
  

i 
 

 

 

 

 

Synthesis and Reactivity of Chiral N-

Heterocyclic Iodanes 

 

Dissertation 

Towards the Academic Degree 

Doctor Rerum Naturalium (Dr. rer. nat.) 

 

 

Submitted to the 

Department of Biology and Chemistry 

of the University of Bremen 

 

 

by 

Ayham Abazid 

from Daraa (Syria) 

Bremen, 20.09.2021 

 

 

 

https://www.uni-bremen.de/en/
https://www.uni-bremen.de/en/fb2


ii 
 

Ort, Datum:  Bremen, 10.08.2021 

 

Erklärungen zur elektronischen Version und zur Überprüfung einer Dissertation  

Hiermit betätige ich gemäß §7, Abs. 7, Punkt 4, dass die zu Prüfungszwecken 

beigelegte elektronische Version meiner Dissertation identisch ist mit der 

abgegebenen gedruckten Version. 

Ich bin mit der Überprüfung meiner Dissertation gemäß §6 Abs. 2, Punkt 5 mit 

qualifizierter Software im Rahmen der Untersuchung von Plagiatsvorwürfen 

einverstanden. 

 

 

Unterschrift 

 

Versicherung an Eides Statt 

Ich, (Ayham, Abazid, Matr.-Nr. 3200604) 

versichere an Eides Statt durch meine Unterschrift, dass ich die vorstehende Arbeit selbständig 

und ohne fremde Hilfe angefertigt und alle Stellen, die ich wörtlich dem Sinne nach aus 

Veröffentlichungen entnommen habe, als solche kenntlich gemacht habe, mich auch keiner 

anderen als der angegebenen Literatur oder sonstiger Hilfsmittel bedient habe. 

Ich versichere an Eides Statt, dass ich die vorgenannten Angaben nach bestem Wissen und 

Gewissen gemacht habe und dass die Angaben der Wahrheit entsprechen und ich nichts 

verschwiegen habe. 

Die Strafbarkeit einer falschen eidesstattlichen Versicherung ist mir bekannt, namentlich die 

Strafandrohung gemäß § 156 StGB bis zu drei Jahren Freiheitsstrafe oder Geldstrafe bei 

vorsätzlicher Begehung der Tat bzw. gemäß § 161 Abs. 1 StGB bis zu einem Jahr 

Freiheitsstrafe oder Geldstrafe bei fahrlässiger Begehung. 

 

Bremen, 10.08.2021 

Ort, Datum Unterschrift 

 



iii 
 

Declaration on the contribution of the candidate to a multi-author 

article/manuscript which is included as a chapter in the submitted doctoral 

thesis  

 

Chapter: 4.1 A Triazole-Substituted Aryl Iodide with Omnipotent Reactivity in 

Enantioselective Oxidations 

Contribution of the candidate in % of the total work load (up to 100% for each of the 

following categories): 

Experimental concept and design:      ca. 80% 

Experimental work and/or acquisition of (experimental) data:  ca. 100% 

Data analysis and interpretation:      ca. 100% 

Preparation of Figures and Tables:      ca. 80% 

Drafting of the manuscript:       ca. 70% 

 

Chapter: 4.2 An Enantioconvergent Benzylic Hydroxylation Using a Chiral Aryl Iodide 

in a Dual Activation Mode 

Contribution of the candidate in % of the total work load (up to 100% for each of the 

following categories): 

Experimental concept and design:      ca. 100% 

Experimental work and/or acquisition of (experimental) data:  ca. 90% 

Data analysis and interpretation:      ca. 100% 

Preparation of Figures and Tables:      ca. 90% 

Drafting of the manuscript:       ca. 70% 

 

Chapter: 4.3 Stereoselective Oxidative Cyclization of N-Allyl Benzamides to 

Oxaz(ol)ines 

Contribution of the candidate in % of the total work load (up to 100% for each of the 

following categories): 

Experimental concept and design:      ca. 100% 

Experimental work and/or acquisition of (experimental) data:  ca. 90% 



iv 
 

Data analysis and interpretation:      ca. 90% 

Preparation of Figures and Tables:      ca. 90% 

Drafting of the manuscript:       ca. 70% 

 

Chapter: 4.4 Application of Chiral Triazole-Substituted Iodoarenes in the 

Enantioselective Construction of Spirooxazolines 

Contribution of the candidate in % of the total work load (up to 100% for each of the 

following categories): 

Experimental concept and design:      ca. 100% 

Experimental work and/or acquisition of (experimental) data:  ca. 100% 

Data analysis and interpretation:      ca. 100% 

Preparation of Figures and Tables:      ca. 95% 

Drafting of the manuscript:                                                                            ca. 70% 

 

Date: 10.08.2021   

Signatures:   

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

This work was carried out under the supervision of Prof. Dr. Boris J. 

Nachtsheim from October 2018 to August 2021 at the Institute of Organic 

and Analytical Chemistry, Department of Biology and Chemistry of the 

University of Bremen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reviewers 

1. Prof. Dr. Boris J. Nachtsheim (University of Bremen) 

2. Prof. Dr. Peter Spiteller (University of Bremen) 

 



vi 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Where there is a will, there is a way. If there is a chance in a million that you can do 

something, anything, to keep what you want from ending, do it.” 

Pauline Kael 



vii 
 

Acknowledgments 

 
The dream becomes true, finally. I would like to thank Prof. Boris Nachtsheim for 

providing me the opportunity to work under his guidance. He gave me the chance to 

do my Ph.D. research in his group, continuing support, and a wealth of advice to 

perform good work. I would like to thank the State of Bremen for a Scholars at Risk 

Fund and the DFG Organization for financial support. I am thankful to Dr. Osmers, 

Uschi, Rike, Nils, Andreas, Julian, Mattis, Martin, Lucien, and Thomas for their moral 

support and fun times together. You guys made it a lot easier for me.  

I am grateful for Andrea whose constant love and support keep me motivated and 

confident. 

Last but not least, I would like to thank my parents, my sisters, and my brother, who 

are in my heart always, for their prayers, encouragement, and moral support.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

Table of Contents 

1. Chapter 1: General Introduction .................................................................................... 1 

1.1. Hypervalent Iodine Compounds ............................................................................... 1 

1.1.1. General Reactivity Principles ............................................................................................... 1 

1.1.2. Synthetic Applications ......................................................................................................... 3 

1.1.2.1. Oxidative Formation of Carbon–Carbon Bonds ........................................................................ 3 

1.1.2.2. Formation of Carbon–Heteroatom Bonds ................................................................................. 5 

1.1.2.3. Oxidative Rearrangements ....................................................................................................... 7 

2. Chapter 2: Chiral Hypervalent Iodine Catalysts ......................................................... 10 

2.1. Introduction to Chiral Hypervalent Iodine Catalysts ............................................. 10 

2.1.1. Hypervalent Iodine Reagents with Chiral Ligands............................................................. 10 

2.1.2. Chiral Substituents on the Iodoarene Backbone ............................................................... 11 

2.1.3. Chiral Iodoarenes with Axial Chirality ................................................................................ 13 

2.2. Chiral Iodoarenes for Enantioselective Oxidative Reactions ............................... 13 

2.2.1. Asymmetric Oxidation of Sulfides to Sulfoxides ................................................................ 14 

2.2.2. Oxidative Dearomatization of Phenols .............................................................................. 15 

2.2.3. α-Functionalization of Carbonyl Compounds .................................................................... 16 

2.2.4. Rearrangement Reactions ................................................................................................. 18 

2.2.5. Alkene Functionalizations .................................................................................................. 20 

2.2.6. Synthesis of Chiral (Spiro)oxazolines ................................................................................ 22 

3. Chapter 3. Design and Synthesis of Novel Chiral N-Heterocyclic Iodanes .............. 25 

3.1. Structure of N-Heterocyclic Iodanes ...................................................................... 25 

3.2. Synthesis of N-Heterocyclic Iodane Catalysts ....................................................... 27 

4. Summary of the Publications ...................................................................................... 29 

4.1. First Publication: A Triazole-Substituted Aryl Iodide with Omnipotent Reactivity in 

Enantioselective Oxidations ............................................................................................ 29 

4.2. Second Publication: An Enantioconvergent Benzylic Hydroxylation Using a Chiral 

Aryl Iodide in a Dual Activation Mode ............................................................................. 38 

4.3. Third Publication: Stereoselective Oxidative Cyclization of N-Allyl Benzamides to 

Oxaz(ol)ines ...................................................................................................................... 47 

4.4. Fourth Publication: Application of Chiral Triazole-Substituted Iodoarenes in the 

Enantioselective Construction of Spirooxazolines ........................................................ 54 

4.5. Conclusion ............................................................................................................... 60 

