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Abstract 

Due to iron's low toxicity and abundance on Earth, chiral inexpensive metallic iron catalysts have 

gained great attention. There are still no examples of the direct use of simple and readily available 

chiral iron catalysts to catalyse the activation of C-H bonds to enantioselectively form C-N bonds. 

This thesis is based on the enantioselective catalytic amination of challenging secondary and tertiary 

C-H bonds via chiral N4 iron catalysts. At the same time, the enantioselective amination produces a 

series of unnatural Ŭ-amino acids. A novel approach for synthesizing Ŭ-amino acids is disclosed. 

In the first two sections, a series of chiral N4 iron catalysts were synthesized and successfully 

applied to asymmetric secondary C-H bonds amination reactions. Our method employs abundant and 

easily accessible carboxylic acids as starting materials, which are connected to a nitrogenation reagent, 

followed by a highly regio- and enantioselective iron-catalyzed C(sp3)-H amination. This 

straightforward method displays a broad scope, providing rapid access to optically active Ŭ-amino 

acids with aryl, allyl, and alkyl side chains, and also permits stereocontrolled late-stage amination of 

carboxylic acid-containing drugs and natural products. 

In the third section, A straightforward two-step synthesis of non-racemic a,a-disubstituted 

a-amino acids by an enantioconvergent 1,3-migratory nitrene C(sp3)-H insertion is reported. Readily 

available racemic a-branched carboxylic acids are DCC/EDCI-coupled to provide racemic azanyl 

esters which undergo a rearrangement into non-racemic N-Troc-protected a,a-disubstituted a-amino 

acids catalyzed by an easy to store and robust chiral iron catalyst. a,a-Disubstituted a-amino acids 

with one aryl group in a-position are provided in yields of up to 99% and with up to 88% ee. Selected 

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

Aufgrund der geringen Toxizität und des hohen Vorkommens von Eisen auf der Erde haben 

günstige und chirale Eisen-basierte Katalysatoren viel Aufmerksamkeit auf sich gezogen. Jedoch gibt 

es noch keine Beispiele für die direkte Verwendung einfacher und leicht erhältlicher chiraler 

Eisenkatalysatoren für die Aktivierung von C-H-Bindungen, um enantioselektiv C-N-Bindungen zu 

bilden. Diese Arbeit thematisiert die enantioselektive, katalytische Aminierung von anspruchsvollen 

sekundären und tertiären C-H-Bindungen mittels chiraler N4-Eisenkatalysatoren, wobei diese 

Reaktion den Zugang zu einer Reihe unnatürlicher a-Aminosäuren ermöglicht. Dies stellt einen neuen 

Ansatz zur Darstellung solcher a-Aminosäuren dar. 

In den ersten Abschnitt wurde eine Reihe von chiralen, N4-Eisenkatalysatoren synthetisiert und 

erfolgreich auf die asymmetrische Aminierungsreaktion sekundärer C-H-Bindungen angewandt. 

Unsere Methode verwendet einfach zugängliche Carbonsäuren als Substrate, die zunächst mit einem 

Nitrogenierungs-Reagenz umgesetzt und anschließend in einer hoch regio- und enantioselektiven, 

Eisen-katalysierten C(sp3)-H-Aminierung eingesetzt wurden. Diese unkomplizierte Methode zeigt 

einen sehr breiten Anwendungsbereich, einen schnellen Zugang zu optisch aktiven a-Aminosäuren 

mit Aryl, Allyl - und Alkylseitenketten und ermöglicht ebenfalls die stereoselektive late-stage 

Aminierung von Carbonsäure-haltigen Arzneimitteln und Naturstoffen. 

Im dritten Abschnitt wird über eine unkomplizierte zweistufige Synthese von nicht-racemischen 

a,a-disubstituierten a-Aminosäuren durch eine enantiokonvergente, 1,3-migratorische 

Nitren-C(sp3)-H-Insertion berichtet.  Leicht verfügbare, racemische, a-verzweigte Carbonsäuren 

werden DCC/EDCI-gekuppelt, um racemische Azanylester bereitzustellen, die eine Umlagerung in 

nicht-racemizsche, N-Troc-geschützte a,a-disubstituierte Aminosäuren eingehen, katalysiert durch 

einen einfach zu lagernden und robusten chiralen Eisenkatalysator. a,a-Disubstituierte Aminosäuren 

mit einer Arylgruppe in a-Position können in Ausbeuten von bis zu 99% und mit bis zu 88% ee 

dargestellt werden. Ausgewählte Beispiele zeigen, dass durch Umkristallisation der 

Enantiomerenüberschuß auf 99% ee verbessert werden kann. 
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Chapter 1: Theoretical Part 

1.1 Introduction  

There is high current interest in developing homogeneous catalysts from earth abundant metals 

rather than previously dominant noble metals because earth rich metals are much cheaper, usually 

have less impact on health and the environment, and are expected to achieve a reaction mechanism 

different from noble metal catalysis.1 Among the abundant metals on earth, iron is a particularly 

non-toxic metal. It has a very high content in the earth's crust and its chemical properties are very 

attractive, such as a variety of accessible oxidation states and rich coordination chemistry. Therefore, it 

is not surprising that iron is widely used in nature, such as part of proteins and enzymes. Chemists 

have adopted this strategy, and iron-catalyzed reactions in organic synthesis have gained great 

relevance in the past two decades. Concerning asymmetric iron catalysis, a large number of chiral iron 

complexes have been reported to catalyze asymmetric conversion, including asymmetric 

hydrogenation, asymmetric oxidation and asymmetric carbene or nitrene transfer reactions, but there 

are still challenges in catalytic performance and new catalytic mechanisms.2  

Enantioselective C-N bond formation is of utmost importance due to its presence in natural products 

and bioactive molecules that have numerous applications in the pharmaceutical, agrochemical and fine 

chemical industries.3 Over the decades, enormous success has been achieved in the transition 

metal-catalyzed C-N bond-forming reactions, which played a vital role in the syntheses of 

nitrogen-containing natural and unnatural compounds.4 Most prominent enantioselective C-N bond 

formation reactions include: Azidation of CïH and C=C bonds and Amination of CïH and C=C bonds 

(Figure 1).5 All the above enantioselective C-N bond-forming reactions have been studied in great detail. 

However, the drawbacks of most of these catalysts are either very expensive or toxic. Therefore, the 

scientists shifted their attention to a cheaper and greener option and considered iron as one of the 

alternatives. 
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Figure 1. Construction of C-N bonds by enantioselective azidation and amination. 

1.2 Background of N4 Iron Complexes 

N4 ligands refer to ligands containing four nitrogen atoms and participate in coordination. The 

earliest related research is about P450.6 One of them is the structure of porphyrin chelated with ferric 

ions.7 Because of its excellent catalytic activity, it has attracted wide attention. Then some scientists 

began to study the catalytic activity of porphyrin metal catalysts and found that they were also useful 

in oxidation, carbene and nitrene insertion.8 Because the synthesis and modification of porphyrins are 

not very simple, new porphyrin ligands containing N4 have been designed and synthesized in the past 

two decades. There are also many catalytic applications of the catalysts synthesized from them. 

Especially the catalytic application of N4 iron catalyst (Figure 2).9 

 

Figure 2. The development of N4 iron complexes. 

1.2.1 Heme Enzyme  

The cytochromes P450 constitute a large family of cysteine-heme enzymes, are present in all 

forms of life (plants, bacteria, and mammals), and play a key role in the oxidative transformation of 

endogeneous and exogeneous molecules. The total number of members of the cytochrome P450 

family is increasing rapidly.10 In all these cysteine-heme enzymes, the prosthetic group is constituted 

of an iron (III) protoporphyrin covalently linked to the protein by the sulfur atom of a proximal 

cysteine ligand. These enzymes are potent oxidants that are able to catalyze the hydroxylation of 
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saturated C-H bonds, the epoxidation of double bonds, the oxidation of heteroatoms, dealkylation 

reactions, oxidations of aromatics, and so on. Two main mechanisms have been proposed and 

discussed depending on the nature of the substrate and on the enzyme itself: a cage-controlled radical 

mechanism (the ñoxygen reboundò mechanism) or a concerted mechanism without formation of a 

radical intermediate based on the use of ultrafast ñradical clocksò (Figure 3).11  

 

Figure 3. Prosthetic of cysteinato-heme enzymes and two possible reaction pathways in hydroxylation 

reactions catalyzed by P450 enzymes. 

1.2.2 Iron Porphyrin  

The selective, non-directed oxidations of unactivated hydrocarbons by cytochrome P-450 

enzymes stimulated interest in developing chemical model systems. Well-defined iron catalysts with 

heme ligands that can be tuned were extensively explored as models for cytochrome P450 to catalyze 

aliphatic CīH hydroxylations (Figure 4). Based on this principle, the Groves group reported a series 

of iron-catalyzed hydrocarbon hydroxylation efforts from 1979 to the 1980s. Unfortunately, aliphatic 

CīH oxidation reactions with Iron (III) porphyrin catalyst is very low yielding, requiring solvent 

quantities of hydrocarbon substrate. Site-selectivities for hydroxylation were investigated with 

electronically biased substrates and shown to be minimal in the iron porphyrin systems, strong 

evidence exists that free radical processes operate contemporaneously with more selective metal(oxo) 

chemistry. Aliphatic CīH hydroxylations and epoxidations are not stereoretentive, leading to 

long-lived carbon-centred radicals that can open cyclopropane rings (Figure 4B).12 
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Figure 4. Aliphatic hydroxylation catalyzed by Iron (III) porphyrin. 

1.2.3 N4 Iron Complexes 

In the 1990s, well-defined pyridine/amine linked non-heme iron complexes began to appear in 

the form of small molecular functional mimics for non-heme iron oxidase. The polydentate amine 

ligands tris(2-pyridylmethyl)amine (TPA)13 and N,Nǋ-dimethyl-N,Nǋ 

bis(2-pyridylmethyl)ethylene-1,2-diamine (MEP)14 and others15 were introduced and complexed with 

iron salts to furnish both monomeric and dimeric iron complexes that showed C-H hydroxylation 

activity with cyclohexane. Preparatively, these systems did not distinguish themselves from the 

previous state-of-the-art: reactions were run with large excesses of the substrate and afforded trace 

yields of oxidized products. However, mechanistically these systems appeared to be distinct. Most 

significantly, hydroxylations of cis-1,2 dimethyl cyclohexane were stereospecific, with no observed 

trans-alcohol. Labelling experiments with H2O18 showed that the iron-bound oxidant generated from 

H2O2 was able to exchange with water, suggestive of an iron(oxo) intermediate (Figure 5). 16  

In the oxidation reaction, the Fe (MEP) complexes exhibited higher catalytic activity than those 

of Fe (TPA). Additionally, the MEP ligand has a strong ů-donating character via the bidentate tertiary 

amine ligation and a symmetrical, modular structure that allows electronic and steric structure-activity 

relationships to be evaluated in a synthetically straightforward way. In 2001, the Jacobson group 

discovered that [Fe(II)(MEP)(CH3CN)2](SbF6)2 is a preparatively useful catalyst with H2O2 for 

epoxidations of terminal olefins (Figure 5).17 Albeit a much lower energy process than aliphatic C-H 

oxidation, this discovery represented the first time a non-heme iron oxidation system had been 

rendered preparatively useful. 
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Figure 5. Aliphatic CīH hydroxylation and the epoxidation of terminal olefins catalyzed by N4 Fe 

complexes. 

A breakthrough was made by the White group in 2007 when the MEP system was strategically 

altered to enable the first preparative, undirected CīH hydroxylation of aliphatic compounds. 

Increasing the ů-donation of the amine ligands and simultaneously rigidifying the ligand would result 

in improvements in selectivity. After significant experimentation, exchanging the ethylene diamine 

backbone with pyrrolidine rings ultimately furnished Fe (PDP) catalyst 

([Fe(II)(PDP)(CH3CN)2](SbF6)2) 4 that afforded a significant improvement in selectivity for CīH 

hydroxylation (90%). This complex uses hydrogen peroxide (H2O2) to oxidize a variety of substrates. 

It realized the extraordinary potential of nonactivated sp3 C-H bond oxidation in organic synthesis 

with both high activity and predictable selectivity. Predictable selectivity is entirely based on the 

electronic and spatial properties of C-H bonds, and directional groups are not required. It is worth 

mentioning that the hydroxylation of hydrocarbon bonds of complex natural products can also be 

realized in their catalytic system (Figure 6A).18 In 2013 the same group first demonstrated this with 

the discovery of catalyst Fe(CF3PDP) 5. Site-selectivities could be predictably altered in aliphatic CīH 

oxidations with no changes made to the substrate or the reaction (Figure 6B).19 
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Figure 6. Useful aliphatic CïH oxidation reaction catalyzed by N4 Iron complex 4 and 5. 

In 2013, Costas with co-workers studied the asymmetric epoxidation of olefins with H2O2, 

catalyzed by aminopyridine iron complexes containing various substituents R1, R2 and R3 at the 

pyridine rings of the PDP ligand. The obtained catalytic epoxidation efficiency and enantioselectivity 

(up to 99%) were found to be strongly dependent on the electron-donating nature of the pyridine 

moieties. Complexes containing more electron-donating substituents at the pyridine rings exhibited 

higher enantioselectivities. Thus, 9 and 10 (Figure 7A) were identified as the best catalysts in the 

series. Complex 9, which showed the highest olefin epoxidation enantioselectivity exhibited 

remarkable efficiency and enantioselectivity even at very low loading (3 mol%) of the carboxylic acid 

additive. For some substrates, (S)-Iburofen is the best additive that acts as an additive (Figure 7B). 

