
Dissertation  

zur Erlangung des Doktorgrades  

der Fakultät für Chemie und Pharmazie  

der Ludwig-Maximilians-Universität München 

 

 

 

Hydrogen Atom Transfer:  

A Comprehensive Study on Phenoxy, Peptide, and N-Radicals 

 

 

 

 

Salavat Ashirbaev 

aus  

Sibai, Russland 

 

 

 

 

2023  



2 

Erklärung 

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. November 2011 

von Herrn Prof. Dr. Hendrik Zipse betreut. 

Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe erarbeitet. 

München, 06.09.23 

  Salavat Ashirbaev 

Dissertation eingereicht am 06.09.23. 

1. Gutachter: Prof. Dr. Hendrik Zipse

2. Gutachter: Prof. Dr. Oliver Trapp
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0. Summary 

This thesis consists of three primary sections. In the first chapter, we examine the function of 

HAT in the interaction between polyphenols and amines. In the second chapter, we explore 

the selectivity of HAT in dipeptide models. Lastly, in the third chapter, we dive into the 

selectivity of HAT concerning N-radicals. Due to diversity of the given topics, each chapter 

starts with an introductory subchapter that helps to provide the reader with a solid foundation 

for the better understanding. 

Chapter 1 

Combined in silico and in vitro Investigations of Hydrogen Atom 

Transfer Reactivity in Amination of Polyphenols 

Salavat S. Ashirbaev, Natércia F. Brás, Hendrik Zipse 

Dept. Chemistry, LMU Muenchen, Butenandtstrasse 5-13, D-81377 Muenchen, Germany 

 

Natural polyphenols have gained significant attention due to their wide range of biological 

activities, especially their role in the disaggregation of amyloid fibrils. In this study, we 

investigated the hydrogen atom transfer (HAT) reactivity in the amination of wide scope of 

different polyphenols, employing both in silico and in vitro approaches. Our aim was to show 

the underlying reaction mechanisms and identify important structural factors influencing the 

reactivity of these compounds with amines and amino acid as a peptide models. The results 

indicate the critical role of vicinal hydroxyl groups and the pyrogallol moiety in promoting 

the reactivity of the parent polyphenol. Also, the importance of electron-donating and 

withdrawing groups in the polyphenols was demonstrated. Our findings can provide valuable 

insights into the design of novel and more potent polyphenols targeting amyloid-related 

diseases.  
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Chapter 2 

Dipeptide C-H Bond Reactivity and Selectivity in Hydrogen Atom 

Transfer to Alkoxy Radicals 

Salavat S. Ashirbaeva, Harish Jangraa, Michela Salamoneb, Massimo Biettib, Hendrik Zipsea 

aDept. Chemistry, LMU Muenchen, Butenandtstrasse 5-13, D-81377 Muenchen, Germany 

bDipartimento di Scienze e Tecnologie Chimiche, Università “Tor Vergata”, Via della 

Ricerca Scientifica, 1, I-00133 Rome, Italy 

 

Understanding the C-H bond reactivity of amino acids within peptides is highly important for 

getting a general idea about protein stability, function, and possible chemical modification. In 

this study, we investigated the reactivity and selectivity of HAT reactions from dipeptide 

models to alkoxy radicals under controlled mild conditions. The results show that the C-H 

bond reactivity in dipeptide models is highly dependent on the steric effects, reaction media, 

and the nature of the alkoxy radical. Also, the C-H bond cleavage and recombination 

products were analyzed and identified with methods like GC-FID, NMR and HPLC. The 

structures of the obtained products were further confirmed by independent synthesis. Taken 

all together, these insights contribute to the fundamental understanding of dipeptide C-H 

bond reactivity and selectivity in HAT reactions from proteins. 
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Chapter 3 

The Effects of Ring Annulation on the Regioselectivity of the 

Hofmann-Löffler-Freytag Reaction 

Salavat S. Ashirbaeva, Davor Šakićb, Hendrik Zipsea 

aDept. Chemistry, LMU Muenchen, Butenandtstrasse 5-13, D-81377 Muenchen, Germany 

bUniversity of Zagreb, Faculty of Pharmacy and Biochemistry, Ante Kovačića 1, 10000 

Zagreb, Croatia 

 

The Hofmann-Löffler-Freytag reaction provides an entry into aminyl-radical mediated C-H 

bond activation chemistry and has recently received renewed attention due to innovative 

methods for the generation of nitrogen-centered radicals. The reaction is particularly 

interesting in the functionalization of otherwise unfunctionalized substrates such as the 

sulfonamide 1, where the initially generated N-centered radical 1rN is positioned such that 

hydrogen abstraction seems feasible at the C5- or C6-position. Currently known experimental 

results indicate a large kinetic preference for the 1,5-hydrogen atom transfer pathway. We 

now study here how this selectivity is affected by substituents positioned at the C3 and/or C4 

positions, with particular emphasis on the effects of annulated ring systems along these 

positions.  
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1. Combined in silico and in vitro Investigations of Hydrogen 

Atom Transfer Reactivity in the Amination of Pyrogallol-Based 

Polyphenols 
1.1 Introduction 

1.1.1. Flavonoids 

Flavonoids, which have been known for their dyeing properties (from the Latin word flavus, 

meaning "yellow") for a long time, are a diverse class of natural low molecular weight 

polyphenolic compounds derived from various plant-based sources. Studies on flavonoids 

and their structure, properties and biological activities in living organisms were initiated in 

the 1930s, following the pioneering work of Albert Szent-Györgyi (Nobel Prize in 

Physiology or Medicine, 1937).[1] So far, more than 8000 different types of flavonoids have 

been identified in the form of glycosides and aglycones.[2] Flavonoids have a basic structure 

consisting of a 15-carbon skeleton, composed of two benzene rings (A and B) and a 3-carbon 

linking chain forming a heterocyclic pyran ring (C). Categorization of the flavonoids is based 

on the variations of the chemical structure: the presence of the double bond between the C2- 

and C3-atom and the carbonyl group located on C4, the attaching point of the ring B, and the 

degree of hydroxylation. Taking all of this into account, flavonoids can be divided in major 

subgroups: anthocyanidins, flavan-3-ols, isoflavones, flavanones, flavonols, and flavones 

(Scheme 1). 

 

Scheme 1. Categorization of flavonoids based on chemical structure. 
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(25-50 mg/day), is only 8.3×10-6 M.[7] Structural modification of this flavonoid significantly 

increases the water solubility and dihydroquercetin monosuccinate has a solubility ~5000 

times higher than its parent flavonoid  (4.1×10-2 M) (Scheme 3).[8] 

 

Scheme 3. Solubility of quercetin and its derivative, dyhydroquercetin monosuccinate, in 

water.[8] 

Once flavonoids are digested, they have a high probability of cascade oxidation reactions and 

coupling with surrounding functional groups. In our studies, we have focused on various N-

nucleophiles as models of the peptide environment surrounding a flavonoid and its 

metabolites. Understanding the reaction between flavonoids and peptide models can help to 

understand the fundamental chemical interactions happening in living organisms. But first, 

we have to review the existing literature information on the amination of phenols and small 

polyphenols as model substrates for flavonoids.  

1.1.2. Amination of Phenols  

The synthesis of anilines, commonly found in natural products, pharmaceuticals, functional 

materials, and agricultural chemicals, has become a significant area of interest in synthetic 

organic chemistry.[9] Transition metal catalysed amination of aromatic compounds in various 

cross-coupling reactions was initiated by independent work of Buchwald and Hartwig in the 

1990s.[10] The wide scope of possible variations in reagents, metals, ligands, and other 

reaction parameters can be summarized in the general reaction (Scheme 4).[11] 

 

Scheme 4. Amination reaction mediated by transition metal catalysis.[11]  
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Despite the significant progress made in the amination of aromatic compounds using 

transition metal catalysis for the last years, direct functionalization of phenols with amines is 

a challenging task. Phenols are mostly unsuitable for direct amination due to their oxidation, 

formation of stable transition metals complexes, and the high dissociation energy (>450 

kJ/mol) of the Ph-OH bond.[12] To overcome these difficulties, phenols have to be converted 

into more reactive functional groups, such as -OMs or -OTs, enabling further cross-coupling 

steps. Therefore, the most interesting reactions are those that directly functionalize phenols 

without any additional activation reactions or even without use of transition metals. The most 

interesting example of the first concept is the Ru-catalyzed direct amination reaction of 

phenols (Scheme 5).[13] 

 

Scheme 5. Ru-catalysed direct amination of phenols.[13] 

Dearomatization/coupling/dehydrogenative aromatization strategy is an alternative approach 

for aniline synthesis directly from phenols.[14] This method requires a transition metal catalyst 

(usually Pd), as well as the external source of hydrogen (Scheme 6).  

 

Scheme 6. Dearomatization/coupling/dehydrogenative aromatization synthesis of anilines.[14] 

Transition-metal-free dearomatization /coupling/dehydrogenative aromatization strategy has 

been reported for synthesizing a broad range of p-quinones, using an anthraquinone-based 

organophotocatalyst (Scheme 7).[15] 



15 

 

 

Scheme 7. Cross-coupling of phenols with amines via combined photooxidative 

dearomatization-rearomatization strategy.[15] 

Bucherer-Lepetit reaction is the well-known example of a phenol-amine coupling. The 

reaction does not require the use of transition metals or organocatalysts and involves only 

amine/ammonia and sodium bisulfite as reagents (Scheme 8). Although the Bucherer reaction 

is limited to naphthol derivatives, it has found general application in the preparation of a wide 

range of  synthetic dyes.[16] 

 

Scheme 8. Bucherer-Lepetit reaction.[16] 

As was mentioned before, polyphenols are sensitive to oxidation. As a result, they can be 

easily converted into quinones, their oxidized forms, which have the potential to interact with 

neighboring functional groups.  

  

Scheme 9. Structures of topaquinone (TPQ) and pyrroloquinoline quinone (PQQ). 

In general, quinone cofactors like topaquinone (TPQ) and pyrroloquinoline quinone (PQQ) 

are found in various quinoproteins, which are involved in catalyzing the biological oxidation 

of amines and alcohols (Scheme 9).[17] 
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The following proposed mechanisms are represented in the example of TPQ. It is widely 

accepted that the primary amine oxidation mechanism proceeds via the transamination 

pathway A. Nucleophilic addition of an amine to TPQ forms the substrate Schiff base (SSB), 

which tautomerizes into the product Schiff base (PSB) after Cα-deprotonation. PSB then 

hydrolyses and releases an aldehyde and aminated adduct TPQ-NH2, which is then oxidized 

to TPQ-imine. The formed TPQ-imine can then turn back into TPQ after a hydrolysis step 

or into SSB after an aminolysis process (Scheme 10). 

 

 

Scheme 10. Two proposed mechanisms of TPQ-mediated amine oxidation. 

One should keep in mind that there is an alternative pathway B, which involves the oxidation 

of the amine through a hemiaminal intermediate via an addition-elimination mechanism.[17d] 

Therefore, it is important to consider both pathways during the investigation of the oxidation 

of amines in biological systems. 

Significant effort has been made to mimic the reactivity of quinone cofactors in vitro, 

developing new series of synthetic quinones in organic synthesis (Scheme 11). The presented 

catalysts based on quinones are used in a wide range of organic reactions like amine or 

alcohol oxidation. Given the large number of articles on this topic, only selected references 

are given together with the corresponding catalysts shown in Scheme 11. 
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Fluery/Largeron[18] 

        

Stahl[19] 

  

 

Oh[20] 

 

Kobayashi[21] 
 

Luo[22] 

Scheme 11. Biomimetic quinone-based catalysts. 

The literature analysis shows that the methods, reagents, and conditions used for phenol 

aminations lack the applicability to flavonoids and miss the biological relevance, therefore it 

is important to look for mild, transition metal-free and biomimetic reactions for flavonoid-

peptide(amine) reactions. Polyphenol-amine reactions will be presented in the next chapter to 

get a better understanding of basic reactivity mechanism that has been already discovered. 

1.1.3. Polyphenol-Amine Oxidative Coupling 

Deodorizing effects of polyphenols on amines have been tested in the past (Scheme 12).  

 

 

Scheme 12. Polyphenol structures. The pyrogallol moiety is shown in bold. Deodorizing 

activity on EtNH2 is shown below the structures.[23] 

Decreasing of EtNH2 
vapor concentration 
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It was found that compounds with 1,2,3-trihydroxybenzene (pyrogallol), moiety in their 

structures show significantly higher deodorizing activity on EtNH2 in 1 M NaOH/Na2HPO4 

buffer solution (pH 11.8). Also, the represented catechins had no deodorizing activity on 

secondary and tertiary amines (e.g., Me2NH or Et3N).[23] (-)-EGC, which showed relatively 

high deodorizing activity, was taken as a model compound, and treated respectively with 

excess of 40% MeNH2, 70% EtNH2, and 25% NH4OH. The reaction was followed by HPLC, 

which showed the formation of one major product. Before isolation, the corresponding 

compounds (C4'-amino-EGC) were acetylated due to their high hydrophilicity. Analysis of 

the obtained peracetylated adduct showed that they all share the same С4'-regioselectivity 

(Scheme 13).[23]  

 

Scheme 13. Oxidative amination of (-)-EGC with aqueous solutions of ammonia and 

primary amines.[23] 

The importance of the pyrogallol moiety for the oxidative amination reaction was also 

demonstrated by Ohara et al.[24] Various phenolic compounds were treated with excess of 

aqueous ammonia under air atmosphere and the percent recovery for each compound was 

tested (Scheme 14).  

Scheme 14. Percent recovery of the phenolic compounds after NH3 treatment under aerobic 

conditions.[24] 
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The initial concentrations of gallic acid and pyrogallol were significantly affected by aqueous 

ammonia, in contrasts to the other compounds, which showed a minor change. The main 

reaction products of gallic acid and pyrogallol were isolated and characterized. As well as in 

Scheme 13, the analysis showed the formation of C4´-amino adducts, 2-aminoresorcinol and 

4-amino-3,5-dihydroxybenzoic acid, correspondingly (Scheme 15).  

 

Scheme 15. Oxidative amination of gallic acid and pyrogallol in aqueous ammonia.[24] 

The proposed mechanism for the selective C4´-amination includes the formation of the o-

quinone intermediate in the presence of nucleophile, NH3, and oxidant, O2. Regioselective 

nucleophilic attack of ammonia on the C4´-position of quinone forms a 4-carbinolamine 

intermediate, followed by water elimination to give the o-quinone imine. The next step is 

proposed to be a reducing reaction by another molecule of corresponding polyphenol, 

yielding C4´-amino adducts. The crucial role of oxygen was demonstrated in the article, 

because no C4´-amino adducts were detected under N2 in independent experiments. More 

complex substances, (-)-EC and (-)-EGC, were treated with aqueous ammonia under the 

same conditions.  

 

Scheme 16. Reactions of (-)-EC and (-)-EGC affected by aqueous ammonia.[25] 
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Similarly to gallic acid and pyrogallol, oxidative amination of (-)-EGC leads to formation of 

C4´-amino-epigalocatechin. It has been shown that (-)-EGC epimerizes process under inert 

gas atmosphere, forming (-)-galocathechin, (-)-GC. (-)-EC, on one side, does not form an 

amino adduct, but, on the other side, also epimerizes under basic conditions, giving (-)-

catechin, (-)-C (Scheme 16). Observed epimerization reaction, on the example of compound 

(-)-EC, supposedly occurs through opening of the pyran ring, which gives a quinone methide 

intermediate, followed by intra- or intermolecular attack.[25] 

Products of the intermolecular coupling are detected in highly concentrated solutions of 

polyphenol, (+)-catechin, (+)-C, in concentrated aqueous ammonia.[26] Unfortunately, the 

exact structures of the products are not provided, due to increased complexity of the formed 

amino adducts, but structural proposals have been made based on the combined results of 

solid-state 13C NMR and MALDI-ToF analysis (Scheme 17). 

 

Scheme 17. Reactions of (+)-C with aqueous ammonia.[26] 

Electrochemical coupling of 2,3,4-trihydroxybenzophenone (TBP) with benzyl amine under 

the conditions of excessive oxidation has been studied. The product analysis showed that the 

main product was the result of C6-NH2-functionalization. Also the formation of two minor 

by-products, C6-TBN-BnA and C7-TBN-BnA, were detected as a result of reductive 

coupling (Scheme 18).[27] 
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Scheme 18. Electrochemical coupling of 2,3,4-trihydroxybenzophenone (TBP) with benzyl 

amine.[27] 

Studying the potential of baicalein to detoxify ammonia and treat ammonia-associated 

diseases, it was shown that baicalein forms three different products of oxidative coupling 

with ammonia (Scheme 19).[28] 

Scheme 19. Reactions of baicalein in methanolic solution of ammonia. 

Literature analysis shows that polyphenols containing a pyrogallol moiety show enhanced 

reactivity towards primary amines. This could potentially explain the biological activity of 

certain natural polyphenolic compounds that extends beyond oxygen species scavenging 

activity or non-covalent interaction. The interaction of polyphenols with biologically relevant 

substrates will be discussed in the following chapter. 

1.1.4. Flavonoids under Biomimetic Conditions 

With thousands of flavonoids known to exist, each with unique structure and biological 

activities, it is impossible to study them all in details. Therefore, recent literature results will 

be reviewed in this chapter.  

During amyloidosis, specific proteins misfold and aggregate, leading to the accumulation of 

insoluble fibrillar deposits known as amyloid fibrils in various tissues and organs. Amyloid 

fibril formation is linked to cellular dysfunction, tissue damage, and organ failure in 

numerous diseases, such as Alzheimer's, Parkinson's, type 2 diabetes, and systemic 

amyloidosis.[29] For example, Fig. 2 illustrates the timeline of human islet amyloid 

polypeptide (hIAPP) fibril formation, which, in extreme cases, leads to the death of ß-

pancreatic cells and triggers severe symptoms associated with type 2 diabetes.[30] 
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Fig. 2. Mechanism of amyloid formation on the example of hIAPP.[30] 

(-)-Epigallocatechin gallate, EGCG, has been found to show anti-amyloidogenic effects by 

inhibiting the formation of amyloid fibrils of iAPP and promoting the disaggregation of pre-

formed fibrils (Scheme 20).[31] These interactions are considered to be non-covalent, since the 

experiments on EGCG with another amyloidogenic proteins like α-synuclein/Aß42 show no 

formation of covalent adducts via ESI-MS analysis.[32] It has been reported that baicalein, like 

EGCG, is a potent inhibitor of hIAPP amyloids. 

 

Scheme 20. The most potent natural flavonoids against hIAPP amyloidosis. 

Baicalein and its analogues were compared for their ability to disaggregate the fibrils. In the 

experiment, hIAPP was allowed to form aggregates for 15 hours, then the incubated mixture 

was spiked with certain amounts of flavonoids (Scheme 21). Baicalein, 5,6,7-

trihydroxyflavone, showed almost complete disaggregation of the pre-formed fibrils (green 

line). 5,6- and 6,7-dihydroxyflavones, which can be oxidized to their o-quinone forms, 

showed moderate disaggregating properties (orange and purple lines, correspondingly), while 

5,7-dihydroxyflavone did not affect the fibrils (brown line). The results indicated that the 

vicinal phenoxy groups play a crucial role in the process of disaggregation.[33] 
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Scheme 25. A proposed mechanism of the oxidative deamination of biotin-C5-amine by 

polyphenols. The most potent polyphenols are represented below with their relative 

efficiencies.[37] 

Surprisingly, EGCG showed only a small effect relatively to baicalein. Nevertheless, the 

authors stated that o-catechol-containing polyphenols have considerable lysyl-oxidase-like 

ability via a Cu2+/catechol driven mechanism. 

In this introduction, we explore the complex interactions between polyphenols and amines. A 

comprehensive analysis of existing literature, we have identified knowledge gaps and 

inconsistencies, particularly concerning flavonoid and peptide interactions. Our study aims to 

provide significant insights into flavonoid-amine interactions, thereby contributing to a 

deeper understanding of their functional roles and implications in various chemical and 

biological conditions. 
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1.2. Combined in silico and in vitro Approaches to Uncover the 

Oxidation and Schiff Base Reaction of Baicalein as an Inhibitor of 

Amyloid Protein Aggregation. 
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1.2.1. Supporting information 

General methods: All reactions sensitive to air and moisture were performed under nitrogen 

atmosphere, and the glassware as well as magnetic stir bars were dried overnight in a dry 

oven at 110°C.  

Solvents, reagents: All reagents and solvents were purchased from the companies TCI, 

Sigma Aldrich or Fisher Scientific. All air- or water-sensitive reagents were stored under 

nitrogen.  

NMR spectroscopy: All 1H NMR spectra were recorded by Bruker 400 in DMSO-d6 at 400 

MHz at 23 °C. All 13C NMR spectra were recorded, respectively, at 101 MHz. The chemical 

shifts are reported in ppm (δ), relative to the resonance of DMSO-d6 at δ = 2.50 ppm for 1H 

and for 13C relative to the resonance of DMSO-d6 δ = 39.52 ppm. Spectra were imported and 

processed in the MestreNova 14.1.1 program. For 1H NMR spectra multiplicity (s = singlet, d 

= doublet, t = triplet, q = quartet, quint = quintet, m = multiplet, dd = doublet of doublets, dt 

= doublet of triplets, td = triplet of doublets, and bs = broad signal.), coupling constants J, 

number or protons and assignment to the structure are reported. In 13C NMR spectra singular 

carbons are marked with (s).  

Mass spectrometry: For electrospray ionization (ESI) spectra a Thermo Finnigan LTQ FT 

Ultra Fourier Transform Ion Cyclotron Resonance Mass Spectrometer was utilized. For 

atmospheric pressure chemical ionization (APCI) a Advion CMS using positive mode was 

used. 

Melting point. Melting points were measured using Buchi-560 and are not corrected. 

Infrared spectroscopy. FT-IR spectra were measured using FT-IR Perkin Elmer Spectrum 

BXII/1000 with Smiths ATR. 

Single-crystal X-ray diffraction. scXRD measurements were performed on a Bruker D8 

Venture TXS diffractometer. 

 

 

Fig. S1: [Figure S1]. Potential Energy Surface (PES) along the dihedral angle that governs 

the N-C bond of the 4c adduct.  

Numbering 

in this thesis 

Numbering 

in the original SI 
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1.2.1.1. Experimental Part: Investigating Baicalein (1)-Pentylamine (3) Oxidative Coupling 

Reactions 

Proton exchange experiment 

 

Approximately 5 mg of baicalein (1) was placed in a J. Young NMR tube and dissolved in 

0.75 ml of dry DMSO-d6 under nitrogen atmosphere. 1H NMR spectra of the obtained 

solution was taken, then one drop of D2O was added to the sample, shaken and the analysis 

was performed again. The spectra comparison showed the abscence of 6- and 7-OH peaks, 

whilst the 5-OH signal is still detected, due to slower proton-deuterium exchange (Fig. S1). 

 

Fig. S1: [Figure S5]. 1H NMR spectra of baicalein (1) in DMSO-d6 and baicalein (1) in 

DMSO-d6/D2O, 400 MHz. 

This observation is in the line with literature reports that alkylation of baicalein (1) with n-

propyl iodide in acetone yields a mixture of monoalkylated (11%) and dialkylated (62%) 
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products, correspondingly (Scheme S1). The authors state that the 5-OH of baicalein (1) 

creates an intramolecular hydrogen bond with the keto group, making itself resistant to 

alkylation (6-OH > 7-OH > 5-OH).[1] 

Scheme S1: [Scheme S4]. Alkylation of baicalein 1 studied by Lee et. al.[1] 

Experiment on TAP (7) with pentylamine (3) 

When pentylamine (3) is mixed with TAP (7) in DCM under nitrogen atmosphere, yellow 

crystals are formed after short time. The precipitate was filtered off and recrystallized from 

iHex/EtOAc. It would be obvious to assume that imine 8 is formed during the reaction, since 

1H NMR shows 1 to 1 content of TAP (7) and pentylamine (3). But 13C NMR analysis 

reveals the signal of the unaffected C=O bond (200.6 ppm). To prove the point, imine 8 was 

synthesised independently, using another synthetic approach (Scheme S2). 

 

Scheme S2: [Scheme S5]. Preliminary observation on TAP (7) and pentylamine (3) reaction. 

13C NMR chemical shifts are given for observed C=X bonds in DMSO-d6 (X = O, N). 

In 1H-13C HMBC spectrum of the obtained precipitate, no multiple bond correlations were 

detected between protons of alkyl chain of the amine and carbon atoms of TAP (7), 

indicating the absence of a covalent bond. Whilst there is a correlation between the imine 

carbon in C=N bond and the protons of the α-CH2-group in imine 8. The imine signals in 

HMBC spectrum can be explained by slow conversion of the obtained precipitate in the 

solution to imine 8 during the NMR analysis (Fig. S2). Despite instability of obtained 

crystals, single crystal X-ray analysis was performed, revealing the true structure of the 

obtained precipitate (Fig. S3, Table S1).  
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When pentylamine (3) is mixed with TAP (7), TAP-pentylamine phenolate forms, which 

slowly turns into imine 8 at room temperature. Also, it is good to keep in mind, that amines 

and polyphenols also tend to form hydrogen-bonded complexes. In Scheme S3, the 

intermediate is represented as TAP-pentylamine complex for simplicity reasons. The similar 

chemical behaviour is expected when pentylamine (3) is mixed with baicalein, due to 

structural resemblance of the latter with TAP (7). 

 

Fig. S3: [Figure S7]. X-ray crystal structure of TAP-pentylamine complex (CCDC 

Deposition Number 2124561). 

Table S1: [Table S4]. Crystallographic data for TAP-pentylamine complex. 

net formula C13H21NO4  transmission factor range 0.57–1.00 

Mr/g mol−1 255.31  refls. measured 4958 

crystal size/mm 0.250 × 0.150 × 0.020  Rint 0.1266 

T/K 173.(2)  mean σ(I)/I 0.1142 

radiation MoKα  θ range 2.573–25.348 

diffractometer Bruker D8 Venture TXS  observed refls. 3436 

crystal system triclinic  x, y (weighting scheme) 0, 5.1698 

space group P-1  hydrogen refinement mixed 

a/Å 11.359(2)  Flack parameter ? 

b/Å 11.559(2)  refls in refinement 4958 

c/Å 11.933(3)  parameters 408 

α/° 71.277(7)  restraints 54 

β/° 70.247(7)  R(Fobs) 0.1026 

γ/° 80.087(7)  Rw(F2) 0.2440 

V/Å3 1393.0(5)  S 1.172 

Z 4  shift/errormax 0.001 

calc. density/g cm−3 1.217  max electron density/e Å−3 0.558 

μ/mm−1 0.090  min electron density/e Å−3 −0.357 

absorption correction Multi-Scan    
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Fig. S5: [Figure S9]. BA-pentylamine after 72 h at RT, DMSO-d6, 400 MHz  

The same reaction was performed again, but with an addition of catalytic amount of acid to 

accelerate the possible condensation reaction. 1H NMR spectrum of the obtained reaction 

mixture was taken. The sample showed no difference after staying for 5 days (120 h) at RT. 

The same results were obtained after heating the sample up to 50 °C for 5 h (Fig. S6). The 

absence of a product can be explained by anaerobic conditions during the reaction. To prove 

the point, nitrogen atmosphere in the J. Young NMR tube was carefully replaced by pure 

oxygen and the sample was shaken vigorously for a few seconds. The solution changes from 

clear orange color to black. Then the color of the solution changes from black to deep red 

after 1-2 minutes at RT (Fig. S7).  
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Fig. S6: [Figure S10]. BA-pentylamine with catalytic amount of AcOH, DMSO-d6, 

400 MHz. 

 

Fig. S7: [Figure S11]. a) BA, b) BA-pentylamine, c) BA-pentylamine + O2(few seconds) d) 

BA-pentylamine + O2 (1-2 minutes). 

1 ml aliquot of prepared BA-pentylamine solution was exposed to air, while being transferred 

to another NMR tube, which was sealed with a plastic cap. The remaining 1 ml of prepared 

BA-pentylamine solution was stored under anaerobic conditions. 1H NMR spectra was taken 

for both samples after 5 days (120 h). It was shown that even slight exposure to air during the 

sample preparation for NMR analysis can trigger the reaction (Fig. S8).  
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Fig. S8: [Figure S12]. BA-pentylamine, no exposure to air (top) and with exposure to air 

(bottom) after 5 days (120 h), DMSO-d6, 400 MHz. 

Preliminary Experiment on Baicalein (1) with Pentylamine (3) 

Approximately 5 mg of baicalein (1) was placed in a GC vial and dissolved in 1 ml of dry 

DCM under air. A drop of pentylamine (3) was added to the stirring suspension, which turns 

clear yellow as soon as amine is well mixed in (Fig. S9). After 10 min of stirring at room 

temperature, APCI-MS analysis was performed, which shows the formation of a new [M+H]+ 

peak at m/z 340, isomeric to condensation product with water molecule elimination. No 

condensation products were observed when t-butylamine was used instead of pentylamine. 

 

Fig. S9: [Figure S13]. BA suspension (left), BA solution with a drop of pentylamine (3) in 

DCM under air (right). 
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The literature analysis shows few similar examples:

 
Scheme S5: [Scheme S8]. Reaction of epigallocatechin (EGC) with ammonia in water under 

aerobic conditions.[2] 

 
Scheme S6: [Scheme S9]. Coupling reaction of baicalein (1, BA) with human amylin 

(hIAPP) studied by Velander et. al., in which the reduced imine species were detected. 

Detected signals are marked at green.[3] 

Aerobic oxidation of baicalein (1): 

 

Fig. S14: [Figure S18]. 1H NMR spectra of BA and BA after 15 h of O2 bubbling, DMSO-

d6, 400 MHz. 
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O2 was bubbled throught a baicalein (1, 30 mg) solution in 3 ml of dry DMSO-d6 for 15 h. 

An 0.5 ml aliquot was taked for NMR analysis, which showed no major difference from the 

reference BA spectrum (Fig. S14). The obtained data reflects the stability of BA against 

oxidation with O2 under these conditions. 

Aerobic Oxidation of Baicalein (1) under Basic Condition. 

 

 

 

Fig. S15: [Figure S19]. 1H NMR spectra of aerobic BA oxidation at different pH values, 

DMSO-d6, 400 MHz. 

A suspension of baicalein (1, 10 mg) in 10 ml of 0.1 M corresponding aqueous solution with 

certain pH value: phosphoric buffer solution, PBS, (pH 7.4), KHCO3 (pH 8.2) and K2CO3 

(pH 11.7) , was vigorously stirred for 3 h at RT. Reaction mixtures were carefully acidified 

with 37% HCl to pH ~2 (colour changes to intensive red), extracted with EtOAc (3 × 5ml). 