5. Outlook .......................................................................................................................... 61 

6. References .................................................................................................................... 62 



ix 
 

 

List of Figures 

Figure 1. Commonly used hypervalent iodine reagents. ............................................................... 1 

Figure 2. Pseudotrigonal bipyramidal structure and molecular orbital of the 3c-4e-bond in aryl-

λ3-iodanes. ............................................................................................................................................. 2 

Figure 3. Chiral hypervalent iodine types. ..................................................................................... 10 

Figure 4. Lactate-based C2-symmetric chiral hypervalent iodine reagents. ............................ 12 

Figure 5. Axially chiral iodoarene reagents. .................................................................................. 13 

Figure 6. Chiral optically active sulfoxide in drugs. ...................................................................... 14 

Figure 7. C–N axially chiral iodoarenes. ........................................................................................ 17 

Figure 8. Examples of natural products containing an oxazoline unit. ...................................... 22 

Figure 9. Examples of natural products containing spirooxazoline. .......................................... 24 

Figure 10. o-Methyl substituted iodoarenes and hypervalent twist. .......................................... 26 

 

 

 

 

 

List of Schemes 

Scheme 1. Synthesis of novel chiral iodine(III) reagents. ........................................................... xii 

Scheme 2. The principal mechanism of the aryl-λ3-iodane–mediated -oxygenation of enolic 

carbons. ................................................................................................................................................. 3 

Scheme 3. Aryl cross-coupling mediated by PIFA. ........................................................................ 3 

Scheme 4. Cross-coupling reaction of thiophene with 1,3-dimethoxybenzene. ........................ 4 

Scheme 5. Oxidative cross-coupling of alkanes with heteroarenes. ........................................... 5 

Scheme 6. Vicinal deamination of alkenes mediated by PIDA. ................................................... 5 

Scheme 7. Carbon–heteroatom bond-forming reactions mediated by hypervalent iodine 

reagents. ................................................................................................................................................ 6 

Scheme 8. C(sp3)–H azidation of N-carbonyl pyrrolidine mediated by hypervalent iodine. ..... 6 

Scheme 9. Synthesis of carbamoyl azides from primary alcohols via aryl iodanes. ................. 7 

Scheme 10. Hofmann rearrangement of carboxamides to carbamates mediated by 

hypervalent iodine. ............................................................................................................................... 8 

Scheme 11. Ring contraction reactions mediated by iodine (III). ................................................. 9 



x 
 

Scheme 12. Synthesis of chiral I(III) and I(V) derivatives. .......................................................... 11 

Scheme 13. Synthesis of I(V)-reagents using amino acids as chiral ligands........................... 11 

Scheme 14. Synthesis of I(V)-reagents using amino acids as chiral ligands........................... 12 

Scheme 15. Asymmetric oxidation of sulfides to sulfoxides. ...................................................... 14 

Scheme 16. Asymmetric oxidation of sulfides to sulfoxides. ...................................................... 15 

Scheme 17. Enantioselective dearomatization of phenols mediated by chiral hypervalent 

iodine (III) reagents. ........................................................................................................................... 16 

Scheme 18. Chiral binaphthyl iodoarenes in a dearomatization reaction................................. 16 

Scheme 19. Asymmetric α-oxytosylation of propiophenone with various iodanes. ................ 17 

Scheme 20. Asymmetric α-sulfonyloxylation of vinyl acetates. .................................................. 18 

Scheme 21. Rearrangement via aryl-migrations mediated by Ar*IL2 reagents. ...................... 19 

Scheme 22. Ring contraction reaction mediated by Ar*IL2 reagents. ....................................... 20 

Scheme 23. Enantioselective ditosylation of styrene by Wirth et al. ......................................... 20 

Scheme 24. Enantioselective difunctionalization of styrene mediated by Ar*IL2 reagents. ... 21 

Scheme 25. Enantioselective difluorination of alkenes mediated by Ar*IL2 reagents. ........... 21 

Scheme 26. Cyclizations of unsaturated amides mediated by Ar*IL2 reagents. ...................... 22 

Scheme 27. Asymmetric oxidative cyclization of naphthols via HVI. ........................................ 24 

Scheme 28. Evolution of chiral hypervalent iodine compounds from O- to N-ligands. NHI: N-

heterocycle–stabilized iodane. ......................................................................................................... 25 

Scheme 29. Evolution of chiral NHIs. ............................................................................................. 26 

Scheme 30. Evolution of chiral NHIs. ............................................................................................. 27 

Scheme 31. Synthetic procedure of triazoles. .............................................................................. 28 

Scheme 32. Enantioselective reactions mediated by catalyst 153-OMe. ................................. 30 

Scheme 33. Enantioselective hydroxylation C-H benzylic bond mediated by catalyst 153-OMe

 .............................................................................................................................................................. 38 

Scheme 34. Enantioselective cyclization of N-allylcarboxamides mediated by catalyst 153-O-

iPr. ........................................................................................................................................................ 47 

Scheme 35. Synthesis of chiral spirooxazoline compounds via catalyst 153-O-iPr. .............. 54 

Scheme 36. Synthesis of fourth-generation catalysts. ................................................................ 61 

Scheme 37. Proposed benzylic C–H substitution reactions. ...................................................... 61 

 

 

 

 

 



xi 
 

List of abbreviations 

Ts Tosylate 

AcO Acetoxy 

PIDA (Diacetoxyiodo)benzene 

PIFA [Bis-(trifluoracetoxy)-iod]-benzol 

TMSBr Bromotrimethylsilane 

IBX  2-Iodoxybenzoic acid 

BF3.Et2O  Bortrifluorid-diethyletherat 

DCM  Dichloromethane 

TMSN3  Trimethylsilylazid 

HFIP  Hexafluoro-2-propanol 

HN3  Hydrazoic acid 

HNTs2  Bistosylimide 

CTAB  Hexadecyltrimethylammonium bromide 

m-CPBA  3-Chloroperbenzoic acid 

MeCN  Acetonitrile 

TsOH. H2O  p-Toluolsulfonsäure Monohydrat 

CHCl3  Chloroform 

TMSOTf  Trimethylsilyltrifluormethansulfonat 

TFE  2,2,2-Trifluoroethanol 

MeOH  Methanol 

TfOH  Trifluoromethanesulfonic acid 

TFA  Trifluoroacetic acid 

AcOH  Acetic acid 

DCE  1,2-Dichloroethane 

HF.py  Hydrogen fluoride pyridine 

EtOAc  Ethyl acetate 

BnOH  Benzyl alcohol  

CSA  Camphor sulfonate 

Mes  Mesitylene 



xii 
 

 
Abstract 

 
Hypervalent iodine compounds, in particular aryl-ʎ3-iodanes, have found widespread 

applications for many organic transformations. Their reactivities are comparable to 

highly oxidized period-6 metals, in particular Hg(II), Tl(III), and Pb(IV), with less 

toxicity. All these merits make hypervalent iodine compounds suitable reagents to 

perform a wide range of oxidative transformation reactions.  

 

 

Scheme 1. Synthesis of novel chiral iodine(III) reagents. 

 

The first part of this thesis describes the efficient synthesis of novel triazole substituted 

chiral hypervalent iodine catalysts (Scheme 1). It also describes the reactivity and 

selectivity of these new catalysts in different stereoselective oxidative transformations, 

such as Kita-spirocyclizations, the α-tosyloxylation of propiophenone, oxidative 

lactonizations, oxidative dearomtization of phenols and the oxidative rearrangement 

of allyl alcohols. 

The second part of the thesis describes the development of a novel enantioconvergent 

benzylic hydroxylation by employing a chiral iodine catalyst that fulfills a dual purpose 

as both oxidant and chiral ligand for a Cu co-oxidant.  

Finally, the enantioselective cyclization of unsaturated amides using chiral aryl iodides 

has been described, which has the facility to synthesize oxazoline derivatives. This 

method can be used to prepare natural products and biologically active compounds 

efficiently. Also, the asymmetric oxidative cyclization of naphthol compounds for the 

synthesis of chiral spirooxazolines has been described. These compounds have many 

applications in drugs and industrial applications.  
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Zusammenfassung 

Hypervalente Iodverbindungen, insbesondere Aryl-ʎ3-iodane, haben weit verbreitete 

Anwendungen für viele organische Umsetzungen gefunden. Ihre Reaktivitäten sind 

vergleichbar mit stark oxidierten Metallen der Periode 6, insbesondere Hg (II), Tl (III) 

und Pb (IV), bieten aber den Vorteil einer geringeren Toxizität. All diese Vorzüge 

machen hypervalente Iodverbindungen zu geeigneten Reagenzien, um eine Reihe 

von oxidativen Transformationsreaktionen durchzuführen. 