The authors assumed that electron-donating substituents in complexes 9 and 10 attenuated the 

electrophilicity of the corresponding oxoiron(V) intermediate, thus enhancing its enantioselectivity. 

And they proposed a possible mechanism.20 The original mechanism proposed by Que and co-workers 

for the Fe-catalyzed AcOH-assisted epoxidation of olefins with H2O2 involves the intermediacy of 
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oxocarboxylate-iron(V) species Ib (Figure 7C) as the oxygen atom delivering agent. Species Ib is 

formed via acid-assisted heterolytic cleavage of the O- O bond in a FeIII (OOH)-(HOAc) (Ia) 

precursor.21 Experimental spectroscopic evidence in favour of this mechanistic scenario has been also 

provided by Talsi, Bryliakov, and co-workers,22 and further computational support for the formation 

and oxidative competence of these species has been built by Rajaraman et al. in a study of the 

ortho-hydroxylation of aromatic compounds by non-heme Fe complexes.23 

 

Figure 7. Asymmetric epoxidation with H2O2 by manipulating the electronic properties of non-heme 

Iron catalysts. 

For the epoxidation of double bonds, some other N4 ligand catalysts have been reported. Back to 

2011, the Yamamoto group reported the combination of Fe(OTf)2 and novel phenanthroline ligands 

which enables the catalytic asymmetric epoxidation of acyclic ɓ,ɓ-disubstituted enones. The reaction 

provides highly enantioenriched Ŭ,ɓ-epoxyketones (up to 92% ee) that can be further converted to 

functionalized ɓ-ketoaldehydes with an all-carbon quaternary centre (Figure 8A).24 The same year, the 

Sun group reported a new N4 iron complex 17 which can achieve the epoxidation of chalone and 

provide the product with up to 90% yield and 87% ee (Figure 8B).25 And in 2012, the Sun group 
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reported another type N4 iron complexes 19 and 20 which can catalyze the epoxidation of 

multisubstituted enones. The substrates scope is broad and ee value up to 98% (Figure 8C).26 In 2015, 

the Gao group reported an in situ formed porphyrin-inspired iron complex 21-28 which can catalyze 

the asymmetric epoxidation of di- and trisubstituted enones. This reaction provides highly 

enantioenriched Ŭ,ɓ-epoxyketones (up to 99% ee) (Figure 8D).27 And all mechanisms for these 

reactions are similar to previously described.  

 

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

In 2016, the Costas group reported that iron complexes with C1-symmetric tetradentate N-based 

ligand catalyzed the asymmetric epoxidation of cyclic enones and cyclohexene ketones with aqueous 

hydrogen peroxide (Figure 9B). This catalytic system can provide the corresponding epoxides in good 
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to excellent yields and enantioselectivities (up to 99% yield, and 95% ee) under mild conditions and in 

short reaction time. Evidence is provided that reactions involve an electrophilic oxidant, and this 

element is employed in performing site-selective epoxidation of enones containing two alkene sites 

(Figure 9C). They think the design of C1 symmetric complexes where the electronic and steric 

properties of distinct heterocycles are combined constitutes a novel idea in the design of this class of 

catalysts. Screening different combinations of ligands, they found the best one 33, a TIPS-substituted 

pyridine and a benzimidazole ring. (Figure 9A).28 

 

Figure 9. The asymmetric epoxidation of cyclic enones and cyclohexene ketones catalyzed by N4 iron 

catalysts. 

Back to 2007, Collins and coworkers reported another new N4 iron complex 34 which have 

proven to be an efficient catalyst in the decomposition of numerous pollutants by hydrogen peroxide. 

This is the first synthesis of the oxoiron(V) complex. The reaction of 34 with m-CPBA in 

n-butyronitrile at -60 yielded a deep green complex, identified as 35 by EPR, EXAFS and ESI-MS 

studies (Figure 10A).29 In 2014, Gupta and coworkers reported another two similar complexes 36 and 

37. The latter one can catalyze the epoxidation of cyclohexane. However, its reaction condition is 

room temperature and the oxidants are sodium hypochlorite or m-CPBA. Their catalytic reaction can 

be carried out in a catalytic manner with modest yields and turnover numbers (Figure 10B).30 
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Figure 10. The synthesis of oxoiron(V) complexes. 

In 2010, the Che group reported the 38-catalyzed cis-dihydroxylation of a variety of alkenes, 

particularly electron-deficient ones, by oxone with high cis-diol selectivity (Figure 11A).31 In 2011, 

Costas and coworkers reported the 39-catalyzed hydroxylation of alkanes and the cis-dihydroxylation 

of alkenes using H2O2 as oxidant. The hydroxylation of cis-1,2-dimethylcyclohexane is stereospecific 

and affords a racemic mixture of (1R,2R)-dimethylcyclohexanol and (1S,2S)-dimethyl-cyclohexanol. 

Similarly, oxidation of cis-2-heptene by 39 is syn-stereospecific and affords a 2:1 racemic mixture of 

95% erythro-heptane-2,3-diol and 2-butyl-3-methyloxirane (97% cis). When the catalytic reactions 

were performed in the presence of H2
18O, the oxidized products exhibited a correspondingly large 

content of 18O. alcohols (1R,2R)-dimethylcyclohexanol and (1S,2S)-dimethylcyclohexanol were 

76+3% 18O-labelled, but erythro-diol was 84+3% 16O18O-labelled, which provided evidence that one 

of the two oxygen atoms in the major part of the diol derived from H2O (Figure 11B).32 In 2015, 

Costas and coworkers reported another complex 40 which can react with peracetic acid at cryogenic 

temperatures and form the iron species 41. This one also proves to be sensitive to the strength of the 

C-H bond, polar effects, and steric constraints, and therefore it bears the characteristics of a selective 

C-H hydroxylating agent (Figure 11C).33 All three N4 iron catalysts are involved in subsequent 

reactions by forming iron (V) oxygen intermediates under the corresponding oxidation conditions. 
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Figure 11. Different N4 iron complexes catalysis. 

In 2016, the Che group reported the synthesis of new complexes able to catalyze the H2O2-mediated 

cis-dihydroxylation of alkenes with excellent results in terms of stereoselectivity.34 Among the different 

ligands tested, complex 46 (Figure 12A) was particularly selective towards the formation of cis-diols and 

brought to an ee higher than 90% in the oxidation of various (E)-alkenes, both electron-rich and 

electron-deficient, reaching 99.8% ee with methyl (E)-cinnamate. Lower enantioselectivities were obtained 

with (Z)-alkenes (Figure 12B). 
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Figure 12. cis-dihydroxylation of olefins catalyzed by N4 iron complex 46.  

In 2019 complex 50 was also reported to work as a catalyst for the asymmetric epoxidation of a wide 

scope of alkenes with good enantioselectivity, but generally with slightly lower activity than other 

complexes already mentioned.35 cis-ɓ-Methyl styrene was also employed as a substrate and the conditions 

for catalysis were used as reported earlier, to enable direct comparison of 50 with related Fe (II) complexes 

(Figure 13A).36 Under catalytic conditions, complex 50 oxidized cis-ɓ-methyl styrenes to form the epoxide 

with 60% yield and an ee of 43%(Figure 13B). In organic synthesis, the trisubstituted cyclic 

Ŭ,ɓ-epoxyketones are resourceful intermediates because of the presence of a chiral quaternary carbon 

centre.37 The development of an iron catalyst for the enantioselective construction of such quaternary 

carbon centres coordinated to an oxygen atom is still highly attractive.38 Using tetralone derivatives as 

substrates for this type of reaction, They obtained good yields of trisubstituted Ŭ,ɓ-epoxyketones with 

quaternary carbon centres with excellent enantioselectivities (up to 97%, Figure 13C). Furthermore, the 

epoxidation of Ŭ,ɓ-unsaturated ketones was evaluated. For chalcone and its derivatives, a higher epoxide 

yield and ee (up to 97%) were obtained with 2-eha than AcOH as the auxiliary carboxylic acid. 
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Figure 13. Highly enantioselective epoxidation of olefins catalyzed by N4 complex 50. 

In 2020, Che reported a protocol for the enantioselective alkylation of pyrroles, indoles and 

N,N-disubstituted anilines catalyzed by the N4 iron complex 51-53 (Figure 14A): the tetradentate ligand 

binds iron generating a ȹ-cis-ɓ configuration, thanks to the (R,R)-diaminocyclohexane backbone. Complex 

53 was able to catalyze the conjugate addition of substituted indoles to Ŭ,ɓ-unsaturated 2- acyl imidazoles, 

leading to the products of alkylation on positions 1, 2 or 3 of indole, but always with good yields and 

enantioselectivity ranging from 71.5% up to >99% (Figure 14B). High yields and excellent ee values were 

also obtained in the alkylation of pyrroles and anilines (Figure 14C).39 
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Figure 14. Alkylation of indoles, pyrroles and N,N-disubstituted anilines catalyzed by N4 Iron complex 

53. 
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1.3 Enantioselective C-N Bond Formation Catalyzed by Chiral I ron Catalyst 

As described previously, the most prominent enantioselective C-N bond formation reactions catalyzed 

by iron complexes include azidation of CïH and C=C bonds and the amination of CïH and C=C bonds.  

 

Figure 15. Azidation and amination catalyzed by iron complexes or iron-containing cytochromes P450. 

It is noteworthy that there are two major ways to introduce C-N bonds into organic molecules 

through nitrene transfer (NT): the NR can add to a C=C bond (aziridination; Figure 16 right) or insert 

into a C-H bond (amination). Although numerous examples of racemic NT promoted by a variety of 

transition metals are known, the development of general enantioselective reactions has been 

substantially more challenging. A simplified mechanism of transition-metal-mediated NT (Figure 16 

left) involves the initial reaction of a metal catalyst MLn with a nitrene precursor RN=LG (where LG 

denotes a leaving group such as PhI, N2 or CO2) to give a metal-nitrene RNMLn. This reactive 

intermediate can engage a C=C bond to form an aziridine or insert into a C-H bond to generate an 

amine product. Depending on the electronic structure of the nitrene species, the reaction can occur 

through either a concerted or a stepwise pathway. The metalïnitrene intermediate typically exists in 

either a singlet or a triplet electronic ground state. Singlet metal nitrenes generally perform NT 

through concerted pathways involving asynchronous transition states. In contrast, triplet nitrene 

complexes afford radical intermediates by H-atom transfer or radical addition to the alkene, followed 

by radical recombination.40 
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Figure 16. A simplified mechanism of transition-metal-mediated C=C aziridination or C-H amination 

or through nitrene transfer.  

1.3.1 Iron -Catalyzed Asymmetric Azidation of ɓ-Keto Esters and Oxindoles 

In 2013, the first example of enantioselective Fe-catalyzed azidations of cyclic ɓ-keto ester and 

oxindoles using a readily available and stable azidoiodinane as an N3-transfer reagent was reported by 

Gade and co-workers in high yields with up to 93% ee (Figure A).41 The reaction was catalyzed by the 

combination of boxmi-iron (II) chloride complex and silver carboxylate. The solvent of the reaction 

also plays an important role in achieving enantioselectivity and diethylether was found to be the best. 

Silver benzoates with an electron-withdrawing group were most suitable for the reaction e.g. silver 

4-nitrobenzoate provided the highest enantioselectivity. Both electron-rich and -poor indanones and 

substituted cyclopentenone derivatives were converted to the corresponding azo product in high yields 

with high enantioselectivity. A bulky ester such as tert-butyl substituent is essential for 

enantioselectivity. Cyclic six-membered-ring beta-keto ester was also successfully employed in the 

process but with moderate enantioselectivity. The methodology was successfully extended to azidation 

of 3-aryloxindoles, wherein catalyst was prepared in situ from iron (II) propionate and the boxmi 

ligand (Figure B).  
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Figure 17.  Enantioselective C-N coupling reaction between ɓ-ketoesters and oxindoles catalyzed by Fe 

complex. 

1.3.2 Iron -Catalyzed Asymmetric Carboazidation of Styrenes 

In 2020, the Bao group reported the iron-catalysed enantioselective carboazidation of styrenes.42 

This reaction proceeds through a carbon radical addition to double bond and the following group 

transfer of azido group from Fe (III)-N3 species to benzylic radical (Figure 18A). The stereo-control 

on the radical centre is realized via the synergistic effects of van der Waals and ˊ interactions in the 

rigid chiral space created by the tridentate chiral NON-pincer ligand and iron salt (Figure 18B). In 

their work, styrene with one or more substituents on the phenyl ring was examined and were found to 

provide the corresponding products with good to high yields and high enantiomeric ratios. Both 

electron-donating groups, such as methyl or methoxy, and electron-withdrawing groups, including F, 

Cl, Br, NO2, are tolerated. And inexpensive industrial chemical feedstocks such as CBr4, CHI3, CHBr3, 

CBrCl3 and other commercially available carbon sources such as fluoroalkyl bromides or iodides all 

react effectively to afford the desired products. Finally, total of 67 substrates were catalyzed by this 

catalytic system and provided the desired product with up to 87% yield and 97:3 e.r. (Figure 18C). 
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Figure 18. Iron-catalysed asymmetric carboazidation of styrenes. 