The organic phases were combined and dried over MgSO4. The solvent was evaporated under 
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Coupling of Dehydrobaicalein (DBA) with o-Phenylenediamine 

DBA formation was also chemically proven with a reaction described by Marimoto et al.[5] 

150 mg (1.39 mmol, 12.6 eq) of o-phenylenediamine was added to 30 mg (0.11 mmol, 1 eq) 

of obtained crude mixture in 100 ml of dry MeOH and 1 ml of acetic acid was added. The 

reaction mixture was stirred for 10 min at room temperature, upon completion of the reaction, 

all the volatiles were evaporated under reduced pressure at 25 °C. The crude product gives 

signals of m/z 341 in MS-APCI (Scheme S9), which was characterized as the phenazine 

derivative reported by Marimoto et al. 

 

Scheme S9: [Scheme S14]. Reaction of DBA with o-phenylenediamine. 

25 μl of amylamine(19 mg, 0.22 mmol) were added dropwise to the solution of crude 

material obtained above with one drop of glacial acetic acid in 10 ml of dry DCM. The 

resulting reaction mixture was allowed to stir for 24 h at RT. Upon completion of the 

reaction, all volatiles were evaporated under reduced pressure at 25 °C. Afterwards it was 

shown, that the reaction is over after 10 min without addition of a catalytic amount of glacial 

acetic acid. Instead of expected imine derivative 5a with [M+H]+ ion peak at m/z 338, peaks 

at m/z 336 and 340 were observed in APCI-MS (Scheme 10). Also, peak of reduced baicalein 

species, m/z 271, was detected. 
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1.2.1.3. Analytical Data of Reagents and Reaction Products. 

2',3',4'-Trihydroxyacetophenone (TAP, 7) 

 

1H NMR (400 MHz, DMSO-d6) δ 12.61 (s, 1H), 10.07 (s, 1H), 8.63 (s, 

1H), 7.30 (d, J = 8.9 Hz, 1H), 6.40 (d, J = 8.8 Hz, 1H), 2.51 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 203.5, 152.6, 152.2, 132.3, 123.2, 

113.2, 107.7, 26.4. 

m.p. 170-172 °C 

TAP-pentylamine complex 

 

68.8 mg of TAP (0.41 mmol, 1 eq) was dissolved in 6 ml of dry DCM and 50 

μl of pentylamine (38 mg, 0.42 mmol, 1 eq) were added under nitrogen 

atmosphere. Short time after, yellow precipitate starts to form. After 10 min 

of stirring, the reaction mixure was cooled down to 4 °C, the precipitate was  

filtered off, dried and recrystallized from i-Hexane/EtOAc. Product was obtained as yellow 

crystalls (70 mg). 

1H NMR (400 MHz, DMSO-d6) δ 7.37 (bs), 7.15 (d, J = 8.9 Hz, 1H), 6.15 (d, J = 8.9 Hz, 

1H), 2.66 – 2.61 (m, 3H), 2.41 (s, 3H), 1.59 – 1.16 (m, 6H), 1.04 – 0.68 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 200.6, 159.9, 150.4, 132.9, 123.7, 110.3, 108.8, 29.7, 

28.3, 25.7, 21.9, 13.9. 

m.p. 111-112 °C (decomp) 

Imine 8 

 

160 mg of TAP (7, 0.95 mmol, 1 eq) was dissolved in 3 ml of dry 

degassed MeOH under nitrogen atmosphere and 121 μl of pentylamine 

3 (91 mg, 1.05 mmol, 1.1 eq) were added under nitrogen while stirring. 

The vial was tighly closed and heated up to 80 °C for 3 hours. After, 

reaction was cooled down to 4 °C, formed yellow precipitate was 

filtered off, washed with cold MeOH and dried under reduced pressure. 

The imine 8 was obtained as yellow solid (52 mg, 23%). 

1H NMR (400 MHz, DMSO-d6) δ 8.93 (br), 7.65 (bs), 6.90 (d, J = 9.1 Hz, 1H), 6.02 (d, J 

= 9.1 Hz, 1H), 3.56 – 3.56 (m, 2H), 2.37 (s, 3H), 1.65 (p, J = 7.0 Hz, 2H), 1.44 – 1.29 (m, 

4H), 0.89 (t, J = 7.0 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 172.7, 164.0, 146.9, 133.9, 119.5, 108.8, 105.1, 44.7, 
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28.7, 28.6, 21.8, 14.0, 13.9. 

HRMS (ESI): calcd for C13H20NO3 [M + H]+, 238.1438; found 238.1438. 

m.p. 238-240 °C (decomp) 

Baicalein (BA, 1) 

 

1H NMR (400 MHz, DMSO-d6) δ: 12.66 (s, 1H), 10.57 (s, 1H), 8.85 

(s, 1H), 8.41 – 7.88 (m, 2H), 7.82 – 7.37 (m, 3H), 6.94 (s, 1H), 6.63 

(s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ: 182.2, 163.0, 153.7, 149.9, 

147.0, 131.9, 131.0, 129.4, 129.2, 126.3, 104.5, 104.3, 94.1. 

m.p. 269-271 °C (decomp) 

BA-pentylamine complex 

 

20 mg BA (0.0741 mmol, 1 eq) in a J. Young NMR tube was 

evacuated and refilled with N2 three times, dissolved in 0.75 ml of 

dry degassed (3 × freeze-pump-thaw cycles) DMSO-d6, followed 

by addition of ~9 μl pentylamine (7 mg, 0.0781, 1 eq). After the 

sample preparation, various NMR experiments were performed 

(describe above). 

1H NMR (400 MHz, DMSO-d6) δ 8.15 (bs), 8.35 – 7.87 (m, 2H), 7.52 (m, 3H), 6.68 (s, 1H), 

6.15 (s, 1H), 2.71 (t, J = 7.4 Hz, 2H), 1.61 – 1.09 (m, 6H), 1.01 – 0.74 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 179.9, 164.5, 160.3, 152.1, 142.6, 131.7, 131.4, 131.0, 

129.0, 125.8, 104.2, 100.7, 93.6, 28.3, 28.2, 21.8, 13.8. 

Oxidative coupling of baicalein (1) and pentylamine (3) 

 

45 μl of pentylamine (34 mg, 0.39 mmol, 1 eq) were added to a 

stirring suspention of 106 mg BA (0.39 mmol, 1 eq) in 5 ml of dry 

DCM under O2 atmosphere (1 atm). The reaction was vigorously 

stirred overnight at room temperature. Solvent was evaporated under reduced pressure at 25 

°C. Crude material was purified by column chromatography on silica gel (DCM/MeOH = 

20/1, Rf 0.36). Product was obtaied as orange solid (120 mg, 90%). 

1H NMR (400 MHz, DMSO-d6) δ 12.94 (s, 1H), 8.07 – 8.04 (m, 2H), 7.78 – 7.43 (m, 3H), 

6.92 (s, 1H), 6.62 (s, 1H), 3.22 (t, J = 7.0 Hz, 2H), 1.55 – 1.19 (m, 6H), 0.98 – 0.76 (m, 3H).  
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13C NMR (101 MHz, DMSO-d6) δ 182.1, 162.6, 154.7, 150.2, 148.5, 131.8, 131.0, 129.1, 

126.3, 121.4, 104.6, 104.2, 93.6, 45.4, 29.9, 28.6, 22.0, 14.0. 

HRMS (ESI): calcd for C20H22NO4 [M + H]+, 340.1544; found 340.1544. 

m.p. 61-62 °C 

Oxidation of baicalein (1) with o-chloranil: 

 

o-Chloranil (178 mg, 0.69 mmol) was added to baicalein (1) suspension (150 mg, 0.56 mmol) 

in 3 ml of Et2O at -78 °C under N2 atmosphere and allowed to stir at -78 °C for 4 hours. The 

reaction mixture was then filtered, washed with Et2O (3 x 5ml) and dried under reduced 

pressure to affrord 115 mg of red powder (77% from starting 1). Small amount of product 

was dissolved in MeOH and MS analysis was performed, which showed the formation of 2b. 

HRMS (ESI): calcd for C15H7O5 [M - H]−, 267.0298; found 267.0299. 

Oxidation of baicalein (1) with NaIO4 and coupling with pentylamine (3) 

NaIO4 (19 mg, 0.09 mmol) was added to suspension of 1 (16 mg, 0.06 mmol) in 2 ml of 

Et2O/Water = 1/1 solution. Mixture allowed to stir at room temperature for 1 hour. Solid 

material was separated by centrifuge, washed with water (3×1 ml) and dried under reduced 

pressure. Obtained red powder was dissolved in dry degassed DCM, followed by addition of 

3 μl of pentylamine while stirring. After 10 min of stirring at room temperature, ACPI-MS 

analysis was performed. 

Oxidation of baicalein (1) with NaIO4 and coupling with t-butylamine  

NaIO4 (17 mg, 0.08 mmol) was added to suspension of 1 (16 mg, 0.06 mmol) in 2 ml of 

Et2O/Water = 1/1 solution. Mixture allowed to stir at room temperature for 1 hour. Solid 

material was separated by centrifuge, washed with water (3×1 ml) and dried under reduced 

pressure. Obtained red powder was dissolved in dry degassed DCM, followed by addition of 
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2 μl of t-butylamine while stirring. After 10 min of stirring at room temperature, APCI-MS 

analysis was performed. 

Oxidative Coupling of Baicalein (1) and Pentylamine (3) with 10 mol% of o-Chloranil 

20 mg 1 (0.0741 mmol, 1 eq) in a J. Young NMR tube was evacuated and refilled with N2 

three times, dissolved in 0.75 ml of dry degassed DMSO-d6, followed by addition of ~9 μl 

pentylamine(7 mg, 0.0781, 1 eq). Yellow-green solution colour instantly turns orange while 

shaking. 1H NMR spectrum was taken for the samples. After, 10 mol% of o-chloranil (~2 mg, 

0.1 eq) was added to the reaction mixture and 1H NMR spectrum was taken again. It was 

shown that small amount of oxidant can trigger the reaction (Fig. S17).  

 

Fig. S17: [Figure S68]. Addition of 10 mol% of o-Chloranil to BA-Pentylamine, DMSO-

d6, 400 MHz 
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1.2.1.4. NMR spectra of reagents and reaction products 

 

Fig. S18. 1H NMR spectrum of pentylamine (3), DMSO-d6, 400 MHz. 

 

Fig. S19. 13C NMR spectrum of pentylamine (3), DMSO-d6, 400 MHz. 
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Fig. S20. 1H NMR spectrum of pentylamine hydrochloride salt, DMSO-d6, 400 MHz. 

 

Fig. S21. 1H NMR spectrum of pentylamine hydrochloride salt, DMSO-d6, 101 MHz. 
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Fig. S22. 1H NMR spectrum of TAP (7), DMSO-d6, 400 MHz. 

 

Fig. S23. 13C NMR spectrum of TAP (7), DMSO-d6, 101 MHz. 
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Fig. S24. 1H-13C HMBC spectrum of TAP (7), DMSO-d6, 400 MHz. 

 

Fig. S25. 1H NMR spectrum of TAP-pentylamine, DMSO-d6, 400 MHz. 
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Fig. S34. 13C NMR spectrum of BA (1), DMSO-d6, 101 MHz. 

 

Fig. S35. 1H-13C HSQC spectrum of BA (1), DMSO-d6, 400 MHz. 
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Fig. S37. 1H NMR spectrum of BA-pentylamine complex, DMSO-d6, 400 MHz. 

 

Fig. S38. 13C NMR spectrum of BA-pentylamine complex, DMSO-d6, 101 MHz. 
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Fig. S41. 1H NMR spectrum of coupling product 11a, DMSO-d6, 400 MHz. 

 

Fig. S42. 13C NMR spectrum of coupling product 11a, DMSO-d6, 101 MHz. 
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Fig. S47. 1H-13C HMBC spectrum of 2b, DMSO-d6, 400 MHz. 

 

Fig. S48. 1H NMR spectra of 2b-pentylamine coupling product (11a) (top) and BA (1) 

(bottom), DMSO-d6, 400 MHz. 
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1.3.1. Introduction 

In the previous chapter it has been shown that flavonoid baicalein (1a) reacts with primary 

amine 2a, forming a C6-covalent adduct 3a. The overall reaction proceeds through transient 

generation of o-quinone intermediate 4a as a main reactive species (Scheme 1). From our 

side, it was assumed that this might contribute to higher inhibition ability baicalein (1a) 

against fibril formation relative to other structurally related flavone molecules.  

Scheme 1. The oxidative coupling of baicalein (1a) with pentylamine (2a). 

It was decided to continue the investigation of the oxidative coupling reaction, not only 

within the context of the initially studied flavonoid baicalein (1a), but also with a scope of 

other polyphenols, both natural and synthetic in origin. The goal is to understand the 

mechanism of covalent interactions between these polyphenols and amines, from the 

structural perspective of the polyphenol.  

1.3.2. Mechanistic Studies on the Oxidative Coupling  

Baicalein (1a), insoluble in DCM-d2, readily reacts with amine 2a, through ion pair 

formation, giving 11% and 72% yield of 3aa in 1 h and 18 h, correspondingly, under O2 

atmosphere at 23 °C. After many attempts, it was possible to obtain a crystal suitable for 

scXRD analysis, which revealed the C6-regioselectivity of the product (Scheme 2). Detailed 

analysis of the obtained X-ray structure indicates that the two given molecules of 3a are not 

equivalent as one of the molecules of 3aa in the unit cell is present as a zwitterion, while the 

second unit of 3aa shows no internal charge separation. 

 

Scheme 2. Reaction of baicalein (1a) with pentylamine (2a). 
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To assess the propensity of other substrates to undergo the amination reaction observed for 

1a, it is helpful to analyze the requirements of all stages of the proposed reaction mechanism. 

For the mechanistic insights, our focus was made on the reaction of 2,3,4-

trihydroxyacetophenon (TAP, 1b) as a baicalein (1a) model, with pentylamine (2a) 

(Scheme 3).  

 

Scheme 3. Proposed mechanism of the oxidative coupling of 1b-2a. 

TAP (1b) was mixed with amine 2a in various reaction media and reaction conditions to 

elucidate further the nature of this reaction and its role in the inhibition of hIAPP 

aggregation. As shown in Scheme 3, the overall reaction can be divided up into a chain 

propagation A and imine formation B pathways. The initiation of the reaction involves 

reaction of 2a with 1b such that a precipitate of a phenolate/ammonium ion pair 1b-2a is 

formed, which was proven via single X-ray analysis in the previous chapter. It has been 

shown that the oxidative coupling with 3 eq of 2a is very slow under air in DCM (only 4% 

for 1b). Increasing the oxygen content, replacing air with O2 has only a moderate effect (27% 

yield) on the reaction yield (Table 1, Entries 1 and 2). The low reactivity was explained by 

the insolubility of the reacting ion pair species in DCM. To demonstrate this, the reaction 

medium was spiked with 10% v/v DMSO-d6, which significantly increased the rate of the 

oxidative coupling and gave 88% of 3ba (Table 1, Entry 16). 
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Table. 1. TAP (1b) and pentylamine (2a) oxidative coupling 

# Solvent 2a, eq 
Yield, %a 

3ba 7b 8 

1b 
DCM 

3.00 4 2 ND 

2 3.00 27 2 ND 

3 

DCM-d2c 

0.20 6 3 7 

4 0.50 27 7 15 

5 

1.00 

42 7 13 

6d 45 8 15 

7e 30 11 20 

8f 75 11 - 

9g 70 14 - 

10h 34 ND 4 

11 1.15 52 8 14 

12 1.33 56 8 12 

13 1.75  75 10 11 

14 
2.00 

80 10 10 

15b 76 9 9 

16 3.00 88 11 9 

17 5.00 88 12 7 

18 CDCl3
c 1.00 26 3 7 

19 

DMSO-d6 1.00 

6 32 48 

20i 6 32 - 

21b 7 32 51 
a Yields were determined by 1H NMR analysis. b Air was used. c 10 vol% DMSO-d6. d Mixing. e 1 eq NEt3. 
f 1 eq of tBuNH2. g 0.1 eq of DBU. h 1 eq of 1e. I 15 min. 

Once the phenolate ion pair 1b-2a is dissolved, it can then react with air oxygen through 

single electron transfer (SET) to yield dioxygen radical anion and phenoxy radical complex, 

followed by a hydrogen atom transfer (HAT) step to yield hydroperoxide anion HO2
- and o-

quinone 4b. We note in passing that the stability of the respective phenoxy radical is directly 

related to the O-H bond dissociation energy (BDE) in polyphenol as indicated by the dotted 

arrow in Scheme 4. 

 

Scheme 4. Step-by-step oxidation of pyrogallol-based polyphenol (Scheme 3, initiation). 

Quinone 4b is expected to react rapidly with amine 2a to the respective imine 5ba, followed 

by intramolecular or intermolecular isomerization to α-imine 6ba, followed by the transfer-

hydrogenation step with 1b to complete the formation of amination product 3ba. Most likely 

2a acts as a base in the rearomatization step, because it has been shown that the overall rate 
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of the reaction increases up to 2 eq of 2a (80% yield, Table 1, Entry 11-17) and reaches the 

plateau or the addition of non-reacting amine, like 1 eq of tert-BuNH2 or 0.1 eq of DBU, give 

the same amount of the product (75% and 70%, correspondingly) (Table 1, Entries 8-9).  

Closer analysis shows that the addition of DMSO-d6 leads the reaction in another pathway, 

the imine formation B, of polyphenol-amine interaction, giving minor product 7b and the 

equimolar amount of dipentyl imine 8 (Scheme 3). These facts can be explained by taking in 

account the formation of 8 via extensive secondary processes of aminolysis/hydrolysis of the 

formed intermediate, 6ba, and overoxidation of the product 3ba. The reaction in pure 

DMSO-d6 completely changes the pathways and leads to formation of 7b and 8 as the major 

products, 32% and 48%, correspondingly, with minor 6% of 3b. The control experiments 

showed that the final substrate 3ba undergoes further oxidation, if treated with 1 eq of 2a, 

giving imine 5ba back. 8.5% of the 3ba was converted into 7b through this process, leading 

to the formation of an equimolar amount of 8 (16%). From the other side, only 3.5% of 7b 

was converted to 3ba under the same conditions, while 52% of 2a was oxidized to imine 8 

via extensive transamination process, releasing an ammonia molecule as a side product, 

which was proven by trapping NH3 with TFA-d1. 

 

 

Scheme 5. 7b has a greater potential in oxidative deamination of the amines. 

This observation suggests that the physiological activity may not be attributed to the phenols 

themselves, but rather to aminophenols, like 7b, which are products of their sequential 

oxidation, condensation with N-nucleophiles, and hydrolysis of the parent polyphenols. 

The distinctive feature of 1b is the presence of an electrophilic carbonyl group which 

competes in conversion of the primary amine 2a (ketone condensation C) and forms imines 

with both the polyphenol and the reaction products, 3ba' and 3ba''. The most interesting 

substrate is 3ba', as it contains a pyrogallol moiety that may still show reactive properties and 
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observation might suggest that not only are the electronic effects of the donor or acceptor 

important, but also the extended π-conjugation system plays a significant role in the reactivity 

of the polyphenols. This hypothesis is supported by the experiment with unnatural flavonoid 

1m, which has similar backbone and the electronic effects as baicalein 1a (EWG at 4a-

position, EDG at 8a-position); however, its π-conjugation system is divided into two separate 

parts. The lower reactivity observed for substrate 1m relative to 1a (66% vs 80%, 

correspondingly) highlights the importance of the extended π-conjugation system in the 

reactivity of the given polyphenol.  

The relative reactivities has been established for polyphenols with low, moderate and high 

reactivities such as 1e, 1b and 1a, respectively, by a 1 to 1 competition reaction (Scheme 8). 

These experiments showed that baicalein is 7.4 times more reactive toward amine 2a than 

non-functionalized pyrogallol (1e) in the presence of 1b under the similar conditions. 

 

 

Scheme 8. 1 to 1 competition reactions of polyphenols 1a, 1b and 1e. 

The reaction between baicalein (1a) and amine 2a occurs relatively fast under aerobic 

conditions, making it difficult to extract the necessary data about the polyphenol-amine 

coupling rate. It was decided to slow down the oxidative coupling by adding one extra step in 

the reaction equilibrium. Instead of free amine 2a, pentylamine benzoic acid salt (BzA·2a) 

was used (Scheme 9). In this case, the amine, which is in equilibrium, acts like a ball being 

passed back and forth between two players, the acid and the polyphenol, thereby slowing 

down the overall reaction rate. 
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models, surprisingly, shows no oxidative coupling, even in the case of addition of external 

bases such as DIPEA or DBU (Scheme 10). 

 

Scheme 10. Reaction of 1a with different N-nucleophiles 2b-i. 

In the homologous series of N-methylamido-1-aminocarboxylic acids 2d-g, we observe a 

gradual increase in the yield of C6-adducts 3ax, which correlates with the pKa values of these 

N-nucleophiles, reaching its maximum in the case of reactions with lysine derivatives 

(Fig. 2).  

 

Fig. 2. The pKa dependance on the length of the alkyl chain of 2b-g (left) and the 3ax yield 

dependance on the pKa value of 2b-g (right). 

It was possible to grow a crystal for scXRD analysis for adduct 3ad to demonstrate the 

regioselectivity of the oxidative coupling reaction. In attempts to understand the applicability 

of the oxidative coupling reaction, other N-nucleophiles, such as derivative of arginine 2h or 

benzyl hydrazine 2i, were tested, which, as has been shown, do not lead to the formation of 

covalently linked adducts. 
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observation suggests that the design of amino derivatives of polyphenols can be a promising 

target for anti-amyloid drug discovery in future. 

1.3.6. Outlook 

There are two potential compounds that can surpass baicalein 1a in reactivity with primary 

amines and in anti-amyloid activity. 3',4',5',5,6,7-hexahydroxyflavone, HFF, is based on the 

concept of increasing the number of activated pyrogallol rings. On the other hand, the 

reactivity of malononitrile baicalein, MNB, relies on the enlargement of the conjugated π-

system, leaving the electron-withdrawing potential (Scheme 13).  

 

Scheme 13. Potential polyphenolic compounds, HHF and MNB. 

MNB synthesis starts with protection of the phenolic groups of baicalein (1a) by using 

methyl iodine and cesium carbonate in refluxed acetone (Scheme 14). Afterwards, the 

Knoevenagel reaction was performed with the obtained 5,6,7-trimethoxyflavone and 

malononitrile in acetic anhydride at 135 °C, giving 5,6,7-trimethoxy-MNB. It was possible to 

obtain good quality crystals for scXRD analysis, which proved the formation of 5,6,7-

trimeethoxy-MNB. Deprotection of the phenolic groups is currently on development. 

 

Scheme 14. Synthesis strategy of MNB and X-ray structure of 5,6,7-trimethoxy-MNB. 
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The study described in this chapter is based on the reactivity of polyphenols and various N-

nucleophiles, but it can be significantly improved by adding the scope of S-nucleophiles. For 

example, reaction of baicalein with cysteine derivatives is a model representation of the 

interactions of sulfur-containing peptides with natural flavonoids (Scheme 15, A). Due to 

increased nucleophilicity, thiols might undergo a Michael addition with oxidized forms of 

polyphenols. From the other site, the oxidized forms of polyphenols, like 4a, can act as a 

stochiometric oxidant, turning cysteine-based substrates to cystine adducts (Scheme 15, B).  

 

Scheme 15. Possible reaction of cysteine derivative with baicalein (1a). 
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1.3.7. Supporting information 

1.3.7.1. General Methods and Procedures 

General methods: All reactions sensitive to air and moisture were performed under nitrogen 

atmosphere, and the glassware as well as magnetic stir bars were dried overnight in a dry 

oven at 110°C.  

Solvents, reagents: All reagents and solvents were purchased from the companies TCI, 

Sigma Aldrich or Fisher Scientific. All air- or water-sensitive reagents were stored under 

nitrogen.  

NMR spectroscopy: All 1H NMR spectra were recorded by Bruker 400 in DMSO-d6/DCM-

d2 at 400 MHz at 23 °C. All 13C NMR spectra were recorded, respectively, at 101 MHz. The 

chemical shifts are reported in ppm (δ), relative to the resonance of DMSO-d6 at δ = 

2.50/DCM-d2 at δ = 5.32 ppm for 1H and for 13C relative to the resonance of DMSO-d6 δ = 

39.52 ppm. Spectra were imported and processed in the MestreNova 14.1.1 program. For 1H 

NMR spectra multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m = 

multiplet, dd = doublet of doublets, dt = doublet of triplets, td = triplet of doublets, and bs = 

broad signal.), coupling constants J, number or protons and assignment to the structure are 

reported. In 13C NMR spectra singular carbons are marked with (s).  

Mass spectrometry: For electrospray ionization (ESI) spectra a Thermo Finnigan LTQ FT 

Ultra Fourier Transform Ion Cyclotron Resonance Mass Spectrometer was utilized. For 

atmospheric pressure chemical ionization (APCI) a Advion CMS using positive mode was 

used. 

Melting point. Melting points were measured using Buchi-560 and are not corrected. 

Infrared spectroscopy. FT-IR spectra were measured using FT-IR Perkin Elmer Spectrum 

BXII/1000 with Smiths ATR. 

Powder X-ray diffraction. pXRD measurements were performed on a Stoe STADI P X-Ray 

powder diffractometer built up in Transmission/Debye-Scherrer geometry. Diffractograms 

were imported and processed in the WinXPOW 3.0.2.1 program. 

Single-crystal X-ray diffraction. scXRD measurements were performed on a Bruker D8 

Venture TXS diffractometer. 

pH measurements. pH values were determined using HANNA HI-5221 pH-meter. 
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HPLC analysis: All HPLC spectra were measured on a Knauer Azura machine with P6.1L 

pump, autosampler AS6.1, column thermostat CT2.1 and diode array detector DAD2.1L. 

Eurospher II 250×4.6 mm C18 column was utilized. Data analysis was performed with 

ClarityChrom 7.4.1.  

General procedures 

 

Procedure A: The polyphenol (0.125 mmol, 1 eq) in a 20 ml GC vial was evacuated and filled 

with O2 three times. The GC vial was capped, and the polyphenol was dissolved in solution 

of 5 ml of solvent and 0.25 ml of dry DMSO-d6, using a shaker at 400 RPM. While shaking, 

250 µl of 0.5 M/1 M solution of amine (0.125 mmol/0.250 mmol, 1 eq/2 eq) in DMSO-d6 

were added. Shaking continued for 1 h, a certain amount of 1,3,5-trimethoxybenzene was 

added as an IS, and then 0.5 ml aliquot was taken. The aliquot was evaporated and dissolved 

in 0.75 ml of dry degassed DMSO-d6 under nitrogen atmosphere to prevent oxidative 

coupling. ¹H NMR analysis was performed to establish the yield of the final products. 

Procedure B (in situ, DCM-d2/DMSO-d6): A Young NMR tube was evacuated and filled 

with O2 three times. 50 µl of 0.5 M polyphenol (0.025 mmol, 1 eq) solution with a defined 

amount of 1,3,5-trimethoxybenzene in dry DMSO-d6 were added and diluted with 1 ml of 

DCM-d2. 50 µl of 0.5 M solution of the N-nucleophile (0.025 mmol, 1 eq) in dry DMSO-d6 

were added, the NMR tube was capped and turned upside-down 10 times. After 1 h of 

reaction at 23 °C, 1H NMR analysis was performed to establish the yield of the final 

products. 

Procedure C (in situ, DMSO-d6): It is necessary to mix the reaction when the oxidative 

coupling is performed in DMSO-d6, otherwise uneven oxidation occurs. The 10 ml GC vial 

was evacuated and filled with O2 three times. 2 ml of a 0.025 M solution polyphenol (0.05 

mol, 1 eq) in DMSO-d6 were added. The GC vial was capped and placed on a shaker at 400 

RPM at 23 °C. While shaking, 100 µl of 0.5 M/1 M solution of amine (0.05 mol/0.1 mmol, 1 

eq/2 eq) in dry DMSO-d6 were added, that caused an instant color change of the reaction. 

Shaking continued for 1 hour, 50 μl of 1,3,5-trimethoxybenzene solution was added as an IS 
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and then 0.75 ml aliquot was taken for ¹H NMR analysis to establish the yield of the final 

products.  

 

Procedure D (Product synthesis): A polyphenol was weighed in a 20 ml GC vial and 

evacuated and filled with O2 three times. Dry DCM was added to obtain a suspension with a 

concentration of 0.1 M. To the stirring mixture of polyphenol in DCM, 1-3 eq of amine in dry 

DMSO-d6 (10 vol%) was added. The GC vial was capped and placed on a shaker at 

400 RPM for 1-24 h at 23 °C. Celite was added, all the volatiles were evaporated under 

reduced pressure at 25 °C and the crude material was purified using column chromatography. 

The exact amount, reaction times, eluents are given in the analytical section of the 

corresponding products. Please, observe that the aminophenol adducts show some level of 

instability under aerobic conditions, turning black over time. In addition, the products 

strongly bind to silica gel during the flash column purification, leading to lower yields (basic 

additives, for example, 2-3% NEt3, dissolve the silica gel at higher eluent polarities, like 5-

10% MeOH in DCM).  
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Fig. S2. Pentylamine (2a) representing the lysine side chain due to the similarity of their pKa 

values. 

The baicalein 1a-pentylamine 2a reaction (Procedure A) was monitored via 1H NMR analysis 

(Fig. S3). It has been shown that the oxidative coupling was relatively slow in DCM (11% 

yield of 3aa in 1 h) due to low solubility of the flavonoid 1a. Increasing the reaction time up 

to 18 h, gave 72% yield of 3aa. To dissolve the suspension, 10 vol% of DMSO-d6 was added 

to the reaction mixture, resulting in a significant increase in the overall reaction rate (80% 

yield of 3aa in 1 hour). 

 

 
Fig. S3a. 1H NMR spectra of 1a/2a reaction in DCM (top) and DCM with 10 vol% DMSO-

d6 (bottom)  
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Fig. S3b. Zoomed-in 1H NMR spectra of 1a/2a reaction in DCM (left) and DCM with 

10 vol% of DMSO-d6 (right). 

To find out, if the yield is affected during the evaporation/concentration, the parallel 

experiments were performed (Procedure A). These experiments (A and B) showed that no 

accelerated reaction occurs during the evaporation process (Fig. S4). 