 

 

Schema 1. Synthese neuartiger chiraler Iod(III)-reagenzien 

 

Der erste Teil dieser Arbeit beschreibt die effiziente Synthese neuer chiraler 

hypervalenter Iodkatalysatoren (Schema. 1) der Reaktivität und Selektivität dieser 

neuen Katalysatoren in verschiedenen stereoselektiven oxidativen Umwandlungen 

wie der Kita-Spirocyclisierung, der α-Tosyloxylierung von Propiophenon, oxidativen 

Lactonisierungen und oxidativen Umlagerungen von Allylalkoholen. 

Der zweite Teil dieser Arbeit beschreibt eine enantiokonvergente benzylische 

Hydroxylierung unter Verwendung eines chiralen Iodkatalysators in doppelter 

Funktion als Oxidationsmittel und als chiraler Ligand eines Cu-co- katalysators.  

Schließlich wurde die enantioselektive Zyclisierung von ungesättigten Amiden unter 

Verwendung von chiralen Aryliodiden mit der Möglichkeit zur Synthese von 

Oxazolinderivaten beschrieben. Die Vorzüge dieser Methode können praktisch zur 

Herstellung von Naturstoffen und biologisch aktiven Verbindungen genutzt werden. 
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1. Chapter 1: General Introduction  

 

1.1. Hypervalent Iodine Compounds 

PhICl2 was the first organic hypervalent iodine reagent synthesized by the German 

chemist C. Willgerodt in 1886.1 The chemistry of hypervalent iodine compounds has 

attracted a great deal of attention in the last two decades because the chemical 

properties and applications of iodanes are similar to those of often-toxic heavy 

transition metals. Hypervalent iodine reagents have been extensively used in organic 

synthesis and have the advantages of being diverse, readily available, mild, and 

environmentally friendly.2–6 The most widely applied reagents are, depending on the 

oxidation state of the central hypervalent iodine atom, aryl-λ5- and aryl-λ3-iodanes. 

Aryl-λ5-iodanes, with the Dess–Martin periodinane as the most prominent example, 

are usually applied in “dehydrogenative” oxidations such as the mild conversion of 

alcohols into ketones or aldehydes.7–10 At the same time, aryl-λ3-iodanes are well 

known as efficient mediators in oxidative coupling reactions and as electrophilic group 

transfer reagents.11–14 Prominent examples of common hypervalent iodine reagents 

are shown in Figure 1. 

 

Figure 1. Commonly used hypervalent iodine reagents. 

 

1.1.1. General Reactivity Principles  

Hypervalent iodine reagents are widely used in organic synthesis not only because 

they are environmentally friendly but also due to their straightforward availability. 

Furthermore, the electrophilic nature of these reagents, together with their strong 
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leaving-group ability (106 times that of a triflate) when bound to sp3-carbons, are the 

reasons behind their selectivity and reactivity.3 

The aryl-λ3-iodanes ArIL2 (L: heteroatom ligands) have a pseudotrigonal bipyramidal 

geometry. In this structure, the most electronegative groups (heteroatom ligands) are 

in the apical position. The aryl group (less electronegative) is bonded to the iodine 

center by a covalent bond and lies in the equatorial position. The molecular orbital 

(MO) is characterized by a hypervalent, three-center, four-electron bond (3c-4e) with 

one electron from one each ligand (L) and two electrons from the doubly occupied 5p 

orbital on the central iodine atom (Figure 2). In this model, three molecular orbitals can 

be formed: bonding, non-bonding, and anti-bonding. The non-bonding orbital has a 

node on the central iodine that makes the hypervalent bond highly polarized; hence, 

the electrophilic nature at the center of the iodine atom with a partial negative charge 

on the ligands. Thus, the ArIL2 is best stabilized when there are more electronegative 

atoms in the apical position.  

 

Figure 2. Pseudotrigonal bipyramidal structure and molecular orbital of the 3c-4e-bond in aryl-λ3-
iodanes. 

 

The reaction mechanisms of reactions involving λ3-iodanes of type ArIL2, -

oxygenations of enolic carbons, are based on an initial ligand exchange at the 

hypervalent iodine center with the enolic oxygen to give central intermediate A, 

followed by an SN2’-nucleophilic substation with the oxygen nucleophile at the enolic 

carbon. During this key step, the hypervalent iodine center is reduced in a 2-electron 

reduction to give a standard valence aryl iodide. The conversion of the hypervalent 

iodine atom into its normal valence state is the driving force in these important 

oxidative couplings. When a chiral hypervalent iodine compound is utilized, a chiral 

intermediate A will be formed that leads to enantioenriched α-oxygenated carbonyl 

derivatives via diastereotopic transition states (Scheme 2). 
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Scheme 2. The principal mechanism of the aryl-λ3-iodane–mediated -oxygenation of enolic carbons. 
 

1.1.2. Synthetic Applications 

1.1.2.1. Oxidative Formation of Carbon–Carbon Bonds  

C–C bond formation is an important practical application in hypervalent iodine 

chemistry. The first metal-free C–C bond formation was reported by Dohi et al. for 

cross-coupling of naphthalene and pentamethyl benzene mediated by PIFA and 

BF3∙Et2O reagents (Scheme 3-a).15 The mechanism of this reaction involves the 

single-electron-transfer oxidation of electron-rich aryl, which would lead to generating 

aryl cation radical 6 by treating compound 4 with a suitable oxidant. Following this, an 

existing aromatic molecule 5 could perform in-situ trapping of the intermediate 6, 

resulting in another electron oxidation and deprotonation, which would lead to C–C 

bond formation to produce compound 7 (Scheme 3-b).  

 

Scheme 3. Aryl cross-coupling mediated by PIFA. 

One year later, Kita et al. reported a novel metal-free selective C–C coupling for the 

thiophenes via sequential addition of TMSBr and an arene to an -thienyliodonium 
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tosylate 8. The reaction was performed under mild conditions, giving a high yield and 

high regioselectivity of the biaryl products 10 (Scheme 4-a).16 The mechanism 

contains two sequential steps. First, the Koser’s reagent reacts selectively with the 

electron-rich heteroaromatic compounds 11 at the 2-position to form a stable iodonium 

salt 8, which will be activated by TMSBr in HFIP to form the intermediate 12. Second, 

the elimination of iodobenzene and formal hydroarylation with nucleophiles will give 

biaryl products (Scheme 4-b). This reaction did not occur in the absence of TMSBr, so 

Koser’s reagent was not enough to perform this reaction. 

 

Scheme 4. Cross-coupling reaction of thiophene with 1,3-dimethoxybenzene. 
 

Antonchick et al. developed an efficient method for the oxidative cross-coupling of 

heteroarenes 15 with functionalized alkanes 16 using a mixture of PIFA and NaN3. 

Various substrates of desired products were formed under mild conditions, with short 

reaction times at ambient temperature (Scheme 5-a,b).17 The mechanism of this 

reaction is presented in (Scheme 5-c). Initially, the intermediate 21, which is formed 

by reacting PIFA with NaN3, undergoes thermolysis to give an azide radical 22 and an 

iodine radical 23. Then, the azide radical 22 reacts with the alkane 16 to give the alkyl 

radical 24, which has a nucleophilic character. Trifluoroacetic acid will protonate the 

heteroaromatic ring to form the corresponding salt 25. After that, the alkyl radical 24 

will attack the salt at the poorest electron position to form radical cation 26, which will 
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be oxidized by the iodine radical to make the cross-coupling product 28 after 

deprotonation.  

 

Scheme 5. Oxidative cross-coupling of alkanes with heteroarenes. 
 

1.1.2.2. Formation of Carbon–Heteroatom Bonds 

Hypervalent iodine reagents have been used in diverse reactions to lead to carbon–

heteroatom bond formation for a wide range of substrates. One of the most common 

examples is the vicinal diamination of alkenes 29, employing PIDA and HNTs2.18 This 

example allows for a diverse scope of substrates, including terminal and internal 

alkenes, styrenes, and cyclic alkenes (Scheme 6). 

 

Scheme 6. Vicinal deamination of alkenes mediated by PIDA. 
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-Fluorination of selenides or sulfides compounds 31 has been reported by utilizing 

(difluoroiodo)toluene 32 through a fluoro-Pummerer reaction to produce displacement 

of the sulfur or selenyl groups by a nucleophile via activation by hypervalent iodine  

32. The PhX-ITol(F)+ group has hypernucleofugicity, which leads to the substitution of 

the phenyl-X group by a fluoride. (Scheme 7).19,20  

 

 

Scheme 7. Carbon–heteroatom bond-forming reactions mediated by hypervalent iodine reagents. 
 