In 2021, the Bao group reported the first iron-catalyzed radical asymmetric aminoazidation and 

diazidation of styrenes.43 The reaction proceeds under mild reaction conditions, with low catalyst 

loading and broad styrene scope. For aminoazidation, most substrates are catalyzed by the 

combination of Fe (OTf)2 and L1. Several substrates are catalyzed by the combination of Fe (OTf)2 

and L2. Most of the reactions were performed with L1 or L2, and it was found that L1 afforded 

products with better enantioselectivity in most cases except for reactions not forming products. 

Electron-donating groups such as methoxyl, methyl, isopropyl or n-octyl, and electron-withdrawing 

groups, including F, Cl, Br, CF3, or CHF2 are all tolerated. When vinyl and allyl/alkynyl groups are 

present in the same molecule the aminoazidation occurs selectively at the vinyl group, affording the 

desired product (Figure19A). For diazidation of alkenes, they found the chiral iron catalyst is suitable 

for disubstituted and trisubstituted styrenes and produce the otherwise inaccessible chiral diazidation 

products (Figure19B). For these two reactions, total of 54 examples were provided with up to 98% 

yield and 98.5:1.5 e.r. 
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Figure 19. Iron-catalyzed radical asymmetric aminoazidation and diazidation of styrenes. 

In 2021, the Feng group disclosed an efficient enantioselective radical carboazidation and 

diazidation of Ŭ,ɓ-unsaturated ketones and amides catalyzed by chiral N,Nǋ-dioxide/Fe(OTf)2 

complexes.44 A series of substituted olefins are converted into corresponding olefins Ŭ-Azido carbonyl 

derivatives have good enantioselectivity and are conducive to the preparation of chiral compounds 

Ŭ-amino ketones, ortho amino alcohols and ortho diamines. they studied the substrate range of ketene 

in asymmetric reaction, trifluoromethyl azide reaction. Using Togni reagent and TMSN3 as reaction 

partners, a variety of Ŭ-aryl Ŭ,ɓ-unsaturated ketones transfer the corresponding molecules smoothly 

ɓ-trifluoromethyl-Ŭ-azido can obtain good enantioselectivity. In general, alkenones with substituted 

benzoyl groups have good tolerance, good yield (68%-88%), and high enantioselectivity 

(96.5:3.5-98:2). It should be noted that other commercial carbon sources, such as fluoroalkyl iodine, 

are suitable carbon partners. With the assistance of lauryl peroxide, the required adducts are 

transported in the ratio of 94:6 e.r. and 93.5:6.5 e.r. In addition, alkyl peroxides can also be oxidized as 

an ideal carbon source for alkyl azide, respectively. Methyl peroxide and ethyl peroxide also 

participated in the reaction, providing methyl product in the ratio of 93.5:6.5 e.r. and ethyl product in 
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the ratio of 87:13 e.r., respectively. The corresponding alkyl peroxides can generate a series of primary 

alkyl radicals with various functional substituents such as chlorine and esters, and provide related 

products with good yields at medium to good enantiomeric ratios (Figure 20A). And for diazidation, 

an array of Ŭ,ɓ-unsaturated ketones with various substituents on the Ŭ-phenyl ring were all amenable 

in diazidation (75:25-91.5:8.5 e.r.)(Figure 20B). 

 

Figure 20. Iron-catalyzed enantioselective radical carboazidation and diazidation of Ŭ,ɓ-Unsaturated 

Carbonyl Compounds. 

1.3.3 Iron -Catalyzed Asymmetric Intramolecular Aminohydroxylation of Indoles  

In 2013, the Xu group disclosed iron (II) -catalyzed asymmetric intramolecular 

aminohydroxylation of indoles.45 In this reaction, the iron catalyst transfers the N and O groups of 

hydroxylamine to various indoles (dr > 20:1, ee up to 99%). Simple product derivatization provides 

enantiomerically enriched forms of aminohydroxyindole and aminoindolanes (Figure 21). They 
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applied the optimized reaction conditions to various substituted indoles. And observed that 

5-methylindole is an excellent substrate for Fe (OAc)2 catalyzed asymmetric amino hydroxylation. 

They also found that 6-methyl substituent, bromine substituent and chlorine substituent were well 

tolerated in the asymmetric amino hydroxylation of indole catalyzed by Fe (OAc)2, which provided a 

multipurpose method for further research. Further studies showed that 6-phenylindole was an excellent 

substrate for Fe (OTf)2 catalyzed asymmetric ammonia hydroxylation (91% ee), and 7-methylindole 

participated in Fe (OAc)2 catalyzed asymmetric ammonia hydroxylation with acceptable ee (88% ee). 

However, they observed that the ee of amino hydroxylation of 4-bromoindole was significantly lower 

than that of other substrates (74% ee), suggesting that 4-H may be important for asymmetric induction. 

 

Figure 21. Iron(II)-catalyzed asymmetric intramolecular aminohydroxylation of indoles. 

1.3.4 Iron -Catalyzed Asymmetric Aminohydroxylation and Aminofluorination of Olefins  

In 2016, Xu and colleagues reported that the PyBOX ligand effectively supports a Fe centre to enable 

enantioselective intermolecular aminooxygenation and aminofluorination of indene.46 Control experiments 

suggest the presence of a carbon centred radical intermediate generated through radical addition of a 

putative Feïnitrene. This mechanism differs from the classical aziridination ring-opening pathway because 

the radical intermediate is proposed to be oxidized by the resulting high-valent Fe (III) intermediate 

through single-electron transfer to generate a carbocation, which subsequently combines with either BzO- 

or F- (Figure 22). 
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Figure 22. Enantioselective intermolecular aminooxygenation and aminofluorination of indene. 

1.3.5 Iron -Heme Enzyme-Catalyzed Asymmetric Aziridination 

Since the structures of iron carbene (Fe=C (R1) (R2)) and iron nitrene (Fe=NR) are similar to those of 

iron oxide (Fe=O) intermediates involved in the catalytic oxidation of cytochrome P450, Arnold and 

coworkers used synthetic carbene and nitrobenzene precursors never encountered in biological systems and 

reused P450 to catalyze unknown reactions in nature.47 So, they tried different nitrene transfer reactions. In 

2015, they disclosed that P411s could catalyze the asymmetric aziridination pf styrene derivatives using 

tosyl azide as the nitrene source.48 They found that evolved enzymes can suppress the reduction of azide. 

The final variant P I263F A328V L437V allows the preparation of a series of enantiomerically enriched 

aziridines from electron-rich and electrically neutral styrene. Due to their weakened nucleophilicity, 

electron-deficient styrene is a less effective substrate under these conditions (Figure 23). 

 

Figure 23. Iron-heme enzyme-catalyzed asymmetric aziridination. 

1.3.6 Iron -Heme Enzyme-Catalyzed Asymmetric Aminohydroxylation 

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

amino alcohols as the final product when they used wild-type Rma cytochrome c as the catalyst.49 They 
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proposed this due to the rapid ring-opening of the unprotected aziridine under the reaction conditions. 

Starting from Rma cyt c, active site engineering provides a " TQL " variant, a highly active biocatalyst for 

asymmetric amino hydroxylation of various styrene (including electron-deficient styrene). Further 

mechanism studies showed that the hydrolysis of unprotected enantiopure aziridine is enantiospecific. This 

finding suggests that the enantiomerically enriched aziridine formed by the enzyme may be the precursor of 

1,2-aminoalcohol products (Figure 24). 

 

Figure 24. Iron-heme enzyme-catalyzed asymmetric aminohydroxylation. 

1.3.7 Iron -Heme Enzyme-Catalyzed Asymmetric Intermolecular Benzylic C-H Amination 

In 2017, the Arnold group successfully applied their chiral iron-porphyrin based enzymatic catalyst 

system in asymmetric intermolecular C-H amination of benzylic C-H bonds.50 The chiral amides were 

obtained in up to >99% ee and up to 86% yield. Based on the manifold, they proposed the catalytic cycle 

for intermolecular amination shown in (Figure 25) First, reduction of the ferric state of the haem cofactor, 

with electrons derived from NADPH, gives the ferrous state. Reaction with a nitrene source, here tosyl 

azide (TsN3), then provides the putative iron nitrenoid. Subsequent reaction of this intermediate with an 

alkane such as 4-ethylanisole would deliver the C-H amination product benzylic amine and regenerate the 

ferrous state of the catalyst. A competing process observed in P411-catalysed nitrene transfer is the 

reduction of the nitrenoid, generating the undesired by-product p-toluenesulfonamide. the targeted C-H 

bond is necessarily present in the enzyme active site when the reactive nitrenoid is formed, biasing 

productive C-H amination over the deleterious nitrenoid reduction pathway. 
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Figure 25. Iron-heme enzyme-catalyzed intermolecular benzylic CīH amidation. 

1.3.8 Iron -Heme Enzyme-Catalyzed Asymmetric Amination of Primary , Secondary and Tertiary 

C(sp3)-H Bonds 

In 2019, the Arnold group reported the intramolecular C-H amidation of sulfamoyl azide as a model 

system. They demonstrated that all three modes of enantioinduction could be achieved using P411 

catalysts.51 The amidation of secondary C(sp3)-H bonds, primary C(sp3)-H bonds are two of three modes, 

and the third one is enantioconvergent tertiary C-H amidations via a putative stereoablative hydrogen atom 

transfer (HAT)/stereoselective rebound mechanism (Figure 26). 
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Figure 26. Iron-heme enzyme-catalyzed asymmetric amidation of primary, secondary, and tertiary 

C(sp3)-H bonds. 

1.3.9 I ron-Heme Enzyme-Catalyzed Benzylic and Allylic C(sp3)-H Bonds 

Even more exciting, in 2020, the Arnold group reported the asymmetric primary C-H aminations at 

both benzylic and allylic C-H bonds provided desired chiral amines in up to 3930 TTN and 96% ee.52 

Variant P411APA chemoselectively aminates the allylic C-H bond, leaving the olefin moiety completely 

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

olefin aminohydroxylation. With P411BPA and P411APA, an array of easily available hydrocarbon starting 
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materials could be converted into value-added primary amines (Figure 27). 

 

Figure 27. Iron-heme enzyme-catalyzed asymmetric amination of benzylic and allylic C(sp3)-H bonds. 

1.3.10 Iron -Heme Enzyme-Catalyzed Benzylic C(sp3)-H Bonds 

Subsequently, the Arnold group disclosed a biocatalytic, intermolecular benzylic C-H amidation 

reaction operating at mild and scalable conditions.53 With hydroxamate esters as nitrene precursors, 

feedstock aromatic compounds can be converted to chiral amides with excellent enantioselectivity (up 

to >99% ee) and high yields (up to 87%) (Figure 28). 

 

Figure 28. Biocatalytic, intermolecular C-H bond amination for enantioenriched amides. 

1.4 Aim of Thesis 

Based on the previous literature review, the activation of direct C-H bonds is still the most challenging 

direction among the current methods for the construction of chiral C-N bonds. Direct enantioselective C-H 

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



Chapter 1. Theoretical Part 

27 

bonds in organic substrates.54 In this endeavour, the reported, efficient catalysts that are based on 

non-precious metals such as iron remains sparse. When compared to precious metals, non-precious metals 

as exemplified by iron are usually earth-abundant and relatively more biocompatible. The development of 

Fe catalysis can be linked to the preparation of biomimetic Fe complexes with the catalytic activity that 

could match that of heme and/or non-heme enzymes. Especially in the application of enantioselective CïH 

bonds functionalization. 

 

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

Some N4 Iron complexes have been reported and can be applied in efficient asymmetric catalysis as 

demonstrated for enantioselective epoxidations, cis-dihydroxylation of alkenes and simple Michael addition 

reactions. It is worth mentioning that this catalyst has never been used for enantioselective catalysis of C-N 

bonds formation, especially the enantioselective amination of C-H bonds. Therefore, we envisioned that N4 

Iron complexes might also catalyze asymmetric C-H amination reactions. 

1.4.1 Synthesis of New N4 Chiral Iron Complexes 

N4 ligands have been easy to synthesize during the last two decades and they can coordinate with a 

variety of metals (Mn, Fe, Co), especially iron. N4 ligands are typically prepared by electrophilic 

substitution from diamines and nitrogen-containing heterocycles. The chiral ligand can be also synthesized 

if the diamine is chiral. In addition, the leaving groups in the complexes now prepared from N4 ligands are 

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

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

1.4.2 Apply N4 Iron Complexes in Asymmetric Intramolecular C-H Aminations 

Transition-metal catalysed asymmetric C-H aminations are a major topic in organic synthesis 

nowadays. Despite various efforts which have been put into this research area, there are still some 

challenges that need to be solved in this field. For example, the development of less expensive and more 

easily available transition metal catalysts is a significant scientific endeavour. In this thesis, we intend to 

lay the foundation for iron-catalyzed enantioselective amination and establish the basis for further research. 
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Chapter 2: Results and Discussion 

2.1 Synthesis of Chiral  N4 Iron Catalysts  

As described in the introduction, chiral N4 iron catalysts are not currently used to catalyse the 

direct construction of C-N transformations from C-H bonds. Besides, according to published work 

from Que Jr group, White group and Costas group, the iron complexes of N4 ligands will go through 

high valence Fe (IV) oxo intermediates in the reaction process of catalyzing C-H bond oxidation or 

carbon-carbon double bond epoxidation and carbon-carbon double bond hydroxylation.1 Inspired by 

this active reaction Fe (IV) oxo intermediate, we imagined whether iron catalysts with N4 ligands 

would form Fe nitrene intermediates. If it can be formed, then the N4 iron catalyst can achieve C-H 

amination. In addition, our group has successfully developed a series of enantioselective C-H 

aminations and enantioselective difunctionlization of double bonds catalyzed by chiral-at-metal 

ruthenium catalysts in the past 4 years.2 It is worth mentioning that excellent enantioselectivity control 

can be achieved in all ruthenium-catalyzed C-H amination reactions. The structure of the N4 iron 

catalyst is similar to that of the ruthenium catalyst, so we envision that the N4 iron catalyst might also 

achieve good chirality control in the process of catalyzing C-H amination. With this background and 

idea in mind, we will present the synthesis of a series of N4 iron catalysts in this chapter. 