 

  
Fig. S4. 1H NMR spectra of the 1a/2a reaction without TFA quenching (A) and with TFA 

quenching (B). The integrals of the IS (1,3,5-TMB) and the product (α2) are the same 

with/without TFA quenching. 

A) 100 µl of 0.250 M TFA solution were added to the aliquot to quench free 2a in the 

solution. Then all the volatiles were evaporated under reduced pressure, diluted 

with 0.75 ml of DMSO-d6 and ¹H NMR analysis was performed. ω(3aa) = 81% 
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B) The aliquot was evaporated under reduced pressure, diluted with 0.75 ml of DMSO-

d6 under N2 atmosphere and ¹H NMR analysis was performed. ω(3aa) = 80%. 

To check for the formation of possible volatile products, we performed in situ experiments, 

the same reaction of 1a-2a oxidative coupling was performed in DCM-d2/DMSO-d6 = 10/1 

with 1 and 2 eq of 2a (Procedure B, Fig. S5). A little formation of dipentyl imine 8 was 

detected in the experiment. The significant increase in imine 8 formation is detected when the 

reaction is performed in DMSO-d6 (Procedure C, Fig. S5). 

 

 

Fig. S5a. in situ 1H NMR spectra of the 1a/2a oxidative coupling, 400 MHz. 
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Fig. S5b. Close-up in situ 1H NMR spectra of the 1a/2a oxidative coupling, 400 MHz. 
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Imine 8 formation was proven by independent in situ synthesis from pentylamine 2a and 

pentanal (1/1) in DMSO-d6 (Fig. S6). 

 

  

 

Fig. S6. 1H NMR spectrum comparison of 1a/2eq 2a oxidative coupling reaction with 

independently synthesized imine 8, DMSO-d6, 400 MHz. 

APCI-MS analysis of the crude material in DMSO-d6 shows full conversion of 1a, no peak at 

m/z 271 (Fig. S7). Instead of this, a signal at m/z 270 is detected, which only can be related to 

7a. Also, peak of 3a is observed at m/z 340 together with its by-products of overoxidation 

9aa (m/z 336 and 338). The same peaks were observed during oxidation of 3aa with strong 

oxidants such as o-chloranil.[1] 

 

Fig. S7. APCI-MS of the 1a/2eq 2a oxidative coupling reaction in DMSO-d6. 
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Commercially available amino acids are typically present in the form of salts of inorganic 

(HCl) and organic acids (TFA) as obtained by deprotecting, for example, of the respective 

BOC derivatives, under acidic conditions. The potential of using amine salts for synthetic 

purposes was investigated. Procedure A was slightly modified, 1 eq of pentylamine 

trifluoroacetate TFA×2a was used instead of free 2a. 2 eq of triethylamine was added as an 

external base. It has been shown that the yields of the final product are not different if a free 

amine had been used instead, 78% (Scheme S1). 

 

Scheme S1. Ammonium salt gives the same yield as free amine in the oxidative coupling. 

Also, the possibility of the utilization of alcoholic solutions of amines has been investigated. 

1 eq of ethylamine 2j in methanol was taken instead of 2a. After the completion, 67% of 3aj 

was isolated and characterized (Scheme S2).  

 

Scheme S2. Alcoholic solutions of amine are also suitable for the oxidative coupling 

reactions with 1a. 

1.3.7.3. Baicalein (1a)-pentylamine salt (Acid×2a) 

The reaction between 1a and 2a occurs relatively fast under aerobic conditions, making it 

difficult to extract the necessary data about polyphenol-amine coupling rate. It was decided to 

slow down the oxidative coupling by adding one extra step in the reaction equilibrium. 

Instead of free 2a, pentylamine salt (Acid×2a) was used. In this case, the amine, which is in 

equilibrium, acts like a tennis ball being passed back and forth between two players, the acid 

and the polyphenol, thereby slowing down the overall reaction rate (Scheme S3). Initially, a 

series of organic acids in ascending order of their pKa were tested to find out a suitable 

counter-ion for the amine. 
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Scheme S3. Oxidative coupling of pentylamine salt with baicalein. 

As expected, pentylamine salt of stronger acids, like TFA or MCA, showed no conversion via 

1H NMR, indicating the equilibrium is drastically shifted to the left (Table S1, Entries 1 and 

2). 

Table S1. Dependence of 3aa yield from counter-ion of 2a. 

№ Acid pKa, water
a ω(3aa), 1h, % 

1 TFA 0.23 ND 

2 MCA 2.86 ND 

3 FA 3.77 25 

4 BzA  4.20 19 

5 AcA 4.76 73 

6 No acid - 80 

a Aqueous pKa compilation by R. Williams (document compiled by W.P. Jencks, added to by F. H. Westheimer). 

From the other side, the strength of AcA is not high enough to show big difference from the 

experiments with free pentylamine (73% yield from AcA×2a vs 80% yield from free 2a, 

Table S1, Entries 5 and 6). FA×2a and BzA×2a show almost the same reactivity (25% and 

19%, correspondingly, Table S1, Entries 3 and 4), but FA×2a shows almost no reaction with 

less active polyphenol 1b (only 3% conversion after 12 h). Taking the above into 

consideration, BzA×2a was used as a model compound for oxidative coupling (Procedure B). 

The concentrations of the product (3aa) and amine (BzA×2a) and were monitored via 1H 

NMR analysis using 1,3,5-TMB as an IS (Table S2 and Fig. S8). The obtained data was 

plotted on a graph to visualize the relationship between 1a concentration over time in the 

1a/BzA×2a oxidative coupling reaction (Fig. S9). As expected, the linearization approach 
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using zero- and first-order integrated rate laws does not provide a linear slope (Fig. S9a, A 

and B). Considering the concentration decline of BzA×2a during the reaction, including its 

concentration in the second-order integrated rate law gives improved results (Fig. S9a, C and 

D). 

 

 

Fig. S8. in situ 1H NMR spectra of 1a/BzA×2a oxidative coupling, DCM-d2/DMSO-d6, 400 MHz. 

Table S2. Monitored integrals of α1and α2 over time in the 1a/BzA×2a oxidative coupling via 
1H NMR. 

Time, s [3aa], mM [BzA×2a], mM 
[1a], 

mM 
[BzA×2a] conv, % ln[BzA×2a] 

1/[BzA×2a], 

1/M 

1/[1a][BzA×2a], 

1/M2 

1800 5.83 19.13 19.03 24.2 -3.96 52.3 2746 

3600 7.54 17.30 17.16 31.4 -4.06 57.8 3367 

7200 9.40 15.30 15.11 39.1 -4.18 65.4 4325 

10800 10.82 14.03 13.70 45.0 -4.27 71.3 5200 

                                                               
   

DMSO-d6 α1 

α2 

1,3,5-TMB 

30 min 

1 h 

2 h 

3 h 

5 h 

8 h 
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18 h 
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18000 12.25 12.45 12.06 51.0 -4.39 80.3 6662 

28800 13.61 10.86 10.48 56.6 -4.52 92.0 8781 

43200 14.90 9.58 9.10 62.0 -4.65 104.3 11467 

64800 16.13 8.34 7.76 67.1 -4.79 119.9 15459 

86400 16.70 7.57 6.93 69.5 -4.88 132.1 19062 
 

  

a) Zero order, [BzA×2a] vs time, s b) First order, ln[BzA×2a] vs time, s 

 
  

c) Second order, 1/[BzA×2a] vs time, s d) Second order, 1/[1a][BzA×2a] vs time, s 
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on running (blue curve (d)). The reaction is slowly reaching 19% after 60 h of incubation at 

23 °C. 

1.3.7.5. Oxidative coupling of baicalein (1a) with various N-nucleophiles 2b-i 

pKa values for the amino group of a homologous series of amino acids are presented on the 

Table S5. It was decided to use N-methyl amides 2b-g for these amino acids for further 

reactions to mimic a real peptide (Scheme S4):  

 

Scheme S4. Oxidative coupling of N-methyl amides 2b-g with baicalein (1a). 

Table S5. Dependence of yield of 3ax from pKa of N-nucleophiles 2b-g 

№ Amino acid pKa 
Yield of 3ax, % 

DCM DCM-d2/DMSO-d6 

1 Glycine[3] 7.68* ✘ ✘ 

2 ß-Alanine[4] 9.13* Detected in APCI MS 43 

3 γ-amino butyric acid[5] 9.91* 7 66 

4 δ-amino valeric acid[5] 10.10* 44 68 

5 Lysin[1] 10.6 69 78 

6 Pentylamine 2a 10.6 72 80 

* Given for amino acid methyl/ethyl ester 

Because of the low solubility of N-methyl amides 2b-g in DCM procedure A was slightly 

modified. Instead of adding defined amount of calibrated DCM solution of a N-nucleophile, 

amino acid derivatives 2b-g were weighed on the inner side of the vial cap. Due to the high 

surface tension, the droplet remains in place upon closing the vial. Afterwards, the GC vial 

was placed upside down on a shaker at 400 RPM. Shaking continued for 18 h at 23 °C, then 

followed by APCI-MS analysis. If APCI-MS analysis indicated the formation of a product, a 

defined amount of 1,3,5-trimethoxybenzene was added as an IS. 0.5 ml Aliquot was 
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evaporated and dissolved in 0.75 ml of dry degassed DMSO-d6 under nitrogen atmosphere to 

prevent oxidative coupling. ¹H NMR analysis was performed to establish the yield of the final 

products. 

H-Gly-NMe (2b) and H-Ala-NMe (2c). 

a) In DCM 

 
The reaction was performed according to the modified Procedure A, described at the 

beginning of the chapter. No homogenization and color change of the reaction mixture were 

observed as before, when 2a was used as a reactant.[1] After 10 min, APCI-MS analysis was 

performed, showing no coupling. The reaction was allowed to shake for 18 h at 23 °C with no 

product formation via APCI-MS. The reactions were repeated but under O2 atmosphere, 

giving the same result (Fig. S13). The absence of reactivity can be explained by relatively 

low pKa value of the selected N-nucleophiles.  

 

 

Fig. S13. APCI MS spectra of the reaction of 1a with H-Gly-NMe 2b (top) and H-Ala-NMe 

2c (bottom). 

1a + H-Gly-NMe (2b) + DIPEA. 
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H-Gaba-NMe 2e 

a) In DCM 

 

The reaction was performed according to the modified Procedure A, described at the 

beginning of the chapter. The stirring yellow suspension of 1a immediately turned dark 

purple on the addition of amine 2e. The reaction was allowed to stir for 18 h at 23 °C with no 

further change in color and the coupling product was detected via APCI-MS analysis (Fig. 

S20).  

 

Fig. S20. APCI MS spectra of the reaction of 1a with H-Gaba-NMe (2e). 

1,3,5-TMB was added as an IS, small aliquot was taken in an NMR tube, the solvent was 

evaporated under reduced pressure, and the crude material was dissolved in DMSO-d6 for 

further analysis (the dark purple crude material gives an orange solution). It was shown that 

3ae was formed with 7% yield, according to the obtained 1H NMR spectra. 

b) DCM (10 vol% DMSO-d6) 

 

The reaction was performed according to Procedure B. An instant color change was observed 

on addition of amine 2e. The 1H NMR analysis was performed after 1 h at 23 °C. It was 

shown that 3ae was formed with 66% yield (average yield from 2 independent experiments), 

according to the obtained 1H NMR spectra (Fig. S21).  
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Fig. S21. in situ 1H NMR spectrum of 1a/2e oxidative coupling, 400 MHz, DCM-d2/DMSO-

d6. 

 

Fig. S22. 1H NMR spectrum of 1a/2e oxidative coupling, TFA quenching, 400 MHz, DMSO-

d6.  
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The reaction was repeated according to Procedure A (0.25 mmol scale). After quenching with 

1.25 eq of TFA-d1, 1,3,5-TMB was added as an IS, a small aliquot was taken in an NMR 

tube, the solvent was evaporated under reduced pressure, and the crude material was 

dissolved in DMSO-d6 for further analysis indicating a yield of 66% (Fig. S22). 

H-Ava-NMe (2f) 

a) In DCM 

 

The reaction was performed according to the modified Procedure A described at the 

beginning of the chapter. The stirring yellow suspension immediately turns orange on 

addition of amine 2f and the coupling product is detected after 10 min via APCI-MS analysis 

(Fig. S23).  

 

Fig. S23. APCI MS spectra of the reaction of 1a with H-Ava-NMe (2f) in DCM. 

The reaction was allowed to shake for 18 h at 23 °C, when 1,3,5-TMB was added as an IS, 

small aliquot was taken in an NMR tube, the solvent was evaporated under reduced pressure, 

and the crude material was dissolved in DMSO-d6 for further analysis. It was shown that 3af 

was formed with 44% yield, according to the obtained 1H NMR spectrum. The reaction was 

repeated on 0.2 mmol scale, and the crude product was purified by preparative TLC 

chromatography (28 mg, 37%).  

b) DCM (10 vol% DMSO-d6) 
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Fig. S24. In situ 1H NMR spectrum of 1a/2f oxidative coupling, 400 MHz, DCM-d2/DMSO-d6. 

 

Fig. S25. 1H NMR spectrum of 1a/2f oxidative coupling, TFA quenching, 400 MHz, DMSO-d6. 
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The reaction was performed according to Procedure B. An instant color change was observed 

on addition of amine 2f. 1H NMR analysis was performed after 1 h at 23 °C. It was shown 

that 3af was formed with 68% yield (average yield from 2 independent experiments), 

according to the obtained 1H NMR spectra (Fig. S24). 

The reaction was repeated according to Procedure A (0.25 mmol scale), quenched with 1.25 

eq of TFA-d1, 1,3,5-TMB was added as an IS, a small aliquot was taken in an NMR tube, the 

solvent was evaporated under reduced pressure, and the crude material was dissolved in 

DMSO-d6 for further analysis with 60% yield (Fig. S25).  

Lysine derivatives 2g and 2g' 

a) Nα-Boc-Lys-NMe (2g) in DCM 

 

The reaction was performed according to the modified Procedure A, described at the 

beginning of the chapter. Instant homogenization and color change of the reaction mixture 

from yellow to green and then to orange were observed. After 10 min, APCI MS analysis was 

performed showing the coupling product (Fig. S26).  

 

Fig. S26. APCI MS spectra of the reaction of 1a/2g in DCM. 

The reaction was shaken for 18 h at 23 °C. The crude product was purified by column 

chromatography to obtain the orange solid (35 mg, 69%). The product was identified as C6-

Lys-functionalized 1a via 1H and 13C NMR analysis (Fig. S27). 
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Fig. S27. Comparison of 13C NMR spectra of 3aa (101 MHz) with the obtained 3ag (201 

MHz), DMSO-d6. 

b) Nα-Ac-Lys-NMe (2g') in DCM (10 vol% DMSO-d6) 

 

The reaction was performed according to Procedure B. An instant color change was observed 

on addition of amine 2g'. 1H NMR analysis was performed after 1 h at 23 °C. It was shown 

that 3ag' was formed with 78% yield (average yield from 2 independent experiments), 

according to the obtained 1H NMR spectra (Fig. S28). 
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Fig. S30. 1H NMR spectrum of the precipitate obtained from the 1a/2a oxidative coupling in 

H2O/DMSO = 10/1, 400 MHz, DMSO-d6 (water suppression pulse sequence). 

The addition of amine 2a changes the pH value of the reaction mixture due to its basic 

properties. It has been demonstrated, an aqueous solution of 2a (0.025 M) has a pH value of 

11.53, which significantly deviates from the standard pH range observed in biological 

systems. Therefore, the phosphate buffer (PB) was selected to maintain a specific pH value in 

the reaction mixture. And the changes in pH values of the PB solution caused by the addition 

of amine were measured using a pH-meter (Table S6). 

Table S6. The final pH values of the aqueous solutions of pentylamine derivatives  

 Solvent Amine C[Amine], [M] Final pH value ΔpH 

1 HPLC Water 2a 0.025 11.53 - 

2 0.1 M Phosphate Buffer (pH 7.40) 2a 0.025 10.03 2.63 

3 0.1 M Phosphate Buffer (pH 7.40) 2a 0.0125 8.00 0.60 

4 0.1 M Phosphate Buffer (pH 7.44) 2a 0.0025 7.50 0.06 

5 0.5 M Phosphate Buffer (pH 7.40) 2a 0.025 7.70 0.30 

6 1.0 M Phosphate Buffer (pH 7.40) 2a 0.025 7.50 0.10 

7 HPLC Water BzA×2a 0.025 7.85 - 

8 0.1 M Phosphate Buffer (pH 7.35) BzA×2a 0.025 7.34 0.01 
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Fig. S38. in situ 1H NMR spectra of 1a/2i coupling reaction, DCM-d2/DMSO-d6, 400 MHz. 

1.3.7.6. Oxidative coupling of pentylamine 2a with various polyphenols 

2,3,4-Tryhydroxyacetophenone (TAP, 1b) 

The reasoning behind the substrate selection is that 2,3,4-tryhydroxyacetophenone (TAP) 

shares structural similarities with 1a (Scheme S5) 

 
Scheme S5. TAP (1b) moiety is present in the baicalein (1a) structure. 

Amine 2a was added to a shaking suspension of 1b in dry solvent under O2 atmosphere (1 

atm). The reaction mixture immediately turns yellow (after a short time a yellow precipitate 

forms in DCM). The reaction was shaken (400 RPM) for 18 h at 23 °C. During this time, the 

precipitate dissolves and the reaction color changes to orange. A defined amount of the IS 

1,3,5-TMB is added, small aliquot is taken in an NMR tube, evaporated at RT, and dissolved 

in DMSO-d6 under N2 atmosphere for further 1H NMR analysis (for non-deuterated solvents) 

(Table S7). 
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Table S7. Optimization of the 1b-2a oxidation processa 

№ Solvent 1b, M 2a, eq 3ba, % 

1 DCM 0.083 0.50 24 

2 DCM 0.083 0.75 72 

3 DCM 0.083 1.00 (63) 

4 DCM 0.083 1.33 84(80) 

5 DCM 0.083 1.75 86 

6 DCM 0.025 1.33 88 

7b DCM 0.025 1.33 26 

8 DCM 0.025 2.00 >99 

9 MeOH-d4 0.083 1.33 51 

10 MeOH-d4 0.083 2.00 50 

a The yield was determined by 1H NMR analysis of the crude reaction mixture using 1,3,5- trimethoxybenzene as an IS. Isolated yields are 

presented in brackets. b Air was used instead of O
2

.  

Increasing the 2a equivalents to 1.33 gave 84% yield. The crude product was purified by 

column chromatography on silica gel. The pure product was obtained as a pale-yellow solid 

(95 mg, 80%). Single crystal X-ray analysis showed that product is the C6-functioniled 3ba. 

To find out, whereas the yield is affected through the evaporation, the 2 experiments were 

performed. The reaction 5 (Table S8) was repeated on a larger scale, using DCM/DMSO-d6 

= 10/1 solvent system (Procedure A). Shaking continued for 1 hour, 1,3,5-TMB was added, 

and then 2 × 0.5 ml aliquots were taken: 

A) The first aliquot was evaporated under reduced pressure, diluted with 0.75 ml of 

DMSO-d6 and ¹H NMR analysis was performed. ω(3ba) = 42%, what corresponds 

to the result obtained in the Table S8 (Entry 5). 

B) 100 µl of 0.250 M TFA solution were added to the second aliquot to quench free 2a 

in the solution. Then all volatiles were evaporated under reduced pressure, diluted 

with 0.75 ml of DMSO-d6 and ¹H NMR analysis was performed. ω(3ba) = 40% 

These experiments (A and B) showed that no accelerated reaction occurs during evaporation 

process. 
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Table S8. Optimization table of 1b/2a oxidation reactiona 

 

№ Solvent 2a, eq Comment 2a-H+, % 1b, % 3b, % 7b, % 8, % 

1 
DCM 

3.00 Air - 97 4 2 - 

2 3.00  - 77 27 2 - 

3 

DCM-d2b 

0.20  86 95 6 3 7 

4 0.50  51 82 27 7 15 

5 

1.00 

 40 49 42 7 13 

6 Mixing 38 47 45 8 15 

7 1 eq tBuNH2 - 7 75 11 - 

8 1 eq NEt3 51 56 30 11 20 

9 0.1 eq DBU - 17 70 14 - 

10 0.1 eq 1c 43 49 42 7 13 

11 0.1 eq 4-

Methyl o-

catechol 

53 57 35 6 11 

12 1 eq of 1f 57 65 34 2 4 

13 1.15  34 39 52 8 14 

14 1.33  39 36 56 8 12 

15 1.75  38 10 75 10 11 

16 
2.00 

 43 11 80 10 10 

10 Air 50  19 76 9 9 

17 3.00  64 n.d. 88 11 9 

18 5.00  - n.d. 88 12 7 

19 CDCl3
b 1.00  68 71 26 3 7 

20 

DMSO-d6 

1.00  - 41 6 32 48 

21 1.00 Air - 45 7 32 51 

22 1.00 15 min - 45 6.5 32 - 

23 2.00  - - 10 69 52 

a) The yield was determined by 1H NMR analysis of the crude reaction mixture using 1,3,5- trimethoxybenzene as an IS. b) 10 

vol% DMSO-d6. 
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Fig. S41. in situ 1H NMR spectrum of 1b/2a oxidation (Table S8, Entry 5), DCM-d2/DMSO-

d6 = 10/1, 400 MHz. 

To investigate the possibility of further reaction of the initially formed products, a solution of 

3ba was treated with 1 eq 2a under O2 atmosphere in DMSO-d6. It has been demonstrated 

that the main pathway involves nucleophilic addition to the carbonyl group, resulting in the 

formation of imine 3ba'' (Fig. S42). 
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Fig. S42. in situ 1H NMR spectra of the formation of 3ba'' under O2 at RT, DMSO-d6, 400 

MHz. 

7b slowly turns into 3ba (15% conv. in 24 h) when treated with 1 eq of 2a under O2 

atmosphere through the oxidative transamination reaction (Fig. S43 and S44). The reaction 

was performed according to the general procedure B. 
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Fig. S43. in situ 1H NMR spectrum of 7b/2a oxidative coupling after 1 hour(top) and 

24 h(bottom), DCM-d2/DMSO-d6, 400 MHz. 

Also, 7b acts as active species in the process of oxidative deamination of 2a, leading to 

formation of imine 8 (52% yield) in DMSO-d6. The addition of 1 equivalent of TFA-d1 to 

the reaction mixture helped to quantify the formation of ammonia (NH3) as the generated 

byproduct (Fig. S45). Under identical conditions, 3ba forms equimolar amount of imine 8 

(16%) and 7b (8.5%), through the amynolysis reaction. 
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Fig. S44. Formation of DPI 8, mediated by 7b and 3ba, DMSO-d6, 400 MHz. 

 

Control experiment 
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Fig. S46b. in situ 1H NMR spectrum of 3ba'/2a oxidative coupling, DCM-d2/DMSO-d6, 400 

MHz. 
 

Considering all the details provided above, it is possible to draw a comprehensive reaction 

mechanism of the oxidative coupling of pyrogallol-based polyphenol with primary amines 

(Fig. S47).  

 

Fig. S47. Proposed mechanism of 1b/2a reaction under aerobic conditions. 
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o-Catechol (o-Cat, 1c) 

Substrate selection: o-Catechol (1c) was chosen because the B-ring of several flavonoids is a 

substituted o-catechol moiety (Scheme S6). We found it interesting to examine the reactivity 

of the unmodified o-catechol ring. 

 

Scheme S6. o-catechol 1c moiety is present in the structure of several flavonoids. 

 

10 mg of o-catechol (1c) (0.091 mmol, 1 eq) in an Young NMR tube was evacuated and 

refilled with N2 three times, dissolved in 0.75 ml of dry degassed (3 x freeze-pump-thaw 

cycles) DMSO-d6, followed by addition of ~11 μl pentylamine (2a) (8 mg, 0.092 mmol, 1 

eq). No significant shift for α-methylene protons of 2a was observed in 1H NMR spectrum. 

Since the pKa(1c) = 9.34[7], it is more likely that the 1c-2a complex exists as a hydrogen-

bounded complex rather than the amine phenolate like 1a-2a and 1b-2a complexes, described 

in our previous work.[1] The formation of an initial ion pair is the crucial step for following 

oxidation and coupling reactions of polyphenols with N-nucleophiles such as 2a in our case. 

The absence of 1c-2a distinct ion pair led to the hypothesis that 1c will not react with 2a 

under aerobic conditions. The assumption was confirmed replacing N2 inert atmosphere with 

O2 in the J. Young NMR tube. No significant changes were observed even after 5 days at RT, 

indicating the low activity of 1c toward 2a and molecular oxygen (Fig. S48). 







155 

 

Pyrogallol (Pyr, 1e) 

Substrate selection: Pyrogallol (1e) was chosen because the A-ring of baicalein and B-ring in 

myricetin/epicatechin contain pyrogallol substructure (Scheme S8). We found it interesting to 

examine the reactivity of the unmodified pyrogallol ring. 

 
Scheme S8. The pyrogallol moiety is present in the structure of several flavonoids. 

a) DCM 

 

 

Fig. S50. 1H NMR spectra of 2a, 1e and the obtained white precipitate, DMSO-d6, 400 MHz. 
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Fig. S51. 13C NMR spectra of 2a, 1e and the obtained white precipitate, DMSO-d6, 

101 MHz. 

First, the formation of the 1e-2a ion pair was checked by mixing 60 mg of 1e (0.48 mmol, 1 

eq) with 55 μl of 2a (43 mg, 0.5 mmol, 1 eq) in 6 ml of dry degassed DCM (3 × freeze-pump-

thaw cycle) under nitrogen atmosphere. The resulting suspension was stirred vigorously and 

after a short time a white precipitate formed. The reaction was allowed to stir overnight at 

RT. The precipitate was filtered off (29 mg). 1H NMR showed that the precipitate consists of 

two parts of 1e and one part of 2a (Fig. S50). 13C NMR spectra showed no new signals as if 

the precipitate was a mixture of 1e and 2a (Fig. S51). 

b) DCM (10 vol% DMSO-d6) 

1) 1 eq of 2a 

 

The reaction was performed according to Procedure A (Fig. S52). It has been shown that 

yields of 3ea were 12% and 20% after 1 h and 24 h, correspondingly, using 1,3,5-TMB as an 

IS (5.9 mg). Also, after 24 h reaction, time the by-product 7e (~40%), was detected (Fig. 
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S53). The regioselectivity of the products were proven by independent synthesis of 3ea and 

7e. 

 

 

Fig. S52. 1H NMR spectrum comparison of 1e/2a oxidative coupling reaction after 1 hour 

(800 MHz) with independently synthesized 3ea (400 MHz), DMSO-d6. 
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Fig. S53. 1H NMR spectra comparison of 1e/2a oxidative coupling reaction after 24 h with 

independently synthesized 7e, DMSO-d6, 400 MHz. 
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a) 1 eq of 2a, in situ 

 

The reaction was performed according to the general procedure B. It has been shown that 

yields of 3ea and 8 were 13% and 5%, correspondingly, using 1,3,5-TMB (0.56 mg) as an IS 

(Fig. S54).  

 
Fig. S54a. in situ 1H NMR spectrum of 1e/2a oxidative coupling reaction after 1 hour, DCM-

d2/DMSO-d6, 400 MHz. 
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The reaction was repeated on a big scale (Procedure A). Yields of 3ga, 8 and 7g were 68%, 

8% and 4%, correspondingly, using 1,3,5-TMB as an IS (Fig. S60). 

 
Fig. S60. 1H NMR spectrum of 1g/2a oxidative coupling reaction after 1 hour, 400 MHz, 

DMSO-d6. 

Methyl gallate (MetGal, 1h) 

Substrate selection: Methyl gallate (1h) was chosen because epigallocatechin gallate is an 

ester of epicatechin and gallic acid (Scheme S12).  

 

Scheme S12. The Methyl gallate 1h moiety is present in the structure of epigallocatechin 

gallate. 

a) DCM 

To a well stirred solution of Methyl Gallate (1h) (75.5 mg, 0.41 mmol, 1.0 eq) in anhydrous 

DCM (6 mL) was added 2a (47.5 μL, 0.41 mmol, 1.0 eq) under N2-atmosphere. Upon 
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addition of 2a, the clear colorless solution became immediately white and turbid. The 

resulting mixture was stirred at RT for 18 h. The reaction mixture was concentrated in vacuo 

to afford a white solid, which was then recrystallized in iHex with dropwise addition of 

EtOAc to afford thin white needle crystals.[1] A 2:1 ratio of MetGal 1h to 2a was found in the 

1H NMR spectrum (Scheme S13, Fig. S61) 

 

Scheme S13. Formation of 1h-2a complex.  

 

Fig. S61. 1H NMR spectrum of 1h-2a complex, DMSO-d6, 400 MHz. 

To characterize the complex and to determine the crystal property along with a potential 

crystal structure, pXRD experiment of the freshly recrystallized dry product were performed 

(Fig. S62). As comparison, the diffractogram of 1h was measured. The diffractogram showed 

that it is isotropic in the white 1h-2a complex, which means that even though the white solids 

appeared to have a needle crystal-like structure after recrystallization, the product is not a 

crystal. Nevertheless, there has been research showing methyl gallate 1h could be used as co-

former for co-crystallization in the pharmaceutical industry[8], for example methyl gallate 
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build 1:1 co-crystals with theophylline anhydrate[9] and 1:1 co-crystals with caffeine with 

improved mechanical properties as a result of modification of overall crystal packing[10]. 

 
Fig. S62. pXRD diffractogram of Methyl gallate (1h) and methyl gallate-pentylamine 

complex (1h-2a). 

b) DCM (10 vol% DMSO-d6) 

The reaction was carried according to procedure A. It has been shown that the yields of 3ha 

were <0.8% and 15% after 1 h and 24 h, correspondingly, using 1,3,5-TMB as an IS (8.0 mg) 

(Fig. S63). The regioselectivity of the product was proven by independent synthesis of 3ha. 
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Fig. S63. 1H NMR spectrum comparison of 1h/2a oxidative coupling reaction after 1 hour, 

24 h with independently synthesized 3ha, 400 MHz, DMSO-d6. 

The reaction was carried according to procedure B. The yield of 3ha was 1.2% after 1 h, 

using 1,3,5-TMB as an IS (0.60 mg) (Fig. S64 and S65). 
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Fig. S64. Yield monitoring of 3ha formation during 32 h, DCM-d2/DMSO-d6. 

 

Fig. S65. in situ 1H NMR spectrum comparison of 1h/2a oxidative coupling after 1 hour, 32 

h 400 MHz, DCM-d2/DMSO-d6. 
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Addition of 2 mol% of CuMeSal in the reaction mixture[11] does not result in a significant 

increase in the rate of product formation. Instead, a larger amount of MeOH, compared to 

other experiments, was detected by 1H NMR analysis, indicating that the reaction proceeds 

via a nucleophilic attack on the ester group, resulting in the formation of an amide and 

elimination of MeOH (Fig. S66). 