Another example of carbon–heteroatom bond formation is the functionalization of 

carbonyl compounds, such as the C(sp3)–H azidation of N-carbonyl pyrrolidine 

derivatives 36, by using iodosobenzene PhIO in the presence of trimethylsilyl azide to 

form hypervalent iodine 38, which has an azide radical and an iodine-centered radical 

due to homolysis of the weak I–N bond. Then, the azide radical can abstract a 

hydrogen atom from compound 36 to form 39,  which will react with the hypervalent 

iodine 38 to form compound 37 with high yields of up to 82% (Scheme 8).21  

 

 

Scheme 8. C(sp3)–H azidation of N-carbonyl pyrrolidine mediated by hypervalent iodine. 
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1.1.2.3. Oxidative Rearrangements 

The electrophilic nature of hypervalent reagents at the iodine atom and their properties 

as excellent leaving groups make these reagents useful intermediates for a wide range 

of synthetic rearrangement reactions.  

One prominent example is the one-pot conversion of primary alcohols 40 into the 

corresponding carbamoyl azides 41 via a Curtius rearrangement using PhICl2 in the 

presence of sodium azide (Scheme 9-a).22 The mechanism of this reaction involves 

two stages. The first stage is a ligand exchange reaction between PhICl2 and NaN3 to 

form bis(azido)iodobenzene 42, which will oxidize the primary alcohol to the 

corresponding aldehyde 44 through the intermediate 43. In the second stage, 

decomposition of 42 will result in the formation of the azidyl radical 22, followed by two 

steps to produce the acyl azide 47, then by heating at 80 °C and treating the isocyano 

group 48 with hydrazoic acid to give the corresponding carbamoyl azide 41 (Scheme 

9-b).  

 

Scheme 9. Synthesis of carbamoyl azides from primary alcohols via aryl iodanes. 

 

The Hofmann rearrangement is an earlier example that shows the ability of the 

hypervalent iodine to take part in rearrangement reactions by converting the 
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carboxamides 49 to carbamates 50. This reaction involves hypervalent iodine 

generated in-situ from PhI and Oxone as an oxidant in the presence of HFIP (Scheme 

10-a).23 The mechanism of this reaction starts via a ligand exchange reaction of 51 to 

give the hypervalent amidoiodane 52, which undergoes the reductive elimination of 

PhI and the 1,2-shift at the electron-poor nitrenium nitrogen atom to form isocyanate 

48. The addition of methanol then generates the carbamate 53 (Scheme 10-b). 

 

 

Scheme 10. Hofmann rearrangement of carboxamides to carbamates mediated by hypervalent 
iodine. 

 

Silva et al. reported an efficient example, the ring contraction of 1,2-

dihydronaphthalene derivatives 54 promoted via Koser’s reagent to form acetal 55.24 

This work also presented a new approach for the synthesis of (±)-indatraline in 9 steps 

involving two diastereoselective rearrangements mediated by iodine(III) with an overall 

yield of 29% (Scheme 11-a). The mechanism starts with the ionization of Koser’s 

reagent to form PhIOH+ 56. Then, a benzylic carbocation 57 is formed by electrophilic 

addition to the double bond of alkene 54; the trans-addition of MeOH cluster to 

carbocation will occur over the cis-addition due to the lower free energy and lower 

potential energy it possesses.25 The next step involves migration of the aryl group to 

displace PhI, followed by H2O elimination and the required antiperiplanar for the 

arrangement. Then, the ring contraction leads the five-member ring to form compound 

55a (Scheme 11-b).  
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Scheme 11. Ring contraction reactions mediated by iodine (III). 
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2. Chapter 2: Chiral Hypervalent Iodine Catalysts 

2.1. Introduction to Chiral Hypervalent Iodine Catalysts 

The ongoing demand to prepare enantiopure compounds has driven the development 

of numerous chiral hypervalent iodine compounds to be use in enantioselective 

reactions. The two most common strategies to achieve chiral hypervalent iodine (III) 

reagents are: (i) chiral ligand L* attachment to the hypervalent iodine centers via ligand 

exchange; these ligands are usually chiral acids or alcohols 62; and (ii) hypervalent 

iodine reagents with chiral substituents at the aromatic ring 63. In addition, hypervalent 

iodate anions can be coordinated by their reactive ion-pairs with chiral cations in a 

lesser-known reagent class 64.2,26,27 Similar strategies should be possible for the chiral 

iodine (V). One method to prepare planar chiral hypervalent iodine (V) reagents with 

crown ether backbones has been recently published28 (Figure 3). 

 

Figure 3. Chiral hypervalent iodine types. 

 

2.1.1. Hypervalent Iodine Reagents with Chiral Ligands 

In 1907, Pribam reported the first chiral iodine reagent obtained from a mix of 

iodosobenzene and L-tartaric acid.29 After eight decades, Imamoto et al. introduced a 

new class of chiral aryl hypervalent iodine reagents 66 that is prepared by treating 

PhIO with different L-tartaric acid anhydride derivatives 65.30 Promising initial results 

were achieved by using these reagents on asymmetric oxidations of sulfides to 

sulfoxides (Scheme 12-a). Later, Kita et al. synthesized the chiral iodine (V) reagent 

69 starting from PhIO2 67 using chiral tartaric acid derivatives 68. This reaction was 

the first example of the catalytic use of chiral hypervalent iodine for the oxidation of 

sulfides to sulfoxides (Scheme 12-b).31 
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Scheme 12. Synthesis of chiral I(III) and I(V) derivatives.  
 

Zhdankin et al. synthesized various classes of chiral iodine (V) reagents using different 

amino acids 71 as chiral species.32 The synthetic procedure started by reacting 2-

iodobenzoyl chloride 70 with chiral alkyl or aromatic amino acids to prepare 2-

iodobenzamides 72, which were oxidized readily by potassium bromate (KBrO3) or 

Oxone® (2KHSO5/KHSO4/K2SO4) to form chiral I(V) reagents 73. These reagents give 

good yields for sulfide oxidations, but the enantiomeric excesses were very low, with 

16% ee (Scheme 13). 

 

Scheme 13. Synthesis of I(V)-reagents using amino acids as chiral ligands.  

 

2.1.2. Chiral Substituents on the Iodoarene Backbone 

The chirality of the most common aryl iodine reagents comes from one or more chiral 

substituents on the iodoarene backbones, so various methods to prepare these 

compounds have been developed. Wirth et al. synthesized C1-symmetric chiral 

iodoarene reagents through the esterification of 74 with chiral alcohols33 and then 

oxidation of the esters to form the corresponding I(V) reagents 75. The synthesis of 
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these chiral iodoarenes is shown in Scheme 14-a, and some examples are shown in 

Scheme 14-b.  

 

Scheme 14. Synthesis of I(V)-reagents using amino acids as chiral ligands.  
 

C2-symmetric chiral hypervalent iodine reagents containing lactic acid derivatives 

showed adequate reactivity and selectivity in comparison with C1-symmetric chiral 

hypervalent iodine reagents (Figure 4).34–37  These are considered the most successful 

chiral aryl λ3-iodanes with several applications. For example, catalyst 76 showed good 

reactivity and selectivity in oxidative rearrangement of olefins with up to 91% ee, and 

-oxytosylation of propiophenone enol acetate with up to 67% ee, while catalyst 77 

gave higher selectivity in the -oxytosylation reaction with up to 79% ee, and up to 

92% ee in oxidative spirolactonization.38–40 Catalyst 78 is widely used in different 

fluorination reactions, such as intramolecular metal-free aminofluorination of 

hexenamines, and provides the desired products in high stereoselectivity with up to 

99% ee after crystallization.36 It is also used in asymmetric difluorination of β-

monosubstituted styrenes and trisubstituted cinnamate ester derivatives to yield the 

desired products with good yields and high enantioselectivities of 67% and 92% ee, 

and 74% and 94% ee, respectively.41  

 

 

Figure 4. Lactate-based C2-symmetric chiral hypervalent iodine reagents. 
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2.1.3. Chiral Iodoarenes with Axial Chirality  

Various chiral aryl iodine reagents possessing axial chirality have been reported.42–48 

Quideau et al. reported the first example of chiral biarylic iodines; their objective was 

to prepare IBX analogues with an axis of chirality close to the iodine center 79. This 

scaffold showed promising results in asymmetric hydroxylative phenol 

dearomatization of up to 50% ee through the in-situ generation of chiral hypervalent 

iodine. Later, the same group was able to cleanly oxidize 79 ex-situ to generate several 

chiral hypervalent iodanes and evaluate their performance in asymmetric 

hydroxylative phenol dearomatization. They found that the catalyst 80 gave the best 

results of up to 73% ee, due to the I(V)-type geometry (and reactivity) of the 

hypervalent iodine center 80, as well as the modulation of the dihedral angle around 

the chiral biaryl axis, which are possible key factors in its improved ability to induce 

asymmetry.44,48 Ochiai et al. generated axial chirality by synthesizing a binaphthyl-

based chiral aryl iodide 81.42 This catalyst, used in the -tosylation of propiophenone, 

gave poor enantioselectivities and moderate yields. Masson et al. recently reported a 

unique axial chiral, non-C2-symmetric iodoarene 82 and used it in direct 

‑oxysulfonylation of ketones with good yields and respectable ee.45 Later, the same 

researcher also reported a non-C2-symmetric iodoarene precatalyst 83 having an 

amide group on the 2′-position. Tests of this catalyst in spirolactonizations gave only 

poor ees (Figure 5).49  

 

Figure 5. Axially chiral iodoarene reagents.  
 

