formation of a diastereomeric complex mixture was investigated. 

Similar to the above-described results for chiral oxazolines 122, sulfoxide 124 proved to be 

insufficient for providing an access towards enantiopure complexes of 121, either showing no 

conversion or leading to decomposition of the starting material like shown in Scheme 30. A detailed 

characterization of all decomposition products by NMR spectroscopic methods was not feasible due 

to presumably paramagnetic properties of these species. 
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Scheme 30: Temperature and solvent screening for the application of chiral oxazolines 122a and 122b, and 

chiral sulfoxide (R)-124 to furnish diastereomeric complexes 123a and 123b. Conditions without any 

detectable conversion are indicated by a grey square ( ); conditions that resulted in (partial) decomposition 

are indicated by a red square ( ). 

 

In contrast to the previous auxiliaries, monoanionic chiral a-methoxy phenylacetic acid (125) was 

tested as a potentially suitable candidate for the purpose of obtaining diastereomeric complexes. 

Consequently, racemic complex 121 was reacted with (R)-125 in presence of NEt3 or K2CO3 in THF, 

MeOH, or CH2Cl2 at different temperatures as illustrated in Scheme 31. All applied reaction 

conditions were insufficient to facilitate the formation of desired complexes 126a and 126b. When 

compared to the results depicted in Scheme 30, decomposition of the starting material was observed 

at lower temperatures, which could be explained by the presence of base destroying the complex or 

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

paramagnetic species.  

 

Scheme 31: Temperature and solvent screening for the application of chiral carboxylic acid 125 to furnish 

diastereomeric complexes 126a and 126b. Conditions without any detectable conversion are indicated by a 

grey square (); conditions that resulted in (partial) decomposition are indicated by a red square (). 
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3.1.4 Concluding Remarks 

In summary, the development and synthesis of chiral iron complexes comprising an achiral 

pentadentate ligand scaffold while exhibiting metal-centered stereogenicity was described. First 

attempts of applying an amido ligand provided a complex not meeting the requirement of facilitating 

a convenient characterization via NMR spectroscopic analysis. This could be rationalized by a 

potentially oxidative decomposition of the obtained iron compound due to the ligand framework 

implementing an insufficient redox stability. Therefore, 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 a chiral auxiliary mediated approach to gain access towards enantiomerically pure 

chiral-at-metal 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 starting material. 

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 and more quickly led to decomposition of racemic 

complex 121 that 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 a different approach was chosen that will be discussed in the following section.  
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3.2 Stereogenic-at-Iron Complexes with a Chiral Tripodal Pentadentate Ligand 

3.2.1 Considerations for a Stereogenic-at-Iron Complex with a Chiral Pentadentate Ligand 

When the coordination of a chiral ligand is accompanied by the formation of metal-centered 

stereogenicity, the complexation provides a mixture of diastereomers that can be separated due their 

different physicochemical properties. Moreover, by selection of a suitable ligand, such systems can 

be exploited to provide a diastereoselective access to the desired complex, hence eliminating the 

necessity of a potentially laborious separation (Scheme 32). Thus, the implementation of a chiral 

moiety (chiral lever) into the ligand scaffold 127 was planned to obtain stereogenic-at-iron complexes 

that can either be separated or, more intriguingly, that form in a diastereoselective fashion (some 

examples have been discussed in Chapter 1). 

 

Scheme 32: Formation of stereogenic-at-metal complexes with a chiral pentadentate ligand. Complexation 

can either provide a mixture of diastereomers that can be separated (top) or the coordination proceeds in a 

diastereoselective fashion providing only one diastereomer (bottom). 

 

The strategy to implement such a chiral lever into the ligand scaffold to obtain the possibility of a 

more convenient synthetic access towards stereogenic-at-metal complexes can furthermore rely on 

an improved thermodynamic control of the metal-centered stereogenicity as reported before by the 

group of Carmona.[144ï147]  
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3.2.2 Synthesis and Complexation of Chiral Pentadentate Ligands 

Gratifyingly, chiral picolylamine 128 comprising a methyl residue was commercially available and, 

therefore, chosen for first attempts of synthesizing stereogenic-at-metal iron complexes with chiral, 

pentadentate ligand scaffold 127. Starting from pyridine aldehyde 129, two consecutive reductive 

aminations were conducted to obtain desired compound 127. Due to a higher yield and purity of the 

obtained product, dipicolylamine 130 was synthesized based on a procedure by the Brunner group[148] 

instead of the conditions depicted in Scheme 27 providing 130 in 92% yield. Subsequently, a second 

reductive amination with AcOH as an activating reagent at an elevated temperature of 55 °C followed 

by reduction with NaBH3CN provided pentadentate ligand 127 in 44% yield (Scheme 33). 

 

Scheme 33: Synthesis of chiral pentadentate ligand 127 via two consecutive reductive aminations.  

 

Afterwards, complexation with iron(II) perchlorate hexahydrate conveniently gave a mixture of 131a 

and 131b in quantitative yield after precipitation and filtration. The 1H NMR spectrum of the obtained 

complex showed the formation of two separate species with a ratio of 1:1.31 implying that the two 

diastereomers exhibit significantly different thermodynamic stabilities or the coordination of 

ligand 127 occurs under kinetic control (Scheme 34). Next, separation of 131a and 131b by 

conventional methods was envisioned. However, attempts of purification by column chromatography 

on silica or alumina resulted in major decomposition of the complexes on all tested stationary phases. 