 

Fig. S66. in situ 1H NMR spectrum of 1h/2a oxidative coupling with 2 mol% CuMeSal after 

16 h 400 MHz, DCM-d2/DMSO-d6. 

Pseudo Methyl Gallate (psMetGal, 1i) 

Substrate selection: pseudo methyl gallate (1i) is an isomer of methyl gallate (1h), but with a 

structural modification, the methyl ester group has been moved to C4a-position from C8a-

position (Scheme S14). 

 

Scheme S14. Structural difference between methyl gallate(1h) and pseudo methyl 

gallate (1i). 
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The reaction was carried according to procedure B. The yield of 3ia, 7i and 8 were 49%, 

8.5% and 17%, correspondingly, using 1,3,5-TMB as an IS (Fig. S67) (1.56 mg). The 

regioselectivity of the 3ia was proven via scXRD analysis.  
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Fig. S67. in situ 1H NMR spectrum of 1i/2a oxidative coupling reaction after 1 hour, 400 

MHz, DCM-d2/DMSO-d6. 

 

 

Scheme S15. Comparison of TAP 1b and psMetGal 1i reactivity. 
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Fig. S71. in situ 1H NMR spectrum of 1l/2a oxidative coupling, 24 h, DCM-d2/DMSO-d6, 

400 MHz. 

In order to verify the production of even small amount of product, the reaction was repeated 

using higher concentrations of substrates in DMSO-d6. Upon the addition of amine 2a, the 

colour of the solution immediately changed from light yellow to brown and turned red after 

exchange of the gas atmosphere from N2 to O2. The colour slowly turns dark red in the end. 

The 1H NMR spectra were measured directly after the addition and before the gas exchange, 

and then after 2 h, 24 h, 96 h, and 144 h (Fig. S72).  
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Fig. S72. in situ 1H NMR spectra of the reaction of 1l and 2a in a 1:1 ratio at 23 °C, DMSO-

d6, 400 MHz: a) under N2; after gas exchange to O2 for b) 2 h, c) 24 h, d) 96, e) 144 h. 

 

2,3-Dihydrodaicaein (BAH2, 1m) 

Substrate selection: 1m can be considered as a model of TAP (1b) with an EDG at C8a-

position. On the other hand, 1m represent baicalein (1a) with a split π-system of conjugated 

double bonds (Scheme S19). 

 
Scheme S19. 1m is a model of 1b with EDG at C8a-position or a model of 1a with a split π-

system. 
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The reaction was carried according to procedure A. It has been shown that the yield of 3ma 

was 66% using 1,3,5-TMB as an IS (average from 3 independent experiments). The reaction 

was quenched with 1.25 eq TFA-d1(inactivating 2a to TFA×2a), dried and dissolved again in 

DMSO-d6 (resolving the overlapping peaks of H3- and Ha-protons) (Fig. S73). Yield of 8 

(7%) was established from independent in situ reaction according to the general procedure B 

(Fig. S74).  

 

Fig. S73a. 1H NMR spectrum of 1m/2a oxidative coupling, DCM-d2/DMSO-d6, 400 MHz. 
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Fig. S73b. 1H NMR spectrum of 1m/2a oxidative coupling, TFA quenching (peaks 

resolving), DMSO-d6, 400 MHz. 

 

Fig. S74. in situ 1H NMR spectrum of 1m/2a oxidative coupling, DCM-d2/DMSO-d6, 400 

MHz. 
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Epigallocatechin gallate (EGC, 1p) 

Substrate selection: Epigallocatechin (1p) was chosen because epigallocatechin gallate is an 

ester of epigallcatechin and gallic acid (Scheme S21). 

 
Scheme S21. Epigallocatechin (1p) moiety in epigallocatechin gallate  

The reaction was carried according to procedure B. It has been shown that the yields of 3pa 

and 8 were 45% and 4%, correspondingly, using 1,3,5-TMB as an IS (Fig. S76) (average 

from 2 independent experiments). The reaction has to be mixed, because EGC 1l was not 

soluble in a DCM/DMSO mixture.  

 

 
Fig. S76a. in situ 1H NMR spectrum of 1p/2a ion pair under N2, DCM-d2/DMSO-d6, 400 

MHz. 
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Fig. S76b. in situ 1H NMR spectrum of 1p/2a oxidative coupling after 1 hour, DCM-

d2/DMSO-d6, 400 MHz.  
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1.3.7.7. Synthesis and analytical data of polyphenols 1a-q 

Important note: Purchased or synthesized flavonoids might be represented in a form of stable 

hydrate complexes. If the excessive water peak is detected in 1H NMR spectrum of the 

certain flavonoid in dry DMSO-d6, the elemental analysis of the flavonoid was performed to 

confirm the composition (Flavonoid × n H2O). If the flavonoid is in its hydrate form, it is 

shown next to the corresponding flavonoid in the text below. 

5,6,7-trihydroxyflavone (BA, 1a).[1] 

 

1H NMR (400 MHz, DMSO-d6) δ 12.65 (s, 1H), 10.55 (s, 1H), 8.81 

(s, 1H), 8.11 – 8.01 (m, 2H), 7.65 – 7.56 (m, 3H), 6.93 (s, 1H), 6.63 

(s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ: 182.2, 163.0, 153.7, 149.9, 147.0, 

131.9, 131.0, 129.4, 129.2, 126.3, 104.5, 104.3, 94.1. 

IR ν˜= 3408(m, -OH), 1656(s, C=O), 1617(s), 1578(s), 1505(s), 1470(s), 1419(s), 1385(s), 

1339(s), 1296(s), 1212(m), 1182(w), 1160(vs), 1103(m), 1085(s), 1032(m), 1021(m), 916(w), 

897(m), 852(m), 826(m), 782(vw), 776(w), 733(m), 714(w), 705(w), 681(m) cm‒1. 

Elem. Calcd for C15H10O5: C 66.67, H 3.73. Found: C 66.45, H 3.75. 

Crystals of 1a were obtained by slow evaporation of n-butanol solution. 

 

Fig. S77. X-ray structure of 1a. 

Table S9. Crystallographic data for 1a  

net formula C15H10O5  transmission factor range 0.93-0.99 

Mr/g mol−1 270.23  refls. measured 23593 

crystal size/mm 0.110 × 0.080 × 0.070  Rint 0.0426 

T/K 173.(2)  mean σ(I)/I 0.0203 

radiation MoKα  θ range 3.063–26.372 

diffractometer Bruker D8 Venture TXS  observed refls. 2029 

crystal system Monoclinic  x, y (weighting scheme) 0.0464, 0.4175 

space group P 1 21/c 1  hydrogen refinement mixed 

a/Å 7.8165(4)  Flack parameter ? 
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b/Å 13.2981(6)  refls in refinement 2411 

c/Å 11.5748(5)  parameters 193 

α/  90  restraints 0 

β/  100.768(2)  R(Fobs) 0.0387 

γ/  90  Rw(F2) 0.1033 

V/Å3 1181.95(10)  S 1.079 

Z 4  shift/errormax 0.001 

calc. density/g cm−3 1.519  max electron density/e Å−3 0.234 

μ/mm−1 0.115  min electron density/e Å−3 − 0.174 

absorption correction Multi-Scan    

 

2,3,4-Trihydroxyacetophenone (TAP, 1b).[1] 

 

1H NMR (400 MHz, DMSO-d6) δ 12.61 (s, 1H), 10.07 (bs, 1H), 8.63 (bs, 

1H), 7.30 (d, J = 8.8 Hz, 1H), 6.40 (d, J = 8.8 Hz, 1H), 2.51 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 203.5, 152.6, 152.2, 132.3, 123.2, 

113.2, 107.7, 26.4. 

IR ν˜= 3348(m, -OH), 1643(s, C=O), 1598(s), 1507(s), 1463(m), 1370(s), 1319(vs), 

1289(vs), 1246(s), 1226(s), 1182(m), 1138(w), 1045(s), 1025(m), 898(m), 813(m), 791(vs), 

679(m) cm‒1. 

 

Fig. S78. X-ray structure of 1b. 

Table S10. Crystallographic data for 1b. 

net formula C8H8O4  transmission factor range 0.97-0.99 

Mr/g mol−1 168.14  refls. measured 32672 

crystal size/mm 0.140 × 0.100 × 0.080  Rint 0.0431 

T/K 173.(2)  mean σ(I)/I 0.0180 

radiation MoKα  θ range 3.104–27.477 

diffractometer Bruker D8 Venture TXS  observed refls. 1548 

crystal system orthorhombic  x, y (weighting scheme) 0.0408, 0.9348 

space group 'P b c a'  hydrogen refinement mixed 

a/Å 10.2848(6)  Flack parameter ? 

b/Å 11.7842(8)  refls in refinement 1707 

c/Å 12.3377(8)  parameters 122 
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α/  90  restraints 0 

β/  90  R(Fobs) 0.0371 

γ/  90  Rw(F2) 0.0991 

V/Å3 1495 31(17)  S 1.077 

Z 8  shift/errormax 0.001 

calc. density/g cm−3 1.494  max electron density/e Å−3 0.275 

μ/mm−1 0.121  min electron density/e Å−3 − 0.230 

absorption correction Multi-Scan    

 

o-Catechol (o-Cat, 1c)  

 

1H NMR (400 MHz, DMSO-d6) δ 8.80 (s, 2H), 6.72 (dd, J = 5.9, 3.6 Hz, 2H), 

6.59 (dd, J = 5.9, 3.6 Hz, 2H). 

 

1,2,3-Trihydroxybenzene (Pyr, 1e) 

 

1H NMR (400 MHz, DMSO-d6) δ 8.73 (bs, 2H), 8.02 (bs, 1H), 6.40 (dd, J = 

8.3, 7.5 Hz, 1H), 6.23 (d, J = 8.3 Hz, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 146.29, 133.10, 118.42, 107.06. 

 

4-ethyl pyrogallol (EtPyr, 1f.[13]) 

 

To the stirring suspension of 10% w/w Pd/C 

(25 mg) in 30 ml of MeOH was added 336 mg 

of TAP (1b) (2 mmol) under nitrogen 

atmosphere, which after was replaced by H2  

gas. The resulting reaction mixture was stirred overnight at RT. The reaction mixture was 

filtered through a Celite pad, and all the volatiles were evaporated under reduced pressure 

give EtPyr (1f) as colorless solid (300 mg, 97%).  

1H NMR (400 MHz, DMSO-d6) δ 8.74 (bs, 1H), 8.12 (bs, 1H), 8.00 (bs, 1H), 6.32 (d, J = 

8.2 Hz, 1H), 6.19 (d, J = 8.2 Hz, 1H), 2.41 (q, J = 7.5 Hz, 2H), 1.05 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 144.0, 143.9, 132.8, 121.6, 118.1, 106.2, 22.5, 14.8. 

MS (APCI) calcd for C8H11O3 [M + H]+, 155.1; found 155.0 
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2,3,4-trihydroxybenzonitrile (TBN, 1g)[14] 

 

Modified literature procedure.[15] 

170 mg of NH2OH·HCl (2.44 mmol, 1.05 eq) were added to a solution of 

2,3,4-trihydroxybenzaldehyde (356 mg, 2.3 mmol, 1 eq) in 2 ml of dry 

DMSO under N2 atmosphere. The reaction was stirred at 90 °C for 2 h,  

quenched with 10 ml of water, extracted with n-BuOH (3×10 ml). The organic phases were 

combined and dried over MgSO4. All the volatiles were evaporated under reduced pressure 

and the crude material was purified by column chromatography, followed by 

3×recrystallization from iHex/EtOAc. The title compound 1g was obtained as pale brown 

solid (230 mg, 65%). 

1H NMR (400 MHz, DMSO-d6) δ 10.22 (bs, 1H), 9.88 (bs, 1H), 8.93 (bs, 1H), 6.89 (d, J = 

8.5 Hz, 1H), 6.40 (d, J = 8.5 Hz, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 150.9, 150.1, 133.3, 123.4, 117.9, 108.2, 90.7. 

HRMS (ESI) m/z calcd for C7H4NO3 [M - H]−, 150.0196; found 150.0197. 

IR ν˜= 3214(w), 2234(s, C≡N), 1630(s), 1508(s), 1485(m), 1311(vs), 1227(s), 1052(s), 

949(s), 796(s), 743 (w). 

Rf 0.39 (iHex/[EtOAc/EtOH=3/1] = 1/1) 

M.p. 168 °С 

 

Methyl 3,4,5-trihydroxybenzoate (MetGal, 1h) 

 

1H NMR (400 MHz, DMSO-d6) δ 9.16 (bs, 3H), 6.93 (s, 1H), 3.74 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 166.4, 145.7, 138.5, 119.4, 108.6, 51.7. 

IR ν˜= 3291(s), 1669(s, C=O), 1610(s), 1540(s), 1464(m), 1436(s), 1372(m), 1304(vs), 

1258(s), 1190(s), 1034(s), 1002(s), 917(w), 879(m), 806(w), 772(s), 751(m) cm‒1. 

M.p. 208 °C 
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Methyl 2,3,4-trihydroxybenzoate (psMetGal, 1i)[16] 

 

To a stirred solution of 2,3,4-

trihydroxybenzoic acid (0.86 g, 

5.06 mmol, 1.0 eq) in MeOH 

(10 mL) was added conc H2SO4 (2 ml). The resultant mixture was stirred at 60 ºC for 12 h 

overnight. The reaction mixture was diluted with H2O (20 mL) and the aqueous phase was 

extracted with EtOAc (3×50 mL). The combined organic extract was dried over anhydrous 

MgSO4, filtered, and concentrated in vacuo to afford a brown solid. The residue was 

recrystallized twice from iHex/EtOAc mixture and then purified by flash column 

chromatography to afford a dark solid, which is further recrystallized again from iHex/EtOAc 

under N2 atmosphere to afford 1i (0.28 g, 1.54 mmol, 30%) as pale-yellow needle crystals. 

1H NMR (400 MHz, DMSO-d6) δ 10.64 (s, 1H), 9.93 (s, 1H), 8.61 (s, 1H), 7.18 (d, J = 8.7 

Hz, 1H), 6.39 (d, J = 8.8 Hz, 1H), 3.84 (s, 3H)  

13C NMR (101 MHz, DMSO-d6) δ 170.1, 151.8, 150.9, 132.6, 120.7, 107.9, 104.4, 52.1 

IR ν˜= 3400(m, -OH), 3328(m), 1653(s, C=O), 1519(w), 1437(s), 1268(s), 1199(s), 1144(s), 

1042(s), 986(s), 779(s), 732(s), 698(m) cm‒1. 

HRMS (ESI) m/z calcd for C8H7O5 [M - H]−, 183.0299; found 183.0299. 

Rf 0.60 (DCM/MeOH/AcOH = 100/10/1) 

Synthetic route to 6,7,8-trihydroxyflavone psBA (1l) 

 
Scheme S22. Synthesis of 1l. Reagents and conditions of reaction: (a) 30% aq. H2O2, conc 

H2SO4, MeOH, N2, RT, 12 h; (b) Ac2O, Pyridine, DMAP, CHCl3, RT, 12 h; (c) BF3·OEt2, 

N2, 100 °C, 1 h; (d) benzaldehyde, 50% aq. NaOH, MeOH, 48 h; (e) I2, DMSO, 180 °C, 2 h; 

(f) 1M BBr3, DCM, reflux, 20 h. 
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a. 2,3,4-Trimethoxyphenol 1l-1 

Modified literature procedure.[17]  

To a stirred solution of the starting material 2,3,4-trimethoxybenzaldehyde 

(4.80 g, 24.46 mmol, 1.0 eq) in MeOH (50 mL), 30% H2O2 aqueous solution 

(3.4 mL, 31.80 mmol, 1.3 eq) was added under N2 atmosphere. Catalytic 

amount of concentrated H2SO4 (0.5 mL) was added at 0°C over 5 min and the reaction 

mixture was warmed up to RT and further stirred for 12 h. The reaction was quenched with 

saturated NaHCO3 aqueous solution (50 mL). The aqueous layer was extracted with DCM 

(3×50 mL). The DCM layers were combined, washed with brine (50 mL), dried over 

anhydrous MgSO4, concentrated in vacuo to afford 2,3,4-trimethoxyphenol (1l-1) (4.51 g, 

24.48 mmol, 100%) as a brown oil, which was pure according to 1H NMR analysis and it was 

used without further purification. Spectral data are in agreement with literature value.18 

1H NMR (400 MHz, CDCl3) δ 6.63 (d, J = 9.0 Hz, 1H), 6.55 (d, J = 9.0 Hz, 1H), 5.36 (s, 

1H), 3.96 (s, 3H), 3.89 (s, 3H), 3.81 (s, 3H). 

MS (APCI) calcd for C9H13O4 [M + H]+, 185.1; found 185.1. 

b. 2,3,4-Trimethoxyphenyl acetate (1l-2) 

Modified literature procedure.[18] 

To a stirred solution of 2,3,4-trimethoxyphenol (1l-1) (4.51 g, 24.48 

mmol, 1.0 eq) and pyridine (59.2 mL, 734.40 mmol, 30.0 eq) in CHCl3 

(80 mL), Ac2O (8.1 mL, 85.68 mmol, 3.5 eq) and DMAP (cat) were 

added at RT under N2 atmosphere. After stirring for 12 h at RT, the reaction mixture was 

quenched with H2O (200 mL) and extracted with DCM (3 × 50 mL). The combined organic 

layers were washed with saturated KHSO4 aqueous solution (200 mL), washed with brine 

(200 mL), then washed with saturated NaHCO3 aqueous solution (200 mL), and washed with 

brine (200 mL). The organic layer was dried over anhydrous MgSO4 and concentrated in 

vacuo to yield 2,3,4-trimethoxyphenylacetate (1l-2) (5.23 g, 23.12 mmol, 95%) as a brown 

oil, which was pure according to 1H NMR analysis and it was used without further 

purification. Spectral data are in agreement with literature value.[18] 

1H NMR (400 MHz, CDCl3) δ 6.74 (d, 1H, J = 9.0 Hz), 6.62 (d, 1H, J = 9.0 Hz), 3.89 (s, 

3H), 3.88 (s, 3H), 3.85 (s, 3H), 2.31 (s, 3H). 

MS (APCI) calcd for C11H15O5 [M + H]+, 227.1; found 227.1. 
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c. 1-(2-Hydroxy-3,4,5-trimethoxyphenyl)ethan-1-one (1l-3) 

Modified literature procedure.[18] 

To the 2,3,4-trimethoxyphenyl acetate (1l-2) (2.27 g, 10.03 mmol, 1.0 eq) 

BF3·Et2O (25.3 mL, 200.68 mmol, 20.0 eq) was added dropwise at 0 °C 

under N2 atmosphere. The reaction mixture was then heat up to 100 °C and 

stirred for 1 h. The reaction was quenched with H2O (100 mL) and the 

resulting mixture was extracted with DCM (3×50 mL). The organic layers were combined 

and washed with saturated NaHCO3 aqueous solution (100 mL), brine (100 mL), dried over 

anhydrous MgSO4, and concentrated in vacuo to afford 1-(2-hydroxy-3,4,5-

trimethoxyphenyl)ethan-1-one (1l-3) (2.27 g, 100%) as brown crystals. Spectral data are in 

agreement with literature value.[18] 

1H NMR (400 MHz, CDCl3) δ 12.44 (s, 1H), 6.92 (s, 1H), 4.04 (s, 3H), 3.92 (s, 3H), 3.86 (s, 

3H), 2.59 (s, 3H). 

MS (APCI) calcd for C11H15O5 [M + H]+, 227.1; found 227.1. 

d. 1-(2-Hydroxy-3,4,5-trimethoxyphenyl)-3-phenylprop-2-en-1-one (1l-4) 

Modified literature procedure.[19] 

To a stirred solution of 1-(2-hydroxy-3,4,5-

trimethoxyphenyl)ethan-1-one (1l-3) (1.97 g, 8.71 mmol, 1.0 eq) 

and freshly distilled acetophenone (1.0 mL, 9.58 mmol, 1.1 eq) in 

MeOH (25 mL) was added a 50% w/v NaOH aqueous solution (6 mL) dropwise at 0 °C, 

upon which the reaction mixture immediately turned dark brown. The reaction mixture was 

then warmed up to RT and stirred for 48 h. It was quenched with 2M HCl (40 mL) and 

extracted with DCM (3×50 mL). The combined organic layers were dried over anhydrous 

MgSO4 and concentrated in vacuo. The crude material was purified by flash column 

chromatography (iHex/EtOAc = 10/1 → 5/1; iHex/EtOAc = 5/1, Rf 0.40) to afford 1-(2-

hydroxy-3,4,5-trimethoxyphenyl)-3-phenylprop-2-en-1-one (1l-4) (2.02 g, 6.43 mmol, 74%) 

as blood-red crystals. 

1H NMR (400 MHz, CDCl3) δ 13.08 (s, 1H), 7.92 (d, J = 15.4 Hz, 1H), 7.69 – 7.65 (m, 2H), 

7.53 (d, J = 15.4 Hz, 1H), 7.46 – 7.44 (m, 3H), 7.11 (s, 1H), 4.07 (s, 3H), 3.96 (s, 3H), 3.90 

(s, 3H). 

MS (APCI) calcd for C18H19O5 [M + H]+, 315.1; found 315.1. 

  



189 

 

e. 6,7,8-Trimethoxyflavone (1l-5) 

Modified literature procedure.[20] 

To a stirred solution of 1-(2-hydroxy-3,4,5-trimethoxyphenyl)-3-

phenylprop-2-en-1-one (1l-4) (1.90 g, 6.05 mmol 1.0 eq) in dry DMSO 

(40 mL) was added I2 (0.15 g, 0.60 mmol, 0.1 eq) under N2 atmosphere. 

The resulting mixture was stirred for 2 h at 180 °C in a sand bath. The reaction was cooled 

down to RT, quenched with H2O (60 mL). The resulting black suspension was treated with 1 

g Na2S2O3 and extracted with DCM (3×50 mL). The organic layers were combined, washed 

with brine (6×100 mL) to remove remaining DMSO, dried over anhydrous MgSO4, and 

concentrated under reduced pressure to afford 6,7,8-trimethoxyflavone (1l-5) (1.64 g, 5.26 

mmol, 87%) as dark brown crystals, which was pure according to 1H NMR analysis and it 

was used without further purification. 

1H NMR (400 MHz, CDCl3) δ 7.98 – 7.91 (m, 2H), 7.58 – 7.49 (m, 3H), 7.40 (s, 1H), 6.81 

(s, 1H), 4.10 (s, 3H), 4.05 (s, 3H), 3.97 (s, 3H) 

MS (APCI) calcd for C18H17O5 [M + H]+, 313.1; found 313.1. 

f. 6,7,8-trihydroxyflavone (psBA, 1l) 

Modified literature procedure.[21] 

To a stirred solution of 6,7,8-trimethoxy-2-phenyl-4H-chromen-4-

one (1l-5) (0.62 g, 2.00 mmol, 1.0 eq) in dry DCM (10 mL) was 

added 1M BBr3 solution in DCM (30 mL, 30.00 mmol, 15.0 eq) 

dropwise at 0 °C under N2 atmosphere and the obtained solution was stirred for 30 min at 0 

°C. The reaction mixture was then warmed up and stirred under reflux for 20 h. After being 

cooled to 0 °C, MeOH (60 mL) was added, and the reaction mixture was further stirred for 2 

h at RT to quench the remaining BBr3. The reaction mixture was concentrated in vacuo to 

afford a dark brown solid. The residue was recrystallized twice from H2O/MeOH = 2/1 

solution and dried at 120 °C in vacuo for 2 h to afford 6,7,8-trihydroxyflavone (1l) (0.25 g, 

0.92 mmol, 46%) as a beige powder. 

1H NMR (400 MHz, DMSO-d6) δ 9.61 (s, 3H), 8.12 (dd, J = 6.4, 2.7 Hz), 7.57 (m, 3H), 6.92 

(s, 1H), 6,84 (s, 1H) 

13C NMR (101 MHz, DMSO-d6) δ 176.6, 161.2, 144.6, 141.4, 140.2, 134.0, 131.8, 131.3, 

129.0, 126.2, 115.8, 105.6, 98.3 

HRMS (ESI) m/z calcd for C15H9O5 [M - H]−, 269.0455; found 269.0455. 

IR ν˜= 3473(w), 3065(w), 1624 (w), 1573(s, C=O), 1552(s), 1484(s), 1448(m), 1404(s), 
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1345(s), 1254(m), 1235(m), 1182(s), 1110(s), 1059(w), 1036(m), 938(vw), 923(vw), 870(m), 

841(w), 774 (m), 680(m), 656(w) cm‒1. 

Elem. Calcd for C15H10O8: C 66.67, H 3.73. Found: C 66.30, H 3.74. 

5,6,7-trihydroxy-2-phenylchroman-4-one  (BAH2, 1m)[22] 

 

Modified literature procedure.[23] 

270 mg of Baicalein (1a, 1 mmol) and 

25 mg of 50% Pd(OH)2/C were stirred 

in 15 ml MeOH under H2 atmosphere.  

The resulting mixture was stirred for 3 h, and a small aliquot was taken for MS analysis, 

which showed no product formation. After addition of 6 ml of dry DMF, the reaction mixture 

was stirred for 18 h under H2 atmosphere. The reaction mixture was filtered through a Celite 

pad and evaporated under reduced pressure. The crude product was purified by flash column 

chromatography (iHex/[EtOAc/EtOH=3/1] = 1/1). The title compound 1m was obtained as 

yellow solid (230 mg, 85%).  

1H NMR (400 MHz, DMSO-d6) δ 11.97 (s, 1H), 10.43 (s, 1H), 8.26 (s, 1H), 7.55 – 7.47 (m, 

2H), 7.47 – 7.32 (m, 3H), 5.98 (s, 1H), 5.51 (dd, J = 12.6, 3.0 Hz, 1H), 3.22 (dd, J = 17.1, 

12.7 Hz, 1H), 2.76 (dd, J = 17.1, 3.1 Hz, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 196.6, 155.8, 155.0, 150.2, 139.0, 128.5, 128.5, 126.6, 

126.4, 101.7, 94.8, 78.5, 42.4. 

IR ν˜= 3225(w, -OH), 1626 (s, C=O), 1593(s), 1465(s), 1362(m), 1338(w), 1270(s), 1203(s), 

1152(s), 1058(s), 992(w), 906(w), 853(vw), 824 (w), 763(m). 

HRMS (ESI) m/z calcd for C15H11O5 [M - H]−, 271.0611; found 271.0612. 

Rf 0.61 (iHex/[EtOAc/EtOH=3/1] = 1/1) 

M.p 148 °C (decomp) 
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Synthetic route to 2',3',5',5,6,7-hexahydroxyflavone (HHF, 1n) 

 

Scheme S23. Synthesis of 1n. Reagents and conditions of reaction: (a) m-CPBA, NaHCO3, 

1 h, RT; then K2CO3, MeOH, 1 h, RT (b) AcCl, AlCl3, N2, 100 °C, 3 h; (c) 3,4,5-

trimethoxybenzaldehyde, 50% aq. NaOH, MeOH, 72 h, RT; (d) I2, DMSO, 180 °C, 2 h; (e) 

47% HBr, AcOH, N2, 135 °C, 48 h. 

a. 3,4,5-Trimethoxyphenol (1n-1) 

Modified literature procedure.[24] 

To a stirred solution of 3,4,5-trimethoxybenzaldehyde (2.1 g, 10.7 mmol, 

1.0 eq) in 100 ml of dry DCM, 4.41 g of NaHCO3 was added under N2 

atmosphere. Then m-CPBA (4.55 g, 20.3 mmol, 1.9 eq) was added to the 

suspension, and the reaction was allowed to stir for 1 h at RT. After, the reaction was 

quenched with saturated aqueous solution of Na2S2O3 and extracted with DCM (3×25 mL). 

The combined organic layers were washed with saturated aqueous NaHCO3 solution and 

dried over MgSO4. The crude material obtained after evaporation was dissolved in 50 mL of 

MeOH and treated with K2CO3 (5 g, 36.3 mmol) to hydrolyze the remaining formate ester. 

The reaction was allowed to stir for an additional hour, diluted with water and extracted with 

diethyl ether (3×50 mL). The combined organic phases were washed with brine, dried over 

MgSO4, filtered and evaporated under reduced pressure. The product 1n-1 was obtained as 

colourless solid (1 g, 51%). 

1H NMR (400 MHz, DMSO-d6) δ 9.20 (s, 1H), 6.04 (s, 2H), 3.69 (s, 6H), 3.54 (s, 3H).  
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b. 1-(6-hydroxy-2,3,4-trimethoxyphenyl)ethan-1-one (1n-2)  

The compound was synthesized following the modified literature 

procedure.[25] The crude product was purified on a silica gel column 

(iHex/EtOAc = 10:1→ 2/1) to yield 0.92 g of the desired product as a pale-

yellow solid (76%).  

1H NMR (400 MHz, DMSO-d6) δ 13.02 (s, 1H), 6.35 (s, 1H), 3.90 (s, 3H), 3.84 (s, 3H), 3.67 

(s, 3H), 2.58 (s, 3H). 

c. E-1-(6-hydroxy-2,3,4-trimethoxyphenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-one 

(1n-3) 

The compound was synthesized following the procedure given 

above (1l-4). The title compound was obtained as an orange solid 

(1.1 g, 67%). Spectral data are in agreement with literature 

value.[26] 

1H NMR (400 MHz, CDCl3) δ 13.70 (s, 1H), 7.85 (d, J = 15.5 Hz, 1H), 7.76 (d, J = 15.5 Hz, 

1H), 6.87 (s, 2H), 6.30 (s, 1H), 3.93 (s, 3H), 3.92 (s, 6H), 3.91 (s, 3H), 3.90 (s, 3H), 3.84 (s, 

3H). 

d. 3',4',5',5,6,7-trimethoxyflavone (1n-4) 

The compound was synthesized following the procedure given 

above (1l-5). The title compound was obtained as a yellow solid 

(0.93 g, 84%). The product was pure according to 1H NMR 

spectrum to be used for the next step without further purification. 

Spectral data are in agreement with literature value.[27] 

1H NMR (400 MHz, CDCl3) δ 7.07 (s, 2H), 6.80 (s, 1H), 6.62 (s, 1H), 3.99 (s, 6H), 3.95 (s, 

6H), 3.92 (s, 6H). 