2.2. Chiral Iodoarenes for Enantioselective Oxidative Reactions  

In recent years, many chiral hypervalent iodine compounds have been developed and 

utilized in enantioselective oxidative coupling transformations. Due to their relevance 

in this thesis, -oxygenations, sulfoxylations such as intra- and intermolecular 

dearomative oxygenations of naphthols and phenols, -oxysulfonations, and 

(spiro)lactonizations will be discussed in detail.  
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2.2.1. Asymmetric Oxidation of Sulfides to Sulfoxides  

Synthesis of optically active chiral sulfoxide compounds is a challenge in organic 

chemistry.50–52 These compounds have been used in two important areas: as chiral 

ligands and chiral auxiliaries in asymmetric synthesis50,53 and as pharmaceutical 

compounds54 such as Clinoril®, Nuvigil®, and Nexium® (Figure 6).  

 

Figure 6. Chiral optically active sulfoxide in drugs.  

Koser reported new chiral hypervalent iodine reagents used in asymmetric oxidation 

prochiral sulfides 84 to prepare chiral optically active sulfoxides 85 (Scheme 15) with 

a good yield and of up to 53% ee.55 Six years later, Koser designed another chiral 

iodoarene reagent by attaching a menthol ligand to an iodine (III) moiety. This reagent 

gave moderate diastereoselectivity of chiral sulfoxides. However, following 

recrystallization and base-mediated hydrolysis, the ee increased to 99%.56 Kita et al.31 

performed the oxidation of sulfides to sulfoxides using a combination of PhIO2 with a 

chiral tartaric acid derivative and a catalytic amount of CTAB to achieve the activation 

and solubilization of PhIO2. 

 

Scheme 15. Asymmetric oxidation of sulfides to sulfoxides.  
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The chiral sulfoxide compounds were obtained with good yields and of up to 72% ee. 

Since then, various chiral hypervalent iodine reagents have been synthesized and 

tested in the oxidation of sulfides to sulfoxides without improving the 

enantioselectivities.33,57 

 

2.2.2. Oxidative Dearomatization of Phenols  

Using chiral hypervalent iodine reagents to synthesize a chiral molecular scaffold from 

dearomatized compounds is a very successful and efficient method, especially with 

the milder conditions required compared with other oxidants. Various phenols were 

tested in the first attempt to perform an enantioselective phenols dearomatization 

reaction reported by Pelter et al.58 using the chiral iodoarene reagent 66. 

Unfortunately, all cases provided racemic products. Kita et al. reported the first 

example of asymmetric dearomatization of naphthols 87 using a chiral hypervalent 

iodine reagent 89 in a stoichiometric amount to obtain spirolactone 88 with good yields 

of up to 86% and moderate ee of up to 69%.15 They were able to improve the 

stereoselectivity of the spirocyclic compounds to 87% ee through the steric effects that 

come from the ethyl group at the ortho position of the aryl 90.59 Later, Ishihara et al. 

developed a new class of C2-symmetric chiral iodoarenes 91 in which the n–σ* 

interactions between the electron-deficient iodine (III) center and carbonyl groups or 

intramolecular H-bonding between the ligands and the acidic hydrogen helped provide 

excellent enantioselectivity with up to 92% ee (Scheme 16).35 

 

Scheme 16. Asymmetric oxidation of sulfides to sulfoxides.  

 

In 2013, Harned et al. prepared the tricyclic chiral iodines 92 and used them in the 

oxidative dearomatization of phenols 93 to generate p-quinols 94 in good yield with 
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60% ee.60 The same catalyst was used by Quideau to prepare the 2,5-

cyclohexadienone derivative 96 with 40% ee (Scheme 17).61 

 

Scheme 17. Enantioselective dearomatization of phenols mediated by chiral hypervalent iodine (III) 
reagents.  

Quideau reported the axial chiral aryl iodides based on a binaphthyl system 100 and 

used them in hydroxylation dearomatization of phenols 97 to obtain a hydroxylated 

compound 98 with a good yield and 50% ee.44 Using an excess of m-CPBA led to 

production of the corresponding epoxide 99 with a high yield and up to 29% ee 

(Scheme 18).  

 

Scheme 18. Chiral binaphthyl iodoarenes in a dearomatization reaction. 

 

2.2.3. α-Functionalization of Carbonyl Compounds 

Various strategies to attach groups such as phosphoryloxy-, acetoxy-, and alkoxy-

groups at the α position of carbonyl compounds have been applied. Transition metals 

have been used to accomplish this asymmetric transformation.62–65 The -

functionalization of carbonyl compounds can be achieved by chiral hypervalent iodine 
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reagents. Varvoglis et al. reported the first example of asymmetric α-sulfonyloxylation 

of non-symmetrical ketones 101 using a chiral hypervalent iodine reagent 103.57 The 

reaction gave good regioselectivity, but all cases investigated showed poor 

diastereoselectivities (Scheme 19). An asymmetric α-oxytosylation of propiophenone 

was reported by Wirth et al. using chiral iodoarenes 104 and 105, but the products 

were obtained with low ee of up to 15%.66 

 

Scheme 19. Asymmetric α-oxytosylation of propiophenone with various iodanes. 

 

Later, they modified the structure by increasing the distance of the (tosylate)–oxygen 

iodine to give the reagent 106, and the desired product was obtained with ee of up to 

28% (Scheme 16).67 Some years later, the same group modified the structure of 106a 

by exchanging the OMe group with ethyl 106b and improved the ee of product 102 to 

40%.68 Very recently, Wirth et al. synthesized a new class of C–N axial chiral 

hypervalent iodine reagents 107a-c from aniline derivatives. They also studied the X-

ray structures of these reagents. They concluded that the stereoselectivity of product 

102 is controlled by the C–N chiral axis, not by the chiral lactate moiety (Figure 7). 

These reagents were utilized in the α-oxytosylation of ketones to obtain 102 in high 

yields of up to 96% with a good ee of up to 80%.69 

 

Figure 7. C–N axially chiral iodoarenes.  
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Legault et al. studied the mechanism of the α-oxytosylation of ketones70 in depth and 

applied this method on enol esters 108 using catalytic amounts of C2-symmetric chiral 

iodoarene 110 in the presence of m-CPBA to form the desired products 109 with high 

yields and up to 89% ee (Scheme 20).39 The mechanism of this reaction was already 

discussed and shown in Scheme 2. 

 

Scheme 20. Asymmetric α-sulfonyloxylation of vinyl acetates. 
 

2.2.4. Rearrangement Reactions 

The properties of hypervalent iodine reagents allow them to act as excellent leaving 

groups, and their electrophilic nature makes them suitable reagents for various 

rearrangement reactions. Wirth et al. reported the first example of a stereoselective 

oxidative rearrangement reaction mediated by chiral hypervalent iodine to activate 

aryl-substituted alkenes 111 to form stabilized phenyliodinated intermediates 112, 

followed by a stereoselective 1,2-aryl migration to synthesize α-arylated products 113 

in moderate yields and with up to 97% ee.71 In 2016, the same group developed a new 

chiral hypervalent iodine reagent 116 that reacted with diarylalkene derivatives 114 to 

generate α-arylated ketones 115 in yields of up to 90% and with up to 92% ee (Scheme 

21).38 
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Scheme 21. Rearrangement via aryl-migrations mediated by Ar*IL2 reagents. 
 

Wirth et al. developed an enantioselective ring contraction of tetralone using chiral 

hypervalent iodine 91, which was achieved with triflic acid to obtain the desired 

indanes 118 of 59% ee at −78 °C using TfOH. The enantioselectivity was improved to 

70% ee at a lower temperature (−100 °C) with TMSOTf as the Lewis acid (Scheme 

22).71 In 2016, Silva et al. performed this reaction employing another chiral hypervalent 

iodine 119 used in-situ from the corresponding iodoarene and m-CPBA to generate 

the indanes from 1,2-dihydronaphthalenes 117. They also used an extra chiral ligand 

(+)−CSA- to control the stereoselectivity of products 118 with up to 78% ee.72 Many 

researchers have used achiral iodoarenes and applied this reaction to various 

cycloalkanones and cycloalkenes.73–78 Iodoarene reagents have also been used in 

ring expansion reactions by Koser79, Hara80, and Silva81, but none of these examples 

are enantioselective. 
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Scheme 22. Ring contraction reaction mediated by Ar*IL2 reagents. 
 