Even when deactivated silica gel or basic alumina was applied, only a decomposed species could be 

obtained as evaluated by 1H NMR analysis. Segregation of the two complexes by exploitation of 

different solubilities was examined with various solvents, such as MeOH, EtOH, THF, CH2Cl2, 

CHCl3, EtOAc, Et2O, acetone, or toluene, leading either to a significant decomposition or an 

insufficient separation.  
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Scheme 34: Synthesis of diastereomeric stereogenic-at-iron complexes 131a and 131b. 

 

Fortunately, when the complexation was conducted for a longer reaction time of 16 h, a change of 

the diastereomeric ratio could be observed. This was confirmed by dissolving the complex in CD3CN 

to determine the ratio by 1H NMR measurements followed by a second assessment after 24 h with 

the same sample. After 24 h at rt, the dr changed from 1:1.31 to 1:1.73 indicating that the 

diastereomers are interconvertible and one of them is thermodynamically more favored (Figure 15). 

Considering steric repulsion, complex 131a with the methyl group pointing away from the labile 

coordination site was initially assumed to be thermodynamically more favored. 

 

Figure 15: 1H NMR spectrum (300 MHz, rt, CD3CN) of the product mixture obtained after complexation. 

Conspicuously, the spectrum shows two sets of signals in a ratio of 1:1.73. Selected peaks used for ratio 

determination are highlighted with colored squares. 
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Subsequently, isomerization was quantified via 1H NMR spectroscopic analysis after dissolving the 

complex mixture in MeCN and stirring at room temperature and 75 °C to gain insight into the rate of 

conversion. As illustrated in Figure 16, dissolving the product in acetonitrile for 48 h provided a dr 

of 1:1.91 implying that higher temperatures are necessary in order to furnish a diastereomerically 

pure complex. Hence, the mixture was stirred at 75 °C for several days providing a virtually pure 

compound with a high dr of >20:1. The possibility of one diastereomer decomposing during the 

process was discarded by addition of an internal standard (1,1,2,2-tetrachloroethane) that confirmed 

an isomerization occurring. Conveniently, the feasibility of converting the minor into the major 

diastereomer discards the necessity of a separation and, thus, grants a neat access towards a 

diastereomerically pure product. 

 

Figure 16: Aromatic region of 1H NMR spectra (CD3CN, 300 MHz, rt) of the diastereomeric mixture after 

stirring complexes 131a and 131b at the stated temperature. The signals used to determine the diastereomeric 

ratio are highlighted.   

 

Next, the implementation of a bigger chiral lever into the ligand scaffold and its influence on the 

isomerization of the corresponding complex was investigated. Instead of a methyl residue, a sterically 

bulkier isopropyl group was chosen which supposedly could provide a more diastereoselective 

complexation or facilitate the subsequent isomerization. Due to the corresponding picolylamine 132 

not being commercially available, a suitable synthetic pathway was examined to obtain the chiral 
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building block with high enantiopurity. A protocol reported by the group of Chelucci[149] was chosen 

that commenced with a reaction of commercially available 2-cyano pyridine (133) with iPrMgCl 

yielding ketone 134 in 80%. Afterwards, condensation with enantiomerically pure Ellmanôs 

sulfinamide (135) in presence of activating reagent Ti(OEt)4 gave imine 136 in a modest yield of 

36%. Subsequent imine reduction with NaBH4 provided a mixture of the two diastereomers 137a and 

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 picolylamine 132. The synthetic route is depicted in 

Scheme 35. 

 
Scheme 35: Synthetic pathway to access chiral picolylamine building block 132 as reported by the Chelucci 

group.[149] 

 

With enantiomerically pure picolylamine (S)-132 in hand, the pentadentate chiral ligand was 

synthesized in analogy to the synthesis of ligand 127. Reductive amination with aldehyde 129 

conveniently gave dipicolylamine 138 in quantitative yield. Subsequent reductive amination provided 

the final pentadentate ligand 139 in 47% yield after purification (Scheme 36). Notably, purification 

of desired compound 139 exhibited a strong dependency of the mobile phase during column 

chromatography on the furnished yield. For example, when silica gel was used, a significant 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 alumina proved to be most efficient in regard to yield and purity. 
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Scheme 36: Synthesis of pentadentate ligand 139 comprising an iPr-moiety as chiral lever. 

 

When the first step of the final reductive amination was conducted at higher temperatures and stirred 

for a prolonged time, the yield could be improved to 60%. However, due to a possible application of 

the complexes as catalysts for asymmetric transformations, the enantiomeric purity of the ligand and, 

consequently, of the iron complex is of high priority to ensure an efficient stereoinduction. 

Accordingly, different temperatures were applied and their effect on the yield and the ee of 

compound 139 were determined (Table 1). Conspicuously, the conditions of the condensation can 

induce a significant racemization depending on the applied temperature and reaction time. With 

standard conditions, final compound 139 was obtained with an ee of 99% (Table 1, entry 1). 