 

e. 3',4',5',5,6,7-trihydroxyflavone 1n (HHF, 1n) 

Modified literature procedure.[28] 

200 mg of 1n-4 were refluxed in a solution of 8 mL of 47% HBr 

and 10 mL of AcOH under a N2 atmosphere for 48 h. The reaction 

was then cooled to RT and extracted with n-butanol (3×10 mL). The 

organic phases were combined, dried over Na2SO4, and concentrated under reduced pressure 

to yield a black crude material (105 mg). The crude material was purified by recrystallization 

from MeOH/Water, resulting in the isolation of a small amount (15 mg) of yellow solid for 

further FRAP/ORAC assays. Spectral data are in agreement with literature value.[28] 
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1H NMR (400 MHz, DMSO-d6) δ 12.80 (s, 1H), 10.48 (bs, 1H), 9.36 (bs, 2H), 9.08 (bs, 1H), 

8.73 (bs, 1H), 6.95 (s, 2H), 6.50 (s, 1H), 6.49 (s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 182.3, 164.3, 153.7, 150.1, 147.5, 146.8, 138.1, 129.6, 

121.1, 106.0, 104.4, 102.7, 94.1. 

APCI MS: calcd for C15H11O8 [M + H]+, 319.0, found 319.3. 

Myricetin (Myr, 1o) 

 

1H NMR (400 MHz, DMSO-d6) δ 12.50 (s, 1H), 10.79 (bs, 1H), 

9.35 (bs, 1H), 9.23 (bs, 2H), 8.83 (bs, 1H), 7.24 (s, 2H), 6.37 (d, J 

= 2.0 Hz, 1H), 6.18 (d, J = 2.0 Hz, 1H). 

Elem. Calcd for C15H10O8 × H2O: C 53.58, H 3.60. Found: C 

53.52, H 3.62. 

(-)-Epigallocatechin (EGC, 1p) 

 

1H NMR (400 MHz, DMSO-d6) δ 9.10 (bs, 1H), 8.89 (bs, 1H), 

8.71 (bs, 2H), 7.95 (bs, 1H), 6.37 (s, 2H), 5.88 (d, J = 2.3 Hz, 1H), 

5.70 (d, J = 2.3 Hz, 1H), 4.65 (bs, 1H), 4.62 (d, J = 4.5 Hz, 1H), 

3.97 (qd, J = 4.2, 1.6 Hz, 1H), 2.66 (dd, J = 16.4, 4.5 Hz, 1H), 2.44 

(d, J = 3.6 Hz, overlapped with DMSO-d6 peak). 

Elem. Calcd for C15H14O7 × H2O: C 55.56, H 4.97. Found: C 

55.27, H 4.96. 

(-)-Epigallocatechin gallate (EGCG, 1q) 

 

1H NMR (400 MHz, DMSO-d6) δ [9.29 (bs), 9.04 (bs), 8.74 (bs), 

8.06 (bs), 8H], 6.81 (s, 2H), 6.39 (s, 2H), 5.92 (d, J = 2.3 Hz, 

1H), 5.82 (d, J = 2.3 Hz, 1H), 5.35 (bs, 1H), 4.95 (s, 1H), 2.92 

(dd, J = 17.3, 4.7 Hz, 1H), 2.64 (d, J = 16.4 Hz, 1H). 

Elem. Calcd for C22H18O11 × H2O: C 55.47, H 4.23. Found: C 

55.35, H 4.19. 

1.3.7.8. Synthesis and analytical data of N-nucleophiles 2a-g 

Pentylamine salts Acid·2a 

 

1 ml of pentylamine (0.755 g, 

8.68 mmol, 1.05 eq) was 

dissolved in 10 ml of Et2O at 0 

°C. 1 eq of certain carboxylic 

acid was added and the reaction mixture was stirred for 15 min at RT. The mixture was 

evaporated under reduced pressure and dried in vacuo. The product was obtained (>99%). 
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a) Pentylamine trifluoroacetate (TFA×2a) 

 

White powder 

1H NMR (400 MHz, DMSO-d6) δ 7.71 (bs, 3H), 3.26 – 2.68 

(m, 2H), 1.58 – 1.46 (m, 2H), 1.32 – 1.24 (m, 4H), 0.94 – 0.81 

(m, 3H). 

b) Pentylamine monochloroacetate (MCA×2a) 

 

Yellow oil 

1H NMR (400 MHz, CDCl3) δ 8.22 (bs, 3H), 4.00 (s, 2H), 

2.92 – 2.84 (m, 2H), 1.74 – 1.60 (m, 2H), 1.40 – 1.27 (m, 

4H), 0.96 – 0.83 (m, 3H). 

c) Pentylamine formate (FA×2a) 

 

Colorless oil 

1H NMR (400 MHz, DMSO-d6) δ 8.45 (s, 1H), 2.74 – 2.66 (m, 

2H), 1.57 – 1.45 (m, 2H), 1.35 – 1.20 (m, 4H), 0.93 – 0.81 (m, 

3H). 

d) Pentylamine benzoate (BzA×2a) 

 

White powder 

1H NMR (400 MHz, DMSO-d6) δ 8.23 (bs, 3H), 7.88 – 7.83 

(m, 2H), 7.49 – 4.81 (m, 3H), 2.74 (t, J = 7.4 Hz, 2H), 1.56 – 

1.49 (m, 2H), 1.30 – 1.25 (m, 4H), 0.87 – 0.84 (m, 3H). 

e) Pentylamine acetate (AcA×2a) 

 

Colorless oil 

1H NMR (400 MHz, DMSO-d6) δ 6.88 (bs, 3H), 2.65 – 2.57 (m, 

2H), 1.74 (s, 3H), 1.50 – 1.38 (m, 2H), 1.35 – 1.18 (m, 4H), 0.92 

– 0.81 (m, 3H). 

Glycine-N-methylamide (H-Gly-NMe, 2b) 

 

Modified literature procedure[29] 

1 g of glycine ethyl ester hydrochloride 

(7.2 mmol, 1 eq) was stirred in 5 ml of 

33% of MeNH2 at 50 °C for 1 h and 
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overnight at RT. Afterwards 1 g of NaOH was added and stirring continued for 10 min. The 

mixture was evaporated under reduced pressure to then extracted with ethyl acetate (3×10 

mL), which was filtered and dried in vacuo. The product was obtained as yellowish oil (323 

mg, 52%). Spectral data are in agreement with literature value.[29] 

1H NMR (400 MHz, DMSO-d6) δ 7.75 (bs, 1H), 3.04 (s, 2H), 2.60 (d, J = 4.8 Hz, 3H), 1.74 

(bs, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 173.4, 44.8, 25.3. 

L-Alanine-N-methylamide (H-Ala-NMe, 2c) 

 

Modified literature procedure[29] 

1 g of L-alanine methyl ester 

hydrochloride (7.2 mmol, 1 eq) was 

stirred in 10 ml of 33% of MeNH2 at 50  

°C for 1 h and overnight at RT. After 2 g of NaOH was added and stirring continued for 10 

min. The mixture was evaporated under reduced pressure to then extracted with DCM (3×10 

mL), which was filtered and dried in vacuo. The product was obtained as colorless oil (70 

mg, 10%). Spectral data are in agreement with literature value.[30] 

1H NMR (400 MHz, DMSO-d6) δ 7.74 (bs, 1H), 3.20 (q, J = 6.9 Hz, 1H), 2.58 (d, J = 4.7 

Hz, 3H), 1.09 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 176.2, 50.3, 25.4, 21.7. 

General synthesis of AA-N-methylamides for n≥2 

 

Modified literature procedure[31] 

1.21 ml of NMM (N-Methyl 

morpholine, 11 mmol, 1.11 g, 1.1 eq), 

then 1.43 ml of IBCF (isobutyl  

chloroformate, 11 mmol, 1.5 g, 1.1 eq) were successively added to a solution of N’-PG-AA 

(10 mmol) in dry THF (50 mL) at –20 — -15 °C (Ice/salt = 3/1). After 5 min of activation, 

0.85 ml of 40 % aqueous methylamine (11 mmol, 1.1 eq) was added, and the resulting 

solution was stirred for 1 hour at –20 °C. The reaction was quenched with 100 mL of 5% 

NaHCO3 and stirred additionally for 1 hour at RT. The aqueous phase was extracted with 

DCM (3×50 mL). The combined organic phases were washed with 5 % NaHCO3 (2×50 mL), 

dried over MgSO4. Solvents were evaporated under reduced pressure; the crude product was 
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recrystallized from i-Hex/EtOAc. 

Benzyl (3-(methylamino)-3-oxopropyl)carbamate (Cbz-ß-Ala-NMe, Z-2d)  

 

White solid, yield 77% 

1H NMR (400 MHz, DMSO-d6) δ 7.79 (q, J = 4.6 Hz, 

1H), 7.38 – 7.28 (m, 5H), 7.25 (t, J = 5.9 Hz, 1H), 5.00 

(s, 2H), 3.18 (q, J = 7.0 Hz, 2H), 2.55 (d, J = 4.6 Hz, 

3H), 2.23 (t, J = 7.3 Hz, 2H). 

Benzyl (4-(methylamino)-4-oxobutyl)carbamate (Cbz-Gaba-NMe, Z-2e)  

 

White solid, yield 78% 

1H NMR (400 MHz, DMSO-d6) δ 7.71 (d, J = 5.8 Hz, 1H), 

7.39 – 7.28 (m, 5H), 7.26 (t, J = 5.7 Hz, 1H), 5.00 (s, 2H), 

2.96 (q, J = 6.9 Hz, 2H), 2.54 (d, J = 4.6 Hz, 3H), 2.04 (t, J 

= 7.5 Hz, 2H), 1.61 (p, J = 7.3 Hz, 2H). 

Benzyl (5-(methylamino)-5-oxopentyl)carbamate (Cbz-ß-Ava-NMe, Z-2f)  

 

White powder, yield 81% 

1H NMR (400 MHz, CDCl3) δ 7.39 – 7.28 (m, 5H), 5.54 

(bs, 1H), 5.09 (s, 2H), 4.89 (bs, 1H), 3.21 (q, J = 6.6 Hz, 

2H), 2.78 (d, J = 4.8 Hz, 3H), 2.19 (t, J = 7.4 Hz, 2H), 1.71 

– 1.63 (m, 2H), 1.53 (p, J = 6.9 Hz, 2H). 

N-Boc-L-Lys(Cbz)-NMe (Z-2g) 

 

Recrystallized from EtOAc. 

White powder, yield 70% 

1H NMR (400 MHz, DMSO-d6) δ 7.72 (q, J = 4.6 Hz, 

1H), 7.41 – 7.26 (m, 5H), 7.24 (t, J = 5.8 Hz, 1H), 6.78 

(d, J = 8.1 Hz, 1H), 5.00 (s, 2H), 3.80 (td, J =  8.7, 5.1  

Hz, 1H), 2.95 (q, J = 6.6 Hz, 2H), 2.56 (d, J = 4.6 Hz, 3H), 1.65 – 1.17 (m, 6H), 1.34 (s, 9H) 

13C NMR (101 MHz, DMSO-d6) δ 172.6, 156.1, 155.4, 137.3, 128.4, 127.8, 77.9, 65.1, 54.3, 

40.1, 31.7, 29.1, 28.2, 25.5, 22.9. 

MS (APCI): calcd for C20H32N3O5 [M + H]+, 394.2; found 394.1. 
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N-Ac-L-Lys(Cbz)-NMe (Z-2g') 

 

1.1 g (2.8 mmol, 1 eq) of N-

Boc-L-Lys(Cbz)-NMe Z-2g in 

10 mL of DCM was cooled to 

0 °C. Then, 5 mL of 4 M HCl 

in 1,4-dioxane was added dropwise to the solution. The ice bath was removed, and the 

reaction was stirred at RT for 1 h. All the volatiles were evaporated under reduced pressure. 

The crude material was dissolved in 20 ml of DCM and cooled down to 0 °C under N2. 1.46 

ml of DIPEA (1.06 ml, 8.4 mmol, 3 eq) was added dropwise, followed by dropwise addition 

of 0.53 ml of Ac2O (0.57 g, 5.6 mmol, 2 eq). The reaction mixture was diluted with 

additional 20 ml DCM and catalytic amount of DMAP was added after. The ice bath was 

removed, and the reaction was allowed to stir overnight at RT. After it was quenched with 

100 ml of saturated NaHCO3 and extracted with DCM (3×50 ml). All the volatiles were 

evaporated under reduced pressure. The crude material was recrystallized from EtOAc/EtOH, 

resulting in a yield of 0.52 mg white solid of the final product (55%). 

1H NMR (400 MHz, DMSO-d6) δ 7.93 (d, J = 8.1 Hz, 1H), 7.80 (q, J = 4.5 Hz, 1H), 7.38 – 

7.27 (m, 5H), 7.22 (t, J = 5.7 Hz, 1H), 5.00 (s, 2H), 4.12 (td, J = 8.5, 5.4 Hz, 1H), 2.95 (q, J 

= 6.6 Hz, 2H), 2.55 (d, J = 4.6 Hz, 3H), 1.83 (s, 3H), 1.64 – 1.52 (m, 1H), 1.51 – 1.33 (m, 

3H), 1.32 – 1.12 (m, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 172.2, 169.2, 156.1, 137.3, 128.4, 127.8, 52.5, 31.8, 29.2, 

25.5, 22.8, 22.6. 

MS (APCI): calcd for C17H26N3O4 [M + H]+, 336.2, found 336.1. 

 

Boc-Arg(Tos)-NMe (Tos-2h)  

 

Purified by column chromatography (DCM → DCM/MeOH = 

10/1(Rf 0.36)) 

White solid, 75% 

1H NMR (400 MHz, DMSO-d6) δ 7.76 (q, J = 4.5 Hz, 1H), 7.63 (d, 

J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.04 (bs, 1H), 6.81 (d, J = 8.2 Hz, 1H), 6.78 (bs, 

1H, overlapped), 6.56 (bs, 1H), 3.85 – 3.80 (m, 1H), 3.02 (bs, 2H), 2.57 (d, J = 4.5 Hz, 3H), 

2.35 (s, 3H), 1.59 – 1.50 (m, 1H), 1.46 – 1.33 (m, 3H), 1.38 (s, 9H). 

MS (APCI): calcd for C19H32N5O5S [M + H]+, 442.2, found 442.3. 
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The obtained N’-Cbz-AA was stirred 

overnight with 200 mg 10% Pd/C in 

50 ml of MeOH under H2 atmosphere 

at RT. The reaction mixture was 

filtered through a Celite pad and 

evaporated under reduced pressure.  

3-amino-N-methylpropanamide (H-ß-Ala-NMe, 2d) 

 

Colorless oil, yield >99% 

1H NMR (400 MHz, DMSO-d6) δ 7.78 (bs, 1H), 2.70 (t, J = 6.6 Hz, 

2H), 2.55 (d, J = 4.6 Hz, 3H), 2.12 (t, J = 6.6 Hz, 2H), 1.38 (bs, 2H). 

4-amino-N-methylbutanamide (H-Gaba-NMe, 2e) 

 

Colorless amorphous solid, yield >99% 

1H NMR (400 MHz, DMSO-d6) δ 7.74 (bs, 1H), 2.54 (d, J = 4.6 Hz, 

3H), 2.47 (t, overlapped with the solvent peak), 2.06 (t, J = 7.5 Hz, 

2H), 1.54 (p, J = 7.2 Hz, 2H). 

5-amino-N-methylpentanamide (H-Ava-NMe, 2f) 

 

White solid, yield >99% 

1H NMR (400 MHz, CDCl3) δ 5.56 (bs, 1H), 2.80 (d, J = 4.9 Hz, 

3H), 2.71 (t, J = 6.9 Hz, 2H), 2.19 (t, J = 7.5 Hz, 2H), 1.72 – 1.64 

(m, 2H), 1.52 – 1.41 (m, 4H). 

Tert-butyl (S)-(6-amino-1-(methylamino)-1-oxohexan-2-yl)carbamate (N-Boc-L-Lys-NMe, 

2g) 

 

Colorless amorphous glass, >99% 

Major conformer 

1H NMR (400 MHz, DMSO-d6) δ 7.78 (q, J = 4.6 Hz, 1H), 6.82 

(d, J = 8.2 Hz, 1H), 3.82 (td, J = 8.6, 5.1 Hz, 1H), 2.97 (br s, 2H), 

2.56 (d, J = 4.6 Hz, 3H), 2.52 (d, J = 4.6 Hz, overlapped), 1.61 – 

1.14 (m, 6H), 1.37 (s, 9H) 

13C NMR (101 MHz, DMSO-d6) δ 172.6, 155.3, 77.9, 54.3, 41.0, 32.1, 31.9, 28.2, 25.5, 

22.9. 

MS (APCI): calcd for C12H26N3O3 [M + H]+, 260.2; found 260.1. 
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(S)-2-acetamido-6-amino-N-methylhexanamide (N-Ac-L-Lys-NMe, 2g') 

 

White solid, >99% 

1H NMR (400 MHz, DMSO-d6) δ 7.99 (d, J = 8.1 Hz, 1H), 7.85 

(q, J = 4.6 Hz, 1H), 4.12 (td, J = 8.5, 5.4 Hz, 1H), 2.55 (d, J = 

4.6 Hz, 3H), 2.48 (t, overlapped with solvent peak), 1.83 (s, 3H), 

1.65 – 1.50 (m, 1H), 1.49 – 1.38 (m, 1H), 1.37 – 1.12 (m, 4H). 

13C NMR (101 MHz, DMSO-d6) δ 172.3, 169.2, 52.6, 41.2, 32.5, 32.0, 25.5, 22.9, 22.6. 

MS (APCI): calcd for C9H20N3O2 [M + H]+, 202.2, found 202.1. 

Boc-Arg-NMe (2h) 

 

The reaction (0.5 mmol scale) 

was performed following a 

known procedure[32]. 

The obtained colorless amorphous glass mostly contained free Boc-Arg-NMe and was used 

without further purification. 

1H NMR (400 MHz, MeOH-d4) δ 4.02 – 3.99 (m, 1H), 3.23 – 3.13 (m, 2H), 2.74 (s, 3H), 

1.84 –1.58 (m, 4H), 1.45 (s, 9H). 

MS (APCI): calcd for C12H25N5O3 [M + H]+, 288.2, found 288.0. 
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1.3.7.9. Synthesis and analytical data of products 3xx and 7x 

5,7-dihydroxy-6-(pentylamino)-2-phenyl-4H-chromen-4-one (3aa) 

 

The compound was synthesized according to the procedure 

described before.[1] 

1H NMR (400 MHz, DMSO-d6) δ 12.94 (s, 1H), 8.07 – 8.04 

(m, 2H), 7.78 – 7.43 (m, 3H), 6.92 (s, 1H), 6.62 (s, 1H), 3.22 

(t, J = 7.0 Hz, 2H), 1.55 – 1.19 (m, 6H), 0.87 – 0.82 (m, 

3H).  

13C NMR (101 MHz, DMSO-d6) δ 182.1, 162.6, 154.7, 150.2, 148.5, 131.8, 131.0, 129.1, 

126.3, 121.4, 104.6, 104.2, 93.6, 45.4, 29.9, 28.6, 22.0, 14.0. 

IR ν˜= 3068(vw), 2931(w), 2854(w), 1652(s), 1577(s), 1495(w), 1449(m), 1379(s), 

1280(m), 1250(m), 1091(s), 1037(m), 872(s), 853(s), 816(vs), 766(s). 

Rf 0.36 (DCM/MeOH = 20/1) 

A DCM solution of 3aa was allowed to evaporate slowly during several days at RT. The 

formed yellow crystals were carefully separated and quickly washed with DCM. The 

composition of the obtained crystals was 2×3aa×DCM. 

 

Fig. S79. X-ray crystal structure of 3aa. 

Table S11. Crystallographic data for 3aa. 

net formula C41H44Cl2N2O8  transmission factor range 0.96-0.99 

Mr/g mol−1 763.68  refls. measured 67492 

crystal size/mm 0.120 × 0.090 × 0.050  Rint 0.0554 

T/K 173.(2)  mean σ(I)/I 0.0298 

radiation MoKα  θ range 2.869–26.730 
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diffractometer Bruker D8 Venture TXS  observed refls. 6370 

crystal system monoclinic  x, y (weighting scheme) 0.0516, 3.6222 

space group P 1 21/n 1  hydrogen refinement mixed 

a/Å 16.6356(7)  Flack parameter ? 

b/Å 14.0673(6)  refls in refinement 8031 

c/Å 17.2270(7)  parameters 504 

α/  90  restraints 0 

β/  109.9530(10)  R(Fobs) 0.0533 

γ/  90  Rw(F2) 0.1377 

V/Å3 3789.4(3)  S 1.049 

Z 4  shift/errormax 0.001 

calc. density/g cm−3 1.339  max electron density/e Å−3 0.834 

μ/mm−1 0.227  min electron density/e Å−3 −0.940 

absorption correction Multi-Scan    

 

6-amino-5,7-dihydroxy-2-phenyl-4H-chromen-4-one (7a) 

 

33.75 mg of 1a (0.125 mmol, 1 eq) was 

dissolved in 5 ml of dry DCM (10 vol% of 

dry DMSO-d6). 0.25 ml of 2 M NH3 in  

MeOH was added to the resulting solution of 1a. The addition of NH3 resulted in the 

formation of a yellow precipitate. The reaction mixture was placed on a shaker at 400 RPM 

and allowed to react overnight at RT. The precipitate dissolved over the course of the reaction 

to form a red solution. The reaction was quenched with 10 ml of water, causing the formation 

of a yellow precipitate. The resulting mixture was centrifuged (3×5 ml of water) to isolate the 

precipitate. The obtained product was dried under reduced pressure to obtain a yellow solid 

(16 mg, 48%). 1H and 13C NMR spectra match the data reported in the literature.[33] 

1H NMR (400 MHz, DMSO-d6) δ 12.65 (s, 1H), 8.11 – 8.03 (m, 2H), 7.65 – 7.55 (m, 3H), 

6.93 (s, 1H), 6.64 (s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 181.9, 162.6, 151.5, 148.8, 144.6, 131.8, 131.1, 129.2, 

126.3, 120.2, 104.5, 104.2, 93.4. 

IR ν˜= 3425(vw), 3343(vw), 3067(m), 1654(s, C=O), 1621(m), 1576(s), 1498(s), 1450(s) 

1407(m), 1366(vs), 1300(m), 1241(m), 1194(vs), 1018 (m), 912(w), 825(s), 764(s). 

MS (APCI): calcd for C15H12NO4 [M + H]+, 270.1; found 270.1. 
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2,4-dihydroxy-3-(pentylamino)acetophenone (3ba) 

 

The synthesis was described above (Table S7, Entry 4). 

Yellow solid (95 mg, 80%) 

1H NMR (400 MHz, DMSO-d6) δ 7.29 (d, J = 8.8 Hz, 1H), 6.41 

(d, J = 8.8 Hz, 1H), 3.18 (t, J = 7.0 Hz, 2H), 2.51 (s, 3H), 1.43 – 

1.34 (m, 2H), 1.33 – 1.18 (m, 4H), 0.84 (t, J = 6.9, 3H) 
13C NMR (101 MHz, DMSO-d6) δ 203.6, 154.1, 154.0, 124.0, 123.3, 112.7, 107.5, 45.4, 

29.9, 28.6, 26.2, 22.0, 14.0. 

HRMS (ESI): calcd for C13H20NO3 [M + H]+, 238.1438; found 238.1437. 

IR ν˜= 2952(m), 2929(m), 2865(w), 1608(vs, C=O), 1363(s), 1271(m), 1048(s), 1023(s), 

861(s), 799(vs). 

Rf 0.46 (DCM/MeOH = 10/1)  

M.p 94 °C 

Pure 3ba was dissolved in DCM/iHex mixture, and the solvents were slowly evaporated at 

RT for several days. The formed yellow crystals were separated, quickly washed with iHex 

and analyzed via scXRD analysis.  

 

Fig. S80. X-ray structure of 3ba. 

Table S12. Crystallographic data for 3ba. 

net formula C13H19NO3  transmission factor range 0 97-0.99 

Mr/g mol−1 237.29  refls. measured 22627 

crystal size/mm 0.150 × 0.120 × 0.070  Rint 0.0347 

T/K 173.(2)  mean σ(I)/I 0.0333 

radiation MoKα  θ range 2.319–27.481 
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diffractometer Bruker D8 Venture TXS  observed refls. 4636 

crystal system triclinic  x, y (weighting scheme) 0.0583, 0.4036 

space group P -1  hydrogen refinement mixed 

a/Å 9.8014(3)  Flack parameter ? 

b/Å 10.2955(3)  refls in refinement 5797 

c/Å 13.7201(4)  parameters 335 

α/  72.2560(10)  restraints 1 

β/  74.5520(10)  R(Fobs) 0.0440 

γ/  89.0200(10)  Rw(F2) 0.1248 

V/Å3 1267.90(7)  S 1.034 

Z 4  shift/errormax 0.001 

calc. density/g cm−3 1.243  max electron density/e Å−3 0.274 

μ/mm−1 0.088  min electron density/e Å−3 − 0.216 

absorption correction Multi-Scan    

 

Synthetic route to 7b 

 

2,4-dihydroxy-3-nitroacetophenone (7b-NO2) 

 

The compound was synthesized using literature procedure.[34] 

1H NMR (400 MHz, DMSO-d6) δ 13.32 (s, 1H), 12.33 (bs, 1H), 7.98 (d, 

J = 9.0 Hz, 1H), 6.62 (d, J = 9.0 Hz, 1H), 2.59 (s, 3H). 

 

2,4-dihydroxy-3-aminoacetophenone (7b) 

 

The compound was synthesized using literature procedure[35] 

Yellow solid, yield 55% 

1H NMR (400 MHz, DMSO-d6) δ 7.15 (d, J = 8.7 Hz, 1H), 6.40 (d, J = 

8.7 Hz, 1H), 2.51 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 203.6, 150.3, 123.3, 120.4, 112.7, 107.0, 26.2. 

M.p 200 °C (decomp) 
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The crystals of 7b were obtained by slow evaporation from a Toluene/MeOH mixture. 

 

Fig. S81. X-ray structure of 7b. 

Table S13. Crystallographic data for 7b. 

net formula C8H9NO3  transmission factor range 0.96-0.99 

Mr/g mol−1 167.16  refls. measured 30304 

crystal size/mm 0.120 × 0.090 × 0.070  Rint 0.0369 

T/K 173.(2)  mean σ(I)/I 0.0136 

radiation MoKα  θ range 3.396–27.463 

diffractometer Bruker D8 Venture TXS  observed refls. 1575 

crystal system tetragonal  x, y (weighting scheme) 0.0514, 2.6071 

space group I 41/a  hydrogen refinement mixed 

a/Å 14.4301(3)  Flack parameter ? 

b/Å 14.4301(3)  refls in refinement 1773 

c/Å 14.8323(3)  parameters 126 

α/  90  restraints 1 

β/  90  R(Fobs) 0.0381 

γ/  90  Rw(F2) 0.1039 

V/Å3 3088.50(14)  S 1.044 

Z 16  shift/errormax 0.001 

calc. density/g cm−3 1.438  max electron density/e Å−3 0.284 

μ/mm−1 0.111  min electron density/e Å−3 − 0.212 

absorption correction Multi-Scan    

 

Tert-butyl (S)-(6-((3-acetyl-2,6-dihydroxyphenyl)amino)-1-(methylamino)-1-oxohexan-2-

yl)carbamate 3bg 

 

121 mg of N-Boc-Lys-NMe (2g) (0.465 

mmol, 1.0 eq) was dissolved in 20 ml dry 

DCM under O2 atmosphere. 80 mg of 

TAP (1b) (0.476 mmol, 1 eq) was added 

was added to the stirring solution. The reaction immediately became green. The solution was 
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vigorously stirred for 18 h at RT. The solvent was evaporated under reduced pressure at 25 

°C. Crude material was purified by column chromatography on silica gel (DCM → 

DCM/MeOH = 20/1). Product was obtained as yellow green glass (60 mg, 30%). NMR 

analysis showed the formation of 3bg adduct. 

1H NMR (400 MHz, DMSO-d6) δ 12.95 (bs, 1H), 7.70 (q, J = 4.6 Hz, 1H), 7.28 (d, J = 8.8 

Hz, 1H), 6.74 (d, J = 8.2 Hz, 1H), 6.41 (d, J = 8.8 Hz, 1H), 3.81 (td, J = 8.5, 5.1 Hz, 1H), 

3.15 (t, J = 6.9 Hz, 2H), 2.56 (d, J = 4.6 Hz, 3H), 2.51 (s, 3H), 1.62 – 1.39 (m, 2H), 1.37 (s, 

overlapped, 9H), 1.34 – 1.17 (m, overlapped, 4H). 

13C NMR (101 MHz, DMSO-d6) δ 203.6, 172.5, 155.3, 154.0, 124.0, 123.3, 112.7, 107.5, 

77.9, 54.3, 45.4, 31.9, 29.9, 28.2, 26.2, 25.5, 22.9. 

HRMS (ESI): calcd for C20H32N3O6 [M + H]+, 410.2286; found 410.2287 

IR ν˜= 3300(s, -OH), 2973(s), 2939(s), 1651(s), 1626(vs, C=O), 1508(s), 1437(s), 1366(vs), 

1298(vs), 1165(s), 1055(s), 956(vw), 800(w), 711(w) cm‒1. 

Rf 0.15 (DCM/MeOH = 20/1) 

 

2-(pentylamino)benzene-1,3-diol (3ea)  

 

The title compound (87 mg, 45%) was obtained as a colorless solid 

following the General Procedure D (1 mmol scale, 3 eq of Pentylamine 

2a) in 24 h after purification by flash chromatography (iHex/[EtOAc/ 

EtOH=3/1] = 7/3). Due to high reactivity, the compound becomes black on exposure to air. 

1H NMR (400 MHz, DMSO-d6) δ 8.85 (bs, 2H), 6.40 (dd, J = 8.0, 7.5 Hz, 1H), 6.23 (d, J = 

8.0 Hz, 2H), 3.64 (bs, 1H), 3.09 (t, J = 7.0 Hz, 2H), 1.43 – 1.36 (m, 2H), 1.33 – 1.19 (m, 

4H), 0.91 – 0.78 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 148.6, 124.8, 119.1, 106.9, 46.1, 30.0, 28.7, 22.1, 14.0. 

HRMS (ESI) calcd for C11H16NO2 [M - H]−, 194.1186, found 194.1186. 