  

Figure 31. Proposal for N4 iron nitrene intermediates. 

2.1.1 Synthesis of Modified Chiral  N4 Iron  Catalysts 

The chiral N4 iron catalyst design went back to related chiral rigidifying pyrrolidine complexes 

first reported by White.1a We synthesized two types of chiral N4 complexes, the first of which uses 

acetonitrile as the leaving group. A compound containing chlorine atoms as the leaving group is the 

second kind. The synthesis of the first of these categories is straightforward and follows the procedure 

described in the literature. The synthesis of a chiral ligand is the initial stage. To generate a chlorinated 

complex, the ligand is ligated 1:1 with an iron salt. After dissolving the chlorinated complex in 

acetonitrile, 2 equivalents of AgSbF6 are added to form the acetonitrile coordination complex, with 

hexafluoroantimonate as the counterion. Four pyridine-class catalysts were synthesized. There have 

been three of these recorded.1a, 1b, 3 Benzimidazole-class catalysts are the other kind. There has been 

one of these reported.4 To improve the chiral control of the C-H amination process, we introduced a 
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large steric hindrance tert-butyl group and electron-withdrawing bromine to the benzimidazole ring 

based on steric hindrance and electronic effects. Fe2-Fe5 yields range from 37% to 89%. Fe6-Fe8 

yields range from 58% to 83%. Fe2,1a Fe3,3 Fe51b and Fe64 have been reported. 

 

Figure 32. The synthesis of N4 iron complexes. 

In our synthesis of acetonitrile complexes, we need to first synthesize complexes where the 

leaving group is chloride. We attempted to evaluate the activity of chiral iron complexes with a 

chloride leaving group because no one has previously disclosed their direct application. When we 

tested the catalytic activity of this complex, it was found to be very good. It is worth mentioning that 

this finding opened a new door for us. Firstly, the synthesis of such complexes where the leaving 

group is chloride is much easier without the addition of expensive silver salts to remove the chloride. 

Secondly, such complexes are more stable and we do not have to worry about loss of activity in the air. 

And in our thoughts, the ideal catalyst has always been one with excellent stability and catalytic 

activity. In the process of validating our idea, we first synthesized (R,R)-BIP with a 93% yield. To 

expand our catalyst library, we then synthesized (R)-Fe8 and (R,R)-Fe9 with 94% and 89% yields, 

respectively. Comparing the synthetic yields of the acetonitrile complex and the complex with chloride 

as the leaving group, the latter gives a much higher yield than the former. 
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Figure 33. Synthesis of N4 iron chloride complexes. 

2.1.2 Gram-Scale Synthesis of (R,R)-FeBIP 

To a stirred solution of the ligand (R,R)-BIP (990 mg, 2.3 mmol, 1.05 equiv.) in 13 mL CH3CN 

under N2 atmosphere was added FeCl2Å4H2O (437 mg, 2.2 mmol, 1 equiv.) in one portion. A yellow 

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

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

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

solvent of CH3CN/diethyl ether (v/v = 1/2.5) for three times (3 x 35 mL in total). The solid was dried 

under nitrogen flow to afford (R,R)-[Fe(BIP)]Cl2 as a yellow powder (1.14 g, 2.1 mmol, 93% yield).  
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Figure 34. Synthesis of (R,R)-FeBIP. 

2.1.3 Crystal Structure of (R,R)-FeBIP 

For all but the reported catalysts, we have determined the structure of the complexes by elemental 

analysis and mass spectrometry. Secondly, to prove whether the BIP iron complex structure was 

correct, we tried a number of methods, eventually by first dissolving the BIP iron complex in DMF 

followed by a slow dropwise addition of tetrahydrofuran or ethyl acetate. It is then left to stand 

overnight and colourless yellow crystals are found to precipitate in the solution. The resulting crystal 

structure also reveals that the BIP ligand stereochemistry is (R,R) and the iron center stereochemistry 

is ȹ. 

 

Figure 35. Crystal structure of (R,R)-FeBIP. 

2.1.4 Conclusions 

Two kinds of chiral N4 iron catalysts were synthesised in this chapter. The first type is a complex 

with acetonitrile as the leaving group, while the second type is a complex with chloride as the leaving 

group. Complexes with chloride as the leaving group are easier to synthesize and more stable. 

Furthermore, BIP complexes can be produced in gram scale yields of up to 93%. (R,R)-FeBIP 

complex crystals were also obtained. The stereochemistry of the crystal structure is consistent with the 

theoretical results. 
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2.2 Asymmetric Amination of Secondary C-H Bonds Catalyzed by Chiral N4 Iron Catalysts 

2.1.1 Research Background and Reaction Design  

Asymmetric C-H bond amination via nitrene insertion is an attractive method for the synthesis of 

nitrogen-containing chiral organic compounds.1 This method allows the direct installation of amino 

groups into the molecular backbone, avoiding tedious multi-step functional group conversions. Due to 

the high activity of free nitrene,2 there may be problems of low selectivity and low yield when used 

directly for synthesis. Thus, the feasibility of efficient C-H bond amination via nitrene insertion often 

relies on the use of metal catalysts to mediate a nitrene transfer process by which metal-bound nitrene 

species can be generated, rather than free nitrene, and as a reactive intermediate to facilitate 

functionalization of C-H bonds. The exploration of metallic catalysts for C-H bond amination has led 

to the development of efficient rhodium-, ruthenium-, cobalt-, and copper-based metal catalysts with 

high regiospecificity for metal-catalyzed C-H bond amination. with which metal-catalyzed C-H bond 

amination reactions with high regio- and stereo-selectivity have been achieved.3 Following this 

progress, there has also been strong interest in developing chiral iron catalysts for the amination of 

C-H bonds, since the earth-abundance and biocompatibility characteristics of iron make iron 

complexes ideal candidates for economical and environmentally friendly catalysts.4 Moreover, iron, as 

a typical 3d metal, forms versatile complexes that show useful reactivity of bond-cleavage and 

-formation, e.g. oxidative addition, reductive elimination, ů-bond metathesis, single-electron transfer, 

and group-transfer.5 

Previously, Chen-Xi Ye, a PhD student in the Meggers group, developed a ruthenium-catalyzed 

enantioselective synthesis of chiral a-amino acids by nitrene C(sp3)-H insertion (Figure 36).6 The 

method is based on a unique stereocontrolled 1,3-nitrogen shift from one carboxylic acid oxygen to the 

a-carbon. Although chiral-at-ruthenium catalysts can catalyze this type of reaction and obtain a wide 

variety of aryl, alkenyl, and alkynyl substituted amino acids with good yield and good ee value, more 

challenging alkyl substrates C-H cannot provide good results. On the other hand, in addition to 

ruthenium catalysts, we have also been pursuing cheaper and more efficient iron catalysts. Although a 

range of work has been reported on the activation of alkyl C-H bonds,7 iron-catalyzed activation of 

asymmetric alkyl C-H remains a highly desirable direction worthy of further investigation.  
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Figure 36.  Previous reports and this design for asymmetric amination by N4 iron catalysis. 

2.1.2 Initial Experiments and Reaction Development 

We commenced our study with readily available 2-naphthaleneacetic acid which was subjected to 

a dicyclohexylcarbodiimid (DCC)-coupling with 2,2,2-trichloroethoxycarbonyl (Troc)-N-protected 

hydroxylamine (TrocNHOH) to provide the azanyl ester 1a. The azanyl ester 1a was used as a model 

substrate for an iron-catalyzed asymmetric amination of secondary C-H bonds.  

 We firstly investigated the catalytic properties of the chiral-at-iron complex Fe18 which was 

synthesized by our former group member Yubiao Hong and found that Fe1 displayed low catalytic 

activity for the secondary C-H amidation of azanyl ester 2a. And when we tested the activity of Fe2, 

we were surprised to find that it could catalyse the reaction and give 99% of the product, although the 

ee was only 11%. In order to further improve the chiral purity of the products, the iron complexes 

Fe3-Fe5 with different substituents were screened. Although high yields were obtained from 95% to 

97%, ee did not improve much, in the range of 14% to 45%. Revealingly, when we replaced the 

pyridyl with N-methylbenzimidazole moieties Fe6, the Troc-protected amino acid (S)-2a was obtained 
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in 95% yield with 82% ee (entry 5), and we also tried substituted N-methylbenzimidazole moieties 

Fe7-Fe8, which can provide (S)-1a in 90% yield with 74% ee and 93% yield with 59% ee, 

respectively. Interestingly, the bis-benzimidazole complex (R,R)-FeBIP, in which chlorides are used as 

labile monodentate ligands instead of the much more common acetonitriles or triflates, afforded 

further improved results with 96% yield and with 81% ee (entry 7). Exchanging the 2,2ô-bipyrrolidine 

backbone with proline-derived 2-pyrrolidinemethaneamine ((R)-Fe9) or cyclohexane-1,2-diamine 

((R,R)-Fe10) provided inferior results (entries 10 and 11), thus revealing the advantage of using a 

rigidified chiral backbone. And we also screened different solvents, such as DCE and TCE. When the 

solvent is TCE, the desired product (S)-2a was provided in 91% yield with 83% ee. In addition, when 

the reaction temperature was decreased to 0 , we were able to obtain (S)-2a 93% yield and 89% ee 

after 40 hours of reaction. Finally, we increased the amount of catalyst from 4 mol% to 8 mol% and 

obtained (S)-2a in 96% yield with 90% ee.  
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Table 1. Initial experiments and optimization.a 

 

Entry Catalyst Cat. Loading 

(mol%) 

Solvent T (°C)  t (h) Yield 

(%)b 

ee (%)c 

1 ȹ- Fe1 4 DCM rt 16 trace N.D. 

2 (R,R)-Fe2 4 DCM rt 16 99 11 

3 (R,R)-Fe3 4 DCM rt 16 95 14 

4 (R,R)-Fe4 4 DCM rt 16 96 45 

5 (R,R)-Fe5 4 DCM rt 16 97 15 

6 (R,R)-Fe6 4 DCM rt 16 95 82 

7 (R,R)-Fe7 4 DCM rt 16 90 74 

8 (R,R)-Fe8 4 DCM rt 16 93 59 

9 (R,R)-FeBIP 4 DCM rt 16 96 81 

10 (R)-Fe9 4 DCM rt 16 95 80 

11 (R,R)-Fe10 4 DCM rt 16 94 68 

12 (R,R)-FeBIP 4 DCE rt 16 89 81 

13 (R,R)-FeBIP 4 TCE rt 16 91 83 

14 (R,R)-FeBIP 4 TCE 0 40 93 89 

15 (R,R)-FeBIP 8 TCE 0 40 96 90 

[a] All reactions were performed with 0.1 mmol of substrate 1a in solvent (1.0 mL) 

under an atmosphere of nitrogen. [b] All yields refer to isolated products after column 

chromatography. [c] Enantiomeric excess determined by HPLC analysis of the isolated 

products on a chiral stationary phase. 
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2.1.3 Substrate Scope 

With the optimized catalyst and reaction conditions in hand, we performed a substrate scope. we 

screened substrates for this reaction. The phenyl substrates were well tolerated and provided a 95% 

yield with 91% ee (2b). Electron-withdrawing trifluoromethyl in the para-position of phenyl moiety 

provided 72% yield with 92% ee (2c). An electron-donating methoxy group in the para-position of the 

phenyl moiety gave a 95% yield with 90% ee (2d). The substrate with phenyl allylic C-H afforded 

reduced yield and ee value. Replacing the phenyl allylic moiety with phenyl propargylic provided a 

lower yield and ee value. We think this is because the alkyne group may be coordinated with iron. It is 

worth noting that our chiral iron catalysts can also catalyze when confronted with the more 

challenging C-H bonds. Substrates with primary (2g-2n), secondary (2o), and tertiary (2p) aliphatic 

side chains underwent amination in 48-75% yield and with 85-92% ee. The method is also suitable for 

the late-stage amination of more complex molecules. Azanyl ester formation followed by 

iron-catalyzed stereocontrolled 1,3-nitrogen shift converted lithocholic acid to amino acid 2q (77% 

yield, 23:1 dr). 
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Figure 37. Reaction conditions: reactions were carried out with (R,R)-FeBIP (8-15 mol%), K2CO3 (3 

equiv.) and 1,1,2,2-tetrachloroethane (TCE, 0.1 M) at 0  for 40 h. Enantiomeric excess (ee) values 

were determined by HPLC analysis (see Supplementary Information section 5 for full details). aIsolated 

after conversion to the methyl ester. bReaction performed at room temperature (25 ) for 16 h.  