Prolonging the reaction time from 2 h to 4 h was accompanied by a minor racemization with an 

enantiomeric excess of 98% (entry 2). When higher temperatures were applied, the optical purity 

significantly dropped while the yield could be increased up to 60% (entries 3ï5). Furthermore, the 

effect of the activating agent was evaluated. When AcOH was omitted, the reaction proceeded at a 

slower rate while the enantioselectivity remained at 99% ee (entry 6). Increasing the amount of acid 

provoked a higher degree of epimerization giving desired compound 139 in 48% yield with 92% ee 

(entry 7) implying that acidic conditions accelerate the formation of the undesired enantiomer by 

racemization. The application of formic acid instead of acetic acid provided ligand 139 with 99% ee, 

however, a significant drop in yield was obtained (entry 8). Ultimately, the conditions stated in entry 1 

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

provided higher yields.[150] 

 

 



Results and Discussion 

  46   

 

Table 1: Survey of Reaction Conditions for Final Reductive Amination.a 

 

entry T (°C) t (h) yield (%)b ee (%)c 

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 

7e 55 2 55 92 

8f 55 2 30 99 
aReaction conditions: A flame dried Schlenk flask was charged with aldehyde 118 (1.00 eq.), dipicolyl-

amine 138 (1.30 eq.), and MeOH (0.13 M) under inert gas atmosphere. Afterwards, AcOH (0.50 eq.) was 

added and the resulting mixture was stirred for the indicated time at the stated temperature. Subsequently, the 

reaction was treated with NaBH3CN (6.00 eq.) and stirred for 18 h at rt. bIsolated yield. cEnantiomeric excess 

was established by HPLC analysis on a chiral stationary phase. dReaction was conducted without AcOH. 
eReaction was conducted with 1.00 eq. of AcOH.  fReaction was conducted with formic acid (0.50 eq.) instead 

of AcOH. 

After establishing the optimal conditions for the ligand synthesis, 139 was employed in a 

complexation reaction to obtain diastereomeric complexes 140a and 140b with a dr of 1:1.45 

(Scheme 37). 

 

Scheme 37: Complexation with chiral pentadentate ligand 139 to form diastereomeric complexes 140a 

and 140b with a dr of 1:1.45. 

 

Again, analysis of the diastereomeric mixture was feasible via 1H NMR spectroscopic measurements 

showing that a slightly increased diastereoselectivity during complexation is realized with the iPr-

moiety when compared to the complex comprising the methyl substituted ligand 127. The 1H NMR 

spectrum of the obtained product is depicted in Figure 17. 
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Figure 17: 1H NMR spectrum (300 MHz, rt, CD3CN) of the product mixture obtained after complexation. 

 

Afterwards, isomerization of the diastereomeric mixture was realized by stirring in acetonitrile at rt 

and 70 °C. Diastereomeric ratios were determined by 1H NMR measurements of the obtained product 

mixture to evaluate the effect of the bulkier iPr-group on this interconversion (Figure 18). 

Gratifyingly, implementation of the sterically more demanding chiral lever accelerated the rate of 

isomerization. After stirring for 24 h at rt, a dr of 1:3.72 was observed that improved to >20:1 after 

an additional 24 h, hence, providing a virtually diastereomerically pure complex mixture. Moreover, 

complete conversion to the desired thermodynamically more stable diastereomer could be achieved 

after 16 h when an elevated temperature of 70 °C was applied. Furthermore, a possible bypassing of 

complex isolation prior to the isomerization was tested by conducting the coordination at elevated 

temperatures for longer times. However, no complete isomerization after 48 h at 50 °C was detected 

and 1H NMR analysis revealed minor formation of an unidentified species, indicating that these 

conditions 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: 1H NMR spectra (CD3CN, 300 MHz, rt) of the diastereomeric mixture after stirring 

complexes 140a and 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 Diastereopure Stereogenic-at-Iron 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 with Dr. Xiulan Xie from 

the Philipps-Universität Marburg. Furthermore, such measurements were supposed to provide a 

structural elucidation and verify the conformation of the isolated diastereomer. For this purpose, the 

tripodal pentadentate ligand 139 was divided into three segments as illustrated in Figure 19 by 

different colors. Analysis of DQF-COSY and TOCSY spectra exhibited spin systems and connection 

within the segments. The HMBC spectrum confirmed the long-range connectivity among them, 

ultimately providing the possibility to assign every signal in the 1H NMR spectrum (Figure 19).  
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Figure 19: Significant excerpts of the1H NMR (CD3CN, 600 MHz, rt) spectrum of iron complex 140a and 

corresponding signal assignments. 

On the basis of the complete assignment, unambiguous NOE interactions among the aliphatic protons 

of the isopropyl moiety of the ligand, the methine, and the methylene groups at the a-positions of the 

tertiary amine could be identified. The pattern of cross peaks and NOE interactions depicted in 

Figure 20 strongly indicates that the iPr-group of the ligand is facing away from the labile MeCN 

ligand. NOE measurements of the diastereomeric mixture further confirmed the structure assignment 

(for further information, see Section 5.3.4.1).[150] 

Subsequently, a single crystal suitable for X-ray crystallographic analysis was obtained to 

confirm the structure of complex 140a, 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 coordinating in a meridional fashion (Figure 21). 
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Figure 20: Section of the 1Hï1H NOESY spectrum of diastereomer 140a showing interactions among the 

aliphatic fragments. The spectrum was recorded on an AVII 600 at rt with a mixing time of 0.5 s. 