Rf 0.27 (iHex/[EtOAc/EtOH=3/1] = 7/3) 

M.p 104 °C 

IR ν˜= 2928(m, -OH), 1606(m), 1458(s), 1307(m), 1241(m), 1043(m), 783(s), 732(m), 

703(m) cm‒1. 
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2-aminoresorcinol (7e) 

 

Modified literature procedure[36] 

To a stirring suspension of 10% w/w Pd/C (20 mg) 

in 25 ml of MeOH was added 310 mg of 2-

nitroresorcinol under nitrogen atmosphere, which  

then was replaced by H2 gas. The resulting reaction mixture was stirred for 4 h at RT. The 

reaction mixture was filtered through a Celite pad, and all the volatiles were evaporated under 

reduced pressure give 7e as dark solid (237 mg, 95%). 1H NMR spectrum matches literature 

data.[36] 

1H NMR (400 MHz, DMSO-d6) δ 8.83 (bs, 2H), 6.27 – 6.20 (m, 3H), 3.81 (bs, 2H). 

 

2,4-dihydroxy-3-(pentylamino)benzonitrile (3ga)  

 

The title compound (33 mg, 46%) was obtained as a red brown solid 

following the General Procedure D (0.33 mmol scale, 2 eq of amine 

2a) in 24 h after purification by flash chromatography 

(iHex/[EtOAc/EtOH=3/1] = 7/3). Unlike the other cases, the  

reaction mixture did not homogenize. Due to high reactivity the compound becomes darker on 

the exposure to air. 

1H NMR (400 MHz, DMSO-d6) δ 6.94 (d, J = 8.4 Hz, 1H), 6.42 (d, J = 8.5 Hz, 1H), 3.01 (t, 

J = 7.1 Hz, 2H), 1.45 – 1.35 (m, 2H), 1.33 – 1.21 (m, 4H), 0.87 – 0.83 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 154.1, 152.3, 126.0, 124.9, 118.3, 108.5, 92.0, 46.4, 29.6, 

28.6, 22.0, 14.0.  

HRMS (ESI): calcd for C12H15N2O2 [M - H]−, 219.1139; found 219.1139. 

Rf 0.18 (iHex/[EtOAc/EtOH=3/1] = 7/3) 

M.p 154 °C 

IR ν˜= 2921(m, -OH), 2212(m, C≡N), 1616(m), 1558(s), 1506(w), 1457(s), 1356(s), 1286(m), 

1244(vs), 1165(w), 1062(s), 880(w), 791(m), 746(m). 
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Pure 3ga was dissolved in Heptan/EtOAc/EtOH mixture, and the solvents were slowly 

evaporated at RT for several days. The formed yellow crystals were separated, quickly 

washed with Heptane, and analyzed via scXRD analysis. 

 

Fig. S82. X-ray structure of 3ga. 

Table S14. Crystallographic data for 3ga. 

net formula C26H40N4O6  transmission factor range 0.94-1.00 

Mr/g mol−1 504.62  refls. measured 23996 

crystal size/mm 0.130 × 0.090 × 0.030  Rint 0.0428 

T/K 173.(2)  mean σ(I)/I 0.0385 

radiation MoKα  θ range 2.943–26.372 

diffractometer Bruker D8 Venture TXS  observed refls. 4586 

crystal system triclinic  x, y (weighting scheme) 0.0609, 1.3724 

space group P -1  hydrogen refinement mixed 

a/Å 8.2748(6)  Flack parameter ? 

b/Å 13.4646(9)  refls in refinement 5706 

c/Å 13.5690(10)  parameters 364 

α/  76.263(2)  restraints 6 

β/  72.472(2)  R(Fobs) 0.0615 

γ/  88.924(2)  Rw(F2) 0.1572 

V/Å3 88.924(2)  S 1.039 

Z 2  shift/errormax 0.001 

calc. density/g cm−3 1.199  max electron density/e Å−3 0.451 

μ/mm−1 0.085  min electron density/e Å−3 − 0.411 

absorption correction Multi-Scan    
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Methyl 3,5-dihydroxy-(3-pentylamino)-benzoate (3ha) 

 

The title compound (48 mg, 19%) was obtained as a colorless 

solid following the General Procedure D (1 mmol scale, 3 eq of 

amine 2a) in 24 h after purification by flash chromatography 

(iHex/[EtOAc/EtOH=3/1] = 7/3). Due to high reactivity, the 

compound becomes slightly red on exposure to air. 

1H NMR (400 MHz, DMSO-d6) δ 9.35 (s, 2H), 6.92 (s, 2H), 4.37 (bs, 1H), 3.72 (s, 3H), 

3.34 (t, overlapped with H2O signal, 2H), 1.48 – 1.35 (m, 2H), 1.35 – 1.18 (m, 4H), 0.87 – 

0.79 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 166.4, 145.8, 130.5, 117.3, 108.4, 51.4, 44.8, 30.4, 28.5, 

22.0, 14.0. 

HRMS (ESI): calcd for C13H20NO4 [M + H]+, 254.1387; found 254.1387. 

Rf 0.40 (iHex/[EtOAc/EtOH=3/1] = 7/3) 

M.p 150 °C 

IR: ν˜= 3385(m, -OH), 2956(w), 2861(w), 1686(s, C=O), 1607(m), 1467(m), 1424(s), 

1355(s), 1290(m), 1248(vs), 1202(s), 1130(m), 1084(w), 1058(s), 1048(s), 1009(s), 982(w), 

937(w), 867(m), 818(w), 766(s). 

Methyl 3,5-dihydroxy-(3-pentylamino)-benzoate 3ia 

 

To a suspension of 92 mg of pseudo methyl gallate (0.5 mmol, 

1.0 eq) in 10 ml of anhydrous DCM was added pentylamine 

(~76 μL, 0.66 mmol, 1.3 eq) under O2 atmosphere. The resultant  

mixture was stirred at RT for 12 h. The residue was concentrated in vacuo at 25 °C and 

purified by flash column chromatography (iHex/EtOAc = 3/1) to afford the title compound 

as a white solid (110 mg, 88%). Due to high reactivity the compound becomes darker on 

exposure to air. 

1H NMR (400 MHz, DMSO-d6) δ 10.97 (bs, 1H), 7.17 (d, J = 8.7 Hz, 1H), 6.40 (d, J = 

8.7 Hz, 1H), 3.84 (s, 3H), 3.17 (t, J = 7.0 Hz, 2H), 1.40 (p, J = 7.0 Hz, 2H), 1.27 – 1.24 

(m, 4H), 0.86 – 0.82 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 170.6, 153.3, 152.7, 124.4, 120.8, 107.7, 104.0, 52.1, 

48.6, 45.5, 29.9, 28.6, 14.0. 

HRMS (ESI) m/z calcd for C13H18NO4 [M - H]−, 252.1242; found 252.1242. 

Rf 0.55 (iHex/EtOAc = 3/1) 

M.p 66 °C 

IR ν˜= 2925(m, -OH), 1650(vs, C=O), 1436(s), 1269(s), 1192(s), 1140(s), 1062(s), 990(s), 
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789(vs) cm‒1. 

Pure 3ia was dissolved in DCM/iHex mixture, and the solvents were slowly evaporated at RT 

for several days. The formed yellow crystals were separated, quickly washed with iHex and 

analyzed via scXRD analysis. 

 

Fig. S83. X-ray structure of 3ia. 

Table S15. Crystallographic data for 3ia. 

net formula C13H19NO4  transmission factor range 0.96-0.99 

Mr/g mol−1 253.29  refls. measured 22392 

crystal size/mm 0.130 × 0.090 × 0.050  Rint 0.0377 

T/K 173.(2)  mean σ(I)/I 0.0355 

radiation MoKα  θ range 2.361–27.103 

diffractometer Bruker D8 Venture TXS  observed refls. 4407 

crystal system triclinic  x, y (weighting scheme) 0.0678, 0.4467 

space group P -1  hydrogen refinement mixed 

a/Å 10.1321(4)  Flack parameter ? 

b/Å 10.1321(4)  refls in refinement 5683 

c/Å 13.2548(4)  parameters 353 

α/  107.7820(10)  restraints 1 

β/  99.5030(10)  R(Fobs) 0.0476 

γ/  99.5030(10)  Rw(F2) 0.1368 

V/Å3 1291.55(8)  S 1.046 

Z 4  shift/errormax 0.001 

calc. density/g cm−3 1.303  max electron density/e Å−3 0.292 

μ/mm−1 0.096  min electron density/e Å−3 − 0.310 

absorption correction Multi-Scan    
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5,7-Dihydroxy-6-(pentylamino)-2-phenylchroman-4-one (3ma) 

 

The title compound (42 mg, 49%) was obtained as a yellow green 

solid following general procedure A after purification by 

preparative TLC (Heptane/[EtOAc/EtOH=3/1] = 4/1). Due to its  

high reactivity the compound becomes darker under aerobic conditions. 

1H NMR (400 MHz, DMSO-d6) δ 12.37 (bs, 1H), 7.51 – 7.47 (m, 2H), 7.46 – 7.35 (m, 3H), 

5.90 (s, 1H), 5.48 (dd, J = 12.7, 3.07 Hz, 1H), 3.17 (dd, J = 17.1, 12.7 Hz, 1H), 3.03 (t, J = 

7.1 Hz, 2H), 2.71 (dd, J = 17.1, 3.5 Hz, 1H), 1.41 (p, J = 7.1 Hz, 2H), 1.28 – 1.23 (m, 4H), 

0.89 – 0.83 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 195.8, 159.5, 156.4, 152.9, 139.1, 128.5, 128.4, 126.6, 

117.3, 101.1, 94.8, 78.3, 46.3, 42.3, 29.3, 28.6, 22.0, 14.0. 

HRMS (ESI): calcd for C20H24NO4 [M + H]+, 342.1700; found 342.1700. 

IR ν˜= 2927(w), 1634(s, C=O), 1536(m), 1465(s), 1450(s), 1367(s), 1342(s), 1288(s), 1174(s), 

1084(s), 822(m), 762(m). 

Rf 0.17 (Heptane/[EtOAc/EtOH=3/1] = 4/1) 

M.p. 70 °C (decomp) 

 

2-(3,5-Dihydroxy-4-(pentylamino)phenyl)chromane-3,5,7-triol (3pa) 

 

The title compound (50 mg, 53%) was obtained as a grey 

solid following general procedure A (0.25 mmol scale, 2 eq 

of amine 2a) in 18 h after purification by flash 

chromatography (iHex/[EtOAc/EtOH=3/1] = 1/3). Due to  

high reactivity the compound becomes darker under aerobic conditions. 

1H NMR (400 MHz, DMSO-d6) δ 9.10 (bs, 1H), 8.89 (bs, 3H), 6.38 (s, 2H), 5.88 (d, J = 2.3 

Hz, 1H), 5.70 (d, J = 2.3 Hz, 1H), 4.63 (s, 1H), 3.98 (d, J = 4.3 Hz, 1H), 3.09 (t, J = 7.0 Hz, 

2H), 2.67 (dd, J = 16.4, 4.5 Hz, 1H), 2.47 (overlapped, 1H), 1.41 (p, J = 7.0 Hz, 2H), 1.30 – 

1.23 (m, 4H), 0.91 – 0.81 (m, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 156.5, 156.2, 155.8, 147.8, 130.7, 123.6, 105.9, 98.5, 

95.0, 94.0, 78.2, 65.0, 46.1, 29.9, 28.7, 28.3, 22.1, 14.0. 

HRMS (ESI): calcd for C20H26NO6 [M + H]+, 376.1755; found 376.1754. 

IR: 3300(m), 2927(m), 2858(m), 1602(s, C=O), 1513(m), 1464(s), 1427(s), 1364(s), 1202(s), 

1138(vs), 1094(s), 1042(s), 1012(s), 880(m), 818(s), 714(m), 674(m) cm‒1. 

Rf 0.69 (EtOAc/EtOH = 3/1) 

M.p. 141 °C (decomp) 
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6-(Ethylamino)-5,7-dihydroxy-2-phenyl-4H-chromen-4-one (3aj) 

 

The title compound (25 mg, 67%) was obtained as an orange solid 

following general procedure D (0.125 mmol scale, 1 eq of 1 eq of 

ethylamine (2M in MeOH), overnight, RT) after purification by flash 

chromatography (DCM/MeOH = 20/1 → 10/1). 

1H NMR (400 MHz, DMSO-d6) δ 12.95 (bs, 1H), 8.10 – 8.02 (m, 2H), 7.65 – 7.52 (m, 3H), 

6.92 (s, 1H), 6.62 (s, 1H), 3.26 (q, J = 7.1 Hz, 2H), 1.06 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 182.0, 162.6, 155.0, 150.4, 148.8, 131.8, 131.0, 129.1, 

126.3, 121.2, 104.6, 104.2, 93.6, 40.1, 16.0. 

HRMS (ESI): calcd for C17H16O4N [M + H]+, 298.1074; found 298.1072. 

Rf 0.43 (DCM/MeOH = 20/1) 

3-((5,7-Dihydroxy-4-oxo-2-phenyl-4H-chromen-6-yl)amino)-N-methylpropanamide (3ad) 

 

The title compound (50 mg, 41%) was 

obtained as a yellow solid following 

general procedure D (0.34 mmol scale, 2 

eq of 2d) in 24 h after purification by flash 

chromatography (iHex/[EtOAc/EtOH=3/1]). 

1H NMR (400 MHz, DMSO-d6) δ 12.95 (s, 1H), 8.12 – 8.00 (m, 2H), 7.83 (q, J = 4.6 Hz, 

1H), 7.65 – 7.52 (m, 3H), 6.94 (s, 1H), 6.62 (s, 1H), 3.37 (t, J = 6.5 Hz, 2H), 2.57 (d, J = 4.6 

Hz, 3H), 2.29 (t, J = 6.5 Hz, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 182.1, 171.8, 162.7, 155.5, 150.7, 149.3, 131.9, 131.0, 

129.2, 126.3, 120.9, 104.6, 104.2, 93.7, 42.0, 35.8, 25.5. 

HRMS (ESI): calcd for C19H18N2O5Na [M + Na]+, 377.1108; found 377.1112. 

Rf 0.27 (iHex/[EtOAc/EtOH=3/1] = 1/4) 

 

Fig. S84. X-ray crystal structure of 3ad. 
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Table S16. Crystallographic data for 3ad. 

net formula C19H18N2O5  transmission factor range 0.96-1.00 

Mr/g mol−1 354.35  refls. measured 27645 

crystal size/mm 0.120 × 0.080 × 0.020  Rint 0.0397 

T/K 173.(2)  mean σ(I)/I 0.0235 

radiation MoKα  θ range 2.393–26.368 

diffractometer Bruker D8 Venture TXS  observed refls. 3178 

crystal system monoclinic  x, y (weighting scheme) 0.0426, 0.8454 

space group P 1 21/c 1  hydrogen refinement Mixed 

a/Å 5.4488(2)  Flack parameter ? 

b/Å 8.5460(3)  refls in refinement 3514 

c/Å 35.8339(12)  parameters 253 

α/  90  restraints 0 

β/  94.3210(10)  R(Fobs) 0.0461 

γ/  90  Rw(F2) 0.1077 

V/Å3 1663.88(10)  S 1.095 

Z 4  shift/errormax 0.001 

calc. density/g cm−3 1.415  max electron density/e Å−3 0.215 

μ/mm−1 0.104  min electron density/e Å−3 −0.158 

absorption correction Multi-Scan    

4-((5,7-Dihydroxy-4-oxo-2-phenyl-4H-chromen-6-yl)amino)-N-methylbutanamide (3ae) 

 

The title compound (59 mg, 64%) 

was obtained as an orange-red solid 

following general procedure D (0.25 

mmol scale, 1.33 eq of 2e) in 3 hours 

after purification by flash chromatography (DCM/MeOH = 20/1 → 10/1). 

1H NMR (400 MHz, DMSO-d6) δ 12.95 (s, 1H), 8.09 – 8.03 (m, 2H), 7.72 (q, J = 4.7 Hz, 1H), 

7.65 – 7.52 (m, 3H), 6.93 (s, 1H), 6.62 (s, 1H), 3.20 (t, J = 7.0 Hz, 2H), 2.54 (d, J = 4.6 Hz, 

3H), 2.09 (t, J = 7.3 Hz, 2H), 1.63 (p, J = 7.3 Hz, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 182.1, 172.4, 162.7, 154.8, 150.3, 148.7, 131.8, 131.0, 

129.2, 126.3, 121.1, 104.6, 104.3, 93.6, 45.1, 32.9, 26.6, 25.5. 

HRMS (ESI): calcd for C20H20N2O5Na [M + Na]+, 391.1264; found 391.1264. 

Rf 0.31 (DCM/MeOH = 10/1) 

5-((5,7-dihydroxy-4-oxo-2-phenyl-4H-chromen-6-yl)amino)-N-methylpentanamide (3af) 

 

The title compound (50 mg, 52%) 

was obtained as an orange solid 

following general procedure D  

(0.25 mmol scale, 1.33 eq of 2f) in 2 h after purification by flash chromatography. 

1H NMR (400 MHz, DMSO-d6) δ 12.94 (bs, 1H), 8.07 – 8.04 (m, 2H), 7.69 (q, J = 4.5 Hz, 

1H), 7.62 – 7.55 (m, 3H), 6.93 (s, 1H), 6.62 (s, 1H), 3.21 (t, J = 7.1 Hz, 2H), 2.52 (t, J = 4.5, 
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3H), 2.04 (t, J = 7.1 Hz, 2H), 1.55 – 1.48 (m, 2H), 1.42 – 1.35 (m, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 182.1, 172.5, 162.6, 154.7, 150.3, 148.5, 131.9, 131.0, 

129.2, 126.3, 121.3, 104.6, 104.3, 93.6, 45.1, 35.2, 29.9, 25.4, 22.7. 

HRMS (ESI): calcd for C21H21N2O5 [M - H]−, 381.1456; found 381.1453 

Rf 0.17 (DCM/MeOH = 10/1) 

Tert-butyl (S)-(6-((5,7-dihydroxy-4-oxo-2-phenyl-4H-chromen-6-yl)amino)-1-

(methylamino)-1-oxohexan-2-yl)carbamate (3ag) 

 

Procedure A (described in 3bg). Orange solid (35 mg, 

69%). To get crystals suitable for X-ray analysis, more of 

the title compound was synthesized: 130 mg of N-Boc-Lys-  

NMe 2g (0.5 mmol, 1.0 eq) was dissolved in 6 ml dry DCM under O2 atmosphere. 135 mg of 

1a (0.5 mmol, 1 eq) was added to the stirring solution. The reaction immediately became 

green. The solution was vigorously stirred for 18 h at RT. Crude material was purified by 

column chromatography on silica gel (DCM → DCM/MeOH = 10/1). Product was obtained 

as yellow green glass (170 mg, 67%). 

1H NMR (400 MHz, DMSO-d6) δ 12.94 (s, 1H), 8.07 – 8.04 (m, 2H), 7.72 (q, J = 4.6 Hz, 

1H), 7.65 – 7.52 (m, 3H), 6.92 (s, 1H), 6.78 (d, J = 8.2 Hz, 1H), 6.61 (s, 1H), 3.82 (td, J = 

8.6, 5.1 Hz, 1H), 3.20 (t, J = 6.9 Hz, 2H), 2.56 (d, J = 4.6 Hz, 3H), 1.63 – 1.18 (m, 6H), 1.36 

(s, 9H). 

13C NMR (101 MHz, DMSO-d6) δ 182.1, 172.6, 162.6, 155.3, 154.7, 150.2,148.5, 131.8, 

131.0, 129.2, 126.3, 121.3, 104.6, 104.2, 93.6, 77.9, 54.3, 45.3, 32.0, 30.0, 28.2, 25.5, 22.9. 

HRMS (ESI): calcd for C27H34N3O7 [M + H]+, 512.2392; found 512.2393. 

Rf 0.32 (DCM/MeOH = 10/1) 

(S)-2-acetamido-6-((5,7-dihydroxy-4-oxo-2-phenyl-4H-chromen-6-yl)amino) -N-

methylhexanamide (3ag') 

 

The title compound (35 mg, 60%) was obtained as an orange 

solid following general procedure A after purification by 

flash chromatography (DCM/MeOH = 20/1 → 5/1). 

1H NMR (400 MHz, MeOH-d4) δ 8.50 – 7.83 (m, 2H), 7.64 – 7.46 (m, 3H), 6.72 (s, 1H), 

6.55 (s, 1H), 4.23 (dd, J = 8.9, 5.3 Hz, 1H), 3.25 (td, J = 7.1, 2H), 2.71 (s, 3H), 1.98 (s, 4H), 

1.87 – 1.70 (m, 1H), 1.70 – 1.51 (m, 3H), 1.51 – 1.34 (m, 1H). 

13C NMR (101 MHz, MeOH-d4) 184.0, 175.1, 173.4, 165.3, 158.9, 154.4, 152.4, 132.9, 

132.7, 130.2, 127.4, 120.5, 105.6, 105.3, 94.9, 54.9, 47.7, 32.9, 30.4, 26.3, 24.3, 22.5. 

HRMS (ESI): calcd for C24H26N3O6 [M - H]−, 452.1827; found 452.1826. 

Rf <0.05 (DCM/MeOH = 10/1) 
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1.3.7.10. NMR spectra of polyphenols 1a-q 

 
Fig. S85. 1H NMR spectrum of 1a, DMSO-d6, 400 MHz.  

 
Fig. S86. 13C NMR spectrum of 1a, DMSO-d6, 101 MHz.  
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Fig. S87. 1H NMR spectrum of 1b, DMSO-d6, 400 MHz.  

 
Fig. S88. 13C NMR spectrum of 1b, DMSO-d6, 101 MHz.  
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Fig. S89. 1H NMR spectrum of 1c, DMSO-d6, 400 MHz. 

 

 
Fig. S90. 1H NMR spectrum of 1e, DMSO-d6, 400 MHz. 
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Fig. S91. 1H NMR spectrum of 1f, DMSO-d6, 400 MHz. 

 
Fig. S92. 13C NMR spectrum of 1f, DMSO-d6, 101 MHz. 
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Fig. S93. 1H NMR spectrum of 1g, DMSO-d6, 400 MHz. 

 
Fig. S94. 13C NMR spectrum of 1g, DMSO-d6, 101 MHz. 
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Fig. S95. 1H NMR spectrum of 1i, DMSO-d6, 400 MHz. 

 
Fig. S96. 13C NMR spectrum of 1i, DMSO-d6, 101 MHz. 
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Fig. S97. 1H NMR spectrum of 1l, DMSO-d6, 400 MHz. 

 
Fig. S98. 13C NMR spectrum of 1l, DMSO-d6, 101 MHz. 
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Fig. S101. 1H NMR spectrum of 1n, DMSO-d6, 400 MHz. 

 
Fig. S102. 1H NMR spectrum of 1o, DMSO-d6, 400 MHz. 
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Fig. S103. 1H NMR spectrum of 1p, DMSO-d6, 400 MHz. 

 
Fig. S104. 13C NMR spectrum of 1p, DMSO-d6, 101 MHz. 
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Fig. S105. 1H NMR spectrum of 1q, DMSO-d6, 400 MHz. 
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1.3.7.11. NMR Spectra of N-nucleophiles 2a-g 

 
Fig. S106. 1H NMR spectrum of pentylamine trifluoroacetate TFA×2a, DMSO-d6, 400 

MHz. 

 
Fig. S107. 1H NMR spectrum of pentylamine monochloroacetate MCA×2a, CDCl3, 400 

MHz. 

                                                                                
   

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 

 
  

 
 
  

 
 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 

 
  

 

 
  

 
 
  

 

 
  

 
 
  

 

 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 
 
  

 
 
  

 

 
  

 
  

 
 
 

  
 

 
  

 
 
  

 
 
  

 

 
  

 
  

 
  

 

 
  

 

                                                                                
   

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 

 
  

 
 
  

 
 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 

 
  

 

 
  

 
 
  

 

 
  

 
 
  

 

 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 
 
  

 
 
  

 

 
  

 
 
  

 
 
  

 

 
  

 

 
  

 
  

 
 
  

 
  

 



226 

 

 
Fig. S108. 1H NMR spectrum of pentylamine formate FA×2a, DMSO-d6, 400 MHz. 

 
Fig. S109. 1H NMR spectrum of pentylamine benzoate BzA×2a, DMSO-d6, 400 MHz. 
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Fig. S110. 1H NMR spectrum of pentylamine acetate AcA×2a, DMSO-d6, 400 MHz. 

 
Fig. S111. 1H NMR spectrum of H-Gly-NMe (2b), DMSO-d6, 400 MHz. 
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Fig. S112. 13C NMR spectrum of H-Gly-NMe (2b), DMSO-d6, 101 MHz. 

 
Fig. S113. 1H NMR spectrum of H-L-Ala-NMe 2c, DMSO-d6, 400 MHz. 
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Fig. S114. 13C NMR spectrum of H-L-Ala-NMe (2c), DMSO-d6, 101 MHz. 

 
Fig. S115. 1H NMR spectrum of H-ß-Ala-NMe (2d), DMSO-d6, 400 MHz. 
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Fig. S116. 1H NMR spectrum of H-GABA-NMe (2e), DMSO-d6, 400 MHz. 

 
Fig. S117. 1H NMR spectrum of H-Ava-NMe (2f), CDCl3, 400 MHz. 
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Fig. S118. 1H NMR spectrum of N-Boc-Lys-NMe (2g), DMSO-d6, 400 MHz. 

 
Fig. S119. 13C NMR spectrum of N-Boc-Lys-NMe (2g), DMSO-d6, 101 MHz. 
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Fig. S120. 1H NMR spectrum of N-Ac-Lys-NMe (2g'), DMSO-d6, 400 MHz. 

 
Fig. S121. 13C NMR spectrum of N-Ac-Lys-NMe (2g'), DMSO-d6, 101 MHz. 
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1.3.7.12. NMR spectra of products 3xx and 7x 

 
Fig. S122. 1H NMR spectrum of 3ba, DMSO-d6, 400 MHz. 

 
Fig. S123. 13C NMR spectrum of 3ba, DMSO-d6, 101 MHz. 
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Fig. S124. 1H NMR spectrum of 7b, DMSO-d6, 400 MHz. 

 
Fig. S125. 13C NMR spectrum of 7b, DMSO-d6, 101 MHz.  
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Fig. S126. 1H NMR spectrum of 3bg, DMSO-d6, 400 MHz. 

 
Fig. S127. 13C NMR spectrum of 3bg, DMSO-d6, 101 MHz. 
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Fig. S133. 1H NMR spectrum of 3ga, DMSO-d6, 400 MHz. 

 

Fig. S134. 13C NMR spectrum of 3ga, DMSO-d6, 101 MHz. 
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Fig. S135. 1H NMR spectrum of 3ha, DMSO-d6, 400 MHz. 

 

Fig. S136. 13C NMR spectrum of 3ha, DMSO-d6, 101 MHz. 
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Fig. S137. 1H NMR spectrum of 3ia, DMSO-d6, 400 MHz. 

 
Fig. S138. 13C NMR spectrum of 3ia, DMSO-d6, 101 MHz. 
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Fig. S139. 1H NMR spectrum of 3ma, DMSO-d6, 400 MHz. 

 

Fig. S140. 13C NMR spectrum of 3ma, DMSO-d6, 101 MHz. 
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Fig. S141. 1H NMR spectrum of 3pa, DMSO-d6, 400 MHz. 

 

Fig. S142. 13C NMR spectrum of 3pa, DMSO-d6, 101 MHz. 
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Fig. S143. 1H NMR spectrum of 3aj, DMSO-d6, 400 MHz. 

 

Fig. S144. 13C NMR spectrum of 3aj, DMSO-d6, 101 MHz. 
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Fig. S145. 1 H NMR spectrum of 7a, DMSO-d6, 400 MHz. 

 

Fig. S146. 13C NMR spectrum of 7a, DMSO-d6, 101 MHz. 
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Fig. S147. 1H NMR spectrum of 3ad, DMSO-d6, 400 MHz. 

 

Fig. S148. 13C NMR spectrum of 3ad, DMSO-d6, 101 MHz. 
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Fig. S149. 1H NMR spectrum of 3ae, DMSO-d6, 400 MHz. 

 

Fig. S150. 13C NMR spectrum of 3ae, DMSO-d6, 101 MHz. 
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Fig. S151. 1H NMR spectrum of 3af, DMSO-d6, 400 MHz. 

 

Fig. S152. 13C NMR spectrum of 3af, DMSO-d6, 101 MHz. 
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Fig. S153. 1H NMR spectra of 3ag, DMSO-d6, 400 MHz. 

 
Fig. S154. 13C NMR spectrum of 3ag, DMSO-d6, 101 MHz. 
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Fig. S158. 13C NMR spectrum of 3ag', MeOH-d4, 101 MHz. 

1.3.7.13. NMR spectra of Intermediate Products 

 
Fig. S159. 1H NMR spectrum of 2,3,4-trimethoxyphenol (1l-1), CDCl3, 400 MHz. 
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Fig. S160. 1H NMR spectrum of 2,3,4-trimethoxyphenylacetate (1l-2), CDCl3, 400 MHz. 

 
Fig. S161. 1H NMR spectrum of 1-(2-hydroxy-3,4,5-trimethoxyphenyl)ethan-1-one (1l-3), 

CDCl3, 400 MHz. 
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Fig. S162. 1H NMR spectrum of 1-(2-hydroxy-3,4,5-trimethoxyphenyl)-3-phenylprop-2-en-

1-one (1l-4), CDCl3, 400 MHz. 

 
Fig. S163. 1H NMR spectrum of 6,7,8-trimethoxyflavone (1l-5), DMSO-d6, 400 MHz. 
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Fig. S164. 1H NMR spectrum of 3,4,5-trimethoxyphenol (1n-1), DMSO-d6, 400 MHz. 

 
Fig. S165. 1H NMR spectrum of 1-(6-hydroxy-2,3,4-trimethoxyphenyl)ethan-1-one (1n-2), 

DMSO-d6, 400 MHz. 
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Fig. S166. 1H NMR spectrum of (E)-1-(6-hydroxy-2,3,4-trimethoxyphenyl)-3-(3,4,5-

trimethoxyphenyl)prop-2-en-1-one (1n-3), CDCl3, 400 MHz. 

 
Fig. S167. 1H NMR spectrum of 3',4',5',5,6,7-trimethoxyflavone (1n-4), CDCl3, 400 MHz. 
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Fig. S168. 1H NMR spectrum of Cbz-ß-Ala-NMe (Z-2d), DMSO-d6, 400 MHz. 

 
Fig. S169. 1H NMR spectrum of Cbz-Gaba-NMe (Z-2e), DMSO-d6, 400 MHz. 
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Fig. S170. 1H NMR spectrum of Cbz-Ava-NMe (Z-2f), CDCl3, 400 MHz. 