2.1.4 Mechanism Proposal 

A simplified mechanism propasal based on the DFT calculations and control experiments of 

ruthenium discussed before6 is shown in Figure 38. The azanyl ester substrate is first activated by 

N-O cleavage to provide intermediate A (corresponding to intermediate IV in Figure 38) after 

deprotonation. A subsequent hydrogen atom transfer then affords the diradical B (corresponding to 

intermediate V in Figure 38), followed by a rapid radical rebound to yield the chelate complex C 

(corresponding to intermediate VI  in Figure 38). Protonation of the carboxylate induces product 

dissociation and concludes the catalytic cycle. The net result of the N-O bond fragmentation and 

subsequent stepwise C-H insertion is an asymmetric 1,3-nitrogen shift to provide non-racemic chiral 

a-amino acids. 
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Figure 38. Proposed mechanism. 

2.1.5 Conclusions 

In conclusion, based on the previously work of our group, we reported the catalytic 

enantioselective synthesis of chiral a-amino acids by chiral N4 iron catalyzed nitrene C(sp3)-H 

insertion. Chiral N4 iron catalysis provided a good scope, enabling rapid access to optically active 

a-amino acids with aryl, allyl, and non-activated alkyl side chains. The good functional group 

tolerance of this method also permits the enantioselective late-stage amination of carboxylic 

acid-containing drugs and natural products. The Troc-protected amino acids obtained through this 

protocol can be used directly in synthesis with the Troc group being selectively removable under mild 

conditions via a reductive Grob fragmentation.9 This strategy will expedite the synthesis of unnatural 

a-amino acids, which are important building blocks of peptidomimetic drugs, as well as engineered 

proteins and enzymes with modulated properties.10  
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2.3 Enatioconvergent Tertiary C-H Bonds Amination Catalyzed by Chiral N4 Iron Catalysts 

2.3.1 Research Background and Reaction Design 

Direct asymmetric transformations of racemic tertiary C(sp3)ïH bonds (pKa>25)1 remain a 

challenging area, particularly for enantioconvergent ones theoretically leading to highly 

enantioenriched products in 100% yield,2 although enantioconvergent substitution reactions of racemic 

tertiary alkyl electrophiles are emerging as a powerful synthetic strategy to access quaternary 

stereocentres.3 In this regard, Arnold et al. achieved the first highly enantioconvergent tertiary C-H 

amination process using enzymatic catalysis.4 There have also been successive reports of work on 

enantiomeric convergent amination by Liu et al.5 and Peter Zhang et al.6 The issue for the lagging 

development of such a procedure stems mostly from the mechanistic constraint inherent in earlier 

enantioselective CïH functionalization methods: partial or total chirality retention (Figure 39C). 

Specifically, CïH activation catalysed by a transition metal and coordinated metal-carbenoid/nitrenoid 

CïH insertion have only achieved stereospecific conversions (Figure 39A),7,8 whereas hydroxylation 

by metal oxo species9 is hindered by partial or complete chirality retention (Figure 39B).10 As a result, 

these solutions are often more suited to kinetic resolution, which provides at best a 50% yield (Figure 

39C, left). The explanation for chirality retention in non-constrained settings stems from the typically 

quick radical rebound (RR) step, which appears to be kinetically connected to the initial hydrogen 

atom abstraction (HAA) step. As a result, the resultant C-H functionalization products inherit chirality 

to varying degrees (Figure 39B).10c,10d As a result, the commonly accepted transition-metal-catalyzed 

enantioselective C-H functionalization methods appear to limit efficient enantioconvergent 

conversions of racemic tertiary C(sp3)-H bonds (Figure 39C). 
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Figure 39. Design of catalytic enantioconvergent tertiary C (sp3)-H functionalization. An 

Organometallic CïH activation and metal-carbenoid/nitrenoid concerted CïH insertion lead to 

stereospecific functionalization. B, Coupled HAA and rdical rebound for metal-oxo-mediated CïH 

functionalization and stepwise metal-carbenoid/ nitrenoid CïH insertion tend to result in partial or 

complete chirality retention due to the commonly fast rdical rebound. C, Reported CïH 

functionalization catalysed by a transition metal is amenable only to kinetic resolution, but not yet to 

enantioconvergent transformations, due to the chirality retention problem. 

Seeking to address this challenge, we became interested in developing new methods with chiral 

N4 iron catalysis to provide a general platform for enantioconvergent reactions of racemic tertiary 

C(sp3)-H bonds. Previously, we reported a stereocontrolled 1,3-nitrogen rearrangement via 

1,3-migratory nitrene insertion as a strategy for highly regioselective and stereoselective C(sp3)-H 

aminations to access chiral a-amino acids. Here we now report an application of this stereocontrolled 

1,3-nitrogen migration to the iron-catalyzed 11 enantioconvergent synthesis of a,a-disubstituted 

a-amino acids from racemic a-branched carboxylic acid feedstock molecules in two steps (Figure 

40). 
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Figure 40. Iron-catalyzed enantioconvergent synthesis of a,a-disubstituted a-amino acids by 

1,3-nitrogen migration. 

2.3.2 Initial Experiments and Reaction Development 

Initial experiments and optimization. We commenced our study with readily available racemic 

2-phenylpropionic acid (rac-3a) which was subjected to a dicyclohexylcarbodiimid (DCC)-coupling 

with 2,2,2-trichloroethoxycarbonyl (Troc)-N-protected hydroxylamine (TrocNHOH) to provide the 

racemic azanyl ester rac-4a. The azanyl ester rac-4a was used as a model substrate for an 

iron-catalyzed enantioconvergent 1,3-nitrogen migration.  

We firstly investigated the catalytic properties of the Fe2.  In the presence of K2CO3 (3 

equivalents), rac-4a was converted to the Troc-protected amino acid (S)-5a after 18 hours at room 

temperature in only 63% yield and with disappointing 22% ee (Table 1, entry 1). In order to further 

improve the chiral purity of the products, the iron complexes Fe3-Fe5 were screened. the yields were 

obtained from 17% to 30%, ee did not improve much, in the range of 21% to 30%. (entries 2-4). 

Revealingly, when we tested iron complex (R,R)-Fe6, the Troc-protected amino acid (S)-5a was 

obtained in 94% yield with 76% ee (entry 5). Replacing the MeCN ligands with triflate anions, 

deriving at iron complex (R,R)-FeOTf ,12 a slightly improved yield and enantioselectivity were 

observed (entry 6). Interestingly, the bis-benzimidazole complex (R,R)-FeBIP, afforded further 

improved results with 96% yield and with 79% ee (entry 7). ((R)-Fe8) and ((R,R)-Fe9) provided 

inferior results (entries 8 and 9). Finally, we investigated the influence of temperature on the 

enantioselectivity of the 1,3-nitrogen migration with (R,R)-FeBIP for which the catalyst loading was 

increased to 8 mol% to counterbalance the reduced reaction rate. Accordingly, at 0 °C and -10 °C the 



Chapter 2. Results and Discussion 

48 

enantioselectivity increased to 83% and 84% ee, respectively (entries 10 and 11).  For further studies, 

0 °C was chosen as the optimal reaction temperature with a compromise out of reaction rate and 

enantioselectivity. In summary, we developed a chiral N4 iron catalyzed enantioconvergent conversion 

of the racemic azanyl ester rac-4a to enantioenriched a-amino acid (S)-5a. 
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 Table 2. Initial experiments and optimization.a 

 

Entry Catalyst Cat. Loading 

(mol%) 

T (°C)  Time (h) Yield (%)b ee (%)c 

1 (R,R)-Fe2 4 rt 18 63 22 

2 (R,R)-Fe3 4 rt 18 70 30 

3 (R,R)-Fe4 4 rt 18 61 25 

4 (R,R)-Fe5 4 rt 18 17 21 

5 (R,R)-Fe6 4 rt 18 94 76 

6 (R,R)-FeOTf 4 rt 18 95 77 

7 (R,R)-FeBIP 4 rt 18 96 79 

8 (R)-Fe9 4 rt 18 97 76 

9 (R,R)-Fe10 4 rt 18 85 65 

10 (R,R)-FeBIP 8 0 40 91 83 

11 (R,R)-FeBIP 8 -10 40 89 84 

[a] All reactions were performed with 0.1 mmol of racemic substrate 3a in 

1,1,2,2-tetrachloroethane (TCE) (1.0 mL) under an atmosphere of nitrogen. [b] All yields 

refer to isolated products after column chromatography. [c] Enantiomeric excess 

determined by HPLC analysis of the isolated products on a chiral stationary phase. 
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2.3.3 Substrate Scope 

Having favorable reaction conditions identified, we next investigated the scope for this 

enantioconvergent C(sp3)-H amination (Figure 41). Starting from the initial 2-phenylpropionic acid 

azanyl ester substrate 4a, we found that substituents in the para-position of the phenyl moiety are well 

tolerated, including alkyl groups (methyl, tert-butyl, isobutyl), electron-withdrawing substituents (F, Cl, 

Br, CF3), and a methylsulfide, providing the a,a-disubstituted a-amino acids 5b-5i in 62-96% yield 

and with satisfactory 80-87% ee. A para-methoxy substituents is an exception and afforded the 

a-amino acid 5j in 97% yield and with a reduced 56% ee. Instead, a phenoxy substituent in 

meta-position of the phenyl moiety provided better results with 82% yield and 77% ee (5k). Likewise, 

a benzoyl substituent in meta-position afforded a-amino acid 5l with 85% yield and 82% ee. Two 

substituents in the phenyl ring were also well accommodated as demonstrated for the a-amino acids 

5n-5p (63-76% yield, 68-83% ee). Replacing the phenyl moiety with a 2-naphthyl group provided the 

a-amino acid 5q in 90% yield and with 84% ee. On a larger scale (1.0 mmol), the napthyl a-amino 

acid 5q was obtained in 88% yield and with 79% ee. The enantiomeric excess could be increased to 

99% ee with a single recrystallization. Introducing a methoxy substituent into the 2-naphthyl moiety 

provided the a-amino acid 5r with excellent 99% yield but just 64% ee, thus reinforcing that 

electron-donating groups reduce the enantioselectivity. Heteroaromatic moieties in the a-position are 

also suitable for the new method, including a thiophene (5s, 94% yield, 83% ee) and a quinoline (5t, 

86% yield, 70% ee). However, the carbazole-containing a-amino acid 5u was only isolated in 26% 

yield with 72% ee. Next, we evaluated the replacement of the methyl substituent in 2-phenylpropionic 

acid azanyl ester 4a with other alkyl groups. Accordingly, replacing the methyl with an ethyl, n-propyl, 

or n-hexyl group provided the respective a,a-disubstituted a-amino acids 25-27 in 85-91% yield and 

with 82-83% ee. Secondary alkyl groups are also enabled for this method. For example, a-amino acids 

with isopropyl (5y), cyclopentyl (5z), or cyclohexyl (5za) groups were obtained in 44-88% yield and 

82-88% ee. The tetrahydronaphtalene a-amino acid 5zb was provided in 56% yield and with 68% ee, 

while the steroid-functionalized a-amino acid 5zc was afforded in 41% yield and with 90:10 dr. The 

products 5zd and 5ze reveal an important limitation for the introduced method, namely that an 

aromatic moiety in a-position is a requirement for obtaining a significant enantiomeric excess in the 

course of the 1,3-nitrogen migration. Finally, it is worth noting that the enantiopurities of the 

Troc-protected a,a-disubstituted a-amino acids can be increased by simple crystallization. For 
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example, when the iron-catalzyed 1,3-nitrogen migration was executed on a 1 mmol scale and 

followed by a crystallization step in EtOAc/n-hexane, the amino acids 5d, 5n and 5q were obtained in 

yields of 53%, 63% and 64% over the two steps, respectively, and all with 99% ee. 

 

Figure 41. Substrate scope. Standard conditions: Racemic substrates (0.20 mmol), catalyst (8.0 mol%) 

and K2CO3 (0.6 mmol) in 1,1,2,2-tetrachloroethane (2.0 ml) under argon at 0 ÁC for 40 h. Isolated yields 
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are shown. a Increased scale with 1.0 mmol of the substrate. 

2.3.4 Additional Experiments 

To obtain insight into the stereodiscriminating step, the azanyl esters (R)-4a and (S)-4a, derived from 

(R)- or (S)-2-phenylpropionic acid, respectively, were used as enantiomerically pure substrates instead of 

their racemate (Figure 42a). Using our standard reaction conditions, (S)-5a was formed with almost 

identical yields and ee values irrespective of starting from R-configured, S-configured, or racemic substrate, 

suggesting a radical mechanism in which the final C-N bond formation must be the stereodetermining step. 

Interestingly, when we instead performed the iron-catalyzed 1,3-nitrogen migration with the azanyl ester 

4ze, in which the phenyl moiety of substrate 4a is replaced with a cyclohexyl moiety, almost racemic amino 

acid 5ze was obtained, regardless of whether the reaction was performed with racemic, R- or S-configured 

substrate 4ze. These experiments provide insight into the requirement of the aromatic moiety in a-position 

for achieving enantioconvergence, which is apparently not associated with a stabilization of the 

intermediate radical but rather the asymmetric induction itself. A kinetic isotope effect (KIE) of 1.1 also 

reveals that the C-H bond cleavage is not the rate-determining step in the catalytic cycle (Figure 42b). 