 

Figure 21: X-ray crystallographic structure of complex 140a as an ORTEP drawing with 50% probability 

thermal ellipsoids. Perchlorate counterions and solvent molecules are omitted for clarity. 
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Next, studies in other solvents were conducted to gain additional insights into the coordination 

characteristics. Unfortunately, complex 140a exhibited an insufficient solubility in various solvents 

besides acetonitrile for further NMR spectroscopic analysis. Gratifyingly, dichloromethane provided 

an ample solubility facilitating NMR measurements. At rt, the spectrum only showed broad peaks 

with no possibility of distinguishing between single signals. Interestingly, at 0 °C more defined peaks 

were observed and, accordingly, at ï10 °C a well-defined spectrum was obtained. Such a temperature 

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 MeCN (Figure 22).[150] 

 

Figure 22: 1H NMR (CD2Cl2, 600 MHz) of complex 140a at 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 spectroscopic measurements in CD2Cl2, kinetic 

investigations concerning the lability of the acetonitrile ligand were feasible. By using a mixture of 

CD2Cl2 and MeCN (4% v/v of MeCN), ROESY measurements were performed to determine the 
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chemical exchange of metal-bound solvent molecules with ñfreeò MeCN. The cross peaks illustrated 

in Figure 23 confirm this ligand to be the most labile site of the complex and EXSY experiments 

provided further insights into the exchange rate for complex 140a which was determined to be 6 sï1 

(see Section 5.3.4.1). 

 

Figure 23: ROESY (500 MHz, 0 °C, mixing time 50 ms) spectrum of 140a in CD2Cl2/MeCN (4% v/v of 

MeCN). 

 

 

3.2.4 Modifications of the Pentadentate Ligand Scaffold 

With the possibility of conveniently exploiting the chiral lever to furnish diastereomerically pure iron 

complexes and the structural elucidation by X-ray crystallographic and NMR spectroscopic analysis, 

possible modifications in the ligand scaffold were tested. Specifically, implementation of a sterically 

demanding mesityl group on one of the pyridine rings and application of a different bidentate 

coordinating aryl moiety instead of the 2,2ô-bipyridine motif were set to be investigated. Considering 

a potential employment of the complexes as catalysts for asymmetric transformations, these 

diversifications of the framework can provide helpful information about their effects on the 

stereoinducing capabilities. 
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Accordingly, chiral pentadentate ligand 141 was synthesized via the established route by 

conducting two consecutive reductive aminations as illustrated in Scheme 38. Enantiomeric purity of 

the desired compound 141 was evaluated by HPLC analysis on a chiral stationary phase and 

determined to be 99%. 

 

Scheme 38: Synthesis of mesityl substituted pentadentate chiral ligand 141 via the established synthetic route. 

 

Next, implementation of a benzimidazole moiety into the scaffold was realized by synthesis of 

aldehyde building block 143 via a three-step procedure by the Beller group starting from 

commercially available pyridine-2,6-dimethanol (144).[151] The obtained benzimidazole 

aldehyde 143 was subsequently converted to the desired chiral pentadentate ligand 145 via the 

established reductive amination in 39% yield. Determination of the enantiomeric purity of the 

furnished ligand confirmed an excellent optical purity with 99% ee (Scheme 39). 

 

Scheme 39: Synthesis of benzimidazole building block 143 starting from commercially available pyridine-

2,6-dimethanol (144) and subsequent conversion to final pentadentate ligand 145. 
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With enantiomerically pure ligands 141 and 145 in hand, complexation with iron(II) perchlorate 

conveniently provided the desired iron complexes. Noteworthy, the diastereoselectivity was lower 

when compared to ligands 127 and 139. When mesityl substituted compound 141 was applied, 

diastereomeric complexes 149a and 149b were formed with a dr of 1:1.04 (Scheme 40, top). 

Likewise, when benzimidazole ligand 145 was employed for complexation, almost no 

diastereoselectivity during the formation of 150a and 150b (1:1.02) was observed (Scheme 40, 

bottom). Notably, isomerization of both complex mixtures required prolonged reaction times of 24 h 

and a slightly increased temperature of 75 °C to furnish diastereomerically pure iron compounds 149a 

and 150a (dr >20:1) as determined via 1H NMR analysis. The longer reaction time and higher 

activation barrier of the interconversion could be rationalized by the higher steric demand of the 

ligands impeding this transformation. 

 

Scheme 40: Complexation and isomerization with ligand 141 (top) and ligand 145 (bottom) to furnish 

diastereomerically pure chiral Fe(II)-complexes 149a (top) and 150a (bottom). 

 

Subsequently, a single crystal suitable for X-ray diffraction analysis of complex 149a was obtained 

again confirming the favored structure to comprise a chiral iPr-moiety pointing away from the 

catalytically active site as shown in Figure 24. Attempts of growing single crystals of benzimidazole 

iron compound 150a were not successful, probably due to decomposition during crystalization. 
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Figure 24: X-ray crystallographic structure of complex 149a as 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 stereogenic-at-iron 

complexes with chiral pentadentate ligands, next, their efficiency during asymmetric catalysis was 

planned to be scrutinized. The results of this survey will be discussed in the following chapter. 