 
Fig. S171. 1H NMR spectra of N-Boc-Lys(Cbz)-NMe (Z-2g), DMSO-d6, 400 MHz. 
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Fig. S172. 13C NMR spectra of N-Boc-Lys(Cbz)-NMe (Z-2g), DMSO-d6, 101 MHz. 

 
Fig. S173. 1H NMR spectrum of N-Ac-Lys(Cbz)-NMe (Z-2g'), DMSO-d6, 400 MHz. 
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2.1. Introduction 

Hydrogen atom transfer (HAT) from peptide units to free radical species is a critical event, 

which can lead to backbone fragmentation, side chain functionalization or cross-linking 

reactions of proteins. As a result, proteins undergo significant structural changes and loss of 

important functions.[1] It has been shown that these processes induce cellular damage, and as 

a consequence free radical species have been implicated in some pathological conditions.[2] 

Also, HAT processes from amino acids can lead to the modification or even selective 

functionalization of protein building blocks, which can be useful in different biochemical 

investigations. A lot of effort has been applied to understand HAT processes from peptides 

using protected and unprotected amino acids or oligopeptides as simple models of protein 

moieties due to the complexity of natural substrates. Among the different species used in this 

kind of studies, oxygen-centered radicals gained a lot of attention. The most popular ones are 

t-butoxyl (t-BuO•) and cumyloxyl (CumO•) radicals due to their ease of generation under UV 

conditions from available peroxides.[3] For example, time-resolved kinetic studies on the 

reactions of CumO• with different secondary amides have been performed, which showed 

that the main HAT process occurs from N-alkyl side chain, instead of the acyl moiety (Table 

1).[3c, 3d] 

Table 1. Relative rates for HAT processes from secondary amides to CumO•.[3c, 3d] 

 

N-Alkyl 

amides  
      

 

 MA EA iPrA tBuA MPVA EPVA iPrPVA tBuPVA 

kH(MA)/ 

kH(N-alkyl)a 
1.0 0.5 2.0 17.7 1.0 0.6 5.2 >30 

To approach the reactivity of real peptide systems, various amino acid derivatives were 

treated with wide scope of radical species. A series of amino acids were photolyzed in Cl2-

saturated trifluoroacetic acid (Table 2).[4] It has been shown, •Cl/•OH tend to abstract 

hydrogen from the distant, γ, δ, ϵ, positions on the alkyl chain of free and N-acetyl α-amino 

acids neither from backbone α- or adjacent β-positions (Table 2, Entry 1). The results have 
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reactivity. The results suggests that main HAT process in proline occurs at the δ-position. 

Similar reactivity patterns of amino acid derivatives were obtained for tBuO• radicals, 

indicating that the HAT reaction also takes place at Cα-position (Table 4).[5b] 

Table 4. Relative rate constants for reaction of the tBuO• with different Bz α-amino acids 

methyl esters.[5b] 

 

 

      

kRel (tBuO•) 1.0 0.24 0.19 1.9 2.2 0.7 

Studies on HAT from N-Boc α-amino acids to CumO•, which was generated under laser flash 

photolysis (LFP) conditions, showed that also HAT occurs from the Cα-position (Table 5). 

Also, like in the previous results, increased reactivity was obtained for proline derivative (6-

fold increase from glycine to proline).[3b] 

Table 5. Relative rate constants for reaction of the CumO• with different N-Boc α-amino 

acids.[3b] 

 

 

      

kRel (CumO•) 1.0 0.70 0.50 0.83 1.5 6.3 

It was found that deuteration at the α-position did not affect the HAT rates to CumO·, while 

deuteration of the δ-position significantly lowered the reactivity (by a factor of 3, Scheme 1). 
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It was attributed to the constrained structure of the resulting Cα-radical, which is a highly 

unfavorable process. These findings suggest that the primary process of HAT occurs at the δ-

position rather than the α-position, as it was stated in the results with tBuO• radicals.[3b]  

 

Scheme 1. HAT from Bz-Pro-OMe derivatives to CumO· radical. 

Studies which involve another similar sort of oxygen species, phthalimide N-oxyl (PINO) 

radicals, can be found in the literature (Table 6).  

Table 6. Relative rate constants for reaction of PINO• radicals with different N-Boc α-amino 

acids.[6] 

 

 

      

kRel (PINO•) 1.0 0.80 0.20 0.60 0.8 5.7 

Oxidation of different peptide models has been investigated with nitrate radical, •NO3, under 

laser flash photolysis conditions. These studies showed that •NO3 is strong enough to abstract 

hydrogen not only from the Cα- or activated side chain positions, but also from the amide N-

H bond (Table 7).[7] In this case, the proline derivative is 2-3 magnitudes more reactive 

toward •NO3 than acyclic N-Ac amino acids. 
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Table 7. Relative rate constants for reaction of NO3• with different N-Boc α-amino acid 

methyl esters.[7] 

 

 

     
kRel (NO3•) 1.0 0.5 0.7 0.6 206 

Based on a comprehensive review of the literature, it has been shown that glycine and proline 

amino acid derivatives have the highest rates of oxidation by different radicals. This 

observation suggests that these residues are particularly prone to undergo radical-mediated 

modifications in real peptides. A short summary of the amino acid reactivities to various 

radicals is represented in Table 8. 

Table 8. Relative rates for HAT processes from amino acids to different radical species. 

 

 
  

   
 

 Glycine Alanine Valine Leucine t-Leucine Proline 

•Cla 

1.0 

0.2 8.7 47.5 11.2 - 

•OHb 1.1 3.7 9.1 4.3 - 

•Brc 0.33 0.04 - <0.0004 1.4 

d 

0.7 0.5 1.5 0.6 6.3 

e 
0.2 0.2 - - 2.4 



271 

 

f 

0.8 0.2 0.8 0.1 5.7 

•NO3
g 0.5 0.7 0.6 - 206 

a N-acetyl α-amino acids, Cl2 in TFA, for 1-20 min under 300W sunlamp.[4] 
b N-acetyl α-amino acids, D2O2 in TFA, for 20-60 min under 254 nm lamp.[4] 
c N-Bz α-amino acid methyl esters, NBS in CCl4, reflux for 9h under 300W sunlamp.[5] 
d N-Boc α-amino acids, dicumyl peroxide in MeCN, 266 nm laser flash photolysis, T = 25 °C.[3b] 
e N-Bz α-amino methyl esters, di-tert-butyl peroxide in tBuOH, reflux under 350 nm lamp.[5b] 
f N-Boc α-amino acids, N-hydroxyphtalimide, cerium (IV) ammonium nitrate in MeCN, T = 25 °C.[6] 
g N-Boc α-amino acid methyl esters, cerium (IV) ammonium nitrate, 355 nm laser flash photolysis, MeCN, T = 

25 °C.[7] 

Although this literature review provides valuable information about various amino acids, 

reaction constants, and general patterns of radical oxidation, our work focuses on the radical 

oxidation of specific substrates without light excitation at mild temperatures (23 °C). 

Additionally, while previous studies may have only examined the reactivity of the Cα-center 

or N-terminal part of the peptide separately, our dipeptide model incorporates two reactive 

centers, similar to those found in real peptide chains (Scheme 2). 

 

Scheme 2. N-acetyl-amino acid-N'-methyl amide is a model substrate for oxidative stress. 

2.2. Results and Discussions 

2.2.1. Laser Flash Photolysis Experiments 

To understand the HAT process to cumyloxyl radical, CumO•, LFP experiments were 

performed with AcGlyNMe (1a) and its derivatives. First attempts to perform the LFP 

measurements in MeCN were unsuccessful because of the limited solubility of dipeptide 1a 

and its deuterated derivatives. Second order rate constants were obtained in DMSO as an 

alternative solvent. CumO• was generated by 355 nm laser irradiation of argon-saturated 

dicumyl peroxide solutions at 25 °C. In the presence of hydrogen atom donor substrates (S-

H), there is a competition process between β-scission and HAT as described in Table 9. The 

time-resolved kinetic studies were performed monitoring the decay of the CumO• visible 

band at 490 nm as a function of the concentration of added substrate. When the observed rate 
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constants (kobs) were plotted against substrate concentration, excellent linear relationships 

were observed and the second-order rate constants for HAT to CumO• (kH) were derived from 

the slopes of these plots. The kobs vs [substrate] plots for the reactions of CumO• with 

dipeptide models 1a, 1-Cα-d2, 1-NMe-d3, AcAlaNMe (1b) and AcNMe (1c), as the simplest 

peptide model, measured in DMSO solution are shown in Table. 9. 

Table 9. Second order rate constants (kH) for reaction of the cumyloxyl radical (CumO•) with 

different peptide models, measured in DMSO at T = 25 °Ca
.
 

 

№ Substrate kH × 105 / M−1 s−1 kH(Relative) 

1 

 

7.700.37 1.00 

2 

 

4.530.16 0.59 

3 

 

4.640.18 0.60 

4 

 

3.390.07 0.44 

5 

 

5.310.06 0.69 

a CumO• has been generated by 355 nm LFP of argon saturated DMSO solutions (T = 25 C) containing 1.0 M 

dicumyl peroxide. The kH values have been obtained from the slope of the kobs vs [substrate] plots where in turn, 

the kobs values have been obtained following the decay of the CumO• visible absorption band (max = 490 nm) at 

the different substrate concentrations. 

For the reference compound AcGlyNMe (1a) the second-order rate constants for HAT to 

CumO• is kH(1a) = (7.700.37) × 105 M−1 s−1, in comparison, kH(BocGlyOH)= 

(2.800.10) × 105 M−1 s−1.[3b] Decreased kH values for deuterated samples were obtained 

because of the primary kinetic isotope effect. For example, the derivative with deuterated Cα-

kH is obtained from the 
slope of a linear plot 
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position, 1-Cα-d2, is 1.7 times less active than dipeptide 1a. Surprisingly, 1-NMe-d3 shows 

the same reactivity as 1-Cα-d2. Addition of a methyl group to the Cα-position as in 

AcAlaNMe (1b), decreases the reactivity even more. Dipeptide 1a is 2.3 times more reactive 

than dipeptide 1b but in this case 2-fold increase can be explained on the basis of the twofold 

higher number of Cα-hydrogen bonds in 1a. The simplest peptide bond model, N-methyl 

acetamide (1c), shows slightly higher reactivity towards CumO• than deuterated samples, 1-

Cα-d2, 1-NMe-d3.  

 

 

Fig. 1. Gas (ΔG298) and solution phase (ΔGsol) free energy surfaces (in kJ/mol) for hydrogen 

abstraction reaction from different carbon centres of 1a calculated at G3(MP2)-RAD level of 

theory. Solvation energies are obtained at the PCM(acetonitrile)/HF/6-31G(d)//(U)B3LYP /6-

31G(d) level of theory. Distances are given in Å. [A permission was obtained from the author 

of this image, Dr. Harish Jangra, to include it in this work] 

Summing up the results, two active sites of the model compound 1a, Cα- and NMe-positions, 

have the same tendency for HAT to CumO• in DMSO at 25 °C. To explain the reactivity, 
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theoretical calculations of the reaction barriers have been performed for all three positions in 

substrate 1a in their reaction with CumO radicals (Fig. 1). Once the CumO radical is formed, 

it can abstract hydrogen from three different positions, forming three distinct dipeptide 

radicals (Fig. 1). It has been demonstrated that abstraction from the Cα center shows the 

lowest energy barrier (+39.2 kJ/mol) and is also the most exergonic (-86.6 kJ/mol). HAT 

from the NMe-moiety is higher (+58.9 kJ/mol) and less exergonic (-49.2 kJ/mol), while 

abstraction from the acyl group, as expected, is the least favorable HAT process (+71.8 

kJ/mol, -26.3 kJ/mol). The gas phase calculations indicate that the Cα-H bond is the weakest 

in the system and the most preferable for HAT by CumO. To estimate the solvent effect, the 

gas phase free energies were corrected using single-point solvation energy calculations. 

These calculations showed that the solvent, acetonitrile, described by the polarizable 

continuum model (PCM), significantly destabilizes the transition states relative to the 

reactants/products in such a way that now the abstraction from the NMe-moiety becomes 

slightly more favorable (+81.6 kJ/mol) compared to the HAT from the Cα-position (+84.2 

kJ/mol). It suggests that the hydrogen abstraction by  CumO radical from the NMe-moiety 

has nearly the same rate as abstraction from the Cα-center of dipeptide 1a. These calculations 

are in agreement with the LFP experiments, since the experiments with selective site 

deuteration demonstrate that the rate of HAT from the Cα-center is nearly the same as the 

HAT rate from the NMe-site of 1a. (4.64 vs 4.53×105 M−1 s−1, Table 9, Entries 2 and 3). 

 

2.2.2. Hydrogen Abstraction Reaction from Glycine and Alanine Dipeptide Models 

In an attempt to investigate the reaction that occurs during the LFP experiments, but without 

laser excitation of the model systems, alkyl hyponitrites 2 were chosen as good alternative, 

since they are well-known low-temperature alkoxy radical sources.[8] (Scheme 3) 

 

Scheme 3. Low temperature dipeptide model oxidation using alkyl hyponitrites 2. 
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This approach opens the pathway to study the oxidative stress reactions through the analysis 

and characterization of the final recombination products of the formed dipeptide radicals r1. 

Due to its lower risk of explosion and established synthesis procedure, di-tert butyl 

hyponitrite (2a, DTBHN) was chosen as a model oxidant in our research. Since no 

information is available on its decomposition in solvents like MeCN, which is suitable not 

only for dissolving our dipeptide model, but also for column purification afterwards, the 

decomposition rates of 2a and the decomposition products were initially determined using 1H 

NMR analysis (Table 10). 

Table 10. Decomposition rates of hyponitrite 2a in MeCN-d3 at different temperatures. 

After DTBHN (2a) decomposition kinetic studies, a small-scale oxidative stress reaction was 

performed with 0.1 M concentration of AcGlyNMe (1a) and oxidant 2a at 23 °C in dry 

degassed MeCN under N2 atmosphere (no light exposure). Within 14 days, ~50% of DTBHN 

(2a) decomposes under these conditions. The oxidative stress reaction of dipeptide 1a leads 

to formation of unknown white precipitate 3, whose separation was unsuccessful due to its 

low amount and fine dispersion. Product analysis shows that a major part of crude material 

consists of recovered dipeptide 1a (65.1%, Scheme 4).  

 

Scheme 4. Oxidative stress of AcGlyNMe (1a) with DTBHN (2a) for 14 days in MeCN. 

First-order reaction rate law 

ν = kd×[2a] 

T, °C kd, s-1 τ1/2, s (h) 

65 (2.32 ± 0.17) × 10-4 2994 (0.83) 

40 (7.38 ± 0.34) × 10-6 94102 (26.1) 

23 (0.675 ± 0.52) × 10-6 1031210 (286.4) 

Ea, kJ 122.3 ± 3.2 
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GC-FID and 1H NMR analysis show the formation of succinonitrile 4 (11% from DTBHN 

2a), the main oxidation products 5a (11.7%) and 5b (2.4%), adducts of cyanomethylation of 

initial dipeptide model 1a at Cα and N-Me positions, correspondingly. 

Also, MS analysis of crude material shows a trace amount of adduct 5c, the double 

cyanomethyl functionalization of initial dipeptide 1. This implies that acetonitrile acts as a 

hydrogen donor towards alkoxy radicals giving cyanomethyl radical 6. It is well-known that 

cyanomethyl radical is a useful building block in wide range of organic reactions.[9] As 

expected, the cyanomethylation adduct 5d was not detected, indicating that the  HAT process 

at the acetyl group moiety of 1a is highly unfavorable. 

After performing the reaction with di-cumyl hyponitrite (2b, DCHN), a white precipitate was 

formed again, and analysis of the supernatant showed that most of the crude material was the 

recovered dipeptide 1a, with only a small part being oxidized during the reaction. The only 

oxidation products detected were compound 5a (5%) and succinonitrile 4 (12%) (Scheme 5).  

 

Scheme 5. Oxidative stress of AcGlyNMe (1a) with DCHN (2b) for 14 days in MeCN. 

The lower yield observed can be attributed to the properties of the alkoxy radicals formed in 

the reaction mixture. Rates of HAT process acetonitrile to CumO• and its β-scission have 

been measured at 20 °C, ks(obs), CumO• = 2.4×105 s−1(pseudo first order) and β-scission rate, 

kβ, CumO•, is 3.6×105 s−1, correspondingly.[10] While formed tBuO• is more stable and has life 

time, kβ, tBuO•, is 6.4×104  s-1 at 22 °C and ks, tBuO•×[MeCN] = 2.5×kβ, tBuO• = 1.6 × 105 s−1 in neat 

acetonitrile.[11] Summing up this information, tBuO• is 3.75 times more stable than CumO•, 

and HAT from MeCN to tBuO• is 2.25 times slower than CumO•, which means that the most 

important decay pathway of the formed CumO• is represented by C-CH3 β-scission and HAT 

process from acetonitrile. In an attempt to increase the turnover of future reactions, it was 

decided to continue the experiments with di-tert butyl hyponitrite (2a). 

The reaction was scaled up to 1 mmol and repeated in order to isolate the white precipitate 3. 

During the reaction, the clear reaction mixture becomes slightly yellow and the white 

precipitate forms during the reaction as before. The precipitate was centrifuged out, washed 

with acetonitrile, and further analyzed via NMR and HRMS, which gave the structure of 
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isomeric 3a and 3b (~1/1), the dimerization adducts of dipeptide 1a at Cα-position (6.9%). 

Another dimerization adduct of oxidative stress reaction was found after column separation 

of the crude mixtures in highly polar fractions (pure MeOH). Based on the 1H NMR analysis, 

it was concluded that the structure of the compound includes unsymmetrical dimer 3c 

(Scheme 6). To prove the assumption, independent synthesis of compound 3c was performed. 

The obtained polar fractions were also analyzed using RP HPLC-UV, which showed that it 

consisted only of dimer 3c (yield 9.3%). 

 

Scheme 6. Structures of the obtained dimers 3a-c formed during the oxidative stress 

experiment of 1a. 

The radical mediated dimerization of amino acids has been reported in literature. For 

example, the synthesis of phenylalanines from glycine derivatives in the presence of toluene 

was performed (Scheme 7, A).[3a] The reaction performed in the absence of the alkylating 

reagent leads to the formation of amino acid dimers (Scheme 7, B).[3f] 

 

Scheme 7. Radical functionalization of amino acids. 
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The overall mass balance of the reaction was 98.4% if the yield of the products 3a-c and 5a-c 

was combined with the recovery of AcGlyNMe (1a). By examining the product distribution, 

the reactivity of Сα- and N-Me sites of the dipeptide 1a was calculated (Table 11). It was 

found that the C-H bond at Сα-position are 5.0 times more reactive than the C-H bond at N-

Me moiety. 

Table 11. Сα- and N-Me sites reactivity of dipeptide 1a under oxidative stress in MeCN 

 

Product 5a 3a/b 3c 5b 

Reactivity channel Cα-center Cα-center Cα-center and N-Me N-Me 

Yield, % 12.9 6.9 9.3 2.6 

Yield, μmol 129 34.5 46.5 26 

r1a formed, μmol 129 69 93 26 

r1aCα and r1NMe 

formed, μmol 
244.5 72.5 

To investigate the reactivities of deuterated analogues of dipeptide 1a, the reactions were 

performed under similar conditions as described in Scheme 8.  

Scheme 8. Oxidative stress of deuterium labelled dipeptides 1-Cα-d2 and 1-NMe-d3 

It has been shown that labelling the Cα-position significantly decreases the overall turnover 

with only 8.8% of 1-Cα-d2 turnover (vs 34.9% turnover of 1a, 3.96 times less). Labelling the 

Cα-position in 1a did not result in an increased reactivity of the NMe-moiety (only 5.0% vs 

2.6% with 1a). Isotopic labeling of the NMe group in 1a caused a small reduction in overall 
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turnover (26.7% compared to 34.9% with unlabeled 1a), resulting in selective Cα-

modification and predominantly producing Cα-functionalized adducts, such as 5a-NMe-d3 or 

3a/b-NMe-d6. 

The calculated KIE values for different carbon centers in 1a indicate that its deuterated 

analogs react 5.8-7.5 times slower (Fig. 2). 

 

Fig 2. Classical deuterium kinetic isotope effects (KIE) on gas phase free energy surfaces 

(ΔG298, in kJ/mol) for hydrogen abstraction reaction from different carbon centres of 1a by 

calculated at G3(MP2)-RAD level. [A permission was obtained from the author of an image, 

Dr. Harish Jangra, to include it in this work] 

An estimate of the relative reactivity based on the calculated KIE values and the obtained 

turnover rates suggests that the Cα-center is approximately 4.6 times more reactive than the 

N-Me moiety, using the isotope labelled substrates (Scheme 9). 

 

Scheme 9. Сα- and N-Me sites reactivity of labelled dipeptide 1a under oxidative stress. 
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Unexpectedly, during the analysis of the crude material of 1-Cα-d2, in which the NMe-group 

is activated and forced to react, no symmetric dimer 3d was detected. To test the possibility 

of symmetric N-dimer formation, the same reaction was performed using N-methyl acetamide 

(1c). The concept of this approach is to generate the radical r1c, which has only two possible 

recombination pathways: either with another r1c or with the cyanomethyl radical 6 that is 

inevitably formed during the reaction (Scheme 10). The GC-FID analysis showed that the 

main product of oxidation is the adduct of cyanomethylation 7 (7%) and trace amount of 

dimerization 8 (<0.5%), which tells about unfavorable process of symmetrical dimerization 

of NCH2-radicals.  

Scheme 10. Oxidation of 1c with DTBHN (2a). 

It is worth mentioning that the recovery of 1c was 68%, indicating the possibility of 

unaccounted oxidative stress reactions such as oligomerization or decomposition, which may 

lead to the formation of volatile products, since the mass balance of the reaction in this case is 

only 76%. To test the first assumption, APCI MS analysis of the crude mixture was 

performed, which showed no formation of oligomers. The radical functionalization of N-

methyl acetamide (1c) using di t-butyl peroxide (DTBPO) has been previously reported 

(Scheme 11).[12] 

 

Scheme 11. Radical dimerization of 1c.[12] 

The oxidative stress reaction of AcAlaNMe (1b) was studied next (Scheme 12). A small-

scale reaction was performed with 0.1 M concentration of AcAlaNMe (1b) and 1 eq 2a at 

23 °C in dry degassed MeCN under N2 atmosphere (no light exposure).  
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Table 12. Сα- and N-Me sites reactivity of dipeptide 1a under oxidative stress in MeCN-d3. 

 

Product 5a-d2 / 10a 3a/b 3c 5b-d2 / 10b 

Reactivity channel Cα-center Cα-center Cα-center and N-Me N-Me 

Yield, % 2.9 / 2 23.2 24.5 0.5 / 0.4 

Yield, μmol 49 116 122.5 9 

r1a formed, μmol 49 232 245 9 

r1aCα and r1aNMe 

formed, μmol 
403.5 131.5 

Since the reaction is carried out in a deuterated solvent, direct 1H NMR analysis of the 

reaction mixture is possible, allowing for the potential observation of product 11, resulting 

from the recombination of the dipeptide radical r1a with tert-butoxy radical (Scheme 13). To 

confirm this, the possible product 11 was synthesized, however, 1H NMR and MS analysis 

showed that the product was not formed in the oxidative stress reaction. 

 

Scheme 13. Recombination product of dipeptide radical with tBuO· was not detected. 

Since the solvent reactivity was suppressed, the formed dipeptide radicals r1a had a higher 

probability of recombining with each other, resulting in an increased yield of the products of 

oxidative dimerization 3a/b and 3c, as observed in our study. However, despite the increased 

yield of products of oxidative dimerization, further analysis by HPLC-UV showed no 
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formation of the symmetric N-dimer 3d. The overall mass balance of the reaction was 

103.7% if the yield of the products 3a-c, 5a-b and 10a-b was combined with the recovery of 

AcGlyNMe 1a. It was found that the reactivity of the Сα-center is 4.6 times higher than that 

of the N-Me moiety in MeCN-d3, which is consistent with the value obtained in MeCN (5.0 

vs 4.6). This finding makes sense because the intrinsic reactivity of the moieties does not 

depend on the level of solvent deuteration. 

Similar reactions were expected for AcAlaNMe 1b (73% recovery), but analysis of the 

supernatant showed the absence of cyanomethylation adducts (only detected by APCI MS), 

and a small amount of methylation adducts 12a-b (Scheme 14). It was challenging to 

determine the exact yield due to overlapping GC-FID peaks, but the yield of the methylation 

adducts 12a-b were negligible (<2%).  

Scheme 14: Analysis of the supernatant from the reaction of AcAlaNMe (1b) with DTBHN 

(2a) in MeCN-d3 for 14 days. 

A complex mixture of several dimers 13 (yielding 21% overall) was obtained in highly polar 

(pure MeOH) fractions by column chromatography. Unsymmetric dimer 13c and symmetric 

N-dimer 13d were identified through independent syntheses of each compound (Scheme 15). 

 

Scheme 15. Structures of the dimers 13a-d formed during the oxidative stress of 1b. 
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The unidentified peaks observed in the 1H NMR spectra could potentially correspond to the 

Cα-dimers 13a/b, which are difficult to synthesize due to the presence of two highly sterically 

hindered quaternary centers. The proposed synthesis of the dimer 13a/b is given in the 

outlook chapter. By using the assumption of dimer 13 distributions based on the 1H NMR and 

HPLC-UV spectrum, it is possible to determine the reactivity of Сα- and N-Me sites of the 

dipeptide 1b in the same way as carried out for dipeptide 1a (Table 13). It was found that the 

Сα-center is at most 3 times more reactive than the N-Me moiety. A significant decrease in 

reactivity was observed compared to the glycine derivative 1a; however, the obtained value 

requires more accurate determination in the future. 

Table 13. Сα- and N-Me site reactivities of dipeptide 1b under oxidative stress in MeCN-d3. 

 

Product 12a 13a/b 13c 13d 12b 

Reactivity channel Cα-center Cα-center Cα-center and N-Me N-Me N-Me 

Yield, % 1 6.7 8.3 1 6.6 

Yield, μmol 10 33.5 41.5 1 33 

r1b formed, μmol 10 67 83 10 66 

r1bCα and r1bNMe 

formed, μmol 
118.5 117.5 

Summing up all the obtained information, the proposed oxidative stress mechanism of the 

dipeptide models can be drawn. The slow decay of the hyponitrite 2a/b generates the alkoxy 

radicals, RO·, following first-order kinetics. The radicals can undergo three main pathways: 

solvent abstraction A, ß-scission B, and abstraction from a dipeptide C (Scheme 16). All 

three pathways generate secondary radicals: cyanomethyl radical 6, methyl radical and 

didpeptide radical 1r. These radicals recombine with each other, leading to three main 

channels of product formation: dimerization, cyanomethylation (solvent addition) and 

methylation. It is also possible that the obtained products may undergo further interactions 

with the formed radicals, resulting in the formation of secondary oxidation products. This is 

supported by the detection of products of double cyanomethylation or cyanomethylated 

dimers via APCI-MS analysis. 
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Table 14. Influence of a side chain/C-terminal group on turnover rates under oxidative stress. 

 

N-Methyl Amides 

    

50% / 61% 23% / 39% 50% / 63% 27% / 33% 

  
  

30% / 34% 12%* / 37% 52% / 51% 23%* / 35% 

*Heterogeneous reactions 

In the oxidative stress experiment, it was observed that the turnover rate for 1-Cα-d2 was 

almost half of that for non-deuterated 1a (23% vs 50%), whereas 1-NMe-d3 showed the 

same turnover rate as 1a (50%). The most interesting example in this study is AcProNMe 

(1f), because it shows the same level of turnover as AcGlyNMe (1a, 52% vs 50% in MeCN-

d3 or 51% vs 61% in DMSO-d6, correspondingly). Such a great 

reactivity can be attributed to the fact, that the dipeptide model 1f 

contains three positions with 6 protons, labile to HAT reactions. This 

observation is in line with previous experimental data (Tables 3 and 4). 

Also, the radical dimerization of structurally similar pyroglutamate derivative has been 

reported.[3f] The product analysis showed the formation of two diastereomeric dimers 

(Scheme 17). 

 

Scheme 17. Radical dimerization of pyroglutamate. 

Methyl esters 

 

47% 

 

20% 

 

52% 
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But in our case, substrate 1f can form 3 different radicals that can recombine with each other. 

This free recombination leads to the formation of 6 different regioisomeric dimers 

(Scheme 18). 

 

Scheme 18. Radical dimerization of Ac-Pro-NMe (1f). 

2.3. Conclusions 

The oxidative stress of dipeptide models using alkyl hyponitrites as a mild source of alkoxy 

radicals was performed and investigated. Alkyl hyponitrites were shown to be mild oxidants 

towards dipeptides, which allows to use them use in the model of oxidative stress processes. 

The determination of the distribution of oxidative recombination products indicates that the 

reactivity of Cα-centers is several times (3-5) higher than that of NMe-moiety of the 

dipeptide, while LFP experiments with deuterated dipeptide substrates suggest almost the 

same reactivity. 

 

It has been shown that dipeptide models tend to dimerize, recombine with solvent or methyl 

radicals under the oxidative stress conditions. It has been demonstrated that KIE can be 

successfully utilized by replacing the solvent with its deuterated analogue, allowing the 

reaction to proceed through certain reactivity channels, in our case, oxidative dimerization of 

the dipeptide models. It has been demonstrated that for a selected group of dipeptide models, 

the side chain does not have a significant impact on the overall rate of turnover, except in the 

case of glycine and proline derivatives, which unlike other dipeptide models, are prone to 

oxidation by alkoxy radicals.  
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Scheme 22. Potential acid hydrolysis product of the crude oxidative stress reaction. 

This approach significantly reduces the complexity of the resulting products by breaking 

them down into small, unique building blocks that can be easily traced back to their parent 

compound and quantified (for example, detection of ethylenediamine 3d' is evidence for 

symmetric N-dimer 3d formation). It should also be noted that most of the hydrolysis 

products can be easily purchased or synthesized through fewer steps. This accessibility 

simplifies the process of obtaining reference compounds, which can then be used to verify the 

identity of the products generated in the reaction. The main challenge in this approach is the 

use of elevated temperatures for both acid hydrolysis and derivatization. Temperatures of 

110 °C for 24 hours or 150 °C for 1 hour were tested and found to successfully hydrolyze the 

test sample of dipeptide 1a. Additionally, for derivatization with BSTFA, temperatures of 

150 °C for 15 minutes or 80 °C for 45 minutes both yielded consistent signals for the 

silylated adduct. Since only ~50% of DTBHN (2a) is decomposed after 14 days, the 

remaining 2a should be extracted from the reaction before the hydrolysis step or hyponitrite 

2b should be used, because 14 days are sufficient for ~99% of it to decompose. The approach 

of derivatization of hydrolyzed products might help to detect the products of complex 

functionalization in their more simplified forms.  
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2.6. Supporting information 

General methods: All reactions sensitive to air and moisture were performed under nitrogen 

atmosphere, and the glassware as well as magnetic stir bars were dried overnight in a dry oven 

at 110°C.  