Finally, it is worth noting that this enantioconvergent C(sp3)-H amination to access enantiomerically 

enriched a,a-disubstituted a-amino acids are not suitable for chiral-at-ruthenium catalysts, which were 

demonstrated to be suitable for accessing a-monosubstituted a-amino acids by nitrene-mediated 

1,3-nitrogen migration (Figure 42c). 



Chapter 2. Results and Discussion 

53 

 

Figure 42. Additional experiments. 
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2.3.5 Mechanism Proposal 

The catalytic cycle starts with a base- and iron-induced heterolytic cleavage of the N-O bond of 

the racemic azanyl ester to generate a nitrene and carboxylate which are both bound to the same iron 

center (Figure 43, intermediate I ). Since the azanyl ester substrate is used as a racemic mixture, the 

iron nitrene intermediate forms as a mixture of the two diastereomers Ia and Ib . This is followed by 

hydrogen atom transfer (HAT) from the a-position of the carboxylate to the nitrene, thereby 

generating the diradical intermediates IIa and IIb , which have a sufficient long lifetime to be in 

equilibrium with each other. The subsequent C-N bond formation constitutes the stereodetermining 

step in the catalytic cycle, generating a single diastereomer III . A high stereodiscrimination in this step 

is only observed with an aryl substituent in a-position and this can be rationalized with a favorable 

stacking of the aryl group to one benzimidazole moiety in intermediated IIa  but not IIb . Finally, 

protonation of the carboxylate then induces the dissociation of the amino acid from the iron catalyst 

and regenerates the iron catalyst for another catalytic cycle. 

 

Figure 43. Proposed mechanism. 

2.2.6 Conclusions 

In summary, we have described a strategy for direct enantioconvergent tertiary C(sp3)ïH 

amination starting from readily available racemic azanyl esters with a simple chiral N4 iron catalysis. 

The mechanistic blueprint consisting of sequential HAT and stereocontrolled C-N bond formation. 
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And the enantioenriched a,a-disubstituted a-amino acids can be provided by this powerful and 

strightforward method. Some of the products can be obtained as >99% ee by recrystallisation. 
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Chapter 3: Summary and Outlook 

3.1 Summary 

A simple, convenient, and easy-to-synthesize chiral N4 iron catalyst was identified and 

successfully applied to the formation of C-N bonds by asymmetric C-H amination. The simple N4 iron 

catalyst enables rapid access to optically active Ŭ-amino acids with aryl and non-activated alkyl side 

chains, including Ŭ,Ŭ-disubstituted amino acids by enantioconvergent C-H amination. 

 

Figure 44. An overview of the key results of this thesis. 

1) Asymmetric Ami nation of Secondary C-H Bonds Catalyzed by Chiral N4 Iron Catalysts  

Based on the previous work of our group, the enantioselective synthesis of a-amino acids by 

nitrene C(sp3)-H insertion with chiral N4 iron catalysts was developed. The method is based on a 

unique stereocontrolled 1,3-nitrogen shift from one carboxylic acid oxygen to the a-carbon. Our 

method employs abundant and easily accessible carboxylic acids as starting materials. Chiral N4 iron 

catalysis provides a broad scope, enabling rapid access to optically active a-amino acids with aryl, 

allyl, and non-activated alkyl side chains. The high functional group tolerance of this method also 

permits the enantioselective late-stage amination of carboxylic acid-containing drugs and natural 

products.  
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Figure 45. Asymmetric amination of secondary C-H bonds catalyzed by chiral N4 iron catalysts. 

2) Enatioconvergent Tertiary C-H Bonds Amination Catalyzed by Chiral N4 Iron Catalysts 

A powerful and straightforward method for the asymmetric synthesis of chiral a,a-disubstituted 

a-amino acids based on an enantioconvergent 1,3-migratory nitrene C(sp3)-H insertion was developed. 

Readily available racemic feedstock carboxylic acids are converted in a DCC/EDCI-coupling step into 

racemic azanyl esters which rearrange to enantioenriched a,a-disubstituted a-amino acids. The 

1,3-migratory nitrene insertion is catalyzed by a robust chiral iron complex which is insensitive to air 

and humidity. Some of the products can be obtained as >99% ee by recrystallisation.
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Figure 46. Enatioconvergent tertiary C-H bonds amination catalyzed by chiral N4 iron catalysts. 

3.2 Outlook 

Considering, the simplicity, stability and ease of synthesis of chiral N4 iron catalysts and the 

diverse synthetic applications of C-H amination products to drugs, natural products, chiral ligands, and 

chiral catalysts, it would be an extremely valuable direction if chiral N4 iron catalysts could be applied 

to other C-H amination reactions.  

1) Expanding new substrate for enantiomeric convergence process 

Since enantiomeric convergence allows one enantiomer of high chiral purity to be obtained 

directly from the racemic compound, it greatly accelerates the process of obtaining non-racemic 

compounds. Therefore enantiomeric convergence has been a direction of great interest to chemists. 

Based on our research work, we found that chiral N4 iron catalysts can achieve enantiomeric 

convergence very well, so it is also worthwhile to continue exploring the direction of designing new 

substrates suitable for enantiomeric convergence.  

2) Exploit ing asymmetric intermolecular C-H amination reactions 

Compared with asymmetric intramolecular C-H amination reactions, the asymmetric 

intermolecular version is more direct for the synthesis of chiral amines. Usually, intramolecular 
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amination reactions start with the synthesis of suitable reaction precursors, while intermolecular 

amination reactions can be avoided. Secondly, the cyclic N-heterocycles obtained by intramolecular 

amination reactions require further ring opening to give the final chiral amine. The pervasiveness of 

the functional groups can be problematic due to the ring-opening conditions. But intermolecular 

amination reactions can avoid this and it gives direct and fast access to chiral amines. This would be a 

landmark discovery if a suitable reaction precursor could be found for the intermolecular asymmetric 

amination reaction in combination with chiral N4 iron as a catalyst.
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Chapter 4: Experimental Part 

4.1 Materials and Methods 

All reactions were carried out under an atmosphere of nitrogen with magnetic stirring. The catalysis 

reactions were performed using standard Schlenk glassware techniques. 

 

Solvents and Reagents 

Solvents were distilled under nitrogen from calcium hydride (CH2Cl2, CH3CN) or 

sodium/benzophenone (Et2O, THF and toluene). Super-dry solvents, such as 1 1 2 2-tetrachloroethane 

(from Acros) and DMF (from Sigma Aldrich) were perchased from commercial available source and 

used directly without further drying. All reagents purchased from Acros, Alfa Aesar, Sigma Aldrich, 

TCI, ChemPur, Merck and Fluorochem were used without any further purifications. 

 

Chromatographic Methods 

The course of the reactions and the column chromatographic elution were monitored by thin-layer 

chromatography (TLC) [Macherey-Nagel (ALUGRAM®Xtra Sil G/UV254)]. Flash column 

chromatography was performed with silica gel from Merck (particle size 0.040-0.063 mm). 

 

Nuclear Magnetic Resonance Spectroscopy (NMR) 

1H NMR, proton decoupled 13C NMR, and proton coupled 19F NMR spectra were recorded on Bruker 

Avance 300 system (1H NMR: 300 MHz and 500 MHz, 13C NMR: 75 MHz and 125 MHz, 19F NMR: 

282 MHz) spectrometers at ambient temperature. Chemical shifts are given in ppm on the d scale, and 

were determined after calibration to the residual signals of the solvents, which were used as an internal 

standard. NMR standards were used are as follows: 1H NMR spectroscopy: d = 7.26 ppm (CDCl3), d = 

5.32 ppm (CD2Cl2), d = 2.50 ppm (DMSO-d6), d = 3.31 ppm (CD3OD); 13C-NMR spectroscopy: d = 

77.0 ppm (CDCl3), d = 53.8 ppm (CD2Cl2), d = 118.26, 1.32 ppm (CD3CN), d = 206.26, d = 39.52 

ppm (DMSO-d6), d = 49.0 ppm (CD3OD). 19F NMR spectroscopy: d = 0 ppm (CFCl3). The 

characteristic signals were specified from the low field to high field with the chemical shifts (ŭ in 

ppm). 1H NMR spectra peak multiplicities indicated as singlet (s), doublet (d), doublet of doublet (dd), 

doublet of doublet of doublet (ddd), triplet (t), doublet of triplet (dt), quartet (q), multiplet (m). The 
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coupling constant J indicated in hertz (Hz). 

High-Performance Liquid Chromatography (HPLC) 

Chiral HPLC was performed with an Agilent 1200 Series, Agilent 1260 Series HPLC System or 

Shimadzu Lc-2030c. All the HPLC conditions were detailed in the individual procedures. The type of 

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

 

Infrared Spectroscopy (IR) 

IR measurements were recorded on a Bruker Alpha-P FT-IR spectrometer. The absorption bands were 

indicated a wave numbers v (cm-1). All substances were measured as films or solids. 

 

Mass Spectrometry (MS) 

High-resolution mass spectra were recorded on a Bruker En Apex Ultra 7.0 TFT-MS instrument using 

ESI or APCI or FD technique. Ionic masses are given in units of m/z for the isotopes with the highest 

natural abundance. 

 

Crystal Structure Analysis 

Crystal X-ray measurements and the crystal structure analysis were carried out by Dr. Klaus Harms 

(Chemistry Department, Philipps University of Marburg) and Sergei Ivlev (Chemistry Department, 

Philipps University of Marburg). X-ray data were collected with a Bruker 3 circuit D8 Quest 

diffractometer with MoKa radiation (microfocus tube with multilayer optics) and Photon 100 CMOS 

detector. Scaling and absorption correction was performed by using the SADABS software package of 

Bruker. Structures were solved using direct methods in SHELXS and refined using the full matrix least 

squares procedure in SHELXL-2013 or SHELXL-2014. The Flack parameter is a factor used to 

estimate the absolute configuration of the coumounds. Disorder of PF6 ions, solvent molecules or 

methylene groups was refined using restraints for both the geometry and the anisotropic displacement 

factors. 

 

Optical Rotation Polarimeter 

Optical rotations were measured on a Krüss P8000-T or Perkin-Elmer 241 polarimeter with [a]D
22 or 

[a]D
25 values reported in degrees with concentrations reported in g/100 mL.  
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4.2 Synthesis of Chiral  N4 Iron Catalysts  

4.2.1 Synthesis of L igands 

  

Synthesis of (R,R)-BIP: Ligand S1 was synthesized following a literature procedure.1 Accordingly, a 

round bottomed flask was charged with a stir bar, 2-(chloromethyl)-1-methyl-1H-benzo[d]imidazole 

(1057.0 mg, 5.87 mmol, 2.2 equiv.), (R,R)-2,2ô-bispyrrolidine/L-tartaric acid (918.3 mg, 2.67 mmol, 

1.0 equiv.), NaOH (683.5 mg, 17.09 mmol, 6.4 equiv.) and 1:1 CH2Cl2:H2O (11.2 mL) and the 

reaction was stirred vigorously at room temperature for 16 h. The reaction was diluted with 1M NaOH 

and CH2Cl2. The layers were separated and the aqueous layer was extracted with CH2Cl2 (5 x). The 

combined organic layers were dried (K2CO3), filtered and concentrated. Purification by flash 

chromatography on silica eluting with 5% MeOH/CH2Cl2 with 1% NH4OH afforded the crude ligand, 

which was partitioned between CH2Cl2 and 1 M NaOH. The layers were separated and the aqueous 

layer was extracted with CH2Cl2 (5 x). This extraction removes traces of water and NH4OH from the 

column conditions. The combined organic layers were dried (K2CO3), filtered and concentrated to 

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

(R,R)-BIP:  1H NMR  (300 MHz, CDCl3) ŭ 1.50ī1.93 (m, 8H), 2.15ī2.51 (m, 2H), 2.62ī2.80 (m, 2H), 

2.80ī3.00 (m, 2H), 3.53ī3.75 (m, 2H), 3.80 (s, 6H), 4.24 (d, J = 13.4 Hz, 2H), 7.17ī7.34 (m, 6H), 

7.65ī7.78 (m, 2H). 13C NMR  (75 MHz, CDCl3) ŭ 152.48, 142.31, 136.26, 122.54, 121.96, 119.71, 

109.09, 65.45, 55.64, 52.59, 30.01, 26.41, 24.14. IR (film) : ɜ (cm-1) 2954, 2807, 1615, 1513, 1438, 

1399, 1287, 1116, 860, 739, 524, 436. HRMS (ESI, m/z) calcd. for [C22H29N6] + [(M + H) +]: 

429.2761, found: 429.2761. 
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Synthesis of S2: A 25 mL round bottomed flask fitted with a rubber septum was charged with a stir 

bar, Pd(PPh3)4 (289.0 mg, 0.25 mmol, 5 mol %), 1-bromo-3,5-bis(trimethyl)benzene (925.0 mg, 5.0 

mmol, 1.0 equiv.) and K3PO4 (2.12 g, 10.0 mmol, 2.0 equiv.). The flask was evacuated and backfilled 

with N2 (x3). Toluene (9.0 mL) and degassed deionized water (0.9 mL) were added followed by 

2-(((tert-butyldimethylsilyl)oxy)methyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (2.6 

g, 7.5 mmol, 1.5 equiv.). The rubber septum was quickly replaced with a yellow polyethylene cap and 

secured with electrical tape. The reaction was heated at 100 ęC in an oil bath for 16 h, at which time it 

was allowed to cool to room temperature and quenched with water (10 mL). The layers were separated 

and the aqueous layer was extracted with CH2Cl2 (3x10 mL). The combined organic layers were dried 

(Na2SO4), filtered and concentrated. Purification by flash chromatography on silica (~300 mL) eluting 

with 5% EtOAc/hexanes afforded the title compound in approximately 69% yield with some minor 

impurities resulting from protiodeborination of the pinacol borane. The product was taken on to 

subsequent synthetic steps during the course of which, the impurities were removed. 