 

 

3.2.5 Concluding Remarks 

To summarize, a synthetic access towards diastereomerically pure stereogenic-at-iron complexes 

comprising chiral pentadentate ligands has been achieved. Incorporation of a chiral lever into 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 demanding lever group, the isomerization 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 coordination topology of the ligand and provided crucial information about the 

kinetics of the Fe(II)-complexes. Analysis of X-ray crystallographic data of two complexes confirmed 

the structural proposal obtained by NMR measurements. Interestingly, upon complexation, the 

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 dipicolylamine unit. As 

a consequence, this topology can potentially give birth to a unique sophisticated chiral environment 

beneficial during asymmetric catalytic transformations. The results of the application as chiral 

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

Asymmetric Catalysis 

3.3.1 Initial Survey of Application in Asymmetric Catalysis 

As discussed in Section 3.1.1, chiral iron complexes with pentadentate 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 could provide in regard to activity and selectivity.  

In recent years, the enantioselective formation of C-N bonds has specifically attracted a lot of 

intention due to nitrogen appearing in countless biologically active chiral compounds.[152,153] 

Remarkably, transition metal nitrenes have lately been shown to provide a convenient access to chiral 

nitrogen-containing compounds.[89,154ï160] A prominent organic precursor for the formation of metal 

nitrenoid intermediates is represented by 1,4,2-dioxazol-5-ones 151 as intriguingly shown in 2018 by 

the group of Chang for an Ir-catalyzed C-H amidation to furnish g-lactams 152.[161] Subsequently, 

catalytic enantioselective versions of this reaction have been reported emphasizing the versatility of 

this nitrene-precursor (Scheme 41).[109,162ï164]  

 

Scheme 41: Enantioselective, intramolecular C(sp3)-H amidation of 1,4.2-dioxazol-5-ones 151 and applied 

catalysts.[109,162ï164] 

 

Due to numerous publications about iron-nitrene mediated reactions,[165ï167] the possibility of 

applying the complexes introduced in this work to an intramolecular C-H amidation with 

dioxazolones was investigated. Complex 140a was chosen as the standard catalyst for initial 



Results and Discussion 

  57   

 

feasibility studies because of its established synthetic access, extensive structural elucidation, and 

more easily accessible catalytically active reaction site. Accordingly, based on a procedure by the 

Meggers group,[109] substrate 151 was applied to a reaction in the presence of 5 mol% catalyst 140a 

in methylene chloride or 1,2-dichlorobenzene as solvents. However, NMR spectroscopic analysis of 

the crude product revealed that desired g-lactame 152 and undesired Curtius-rearrangement 

product 157 were formed only in traces while the conversion was complete. However, major amounts 

(>90% yield) of an undesired side product were detected. Further evaluation of the NMR spectra in 

combination with mass spectroscopic analysis suggests that upon product- and isocyanate-formation, 

a subsequent, iron-catalyzed hydroamination to form 158 would match the analytical data obtained 

during this reaction (Scheme 42). Furthermore, this assumption is supported by a report from 2019 

by the groups of Geer and Kays about an iron(II)-catalyzed hydroamination of isocyanates.[168]  

 

Scheme 42: Intramolecular C(sp3)-H amidation in presence of catalyst 140a. Desired product 152 and Curtius 

rearrangement product 157 were only observed in traces. NMR and mass spectroscopic data lead to the 

proposed structure of hydroamination product 158. 

 

Another type of precursor for the formation of reactive transition metal nitrene intermediates is 

represented by azides.[169] Previously, these compounds have been reported to form active iron-

nitrene species suitable for C-N bond formation reactions.[170ï173] Therefore, preactivated azides[169] 

were considered as potential precursors for the novel Fe(II)-complexes presented in this work. Initial 

experiments with catalyst 140a and azidoformate 159 were conducted to evaluate the feasibility of 

an intramolecular C(sp3)-H amination to furnish cyclic carbamate 160. When the reaction was 

performed in 1,2-DCE at rt, no conversion was observed after 24 h. Consequently, the reaction 

temperature was gradually increased due to similar reactions being achieved only at elevated 

temperatures.[172] However, even at a higher temperature of 80 °C, no conversion was observed 

implying that complex 140a is not capable of forming the nitrene species (Scheme 43, 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 

azides and sulfonyl azides. In previous reports, this class of compounds has proven to be a suitable 

precursor for an intramolecular C-H amination with various catalysts.[174ï178] Moreover, in 2019, the 

group of Arnold reported an enzymatic, iron-mediated version of this reaction showing that iron can 

serve as a suitable catalyst to facilitate this conversion.[179] Hence, the reaction was conducted with 

complex 140a in 1,2-DCE to convert sulfamoyl azide 161 to the desired product 162. Again, no 

conversion was observed even when higher temperatures up to 80 °C were applied rendering the 

application of catalyst 140a for this type of nitrene precursors not sufficient (Scheme 43, bottom).  

 

Scheme 43: Intramolecular C(sp3)-H amination of azidoformate 159 (top) and sulfamoyl azide 161 (bottom) 

in presence of catalyst 140a. Even at elevated reaction temperatures of 80 °C, no conversion was observed. 

Higher temperatures were not applied due to possible decomposition of complex 140a. 