 

2.2.5. Alkene Functionalizations  

Alkenes are important functional groups in organic synthesis and are considered key 

intermediates for other fundamental functional groups to prepare chiral compounds. 

Wirth et al. reported the first attempt to carry out the enantioselective 

difunctionalization of alkenes using chiral hypervalent iodine reagents 104 or 105 to 

transform styrene 120 into the ditosylated compound 121 or the monotosylated 

compound 122 with up to 21% ee and 17% ee, respectively.66 The same group was 

able to improve the stereoselectivity of the ditosylation to 65% ee by using a catalytic 

amount of chiral hypervalent iodine 123 in the presence of TFA to activate the alkenes 

(Scheme 23).67,82 

 

Scheme 23. Enantioselective ditosylation of styrene by Wirth et al. 

 

Further difunctionalizations of alkenes have been reported. Fujita et al. presented the 

first attempt for an asymmetric diacetoxylation of alkenes following the Prévost and 
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Woodward reaction using chiral hypervalent iodine 126 to generate product 124 with 

up to 89% ee.83 Muñiz et al. demonstrated the asymmetric diamination of styrene 

promoted by chiral hypervalent iodine 127 to obtain product 125 in moderate yields 

with up to 95% ee (Scheme 24).84 

 

Scheme 24. Enantioselective difunctionalization of styrene mediated by Ar*IL2 reagents. 

 

Catalytic difluorination of alkenes was presented by Gilmour et al. in 2016, using a 

combination of a precatalyst 128 with Selectfluor as an oxidant, while HF∙py was used 

as the fluoride source.85 Although they generated product 130 with only 22% ee, this 

attempt paved the way for other research groups to perform asymmetric fluorination 

of alkenes. In the same year, Jacobsen et al. reported the 1,2-difluorination of 

cinnamides 131 mediated by a hypervalent iodine reagent, which was generated in-

situ from precatalyst 132 and m-CPBA. They used 9HF·py as a fluoride source to 

obtain products 133 with high enantioselectivity and up to 98% ee (Scheme 25).86  

 

Scheme 25. Enantioselective difluorination of alkenes mediated by Ar*IL2 reagents. 
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2.2.6. Synthesis of Chiral (Spiro)oxazolines  

Oxazoline units constitute the core moiety of marine and terrestrial biologically active 

natural products and bioactive molecules (Figure 8).87–90 Moreover, oxazolines have 

been used in organic syntheses of molecules such as chiral ligands, protective groups, 

and chiral auxiliaries.91–94 Oxazine, thiazolines, and imidazolines are also useful 

compounds in organic synthesis and biologically active compounds.95,96  

 

Figure 8. Examples of natural products containing an oxazoline unit. 
 

Numerous synthetic methods to prepare 2-oxazoline structures have been reported 

starting from aldehydes, nitriles, carboxylic acid, carboxylic ester, β-hydroxyamides, 

and others.97–103 Among these strategies, the cyclization of unsaturated amides is still 

considered as an efficient and direct method to construct 2-oxazolines.101,104–106 The 

limitations on these methods, such as extreme conditions, use of transition metals, 

lack of diversity of the scope substrates, and low yields with moderate enantioselective 

results,103,107,108 encouraged us to develop a new mild catalytic method to prepare 2-

oxazoline compounds 135 in high yields and with excellent enantioselectivities by 

utilizing our new chiral aryl iodide catalysts (Scheme 26). 

 

 Scheme 26. Cyclizations of unsaturated amides mediated by Ar*IL2 reagents. 

 

On the other hand, Spirocyclic compounds are well represented in many natural 

products and commercial drugs.109–114 These scaffolds have the main advantage of 

providing 3D spatial arrangements due to the tetrahedral nature of the spirocarbon 
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atom. Hence, this allows these compounds to bind to enzymes and other biological 

receptors more easily than to largely planar (hetero)aromatic systems, providing the 

capability to simultaneously project features in all three dimensions.115 Furthermore, 

these compounds may be used to improve the efficiency of the 3D orientation of the 

pharmacophore in order to optimize H-bonding, hydrophobic, and 𝜋 -stacking 

interactions.116,117 In general, most of the spiro compounds can be found in abundance 

in nature. In contrast, spirooxazolines are found in only a few natural compounds, such 

as agelorin A and B from marine sponges of the genus Agelas,118 calafianin from the 

sponge Aplysina gerardogreeni,119 and the three oxazoline derivatives extracted from 

the plant Gemmingia chinensis (Figure 9).120 The benefits of the spirocyclic 

compounds and their utility in medicinal chemistry and materials science are 

encouraging chemists to develop new strategies to synthesis these compounds. 

Several methodologies for the synthesis of spirocyclic compounds have been 

reported, based on radical cyclization strategies, rearrangement alkylation, oxidative 

or reductive coupling reactions and cycloadditions.121–124 Although spirooxazoline 

compounds have many merits, there are just three studies that have published 

construction methods for them. Li et al. reported a synthesis route to convert ketones 

into spirooxazoline, which has anxiolytic activity.125 Zhu et al. synthesized spirocyclic 

difluorinated oxazoline compounds using a photochemical cycloaddition reaction.126 

Recently, Moran et al. determined a new method for synthesizing spirooxazoline 

through the oxidative cyclization of phenols containing pendent amides mediated by 

iodine(III). They also applied this reaction to naphthol using chiral iodoarenes, but this 

precatalyst showed poor reactivity and selectivity, with 36% yield and 14% ee.127 
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Figure 9. Examples of natural products containing spirooxazoline. 

 

Due to the limited literature reports describing the synthesis of these compounds and 

the poor results in both yield and enantioselectivity, we decided to use chiral 

hypervalent iodine catalysts to synthesis of chiral spirooxazoline compounds 137 

through the asymmetric oxidative dearomtization of naphthols 136 (Scheme 27). 

 

 Scheme 27. Asymmetric oxidative cyclization of naphthols via HVI. 
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3. Chapter 3. Design and Synthesis of Novel Chiral N-Heterocyclic 

Iodanes 
 

3.1. Structure of N-Heterocyclic Iodanes  

Even though the structural variety of the investigated chiral aryl iodides appears to be 

high, the coordination of the central iodine atom is usually achieved through oxygen-

based Lewis bases such as ethers, sulfonates, or amides. These functional groups 

stabilize the hypervalent iodine atom either by direct I–O coordination or by forming a 

hydrogen bond to another oxygen-based ligand. Given the great success of nitrogen-

based Lewis bases, in particular N-heterocycles, as ligands in transition metal 

chemistry, it is surprising that the development of chiral hypervalent iodine compounds 

based on N-heterocycles as easy-to-modify stabilizing functional groups has received 

so little attention (Scheme 28).39,71 

 

Scheme 28. Evolution of chiral hypervalent iodine compounds from O- to N-ligands. NHI: N-
heterocycle–stabilized iodane. 

 

Our group recently investigated the effect of achiral N-heterocycle–stabilized iodanes 

(NHIs) and found that the N-heterocycle has a previously unobserved influence on the 

reactivity of the iodane in sulfide oxidations.14,128 We also introduced novel triazole-

based chiral hypervalent iodine catalysts of type 1 (Scheme 29-a). The synthesis of 

this “first-generation” catalyst G1 is highly robust. In particular, the introduction of the 

chiral benzyl alcohol is straightforward and based on a highly efficient kinetic resolution 

(Scheme 29-b).129 Because this process is not based on a chiral precursor, as are 

many other hypervalent iodine compounds, these chiral triazoles are easily accessible 

in both enantiomeric forms. Initial investigations revealed a good performance of this 

catalyst in the Kita-spirocyclization of 1-naphthols. So far, this is the best C1-

symmetric chiral catalyst for this reaction, although reactivity is still low. In particular, 

C2-symmetric catalysts give higher selectivities. 
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Scheme 29. Evolution of chiral NHIs. 