Then 2-(((tert-butyldimethylsilyl)oxy)methyl)-5-(3,5-dimethylphenyl)pyridine (1.13 g, 3.45 mmol, 1.0 

equiv.) was dissolved in EtOH (3.5 mL) and 3N HCl (3.5 mL). The reaction was stirred vigorously for 

3 h, quenched to neutral pH with saturated NaHCO3, and diluted with CH2Cl2. The layers were 

separated and the aqueous layer was extracted with CH2Cl2 (x3). The combined organic layers were 

dried (Na2SO4), filtered and concentrated to give a crude solid. The solid was dissolved in CH2Cl2 (17 

mL) and SOCl2 (2.5 mL, 4.1 g, 34 mmol, 10.0 equiv.) was added dropwise. The reaction was stirred 

16 h and quenched to neutral pH with saturated NaHCO3. The layers were separated and the aqueous 

layer was extracted with CH2Cl2 (x3). The combined organic layers were dried (Na2SO4), filtered and 
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concentrated. Purification by flash chromatography on silica eluting with 5% EtOAc/n-hexanes 

afforded the title compound S2 (749.0 mg, 3.24 mmol, 93% yield) as a red solid. 

S2: 1H NMR  (300 MHz, CDCl3) ŭ 8.78 (s, 1H), 7.88 (dd, J = 8.1, 2.3 Hz, 1H), 7.51 (d, J = 8.1 Hz, 

1H), 7.19 (s, 2H), 7.06 (s, 1H), 4.73 (s, 2H), 2.40 (s, 6H). 13C NMR (75 MHz, CDCl3) ŭ 155.23, 

148.10, 138.89, 137.41, 136.49, 135.54, 130.51, 125.18, 122.79, 46.75, 21.51. IR (film) : ɜ (cm-1) 

3005, 2916, 1637, 1603, 1465, 842, 693, 639, 571, 463. HRMS (ESI, m/z) calcd. for [C22H29N6] + [(M 

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

Synthesis of (R,R)-LigandC: A round bottomed flask was charged with a stir bar, 

2-(chloromethyl)-5-(3,5-dimethylphenyl)pyridine (406.6 mg, 1.76 mmol, 2.2 equiv.), 

(R,R)-2,2ô-bispyrrolidine/L-tartaric acid (275.0 mg, 0.8 mmol, 1.0 equiv.), NaOH (205.0 mg, 5.1 mmol, 

6.4 equiv.) and 1:1 CH2Cl2:H2O (3.4 mL) and the reaction was stirred vigorously at room temperature 

for 16 h. The reaction was diluted with 1M NaOH and CH2Cl2. The layers were separated and the 

aqueous layer was extracted with CH2Cl2 (x5). The combined organic layers were dried (K2CO3), 

filtered and concentrated. Purification by flash chromatography on silica eluting with 5% 

MeOH/CH2Cl2 with 1% NH4OH afforded the crude ligand, which was partitioned between CH2Cl2 

and 1 M NaOH. The layers were separated and the aqueous layer was extracted with CH2Cl2 (x5). This 

extraction removes traces of water and NH4OH from the column conditions. The combined organic 

layers were dried (K2CO3), filtered and concentrated to afford the title compound (370 mg, 0.70 mmol, 

87 % yield) as a red oil.  

(R,R)-LigandC: 1H NMR (300 MHz, CDCl3) ŭ 8.69 (d, J = 1.6 Hz, 2H), 7.77 (dd, J = 8.1, 2.4 Hz, 

2H), 7.46 (d, J = 8.1 Hz, 2H), 7.14 (s, 4H), 7.02 (s, 2H), 4.31 (m, 2H), 3.64 (m, 2H), 3.09 (m, 2H), 

2.92 (m, 2H), 2.37 (m, 14H), 1.81ï1.72 (m, 8H). 13C NMR (75 MHz, CDCl3) ŭ 147.39, 138.67, 

138.02, 135.05, 134.91, 129.58, 125.05, 122.67, 65.99, 61.03, 55.40, 26.51, 23.76, 21.47. IR (film) : ɜ 

(cm-1) 2959, 2914, 1602, 1488, 1361, 1116, 1025, 836, 731, 698, 636, 589, 459. HRMS (ESI, m/z) 

calcd. for [C36H43N4] + [(M + H) +]: 531.3482, found: 531.3498. 
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Synthesis of S3: A round bottomed flask was charged with a stir bar, 4-bromobenzene-1,2-diamine 

(1.87 g, 10 mmol, 1.0 equiv.), 2-chloroacetic acid (1.42 g, 15 mmol, 1.5 equiv.), HCl (4N, 10 mL) and 

the reaction was refluxed at 100 °C for 16 h. After that, the resulting solution was cooled to room 

temperature and then cooling to 0 °C neutralized with solid NaHCO3. Then the aqueous solution was 

extracted with ethyl acetate (50 mL x 3). The combined organic layers were washed with water, dried 

with MgSO4 and concentrated under vacuo. The resulting residue was purified by flash column 

chromatography on silica gel (n-hexane: EtOAc = 5:1 to 2:1) to provide product (1.46 g, 6.0 mmol, 

60%) as solid. 

Then, a round bottomed flask was charged with a stir bar, 

5-bromo-2-(chloromethyl)-1H-benzo[d]imidazole (1.46 g, 6.0 mmol, 1.0 equiv.), K2CO3 (0.922 g, 6.6 

mmol, 1.1 equiv.), TBAB (193 mg, 0.6 mmol, 0.1 equiv.). After stirring for 5 minutes, dimethyl sulfate 

(580 µL, 6.12 mmol, 1.02 equiv.) was added dropwise. The reaction mixture was stirred at room 

temperature for 4 h. After that, water (4 mL ) was added. The aqueous solution was extracted with 

ethyl acetate (20 mL x 4). The combined organic layers were washed with saturated brine, dried with 

MgSO4 and concentrated under vacuo. The resulting residue was purified by flash column 

chromatography on silica gel (DCM: CH3CN = 15:1 to 5:1) to provide product (0.37 g, 1.44 mmol, 

24%) as a white solid. 

S3:  1H NMR  (300 MHz, CDCl3) ŭ 7.87 (d, J = 1.5 Hz, 1H), 7.40 (dd, J = 8.6, 1.8 Hz, 1H), 7.19 (d, J = 

8.6 Hz, 1H), 4.80 (s, 2H), 3.83 (s, 3H). 13C NMR (75 MHz, CDCl3) ŭ 150.21, 143.44, 135.23, 126.77, 

123.17, 115.71, 110.85, 36.71, 30.53. IR (film) : ɜ (cm-1) 3036, 1507, 1420, 1393, 1322, 1127, 1095, 
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867, 798, 747, 711, 644, 593, 437. HRMS (ESI, m/z) calcd. for [C9H9BrClN2] + [(M + H) +]: 258.9632, 

found: 258.9639. 

Synthesis of (R,R)-LigandE: A round bottomed flask was charged with a stir bar, 

5-bromo-2-(chloromethyl)-1-methyl-1H-benzo[d]imidazole (227.0 mg, 0.88 mmol, 2.2 equiv.), 

(R,R)-2,2ô-bispyrrolidine/L-tartaric acid (138.0 mg, 0.4 mmol, 1.0 equiv.), NaOH (102.4 mg, 2.56 

mmol, 6.4 equiv.) and 1:1 CH2Cl2:H2O (1.6 mL) and the reaction was stirred vigorously at room 

temperature for 16 h. The reaction was diluted with 1M NaOH and CH2Cl2. The layers were separated 

and the aqueous layer was extracted with CH2Cl2 (x5). The combined organic layers were dried 

(K2CO3), filtered and concentrated. Purification by flash chromatography on silica eluting with 5% 

MeOH/CH2Cl2 with 1% NH4OH afforded the crude ligand, which was partitioned between CH2Cl2 

and 1 M NaOH. The layers were separated and the aqueous layer was extracted with CH2Cl2 (x5). This 

extraction removes traces of water and NH4OH from the column conditions. The combined organic 

layers were dried (K2CO3), filtered and concentrated to afford the title compound (220 mg, 0.38 mmol, 

95 % yield) as a yellow powder.  

(R,R)-LigandE:  1H NMR  (300 MHz, CDCl3) ŭ 7.82 (d, J = 1.8 Hz, 2H), 7.33 (dd, J = 8.6, 1.8 Hz, 2H), 

7.10 (d, J = 8.5 Hz, 2H), 4.22 (d, J = 13.7 Hz, 2H), 3.73 (s, 6H), 3.63 (d, J = 13.7 Hz, 2H), 2.86 (m, 

2H), 2.73ï2.67 (m, 2H), 2.31 (m, 2H), 1.82ï1.60 (m, 8H). 13C NMR (75 MHz, CDCl3) ŭ 153.72, 

143.60, 135.19, 125.56, 122.47, 114.92, 110.32, 65.73, 55.75, 52.59, 30.15, 26.54, 24.12. IR (film) : ɜ 

(cm-1) 2951, 2803, 1511, 1468, 1420, 1394, 1321, 791, 732, 589, 529, 470. HRMS (ESI, m/z) calcd. 

for [C26H31Br2N6] + [(M + H) +]: 585.0971, found: 585.0971. 

 

Synthesis of (R,R)-LigandF: According to the literature,2 we synthesized S4. A round bottomed flask 

was charged with a stir bar, 5-(tert-butyl)-2-(chloromethyl)-1-ethyl-1H-benzo[d]imidazole (330.0 mg, 

1.32 mmol, 2.2 equiv.), (R,R)-2,2ô-bispyrrolidine/L-tartaric acid (207.0 mg, 0.6 mmol, 1.0 equiv.), 
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NaOH (153.6 mg, 3.84 mmol, 6.4 equiv.) and 1:1 CH2Cl2:H2O (2.6 mL) and the reaction was stirred 

vigorously at room temperature for 16 h. The reaction was diluted with 1M NaOH and CH2Cl2. The 

layers were separated and the aqueous layer was extracted with CH2Cl2 (x5). The combined organic 

layers were dried (K2CO3), filtered and concentrated. Purification by flash chromatography on silica 

eluting with 5% MeOH/CH2Cl2 with 1% NH4OH afforded the crude ligand, which was partitioned 

between CH2Cl2 and 1 M NaOH. The layers were separated and the aqueous layer was extracted with 

CH2Cl2 (x5). This extraction removes traces of water and NH4OH from the column conditions. The 

combined organic layers were dried (K2CO3), filtered and concentrated to afford the title compound 

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

(R,R)-LigandF: 1H NMR  (300 MHz, CDCl3) ŭ 7.76 (d, J = 1.7 Hz, 2H), 7.35 (dd, J = 8.5, 1.8 Hz, 2H), 

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

2H), 2.37 (m, 2H), 1.94 ï 1.52 (m, 8H), 1.40 (m, 24H). 13C NMR (75 MHz, CDCl3) ŭ 151.82, 145.28, 

142.58, 133.23, 120.56, 116.14, 108.74, 65.18, 55.38, 52.67, 38.86, 34.87, 32.01, 26.15, 24.08, 15.21. 

IR (film) : ɜ (cm-1) 2958, 2869, 1486, 1445, 1280, 1202, 1116, 905, 799, 728, 640, 405. HRMS (ESI, 

m/z) calcd. for [C36H53N6] + [(M + H) +]: 569.4326, found: 569.4326. 

 

Synthesis of (R)-LigandG: A round bottomed flask was charged with a stir bar, 

2-(chloromethyl)-1-methyl-1H-benzo[d]imidazole (360.0 mg, 2.0 mmol, 2.0 equiv.), 

(R)-N-methyl-1-(pyrrolidin-2-yl)methanamine (114.0 mg, 1.0 mmol, 1.0 equiv.), NaOH (160.0 mg, 

4.0 mmol, 4.0 equiv.) and 1:1 CH2Cl2:H2O (4.0 mL) and the reaction was stirred vigorously at room 

temperature for 16 h. The reaction was diluted with 1M NaOH and CH2Cl2. The layers were separated 

and the aqueous layer was extracted with CH2Cl2 (5 x). The combined organic layers were dried 

(K2CO3), filtered and concentrated. Purification by flash chromatography on silica eluting with 5% 

MeOH/CH2Cl2 with 1% NH4OH afforded the crude ligand, which was partitioned between CH2Cl2 

and 1 M NaOH. The layers were separated and the aqueous layer was extracted with CH2Cl2 (5 x). 