 

 

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

In 2018, the Ohe group presented a rhodium- and iridium-catalyzed enantioselective synthesis of 2H-

azirines via ring contraction of isoxazoles to furnish tetrasubstituted stereocenters with up to 94% 

ee.[180] Following this report, Meggers et al. achieved a ruthenium-catalyzed version of this 

transformation in 2020 with a catalyst comprising a meridional coordinating tridentate PyBOX-motif 

and a cyclometalated bidentate NHC-ligand.[174] This complex was shown to furnish chiral 2H-

azirines with up to 97% ee while exhibiting an exceptional activity (turnover number (TON) up to 

2000). The overall topology of ruthenium catalyst 163 is comparable to the coordination topology of 
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complex 140a comprising a pentadentate ligand as illustrated in Figure 25. Moreover, with iron being 

the lighter congener of ruthenium, potentially a similar reactivity during this conversion could be 

expected.  

 

Figure 25: Structural resemblance of complex 140a with a pentadentate ligand and ruthenium cataylst 163. 

 

Gratifyingly, an initial reaction with iron(II) complex 140a as catalyst and isoxazole 164a as substrate 

showed an exceptionally high activity of this catalytic system. Full conversion to the desired product 

was observed in under 1 min reaction time at rt in presence of 4 mol% catalyst when CH2Cl2 was 

used as solvent. A comparably high activity was observed for the other iron catalysts (Table 2). 

Furthermore, an evaluation of the enantioselectivity at a lowered temperature of 0 °C gave a first 

impression on the stereoinducing capabilities of the catalysts. When compound 131a with a methyl 

group as chiral lever was applied, product 165a was formed with a low selectivity of 6% ee (Table 2, 

entry 1). The stereoselectivity could be improved when the reaction was conducted in presence of 

catalyst 140a providing quantitative yield with 16% ee. By implementation of sterically more 

demanding modifications on the ligand framework the enantioselectivity was further improved 

(entries 3 and 4). For example, iron complex 149a comprising an additional mesityl group on the 

pyridine ring conveniently facilitated the asymmetric ring contraction, consequently granting 2H-

azirine 165a with an enantioselectivity of 32% (entry 3). Interestingly, substitution of the 2,2ô-

bipyridyl motif by a (1-methyl-1H-benzimidazol-2-yl)pyridine-2-yl unit significantly enhanced the 

stereoinduction, thus showing the importance of this position on the overall topology in order to 

achieve a sophisticated chiral environment for a satisfying stereoinduction. Accordingly, the desired 

product was obtained with 66% ee by application of complex 150a as catalyst (entry 4). Due to the 

exceptionally high activity of these iron(II) systems, a decrease of the catalyst loading to 1 mol% for 

a subsequent optimization of reaction conditions was evaluated. Again, full conversion was observed 

in a very short reaction time of only 2 min (entry 5). This fast conversion conveniently granted the 

opportunity to further improve and optimize reaction conditions to enhance the stereoselectivity. 

Considering catalyst 150a exhibiting the highest stereoinduction, this complex was chosen for further 

optimizations of this catalytic transformation.[150]  
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Table 2: Initial Catalyst Screening for Ring Contraction of Isoxazoles 164a.a 

 

entry catalyst (mol%) t (min) yield (%)b ee (%)c 

1 131a (4) 1 99 6 

2 140a (4) 1 99 16 

3 149a (4) 1 99 32d 

4 150a (4) 1 99 66 

5 150a (1) 2 99 66 

aReaction conditions: Catalyst (1 or 4 mol%) was dissolved in CH2Cl2 (0.1 M, 0.5 mL) under inert gas 

atmosphere and the solution was cooled to 0 °C. Isoxazole 164a (0.05 mmol) was added and the reaction was 

stirred until complete conversion of the starting material was observed. Afterwards, the solvent was removed 

under vacuum and crude 1H NMR and HPLC were measured. bNMR yield with 1,1,2,2-tetrachloroethane as 

internal standard. cDetermined by HPLC analysis on a chiral stationary phase. dThe other enantiomer of the 

product was obtained due to the catalyst being composed of the ligand with (R)-configuration. 

 

Afterwards, a survey of finding the most suitable solvent for the ring contraction was conducted 

(Table 3). When chloroform or MeOH were used, similar results could be obtained in regard to 

enantioselectivity with the latter solvent slightly retarding the reaction (Table 3, entries 2 and 3). 

Next, acetone and MeCN were tested (entries 4 and 5). In both solvents a decrease in stereoinduction 

was observed and the desired azirine 165a furnished with 48% and 49% ee, respectively. Moreover, 

a significantly lower conversion rate was detected with MeCN which can be rationalized by a 

competing coordination to the active site by solvent molecules hampering substrate complexation. In 

regard to enantioselectivity, a reaction set-up with 1,2-DCB as solvent provided the best result with 

70% ee at 0 °C (entry 6). For an evaluation of further optimizing the reaction in 1,2-DCB, the catalysis 

was conducted at ï15 °C resulting in an ee of 72%. Consequently, methylene chloride was chosen as 

solvent for subsequent reactions, albeit 1,2-DCB giving the highest enantioselectivity, due to the 

possibility of applying lower temperatures to improve the selectivity. 
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Table 3: Survey of Solvents for Asymmetric Ring Contraction.a 

 

entry solvent t (min) yield (%)b ee (%)c 

1 CH2Cl2 2 min 99 66 

2 CHCl3 2 min 99 63 

3 MeOH 50 min 98 62 

4 acetone 5 min 98 48 

5 MeCN 180 min 96 49 

6 1,2-DCB 8 min 98 70 

7d 1,2-DCB 45 min 97 72 
aReaction conditions: Catalyst 150a (1 mol%) was dissolved in the indicated solvent (0.1 M, 0.5 mL) under 

inert gas atmosphere and the solution was cooled to 0 °C. Isoxazole 164a (0.05 mmol) was added and the 

reaction was stirred until complete conversion of the starting material was observed. Afterwards, the solvent 

was removed under vacuum and crude 1H NMR and HPLC were measured. bNMR yield with 1,1,2,2-

tetrachloroethane as internal standard. cDetermined by HPLC analysis on a chiral stationary phase. dReaction 

was conducted at -15 °C. 