  

However, the highly modular and robust synthesis of these novel catalysts allows fast 

synthetic modifications and hence a rational understanding of their structure/reactivity 

relationship. In 2015, Legault found that introducing steric ortho-substituents such as 

amides 144,145 to the iodine center increased the reactivity of this catalyst in α-

tosyloxylation of carbonyl compounds.39 In the oxidized state, an out-of-plane 

distortion of both the amide unit and the I–OH bond caused by the methyl group lowers 

the overall stability of the iodine(III) intermediate (Figure 10). This significantly 

improves reactivity by speeding up further ligand exchange processes and preferring 

the final reductive collapse of iodine(III) into its monovalent iodine(I) state in the 

oxidizing coupling step. This phenomenon is called “hypervalent twist” and was also 

observed in compounds 146 and 147 130–132 

 

Figure 10. o-Methyl substituted iodoarenes and hypervalent twist. 
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Based on this theory, the main goal of this thesis was to modify the ortho position to 

the hypervalent iodine center of the original catalyst G1, since substitutions at this 

position as in G2 have been recently described as having a significant impact on the 

selectivity and reactivity of chiral hypervalent iodine-based catalysts. We found that 

introducing a donating group in the ortho position increased the reactivity and 

selectivity of the iodoarenes in different oxidative reactions. Further structural 

modifications were made to this design by using a slightly stronger aliphatic donating 

group in the ortho position or using an aromatic group. Again, the catalyst performance 

improved in the presence of the strongest donating group in the ortho position. We 

also used different protection groups to screen their effect on the reactivity and 

selectivity of these catalysts G3. Among the alky-, benzyl-, and triisopropyl silane 

(TIPS) groups, the best performance of these catalysts was achieved when the TIPS 

group was utilized as a protection group (Scheme 30). 

 
 

Scheme 30. Evolution of chiral NHIs. 

 

3.2.  Synthesis of N-Heterocyclic Iodane Catalysts 

The synthetic procedure for ortho-modified catalysts 143 is shown in Scheme 29. 

Aldehydes 148 undergoing 1,2-addition with ethinyl magnesium bromide should yield 

racemic propargyl alcohols 149.133 At this point, an enzymatic kinetic resolution with 

Candida antarctica Lipase B (CALB) will give enantiopure propargyl alcohols 150 and 

the corresponding acetates 151. Final [3+2]-cycloaddition with benzyl azide to 152 

followed by O-protection gives the triazoles 153 (Scheme 31). 
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Scheme 31. Synthetic procedure of triazoles. 
   

Following this synthesis, a variety of new chiral iodoarenes have been synthesized 

and applied to several enantioselective oxidative transformation reactions.  
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4. Summary of the Publications 

4.1. First Publication: A Triazole-Substituted Aryl Iodide with Omnipotent 

Reactivity in Enantioselective Oxidations 

Chiral hypervalent iodine catalysts (III) are commonly used in organic synthesis. 

Despite serious effort and an unseen variation of chiral C1- and C2-symmetric aryl 

iodides as catalysts, only moderate enantioselectivities and high catalyst loadings are 

observed, which is a major drawback in comparison to efficient metal-catalyzed 

transformations, such as hydrogenations. While phenolic dearomatizations, such as 

the Kita-spirolactonization or phenol dearomatizations, work reasonably well with 

selectivities of up to 92% ee,40 enantioselective α-oxygenations of ketones are still not 

synthetically useful with maximum enantioselectivities of 68% ee for direct 

oxysulfonations and only 51% ee for lactonizations.45 Each reaction can be performed 

with only one specific chiral iodoarenes, but so far, there is no chiral aryl iodoarene 

that can be used in different important transformations and provide remarkable results. 

In this article, three different second-generation catalysts bearing a chlorine, methyl or 

methoxy-substituent have been successfully synthesized and tested in model 

reactions. In particular, the ortho-OMe-substituted derivative outperformed the 

unsubstituted first-generation catalyst in terms of reactivity and selectivity. This 

catalyst is not only better than the first-generation, triazole-based catalyst, but it also 

gave the best results so far amongst the chiral hypervalent iodine compounds in five 

different enantioselective oxidative transformations, such as α-oxygenations of 

ketones, phenol dearomatizations, Kita-spirolactonization, lactonizations, and 

hydroxylation. Dearomatization of phenols and oxidative rearrangement of allylic 

alcohols are described in the literature. The summarized results are shown in Scheme 

32.134 
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Scheme 32. Enantioselective reactions mediated by catalyst 153-OMe. 
 

Title of the Publication: “A Triazole-Substituted Aryl Iodide with Omnipotent 

Reactivity in Enantioselective Oxidations” 

Ayham. H. Abazid, B. J. Nachtsheim, Angew. Chem. Int. Ed. 2020, 59 (4), 1479–

1484. 

The supporting information, including a complete optimization table, detailed 

experimental procedures, characterization data, and copies of NMR spectra, is 

available free of charge on the journal′s website. 

Abstract: A widely applicable triazole‑substituted chiral aryl iodide is described as a 

catalyst for enantioselective oxidation reactions. The introduction of a substituent in 

the ortho position to the iodide is key for its high reactivity and selectivity. Besides a 

robust and modular synthesis, the main advantage of this catalyst is the excellent 

performance in a plethora of mechanistically diverse enantioselective transformations, 
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such as spirocyclizations, phenol dearomatizations, α‑oxygenations, and oxidative 

rearrangements. DFT‑calculations of in-situ generated [hydroxy(tosyloxy)iodo]arene 

isomers give an initial rationale for the observed reactivity. 

Author Contribution to this Publication: The synthesis of chiral hypervalent iodine 

catalysts and screening of the reactivity of these compounds in five different 

enantioselective reactions was performed and developed by me. In this project, I wrote 

the supporting information. The manuscript was written by me and B. J. Nachtsheim. 

B. J. Nachtsheim was the principal investigator and edited the article. 
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4.2. Second Publication: An Enantioconvergent Benzylic Hydroxylation Using a 

Chiral Aryl Iodide in a Dual Activation Mode  

Synthesis of chiral molecules is an eminent goal in organic chemistry, and the direct 

functionalization of C-H bonds is among the most robust tools for this duty. Oxidation 

is the most efficient method to convert C-H bonds into several functional groups. For 

instance, oxidation of the secondary benzylic (sp3) C-H bond to produce benzylic 

alcohols has received much attention in the past decades due to the wide applications 

of those compounds such as the synthesis of biologically active, important 

intermediates and several medical applications. Several strategies for reaching this 

goal are described in the literature, including transition metals, chemical oxidations, 

and electrochemical oxidations.135–138 Most of these strategies have a lack of results 

in terms of yield or enantioselectivity. Herein, we present the first unique example for 

the enantioselective hydroxylation of a secondary benzylic C-H bond employing 

catalytic amounts of chiral hypervalent iodine catalyst 153-OMe and copper bromine 

in the presence of m-CPBA as an oxidant to afford chiral benzyl alcohol derivatives in 

yields of up to 95% with up to 96% ee (Scheme 33). Various aryl or heteroaryl 

substrates were examined, providing the corresponding chiral secondary alcohols.139  

 

 
 

Scheme 33. Enantioselective hydroxylation C-H benzylic bond mediated by catalyst 153-OMe 

Furthermore, the regioselectivity hydroxylation of a benzylic C-H bond in the presence 

of a tertiary C-H bond was studied in this reaction. We performed comprehensive 

mechanistic studies to explain the mechanism of this reaction. We isolated and a 

brominated intermediate that proved the necessity of the chiral iodoarene to transfer 

the bromine radical into the benzylic position in the first step and later to act as a chiral 

ligand in the second step with copper salt to form the copper complex that controls the 

stereoselectivity of the reaction.  
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Title of the Publication: “An Enantioconvergent Benzylic Hydroxylation Using a 

Chiral Aryl Iodide in a Dual Activation Mode” 

Ayham. H. Abazid, N. Clamor, B. J. Nachtsheim, ACS. Catal. 2020, 10 (15), 8042–

8048. 

Reprinted with permission from ACS Publication. © 2020 American Chemical Society. 

Doi.org/10.1021/acscatal.0c02321 

The supporting information, including a complete optimization table, detailed 

experimental procedures, characterization data, and copies of NMR spectra, is 

available free of charge on the journal′s website. 

Abstract: The application of a triazole-substituted chiral iodoarene in a direct 

enantioselective hydroxylation of alkyl arenes is reported. This method allows the rapid 

synthesis of chiral benzyl alcohols in high yields with stereocontrol, despite its 

nontemplated nature. In a cascade activation consisting of an initial irradiation-induced 

radical C–H-bromination and a consecutive enantioconvergent hydroxylation, the 

iodoarene catalyst has a dual role. It initiates the radical bromination in its oxidized 

state through a bromoiodane formed in-situ, and in the second, Cu-catalyzed step, it 

acts as a chiral ligand. This work demonstrates the ability of a chiral aryl iodide catalyst 

to act both as an oxidant and as a chiral ligand in a highly enantioselective C–H-

activating transformation. Furthermore, this concept presents an enantioconvergent 

hydroxylation with high selectivity using a synthetic catalyst. 