This extraction removes traces of water and NH4OH from the column conditions. The combined 
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organic layers were dried (K2CO3), filtered and concentrated to afford the title compound (134.0 mg, 

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

(R)-LigandG: 1H NMR  (300 MHz, CDCl3) ŭ 7.77 ï 7.64 (m, 2H), 7.33 ï 7.16 (m, 6H), 4.29 (d, J = 

13.3 Hz, 1H), 3.81 (s, 3H), 3.80 ï 3.68 (m, 3H), 3.66 (s, 3H), 2.83 ï 2.69 (m, 2H), 2.59 ï 2.47 (m, 1H), 

2.46 ï 2.29 (m, 2H), 2.27 (s, 3H), 2.07 ï 1.89 (m, 1H), 1.71 ï 1.42 (m, 3H). 13C NMR  (75 MHz, 

CDCl3) ŭ 152.40, 151.88, 142.34, 142.32, 136.40, 136.31, 122.71, 122.51, 122.04, 121.92, 119.74, 

119.64, 109.20, 109.16, 62.76, 62.27, 56.19, 55.04, 52.54, 43.40, 30.51, 30.19, 30.01, 22.73. IR (film) : 

ɜ (cm-1) 2948, 1434, 1455, 1398, 1363, 1004, 970, 739, 663, 548, 434. HRMS (ESI, m/z) calcd. for 

[C24H31N6] + [(M + H) +]: 403.2605, found: 403.2605. 

 

(R,R)-LigandH: A round bottomed flask was charged with a stir bar, 

2-(chloromethyl)-1-methyl-1H-benzo[d]imidazole (302.0 mg, 2.0 mmol, 2.0 equiv.), 

(1R,2R)-N,Nô-dimethylcyclohexane-1,2-diamine (119.0 mg, 0.84 mmol, 1.0 equiv.), NaOH (134.0 mg, 

3.36 mmol, 4.0 equiv.) and 1:1 CH2Cl2:H2O (3.2 mL) and the reaction was stirred vigorously at room 

temperature for 16 h. The reaction was diluted with 1M NaOH and CH2Cl2. The layers were separated 

and the aqueous layer was extracted with CH2Cl2 (5 x). The combined organic layers were dried 

(K2CO3), filtered and concentrated. Purification by flash chromatography on silica eluting with 5% 

MeOH/CH2Cl2 with 1% NH4OH afforded the crude ligand, which was partitioned between CH2Cl2 

and 1 M NaOH. The layers were separated and the aqueous layer was extracted with CH2Cl2 (5 x). 

This extraction removes traces of water and NH4OH from the column conditions. The combined 

organic layers were dried (K2CO3), filtered and concentrated to afford the title compound (287.0 mg, 

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

(R,R)-LigandH: 1H NMR  (300 MHz, CDCl3) ŭ 7.76 ï 7.67 (m, 2H), 7.32 ï 7.17 (m, 6H), 3.96 (s, 4H), 

3.79 (s, 6H), 2.80 ï 2.63 (m, 2H), 2.15 (s, 6H), 2.07 ï 1.98 (m, 2H), 1.83 ï 1.75 (m, 2H), 1.35 ï 1.10 
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(m, 4H). 13C NMR (75 MHz, CDCl3) ŭ 152.60, 142.40, 136.48, 122.58, 121.94, 119.69, 109.21, 62.90, 

51.79, 35.99, 30.03, 25.68, 24.16. IR (film) : ɜ (cm-1) 2929, 2846, 1512, 1470, 1329, 1116, 872, 727, 

574, 537, 463. HRMS (ESI, m/z) calcd. for [C26H35N6] + [(M + H) +]: 431.2918, found: 431.2918. 

 

Synthesis of LRAC: A round bottomed flask was charged with a stir bar, 

2-(chloromethyl)-1-methyl-1H-benzo[d]imidazole (216.0 mg, 1.2 mmol, 2.0 equiv.), 

N,N'-dimethyl-1,2-ethanediamine (52.9 mg, 0.6 mmol, 1.0 equiv.), NaOH (96 mg, 2.4 mmol, 4.0 

equiv.) and CH2Cl2:H2O (1:1, 3.4 mL). The reaction was stirred vigorously at room temperature for 16 

h. The reaction was diluted with NaOH (1 M) and CH2Cl2. The layers were separated and the aqueous 

layer was extracted with CH2Cl2 (5 x). The combined organic layers were dried (K2CO3), filtered and 

concentrated. Purification by flash chromatography on silica eluting with 5% MeOH/CH2Cl2 with 1% 

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

LRAC: 1H NMR  (300 MHz, CDCl3) ŭ 7.81ï7.69 (m, 2H), 7.33ï7.19 (m, 6H), 3.81 (s, 4H), 3.76 (s, 

6H), 2.65 (s, 4H), 2.27 (s, 6H). 13C NMR (75 MHz, CDCl3) ŭ 151.85, 142.34, 136.42, 122.62, 121.97, 

119.71, 109.19, 55.61, 55.40, 42.79, 30.07. IR (film) : ɜ (cm-1) 2954, 2842, 1514, 1350, 1171, 845, 

739, 644, 538, 442, 413. HRMS (ESI, m/z) calcd. for [C22H29N6] + [(M + H) +]: 377.2448; found: 

377.2448. 

4.2.2 Synthesis of Catalysts 
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Synthesis of (R,R)-FeBIP: To a stirred solution of the ligand (R,R)-BIP (990 mg, 2.3 mmol, 1.05 

equiv.) in 13 mL CH3CN under N2 atmosphere was added FeCl2Å4H2O (437 mg, 2.2 mmol, 1.0 equiv.) 

in one portion. A yellow precipitate was formed within several seconds. The reaction mixture was 

stirred for 16 hours at room temperature before being diluted with diethyl ether (40 mL). The slurry 

was transferred into a centrifuge tube, and the solid material was separated by centrifugation and was 

washed with a mixed solvent of CH3CN/diethyl ether (v/v = 1/2.5) for three times (3 x 35 mL in total). 

The solid was dried under nitrogen flow to afford (R,R)-[Fe(BIP)]Cl2 as a yellow powder (1.14 g, 2.1 

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

(R,R)-FeBIP: HRMS (ESI, m/z) calcd for [C26H32ClFeN6] + [(M ī Cl) +]: 519.1726; found: 519.1722; 

elemental analysis calcd for [C26H32Cl2FeN6Å2H2O]: C, 52.81; H, 6.14; N, 14.21; found: C, 52.90; H, 

5.82; N, 14.17. 

 

 

Synthesis of (R,R)-Fe4: To a stirred solution of the ligand (R,R)-LigandC (132.6 mg, 0.25 mmol, 1.0 

equiv.) in 1.4 mL CH3CN under N2 atmosphere was added FeCl2Å4H2O (49.7 mg, 0.25 mmol, 1.0 

equiv.) in one portion. A yellow precipitate was formed within several seconds. The reaction mixture 

was stirred for 4 hours at room temperature before being diluted with diethyl ether (3.5 mL). The 

slurry was transferred into a centrifuge tube, and the solid material was separated by centrifugation 

and was washed with a mixed solvent of CH3CN/diethyl ether (v/v = 1/2.5) for three times (3 x 3.5 mL 

in total). The solid was dried under nitrogen flow to afford [Fe(R,R)-LigandC]Cl2 as an orgnge solid 

(68.8 mg, 1.05 mmol, 42% yield): HRMS (ESI, m/z) calcôd [C36H42ClFeN4] + [M-Cl] +: 621.2442, 

found 621.2443.  
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A flame dried 10 mL flask was charged with 60.9 mg of solid [Fe(R,R)-LigandC]Cl2 (0.093 mmol, 1.0 

equiv.) suspended in CH3CN (1.17 mL) under nitrogen. Silver hexafluoroantimonate (AgSbF6, 63.8 

mg, 0.19 mmol, 2.0 equiv.) was weighed under an inert argon atmosphere and then added to the 

vigorously stirred heterogeneous mixture. The flask was covered with aluminum foil to protect the 

silver salts from light. After 18 hours, the reaction was filtered through Celite and concentrated under 

vacuum. The solid was redissolved in CH3CN, filtered through a 0.22µm syringe filter, and 

concentrated. The residue was redissolved in CH3CN and the filtration/concentration procedure was 

repeated two more times to ensure no silver salts remained. The brown solid obtained was dried under 

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

(R,R)-Fe4: HRMS (ESI, m/z) calcd for [C38H45F6FeN5Sb] + [(M ï(CH3CN)2 SbF6 ]+: 821.1696; found: 

821.1695; elemental analysis calcd for [C40H48F12FeN6Sb2]: C, 42.14; H, 4.24; N, 7.37; found: C, 

41.38; H, 4.51; N, 5.64. 

A flame dried 10 mL flask was charged with 60.9 mg of solid [Fe(R,R)-LigandE] (Cl)2 (0.093 mmol, 

1.0 equiv.) suspended in CH3CN (1.1 mL) under nitrogen. Silver hexafluoroantimonate (AgSbF6, 61.0 

mg, 0.18 mmol, 2.0 equiv.) was weighed under an inert argon atmosphere and then added to the 

vigorously stirred heterogeneous mixture. The flask was covered with aluminum foil to protect the 

silver salts from light. After 18 hours, the reaction was filtered through Celite and concentrated under 

vacuum. The solid was redissolved in CH3CN, filtered through a 0.22µm syringe filter, and 

concentrated. The residue was redissolved in CH3CN and the filtration/concentration procedure was 

repeated two more times to ensure no silver salts remained. The brown solid obtained was dried under 

a nitrogen flow to yield (R,R)-Fe7 (80.0 mg, 0.067 mmol, 76% yield). 
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(R,R)-Fe7: HRMS (ESI, m/z) calcd for [C26H30Br2F6FeN6Sb] + [(M-(CH3CN)2-(SbF6)) +]: 874.9190; 

found: 874.9199; elemental analysis calcd for [C30H36Br2F12FeN8Sb2]: C, 30.13; H, 3.03; N, 9.37; 

found: C, 29.98; H, 3.59; N, 10.18. 

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

equiv.) in 1.5mL CH3CN under N2 atmosphere was added FeCl2Å4H2O (49.7 mg, 0.25 mmol, 1.0 

equiv.) in one portion. A yellow precipitate was formed within several seconds. The reaction mixture 

was stirred for 4 hours at room temperature before being diluted with diethyl ether (15 mL). The slurry 

was transferred into a centrifuge tube, and the solid material was separated by centrifugation and was 

washed with a mixed solvent of CH3CN/diethyl ether (v/v = 1/9) for three times (3×3 mL in total). The 

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

0.18 mmol, 72% yield): HRMS (ESI) m/z calcôd [C36H52ClFeN6] + [M-Cl] +: 659.3286, found 

659.3285.  

A flame dried 10 mL flask was charged with 59.4 mg of solid [Fe (R,R)-LigandF] (Cl)2 (0.085 mmol, 

1.0 equiv.) suspended in CH3CN (1.1 mL) under nitrogen. Silver hexafluoroantimonate (AgSbF6, 58.8 

mg, 0.17 mmol, 2.0 equiv.) was weighed under an inert argon atmosphere and then added to the 

vigorously stirred heterogeneous mixture. The flask was covered with aluminum foil to protect the 

silver salts from light. After 18 hours, the reaction was filtered through Celite and concentrated under 

vacuum. The solid was redissolved in CH3CN, filtered through a 0.22µm syringe filter, and 

concentrated. The residue was redissolved in CH3CN and the filtration/concentration procedure was 

repeated two more times to ensure no silver salts remained. The brown solid obtained was dried under 

a nitrogen flow to yield (R,R)-Fe8 (80.0 mg, 0.068 mmol, 80% yield). 
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(R,R)-Fe8: HRMS (ESI, m/z) calcd for [C36H52F6FeN6Sb] + [(M-(CH3CN)2-(SbF6)) +]: 859.2545; 

found: 859.2539; elemental analysis calcd for [C22H28Cl2FeN6]: C, 40.77; H, 4.96; N, 9.51; found: C, 

41.40; H, 4.29; N, 10.95. 

 

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

in 1.1mL CH3CN under N2 atmosphere was added FeCl2Å4H2O (39.8 mg, 0.2 mmol, 1.0 equiv.) in one 

portion. A yellow precipitate was formed within several seconds. The reaction mixture was stirred for 

4 hours at room temperature before being diluted with diethyl ether (3.3 mL). The slurry was 

transferred into a centrifuge tube, and the solid material was separated by centrifugation and was 

washed with a mixed solvent of CH3CN/diethyl ether (v/v = 1/3) for three times (3 x 4 mL in total). 

The solid was dried under nitrogen flow to afford (R)-Fe9 as light yellow solid (99.0 mg, 0.19 mmol, 

94% yield).  

(R)-Fe9: HRMS (ESI, m/z) calcd for [C24H30ClFeN6] + [(M ī Cl) +]: 493.1564; found: 493.1565; 

elemental analysis calcd for [C24H30Cl2FeN6ÅH2O]: C, 52.67; H, 5.89; N, 15.36; found: C, 52.63; H, 

5.71; N, 15.30. 

 

Synthesis of (R,R)-Fe10: To a stirred solution of the ligand (R,R)-LigandH (130.9 mg, 0.3 mmol, 1.0 

equiv.) in 1.8 mL CH3CN under N2 atmosphere was added FeCl2Å4H2O (59.6 mg, 0.3 mmol, 1.0 




































































































































































































































































































































































































































































































