 

As previously described and shown in Figure 22, NMR spectra of complex 140a in CD2Cl2 imply 

that the chiral tripodal ligand is coordinated more tightly to the metal center at lower temperatures. 

Considering this indication, lower temperatures could substantially contribute to a more defined 

overall topology of the complex and, consequently, lead to significantly enhanced 

enantioselectivities. However, due to the exceptionally high activity of the presented iron catalysts in 

this reaction, a suitable procedure for an effective quenching of the transformation was set to be 

established beforehand. For this purpose, the catalysis was performed in presence of different 

quenching reagents (Table 4). When triethylamine, pyridine, or sodium benzoate were added to the 

reaction, a significantly lower conversion to the desired product 165a was observed after 24 h at rt 

(Table 4, entries 1ï3). However, to prevent undesired conversion with lower enantioselectivity 

during work-up, virtually complete prevention of the transformation was necessary. Gratifyingly, 

bidentate ligand 2,2ô-bipyridine gave sufficient results completely impeding the reaction and was 

chosen as a suitable quenching reagent (entry 4).  
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Table 4: Screening of a Suitable Quenching Reagent.a 

 

entry additive yield (%)b 

1 NEt3 53 

2 pyridine 27 

3 sodium benzoate 45 

4 2,2ô-bipyridine no conversion 

aReaction conditions: Catalyst 150a (4 mol%) and the indicated additive were dissolved in CH2Cl2 (0.1 M, 

0.5 mL) under inert gas atmosphere at rt. Isoxazole 164a (0.05 mmol) was added and the reaction was stirred 

for 24 h at rt. Afterwards, the solvent was removed under vacuum and crude 1H NMR was measured. bNMR 

yield with 1,1,2,2-tetrachloroethane as internal standard. 

 

With a convenient quenching procedure in hand, the catalysis was conducted at low temperatures for 

a potential improvement of enantioselectivity (Table 5). When the reaction was performed at ï50 °C, 

a significantly higher ee of 88% after a prolonged reaction time of 36 h could be achieved providing 

azirine 165a in 74% yield (Table 5, entry 2). By further lowering the temperature to ï60 °C, a slightly 

improved stereoinduction was detected (entry 3). To account for the reduced activity, the 

concentration was raised to 0.2 mol/L and the catalyst loading increased to 2 mol% granting 

quantitative yield after 20 h reaction time without loss of selectivity (entry 4). Subsequently, the 

stability of the catalyst in regard to hydrolysis or oxidative decomposition was evaluated (entries 5 

and 6). Addition of H2O showed no disadvantageous effect on the enantioselectivity, albeit the 

reaction proceeded slightly slower (94% yield) which can be rationalized by a competing 

complexation of H2O by the catalyst (entry 5). Conveniently, the presence of air during the reaction 

neither effected activity nor selectivity, hence enabling a simpler reaction set-up with ñopen flaskò 

conditions (entry 6). By setting up the catalysis at ï75 °C, a further enhancement of the 

enantioselectivity to 92% was feasible, however, the yield was significantly lower with 50%. Despite 

providing a slightly lower enantiomeric excess, the reaction parameters described in entry 6 were 

chosen as standard conditions for a following substrate scope. 
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Table 5: Concluding Optimization and Control Reactions.a 

 

entry xx (mol%) concentration (mol/L)  T (°C) t yield (%)b ee (%)c 

1 1 0.1 0 2 min 99 66 

2 1 0.1 ï50 36 h 74 88 

3 1 0.1 ï60 36 h 48 89 

4 2 0.2 ï60 20 h 99 89 

5d 2 0.2 ï60 20 h 94 89 

6e 2 0.2 ï60 20 h 99 89 

7e 2 0.2 ï75 20 h 50 92 
aReaction conditions: Catalyst 150a (1 mol%) was dissolved in CH2Cl2 under inert gas atmosphere, cooled to 

the stated temperature, and prestirred for at least 15 min. Isoxazole 164a (0.05 mmol) was added and the 

reaction was conducted for the stated time. For conditions at ï50 °C or lower, the reaction was quenched with 

2,2ô-bipyridine (0.25 mmol) and stirred for another 30 min at low temperature. Subsequently, the solvent was 

removed under vacuum and crude 1H NMR and HPLC were measured. bNMR yield with 1,1,2,2-

tetrachloroethane as internal standard. cDetermined by HPLC analysis on a chiral stationary phase. d5.0 eq. of 

H2O were added to the reaction. eReaction was conducted under air. 

 

Prior to an evaluation of this catalyst system in a substrate scope, further investigations concerning 

the activity were performed (Table 6). In presence of 1 mol% catalyst 150a the reaction provided 

desired azirine 165a in quantitative yield with 60% ee after 2 min reaction time (Table 6, entry 1). 