Author Contribution to this Publication: The benzylic C-H hydroxylation was 

discovered and developed by me (Ayham H. Abazid). In this project, I carried out all 

optimization reactions and synthesized and characterized 23 compounds. N. Clamor 

synthesized and characterized three compounds. 

The manuscript was written by me and B. J. Nachtsheim, the supporting information 

was written by me. B. J. Nachtsheim was the principal investigator and edited the 

article. 
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4.3.  Third Publication: Stereoselective Oxidative Cyclization of N-Allyl 

Benzamides to Oxaz(ol)ines 

Herein, we initially optimized the second-generation catalysts by modifying the ortho-

position of the iodoarene with aliphatic and aromatic alkoxy groups. Then we modified 

the protection group by using methyl or benzyl groups instead of the TIPS group. Ten 

chiral aryl iodides of a third generation have been synthesized and used in the catalytic 

enantioselective cyclization of N-allylcarboxamides to obtain oxazolines and oxazine 

compounds with yields of up to 94% and enantioselectivities of up to 95%. The ortho-

OiPr-substituted 153-O-iPr provides the best results compared with the other third- 

and second-generation catalysts (Scheme 34). Thiazolines, imidazolines and aliphatic 

oxazolines were also synthesized from suitable starting materials in good yields and 

enantioselectivities. Oxazolines with a quaternary carbon could be synthesized readily 

by this method with high yield and excellent enantioselectivities. In addition, different 

derivatives of compound 158 were synthesized by functionalizing the hydroxyl group 

into various groups such as iodine, azide, triflate, acetate, amine, and aldehyde.   
 

 

Scheme 34. Enantioselective cyclization of N-allylcarboxamides mediated by catalyst 153-O-iPr. 

 

Title of the Publication: “Stereoselective Oxidative Cyclization of N-Allyl Benzamides 

to Oxaz(ol)ines” 

Ayham H. Abazid, Tom Hollwedel and Boris J. Nachtsheim, Chem Rxiv. 2021. 

https://doi.org/10.26434/chemrxiv.14501556.v1  

Org. Lett. 2021, 23, 13, 5076–5080. 

Reprinted with permission from ACS Publication. © 2021 American Chemical Society.  

https://doi.org/10.1021/acs.orglett.1c01607 
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The supporting information, including a complete optimization table, detailed 

experimental procedures, characterization data, and copies of NMR spectra, is 

available free of charge on the journal′s website. 

Abstract: This study presents an enantioselective oxidative cyclization of N-allyl 

carboxamides via a chiral triazole-substituted iodoarene catalyst. The method allows 

the synthesis of highly enantioenriched oxazolines and oxazines, with yields of up to 

94% and enantioselectivities of up to 98% ee. Quaternary stereo centers can be 

constructed and, besides N-allyl amides, the corresponding thioamides and 

imideamides are well tolerated as substrates, giving rise to a plethora of chiral 5-

membered N-heterocycles. By applying a multitude of further functionalizations, we 

finally demonstrate the high value of the observed chiral heterocycles as strategic 

intermediates for the synthesis of other enantioenriched target structures.   

Author Contribution to this Publication: In this project, I carried out all optimization 

reactions and synthesized and characterized seven hypervalent iodine catalysts. I also 

synthesized and characterized the oxazoline and oxazines derivatives and seven 

compounds of the derivatization of oxazoline. Tom-Niklas Hollwedel synthesized and 

characterized four hypervalent iodine catalysts under my supervision. 

I wrote the manuscript and the supporting information. B. J. Nachtsheim was the 

principal investigator and edited the article. 
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4.4. Fourth Publication: Application of Chiral Triazole-Substituted Iodoarenes in 

the Enantioselective Construction of Spirooxazolines 

Herein, we present an enantioselective route to synthesize spirooxazoline compounds 

using chiral hypervalent iodine catalysts. This method provided us with the highest 

yields and enantioselectivities reported thus far for spirooxazolines. The reaction is 

compatible with a wide variety of substrates, including electron-rich and electron-poor 

naphthalene benzamides and N-heterocycles (Scheme 35). The synthetic utility of the 

spirooxazoline compounds is further demonstrated by simple oxidation or reduction 

steps. A photo-switch of the spirooxazoline molecule is shown at 350 nm for the closed 

form and 450 nm for the open form. This finding will be part of our future studies and 

might enable the use of these compounds in industrial applications.   
 

 

Scheme 35. Synthesis of chiral spirooxazoline compounds via catalyst 153-O-iPr. 

 

Title of the Publication: “Application of Chiral Triazole-Substituted Iodoarenes in the 

Enantioselective Construction of Spirooxazolines” 

Ayham H. Abazid, and Boris J. Nachtsheim, Chem Rxiv. 2021. 

https://doi.org/10.26434/chemrxiv.14648526.v1. 

Chem. Comm. 2021 ,57, 8822-8825. 

The supporting information, including a complete optimization table, detailed 

experimental procedures, characterization data, and copies of NMR spectra, is 

available free of charge on the journal′s website. 

Abstract: A catalytic highly enantioselective synthesis of spirooxazolines is 

presented. Starting from readily available 2-naphthol-substituted benzamides and 

using catalytic amounts of a chiral triazole-substituted iodoarene catalyst, a variety of 

spi-rooxazolines can be isolated through an enantioselective oxidative 

dearomatization in up to 92% yield and 97% ee. The further synthetic utility of the 
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optically enriched spirooxazolines was examined providing a corresponding 2-

naphthalenole and an oxepin.   

Author Contribution to this Publication: In this project, I carried out all optimization 

reactions and synthesized and characterized the spirooxazoline and two compounds 

of the derivatization of spirooxazoline.  

I wrote the manuscript and the supporting information. B. J. Nachtsheim was the 

principal investigator and edited the article. 
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4.5.  Conclusion  

In this thesis, a wide library of new triazole-substituted chiral iodoarenes has been 

synthesized and employed in enantioselective oxidative reactions. The first 

publication, A Triazole-Substituted Aryl Iodide with Omnipotent Reactivity in 

Enantioselective Oxidations, reports the first omnipotent chiral aryl iodine that 

performs five different enantioselective reactions and provides previously unseen 

results. The second publication, An Enantioconvergent Benzylic Hydroxylation Using 

a Chiral Aryl Iodide in a Dual Activation Mode, reports the first application of chiral 

iodanes in C–H benzylic bond activation using a combination of copper and the chiral 

iodoarene. In this reaction, the chiral hypervalent iodine has a dual role. It acts as an 

oxidant in the first step and as a chiral ligand in the second step. This strategy will 

pave the way to explore the ability of chiral aryl iodides to insert different nucleophiles 

on C–H benzylic positions enantioselectively. The third publication, Stereoselective 

Oxidative Cyclization of N-Allyl Benzamides to Oxaz(ol)ines, presents the construction 

of chiral N-heterocyclics such as oxazolines, oxazines, thiazolines, imidazolines, and 

using chiral aryl iodides as promoters of this reaction. Compound 158 could be 

converted into several derivatives via conventional nucleophilic substitution methods. 

Our method will promote an easy way to incorporate a quaternary stereocenter 

selectively in many natural products and biologically active compounds. The fourth 

Publication, Application of Chiral Triazole-Substituted Iodoarenes in the 

Enantioselective Construction of Spirooxazolines, demonstrates an efficient method 

to construct spirooxazoline compounds in high yields and excellent 

enantioselectivities. Overall, the aim of this thesis was fully achieved. The herein 

developed second and third generation triazole-substituted catalysts could be 

synthezized in an optimized synthetic procedure in very high yields following a short 

and robust sequence and these chiral iodoarenes show an outstanding performance, 

not only in a variety of typical iodane-mediated oxidative reactions but also in so far 

undescribed C-H-activations in combination with transition metal.  
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5. Outlook 

In the future, fourth-generation catalysts should be created in which the N-heterocycle 

will be further modified. Based on the best performing catalyst 153-O-iPr, the influence 

of the N-heterocycle will be systematically investigated. Starting from the 

corresponding enantiopure O-TIPS-protected propargyl alcohol OTIPS-iPr, a variety 

of 5-membered heterocycles should be synthezied.140–142 Then, the model reactions 

discussed previously will be tested again, as will other reactions with enantioselective 

results (Scheme 36). 

 

Scheme 36. Synthesis of fourth-generation catalysts. 

 

Direct oxidation of the benzylic C–H bond of aryl/heteroaryl methane could be 

investigated using the same procedure described in the article 2. This concept should 

pave the way for benzylic substitutions such as azidations and aminations (Scheme 

37). 

 

 

Scheme 37. Proposed benzylic C–H substitution reactions.   
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