Reducing the catalyst loading to 0.1 mol% gave complete conversion after 30 min while the 

enantioselectivity remained at 60% (entry 2). Entry 3 depicts a reaction set-up with 0.01 mol% of 

complex 150a showing that a TON of up to 10,000 is 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 Activity.a 

 

entry xx (mol%) t yield (%)b ee (%)c 

1 1 2 min 99 60 

2 0.1 30 min 99 60 

3d 0.01 18 h 99 59 
aReaction conditions: Catalyst 150a (xx mol%) was dissolved in CH2Cl2 (0.1 M, 0.5 mL) under air at rt. 

Isoxazole 164a (0.05 mmol) was added and the reaction was stirred for the indicated time at rt. Afterwards, 

the solvent was removed under vacuum and crude 1H NMR and HPLC were measured. bNMR yield with 

1,1,2,2-tetrachloroethane as internal standard. cDetermined by HPLC analysis on a chiral stationary phase. 
dReaction conducted under inert gas atmosphere. 

 

The high activity of the novel iron(II) complexes towards this conversion shows that 3d-transition 

metals can exhibit unique properties for catalytic transformations and can even exceed the 

performance of noble transition metals in terms of reactivity. The rhodium catalyst 166 of the Ohe 

group exhibited a TON of about 40 at an elevated temperature of 40 °C over 17 h for this 

enantioselective ring contraction.[180] Even the ruthenium catalyst 163 introduced by Meggers et al. 

with a high TON of 2,000 at 40 °C is surpassed by the here introduced Fe(II)-complex 150a in terms 

of reactivity. [174] The complexes applied to this catalytic reaction and their activities are displayed in 

Figure 26.  

 

Figure 26: Chiral catalysts facilitating the asymmetric ring contraction of isoxazoles to furnish 2H-azirines. 

The maximum TONs are stated below each complex.[174,180] 
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In order to explore the applicability and substrate dependency of the catalytic system, the reaction 

was conducted with various isoxazoles 164. The general synthesis of the majority of substrates was 

conducted according to literature procedures and is depicted in Scheme 44 (for more information, see 

Section 5.5.1).[174,180]  

 

Scheme 44: Synthetic pathway towards the majority of isoxazole substrates 164. 

 

With a variety of different substrates in hand, the substrate scope was conducted as illustrated in 

Scheme 45. First, the influence of the alkoxy moiety on the substrate (164a-c) was investigated. When 

methoxy substituted isoxazole 164b was used, corresponding 2H-azirine 165b 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 demanding OtBu group was implemented. Product 165c was obtained in 50% 

yield when 4 mol% of catalyst 150a were applied with a low enantiomeric excess of 27%. This could 

be rationalized by a distorted complexation of substrate 165c due to an interference of the bulky OtBu 

moiety impeding a sufficient stereoinduction. In addition, different aryl substituted isoxazoles were 

synthesized and subsequently converted to the corresponding azirines (165d-j ). Implementation of a 

p-tolyl group resulted in quantitative yield with a good ee of 88% (165d). 2H-Azirine 165e 

comprising a 2-naphthyl residue was formed in an excellent yield of 97%, albeit with a significantly 

lower enantioselectivity of 82% ee. The addition of a halogen atom in the para-position of the aryl 

ring provided the isolated azirines 165f and 165g in good yields with good enantioselectivities. 

Conspicuously, product 165g was furnished with a significantly lower ee of 82% compared to 165f 

(88% ee). Electron-donating (165h) and electron-withdrawing (165i) moieties on the phenyl 

substituent had no disadvantageous effect on the stereoinduction and reactivity, accordingly 

furnishing the products in very good yields and good enantioselectivities. When 164j  with a 2-

thiophenyl motif was applied to the catalysis, azirine 165j  exhibited a significantly lower yield and 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 low solubility 

of isoxazole 164j  at ï60 °C in methylene chloride. Afterwards, the influence of the residue on the 4-

position of isoxazoles 164 was tested. Intriguingly, by incorporation of a phenyl substituent at this 
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position, 2H-azirine 165k was provided with an excellent yield of 98% and a very high ee of 93%. 

However, when the ring contraction was performed with a propyl group (164l) or a fluorine 

substituent (164m) on the same position, a considerable drop in enantioselectivity to 73% and 68% 

ee, respectively, was observed, albeit the reactivity remaining high with 97% and 99% yield. In 

summary, iron complex 150a facilitated the ring contraction of isoxazoles 164 to chiral 2H-azirines 

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

93% ee.[150] 

 

Scheme 45: Substrate scope of the asymmetric ring contraction of isoxazoles 164 to furnish chiral 2H-

azirines 165 catalyzed by complex 150a. The stated yields refer to isolated yields. aReaction was performed 

with 4 mol% of catalyst 150a. 

 

 

3.3.3 Concluding Remarks 

In conclusion, the novel stereogenic-at-iron complexes developed and synthesized in the course of 

this work have proven to be suitable catalysts for enantioselective transformations. As discussed in 

Section 3.1.1, chiral iron catalysts being composed of a pentadentate ligand scaffold have exclusively 

been applied to enantioselective C-O bond formations, hence applying this overall class in other 


































































































































































































































































































































































