Solvents, reagents: All reagents and solvents were purchased from the companies TCI, Sigma 

Aldrich or Fisher Scientific. All air- or water-sensitive reagents were stored under nitrogen.  

NMR spectroscopy: All 1H NMR spectra were recorded by Bruker 400 in DMSO-d6/MeOH-

d4 at 400 MHz at 23 °C. All 13C NMR spectra were recorded, respectively, at 101 MHz. The 

chemical shifts are reported in ppm (δ), relative to the resonance of DMSO-d6 at δ = 

2.50/MeOH-d4 at δ = 3.31 ppm for 1H and for 13C relative to the resonance of DMSO-d δ = 

39.52/MeOH-d4 δ = 49.15 ppm. Spectra were imported and processed in the MestreNova 

14.1.1 program. For 1H NMR spectra multiplicity (s = singlet, d = doublet, t = triplet, q = 

quartet, quint = quintet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, td = 

triplet of doublets, and bs = broad signal.), coupling constants J, number or protons and 

assignment to the structure are reported. In 13C NMR spectra singular carbons are marked with 

(s).  

Mass spectrometry: For electrospray ionization (ESI) spectra a Thermo Finnigan LTQ FT 

Ultra Fourier Transform Ion Cyclotron Resonance Mass Spectrometer was utilized. For 

atmospheric pressure chemical ionization (APCI) a Advion CMS using positive mode was 

used. 

Single-crystal X-ray diffraction. scXRD measurements were performed on a Bruker D8 

Venture TXS diffractometer. 

HPLC analysis: All HPLC spectra were measured on a Knauer Azura machine with P6.1L 

pump, autosampler AS6.1, column thermostat CT2.1 and diode array detector DAD2.1L. 

Eurospher II 250×4.6 mm C8A or C18A column were utilized. Data analysis was performed 

with ClarityChrom 7.4.1.  
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2.6.1. Synthesis of Oxidants, Reagents and Reaction Products 

2.6.1.1. Synthesis of alkyl hyponitrites 

Synthesis of di-tert-butyl hyponitrite (DTBHN, 2a):  

 

337 mg of dry ZnCl2 (2.5 mmol, 1 eq) was dissolved in a mixture of 2.5 ml t-BuBr and 2 ml of 

dry Et2O. Then 265 mg of dry Na2N2O2 (2.5 mmol, 1 eq) was added portion wise while stirring. 

Reaction mixture was stirred for 2 h at RT, then was allowed to cool at 4 °C for additional 2 h. 

Inorganic salts were removed by filtration, washed with Et2O. The organic phases were 

collected, washed several times with water and dried over MgSO4. The solvents were 

evaporated under reduced pressure. DTBHN was recrystallized from methanol at -78 °C. Pure 

product was obtained as white crystals (246 mg, 56%). Spectral data are in agreement with 

literature values.[1] 

1H NMR (400 MHz, CDCl3) δ 1.39 (s, 18H) 

Elem. Calcd for C8H18N2O2: C 55.15, N 16.08, H 10.41. Found: C 54.89, N 15.88, H 10.30. 

Dicumyl hyponitrite (DCHN, 2b): 

 

1 g of dry Ag2N2O2 (3.63 mmol, 1 eq) was added portion-wise to a solution of 1.4 g of α,α-

dimethylbenzyl chloride in 10 ml of dry DCM over 20 min at 0°C. The reaction was then stirred 

for 40 min at 0 °C. Inorganic salts were removed by filtration and washed with DCM. The 

organic phases were collected, washed several times with water, dried over MgSO4 and the 

solvent was evaporated under reduced pressure. DCHN was recrystallized from methanol at -

78 °C. Pure product was obtained as white powder (287 mg, 26%). Spectral data are in 

agreement with literature values.[2] 

1H NMR (400 MHz, CDCl3) δ 7.36 – 7.23 (m, 10H), 1.72 (s, 12H). 
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2.6.1.2. Synthesis of L-Ac-AA-NMe and L-Ac-AA-OMe 

2-acetamido-N-methylacetamide (AcGlyNMe, 1a):  

 
6.05 ml of 33% ethanol solution of methyl amine (64.5 mmol, 4.67 eq) was added dropwise to 

ethyl acetyl glycinate (2 g, 13.8 mmol, 1 eq) at 0 C. Then the external cooling was removed 

and the reaction mixture was allowed to stir for 4 hours at RT. After removing the solvent 

under reduced pressure, the crude product was purified by column chromatography on silica 

(CH2Cl2/MeOH = 10/1, Rf 0.30). Pure 2-acetamido-N-methylacetamide (1a) was isolated as 

white crystals (1.56 g, 12 mmol, 87%). Spectral data are in agreement with literature values.[3] 

1H NMR (600 MHz, DMSO-d6) δ 8.06 (bs, 1H), 7.72 (bs, 1H), 3.61 (d, J = 5.9 Hz, 2H), 2.57 

(d, J = 4.6 Hz, 3H), 1.85 (s, 3H). 

13C NMR (150 MHz, DMSO-d6) δ 169.70, 169.44, 42.16, 25.48, 22.56. 

Elem. Calcd for C5H10N2O2: C 46.14, N 21.52, H 7.75. Found: C 46.05, N 21.53, H 7.61. 

HRMS (ESI): calcd for C5H11N2O2 [M + H]+, 131.0815; found 131.0815. 

 

2-acetamido-N-methylacetamide-2,2-d2 (1-Cα-d2): 

 

1.5 g of glycine-d5 (18.75 mmol, 1 eq) was dissolved in 50 ml of ethanol. The solution was 

cooled to 0 C, then 3.4 ml of SOCl2 (5.58 g, 2.5 eq) were added dropwise. After refluxing for 

1 hour, all volatiles were removed under reduced pressure. Ethyl glycinate-2,2-d2 

hydrochloride was obtained as a white solid (2.65 g, quant.). The resulting solid (18.73 mmol, 

1 eq) was dissolved in 50 ml of DCM, the solution was cooled down to 0 C, and 5.22 ml of 

NEt3 (3.78 g, 2 eq) was added dropwise. 1.33 ml of acetyl chloride (1.47 g, 1 eq) was added 

dropwise. Then the external cooling was removed. The reaction mixture was stirred for 4 hours, 

quenched with 100 ml of brine and extracted with EtOAc (3 × 50ml). The solvent was 

evaporated under reduced pressure. Then 10.3 ml of 33% ethanol solution of methyl amine (88 

mmol, 4.67 eq) was added dropwise to the crude product at 0 C. After 5 minutes the external 

cooling was removed and the reaction mixture was allowed to stir for 4 hours at RT. After 
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removing all residues of solvents under reduced pressure, the crude product was purified by 

recrystallization from EtOAc/EtOH and by column chromatography on silica (CH2Cl2/MeOH 

= 10/1, Rf 0.30). Pure product was isolated as white crystals (2.31 g, 93%). 

1H NMR (600 MHz, DMSO-d6) δ 8.05 (s, 1H), 7.73 (s, 1H), 2.57 (d, J = 4.8 Hz, 3H), 1.84 (s, 

3H). 

13C NMR (150 MHz, DMSO-d6) δ 169.68, 169.43, 25.45, 22.54. 

Elem. Calcd for C5H8D2N2O2: C 45.44, N 21.20, H 9.15. Found: C 45.46, N 21.30, H 9.13 

HRMS (ESI): calcd for C5H9D2N2O2 [M + H]+, 133.0940; found 133.0941.  

Deuterium content: 96.5%  

2-acetamido-N-(methyl-d3)acetamide (1-NMe-d3): 

 

20 ml THF were added to a mixture of N-acetyl glycine (1 g, 8.5 mmol, 1.2 eq) and methyl 

amine-d3 hydrochloride (0.5 g, 7.1 mmol, 1 eq). Then NEt3 (1.2 ml, 0.86 g, 8.5 mmol, 1.2 eq) 

was added dropwise to the stirring reaction mixture. After 10 min the reaction was cooled down 

to 0 C by an ice bath. DCC (1.5 g, 7.1 mmol, 1 eq) was added portion-wise and the reaction 

mixture was stirred for 1 hour at 0 C. Then it was warmed up to RT and stirring was continued 

for 2 hours. After that the solvent were evaporated, 5 ml MeOH were added, and DCU was 

filtered off and washed with MeOH (3×5 ml). NaOH (340 mg, 8.5 mmol, 1.2 eq) was dissolved 

in the obtained solution. All solvents were evaporated in vacuo, and the product was purified 

by column chromatography on silica (CH2Cl2/MeOH = 10/1, Rf 0.30). The pure product was 

isolated as white crystals (605 mg, 64%).  

1H NMR (600 MHz, DMSO-d6) δ 8.11 (s, 1H), 7.73 (s, 1H), 3.60 (d, J = 5.9 Hz, 2H), 1.84 (s, 

3H). 

13C NMR (150 MHz, DMSO-d6) δ 169.75, 169.53, 42.18, 22.63. 

Elem. Calcd for C5H7D3N2O2 : C 45.10, N 21.04, H 9.84. Found: C 45.09, N 21.1, H 9.80. 

HRMS (ESI): calcd for C5H8D3N2O2 [M + H]+, 134.1003; found 134.1003. 

Deuterium content: >99%  
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(S)-2-acetamido-N-methylpropanamide (L-AcAlaNMe, 1b):  

 

2 g of N-acetyl L-alanine methyl ester (13.8 mmol, 1 eq) was dissolved in 6 ml of 33% ethanol 

solution of methyl amine (64.5 mmol, 4.67 eq) was added dropwise at 0 C. After 5 minutes 

the external cooling was removed. The reaction mixture was allowed to stir for 4 hours at RT. 

After removing all residues of solvent under reduced pressure, the crude product was purified 

by recrystallization from EtOAc/EtOH. The pure product 1b was isolated as white crystals 

(1.71 g, 86%). Spectral data are in agreement with literature values.[4] 

1H NMR (400 MHz, DMSO-d6) δ 8.00 (d, J = 7.7 Hz, 1H), 7.77 (d, J = 4.6 Hz, 1H), 4.18 (p, 

J = 7.2 Hz, 1H), 2.56 (d, J = 4.6 Hz, 3H), 1.82 (s, 3H), 1.15 (d, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 172.72, 168.95, 48.10, 25.55, 22.58, 18.29. 

Elem. Calcd for C6H12N2O2: C 49.99, N 19.43, H 8.39. Found: C 49.96, N 19.57, H 8.25 

[α]20
D =−52.0 (c = 1.00 in EtOH)[5] 

HRMS (ESI): calcd for C6H13N2O2 [M + H]+, 145.0975; found 145.0972. 

(S)-2-acetamido-N,4-dimethylpentanamide (L-AcLeuNMe, 1d): 

 

1.81 g of L-leucine methyl ester hydrochloride (10 mmol, 1 eq) was dissolved in 20 ml of dry 

DCM, the solution was cooled down to 0 C, and 2.8 ml of NEt3 (2.0 g, 20 mmol, 2 eq) were 

added dropwise. 1 ml of acetic anhydride (1.12 g, 11 mmol, 1.1 eq) was added dropwise. Then 

the external cooling was removed. The reaction mixture was stirred overnight, quenched with 

50 ml of brine and extracted with EtOAc (3×25 ml). The combined organic layers were dried 

over MgSO4. The solvent was evaporated under reduced pressure. Then 6 ml of 33% ethanol 

solution of methyl amine (50 mmol, 5 eq) was added dropwise to the crude product at 0 C. 

After 5 minutes the external cooling was removed, and the reaction mixture was allowed to stir 

for 4 hours at RT. After removing all residues of solvents under reduced pressure, the crude 
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product was purified by recrystallization from EtOAc. The pure product was isolated as white 

crystals (1.35 g, 68%). Spectral data are in agreement with literature values.[6] 

1H NMR (400 MHz, DMSO-d6) δ 7.96 (d, J = 8.3 Hz, 1H), 7.86 (q, J = 4.6 Hz, 1H), 4.21 (td, 

J = 8.3, 6.8 Hz, 1H), 2.55 (d, J = 4.6 Hz, 3H), 1.82 (s, 3H), 1.58 – 1.46 (m, 1H), 1.45 – 1.34 

(m, 2H), 0.86 (d, J = 6.6 Hz, 3H), 0.82 (d, J = 6.6 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 172.59, 169.14, 50.92, 41.06, 25.57, 24.29, 23.00, 22.59, 

21.66. 

[α]25
D =−37.9 (c = 1.03 in EtOH)[7] 

Elem. Calcd for C9H18N2O2: C, 58.04; H, 9.74; N, 15.04; Found: C 57.75, H 9.75, N 15.11  

(S)-2-acetamido-N-methyl-3-phenylpropanamide (L-AcPheNMe, 1e): 

 

2.15 g of L-phenylalanine methyl ester hydrochloride (10 mmol, 1 eq) was dissolved in 50 ml 

of dry DCM, the solution was cooled down to 0 C and 3.1 ml of NEt3 (2.2 g, 22 mmol, 2.2 eq) 

were added dropwise. 0.78 ml of freshly distilled acetyl chloride (0.86 g, 11 mmol, 1.1 eq) 

were added dropwise. Then the external cooling was removed. The reaction mixture was stirred 

for 2 h at RT, quenched with 50 ml of brine and extracted with DCM (3×25 ml). The combined 

organic layers were dried over MgSO4, and the solvent was evaporated under reduced pressure. 

Then 6 ml of 33% ethanol solution of methyl amine (50 mmol, 5 eq) was added dropwise to 

the crude product at 0 C. After 5 minutes the external cooling was removed. The reaction 

mixture was allowed to stir for 4 hours at RT. After removing the solvent under reduced 

pressure, the crude product was purified by recrystallization from EtOAc/iPrOH. The pure 

product was isolated as white crystals (1.58 g, 72%). 

1H NMR (400 MHz, DMSO-d6) δ 8.12 (d, J = 8.5 Hz, 1H), 7.91 (q, J = 4.5 Hz, 1H), 7.51 – 

7.15 (m, 5H), 4.39 (ddd, J = 9.7, 8.4, 5.0 Hz, 1H), 2.94 (dd, J = 13.7, 5.0 Hz, 1H), 2.71 (dd, J 

= 13.7, 9.7 Hz, 1H), 2.55 (d, J = 4.5 Hz, 3H), 1.75 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 171.68, 169.09, 138.22, 129.10, 128.09, 126.26, 54.14, 

37.83, 25.57, 22.55. 

[α]25
D =+21.2 (c = 1.03 in EtOH)[5]  
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Elem. Calcd for C12H16N2O2: C, 65.43; H, 7.32; N, 12.72; Found: C 65.38, H 7.28, N 12.70.  

 

(S)-1-acetyl-N-methylpyrrolidine-2-carboxamide (L-AcProNMe, 1f): 

 

2.64 g of L-proline methyl ester hydrochloride (16 mmol, 1 eq) was dissolved in 30 ml of dry 

DCM, the solution was cooled down to 0 C and 4.46 ml of NEt3 (3.23 g, 32 mmol, 2 eq) were 

then added dropwise. 1.66 ml of acetic anhydride (1.79 g, 17.5 mmol, 1.1 eq) was then added 

dropwise. Then the external cooling was removed and reaction mixture was stirred overnight 

at RT, quenched with 50 ml of brine and extracted with DCM (3×25 ml). The combined organic 

layers were dried over MgSO4, and the solvent was evaporated under reduced pressure. Then 

10 ml of 33% ethanol solution of methyl amine (83 mmol, 8.3 eq) were added dropwise to the 

crude product at 0 C. After 5 minutes the external cooling was removed, and the reaction 

mixture was allowed to stir overnight at RT. After removing the solvent under reduced 

pressure, the crude product was purified by recrystallization from iHex/EtOAc. The pure 

product was isolated as white crystals (2.09 g, 76%). Spectral data are in agreement with 

literature values.[8] 

Major conformer:  

1H NMR (400 MHz, DMSO-d6)  7.71 (br, 1H), 4.17 (dd, J = 8.6, 2.9 Hz, 1H), 3.56-3.49 (m, 

1H), 3.46-3.37 (m, 1H), 2.54 (d, J = 4.6 Hz, 3H), 2.00-1.90 (m, 1H), 1.96 (s, 3H), 1.89-1.66 

(m, 3H) 

13C NMR (101 MHz, DMSO-d6) δ 172.15, 168.71, 59.40, 47.48, 29.65, 25.56, 24.20, 22.45. 

Minor conformer:   

1H NMR (400 MHz, DMSO-d6)  7.97 (bs, 1H), 4.26 (dd, J = 8.6, 3.0 Hz, 1H), 3.46-3.67 (m, 

2H), 2.60 (d, J = 4.6 Hz, 3H), 2.19-1.08 (m, 1H), 1.90-1.66 (m, 3H), 1.80 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 172.22, 168.63, 60.67, 46.19, 31.69, 25.76, 22.54, 22.11. 

[α]25
D =−85.9 (c = 1.003 in EtOH)[9] 

Elem. Calcd for C8H14N2O2: C, 56.45; H, 8.29; N, 16.46; Found: C 56.21, H 8.08, N 16.30  
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(S)-2-acetamido-3-hydroxy-N-methylpropanamide (L-AcSerNMe, 1g): 

 

1.55 g of L-serine methyl ester hydrochloride (10 mmol, 1 eq) was dissolved in 30 ml of dry 

DCM, the solution was cooled down to 0 C, 4.2 ml of NEt3 (3.0 g, 30 mmol, 3 eq) were added 

dropwise, followed by addition of a catalytic amount of DMAP. 4.7 ml of acetic anhydride (5.1 

g, 50 mmol, 5 eq) were added dropwise. Then the external cooling was removed. The reaction 

mixture was stirred overnight, quenched with 50 ml of brine and extracted with DCM (3×25 

ml). The combined organic layers were dried over MgSO4, and the solvent was evaporated 

under reduced pressure. Then 6 ml of 33% ethanol solution of methyl amine (50 mmol, 5 eq) 

was added dropwise to the crude product at 0 C. After 5 minutes the external cooling was 

removed, and the reaction mixture was allowed to stir for 4 hours at RT. After removing the 

solvent under reduced pressure, the crude product was purified by recrystallization from 

EtOAc/iPrOH. The pure product was isolated as white solid (1.10 g, 69%). Spectral data are in 

agreement with literature values.[10] 

1H NMR (400 MHz, DMSO-d6) δ 7.88 (d, J = 8.1 Hz, 1H), 7.78 (q, J = 4.6 Hz, 1H), 4.85 (t, 

J = 5.6 Hz, 1H), 4.19 (dt, J = 8.1, 5.6 Hz, 1H), 3.52 (t, J = 5.6 Hz, 2H), 2.56 (d, J = 4.6 Hz, 

3H), 1.85 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 170.60, 169.42, 61.69, 55.22, 25.67, 22.73. 

[α]23
D =−18.9 (c = 1.059 in MeOH)[11] 

Elem. Calcd for C6H12N2O3: C, 44.99; H, 7.55; N, 17.49; Found: C 44.98, H 7.65, N 14.75. 

 

Methyl acetylglycinate (AcGlyOMe, 14a): 

 

1.46 ml of SOCl2 (2.4 g, 20 mmol, 2 eq) was added dropwise to 1.18 g of N-acetyl glycine (10 

mmol, 1 eq) in 6 ml of dry MeOH at 0 C. Then the external cooling was removed and the 

reaction mixture was allowed to stir overnight at RT. After removing all residues of solvent 
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under reduced pressure, the crude product was purified on a short silica column 

chromatography (CH2Cl2/MeOH = 20/1). Pure AcGlyOMe was isolated as a colorless solid 

(0.51 g, 3.9 mmol, 39%). Spectral data are in agreement with literature values.[6]  

1H NMR (400 MHz, DMSO-d6) δ 8.30 (t, J = 6.0 Hz, 1H), 3.80 (d, J = 6.0 Hz, 2H), 3.62 (s, 

3H), 1.85 (s, 3H). 

Elem. Calcd for C5H9NO3: C 45.80, N 10.68, H 6.92. Found: C 45.85, N 7.19, H 6.92. 

 

Methyl acetyl-L-prolinate (AcProOMe, 14c): 

 

L-proline methyl ester hydrochloride (1.0 g, 6.04 mmol) was dissolved in 50 mL dry DCM 

under nitrogen atmosphere at 0 °C. 0.7 ml of NEt3 (1 ml, 12.08 mmol, 2 eq) was added to the 

mixture and then 0.6 ml of acetic anhydride (0.65 g, 6.64 mmol, 1.1 eq) was added dropwise. 

The reaction mixture was stirred overnight, quenched with 50 ml of brine and extracted with 

DCM (3×25 ml). The combined organic layers were dried over MgSO4 and the solvent was 

evaporated under reduced pressure. The roduct was purified by column chromatography on 

silica (EtOAc/iHexane = 1:1→1:0). The product was obtained as a colorless liquid (0.86 g, 83 

%). Spectral data are in agreement with literature values.[12] 

Major conformer:  

1H NMR (400 MHz, DMSO-d6) δ 4.25 (dd, J = 8.7, 4.2 Hz, 1H), 3.60 (s, 3H), 3.57 – 3.46 (m, 

2H), 2.22 – 2.08 (m, 1H), 1.97 (s, 3H), 1.96 – 1.86 (m, 2H), 1.86 – 1.78 ppm (m, 1H). 

Elem. Calcd for C8H13NO3: C, 56.13; H, 7.65; N, 8.18; Found: C 56.14, H 7.77, N 8.29. 

2.6.1.3. Synthesis of cyanomethylation adducts of AcGlyNMe (1a) 

(S)-2-acetamido-3-cyano-N-methylpropanamide (AcAla(CN)NMe, 5a) 

 

To 2.12 g Boc-L-β-cyano-Ala-OH (9.9 mmol, 1 eq) in DMF (20 mL) was added 1.37 g of 

K2CO3 (9.9 mmol, 1 eq). The reaction mixture was cooled down to 0 °C and then 2.4 ml of 
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ethyl iodide were added dropwise (4.6 g, 29.7 mmol, 3 eq). After stirring at RT for 18 h, the 

reaction mixture was quenched with brine (100 mL) and extracted with EtOAc (2×50 mL). The 

combined organic layers were washed with brine (50 mL), dried over MgSO4 and concentrated 

in vacuo. The crude product was purified by flash chromatography (iHex/EtOAc = 3/1, Rf 0.29) 

to give 1.55 g of Boc-β-cyano-Ala-OEt (6.4 mmol, 65%) as a white solid. Spectral data are in 

agreement with literature values.[13] 

1H NMR (400 MHz, CDCl3) δ 5.46 (d, J = 7.2 Hz, 1H), 4.49 (dt, J = 7.2, 5.0 Hz, 1H), 4.30 

(qd, J = 7.2, 3.9 Hz, 2H), 3.01 (dd, J = 16.9, 5.4 Hz, 1H), 2.93 (dd, J = 16.9, 4.8 Hz, 1H), 1.46 

(s, 9H), 1.33 (t, J = 7.2 Hz, 3H). 

1.55 g of Boc-β-cyano-Ala-OEt (6.4 mmol, 1 eq) was dissolved in 4M HCl/Dioxane, stirred 

for 1 hour at RT and concentrated in vacuo. To a suspension of the hydrochloride salt in 50 ml 

of dry DCM were added 2.5 ml of NEt3 (1.93 g, 19.2 mmol, 3 eq) and 3 ml of Ac2O (3.26 g, 

32.0 mmol, 5 eq). After stirring at RT for 2 h, the reaction mixture was quenched with H2O (50 

mL) and extracted with DCM (2×25 mL). The combined organic layers were washed with brine 

(50 mL), dried over MgSO4 and concentrated in vacuo. The crude product was purified by flash 

chromatography (DCM/MeOH = 20/1, Rf 0.31) to give 810 mg of Ac-L-β-cyano-Ala-OEt (4.4 

mmol, 74%) as a white solid. 

1H NMR (400 MHz, CDCl3) δ 6.48 (s, 1H), 4.72 (ddd, J = 6.6, 5.3, 4.3 Hz, 1H), 4.32 (qq, J = 

10.8, 7.1 Hz, 2H), 3.09 (dd, J = 16.9, 5.3 Hz, 1H), 2.94 (dd, J = 16.9, 4.3 Hz, 1H), 2.08 (s, 

3H), 1.34 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 170.39, 168.95, 116.29, 63.02, 49.18, 23.08, 21.45, 14.18. 

250 mg of Ac-β-cyano-Ala-OEt (1.36 mmol, 1 eq) was treated with 1 ml of MeNH2 (33%, 

EtOH) for 30 min at RT. The reaction mixture was concentrated in vacuo. The residue was 

purified by flash chromatography (CH2Cl2/MeOH= 10/1, Rf 0.37) to give 149 mg of 5a (0.88 

mmol, 65%) as a white solid. Spectral data are in agreement with literature values.[14] 

1H NMR (400 MHz, CDCl3) δ 7.01 (d, J = 8.2 Hz, 1H), 6.95 (br, 1H), 4.85 (dt, J = 8.3, 6.5 

Hz, 1H), 2.88 (dd, J = 16.8, 6.5 Hz, 1H), 2.84 (d, J = 4.8 Hz, 3H), 2.79 (dd, J = 16.8, 6.5 Hz, 

1H), 2.07 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 171.02, 169.16, 116.98, 49.32, 26.65, 23.18, 21.26. 

Elem. Calcd for C7H11N3O2 (169.1811) C 49.70, N 24.84, H 6.55. Found: C 49.86, N 24.62, H 

6.30. 
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HRMS (ESI): calcd for C7H12N3O2 [M + H], 170.0924; found 170.0925. 

2-acetamido-N-(2-cyanoethyl)acetamide (AcGlyNEtCN, 5b): 

 

To a solution of N-acetyl glycine (117 mg, 1 mmol), DMAP (7,5 mg, 0.05 mmol) and 

EDC×HCl (193 mg, 1.1 mmol) in DCM (10 mL) was added 3-aminopropionitrile (75 μl, 1 

mmol). The reaction mixture was stirred at RT overnight and then evaporated in vacuo. The 

residue was purified by flash chromatography (CH2Cl2/MeOH= 10/1, Rf 0.25) to give 5b (132 

mg, 80%) as a white solid. 

1H NMR (400 MHz, DMSO-d6) δ 8.20 (t, J = 5.7 Hz, 1H), 8.14 (t, J = 5.9 Hz, 1H), 3.65 (d, J 

= 5.9 Hz, 2H), 3.29 (q, J = 6.4 Hz, 2H), 2.63 (t, J = 6.4 Hz, 2H), 1.85 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 169.66, 169.59, 119.30, 41.96, 34.83, 22.54, 17.57. 

Elem. Calcd for C7H11N3O2 (169.1811) C 49.70, N 24.84, H 6.55. Found: C 49.45, N 24.62, H 

6.25. 

HRMS (ESI): calcd for C7H12N3O2 [M + H]+, 170.0924; found 170.0924. 

scXRD: 

 

Fig. S1. X-ray structure of 5b. 

Table S1. Crystallographic data for 5b. 

net formula C7H11N3O2  transmission factor range 0.89–1.00 

Mr/g mol−1 169.19  refls. measured 8596 

crystal size/mm 0.080 × 0.040 × 0.030  Rint 0.0271 

T/K 298.(2)  mean σ(I)/I 0.0223 

radiation MoKα  θ range 2.800–25.346 

diffractometer Bruker D8 Venture TXS  observed refls. 1398 

crystal system monoclinic  x, y (weighting scheme) 0.0572, 0.6642 

space group P 1 21/n 1  hydrogen refinement constr 
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a/Å 8.1185(4)  Flack parameter ? 

b/Å 5.0815(2)  refls in refinement 1678 

c/Å 22.4396(11)  parameters 138 

α/° 90  restraints 23 

β/° 97.461(2)  R(Fobs) 0.0625 

γ/° 90  Rw(F2) 0.1691 

V/Å3 917.89(7)  S 1.160 

Z 4  shift/errormax 0.001 

calc. density/g cm−3 1.224  max electron density/e Å−3 0.154 

μ/mm−1 0.092  min electron density/e Å−3 −0.157 

absorption correction Multi-Scan    

 

2-acetamido-3-cyano-N-(2-cyanoethyl)propenamide (AcAla(CN)NEtCN, 5c): 

 

To Nα-acetyl-L-asparagine (174 mg, 1 mmol) in 3 mL of dry pyridine was added DCC (206 

mg, 1 mmol). The resulting mixture was stirred for 3 hours at RT. Then the DCU precipitate 

was filtered off and washes with acetone. The filtrate was concentrated in vacuo and the crude 

material was used further without purification. To a solution of the crude material, DMAP (7.5 

mg, 0.05 mmol) and EDC*HCl (193 mg, 1.1 mmol) in DCM (10 mL) was added, followed by 

3-aminopropionitrile (75 μl, 1 mmol). The reaction mixture was stirred at RT overnight and 

then evaporated in vacuo. The residue was purified by flash chromatography (CH2Cl2/MeOH= 

10/1, Rf 0.25) to give 5c (172 mg, 83%) as a colorless oil. 

1H NMR (400 MHz, MeOH-d4) δ 4.69 (dd, J = 8.2, 5.6 Hz, 1H), 3.46 (t, J = 6.6 Hz, 2H), 2.97 

(dd, J = 17.0, 5.6 Hz, 1H), 2.86 (dd, J = 17.0, 8.2 Hz, 1H), 2.67 (t, J = 6.6 Hz, 2H), 2.04 (s, 

3H). 

13C NMR (101 MHz, MeOH-d4) δ 173.50, 171.33, 119.27, 118.19, 50.87, 36.71, 22.46, 20.88, 

18.29. 

HRMS (ESI): calcd for C9H13N4O3 [M + H]+, 209.1033; found 209.1035. 
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3-cyano-N-(2-(methylamino)-2-oxoethyl)propenamide 5d: 

 
To a mixture of 3-cyanopropanoic acid (99 mg, 1 mmol) and HOBt (168 mg, 1.1 mmol) in 5 

mL of dry DMF were added DIPEA (392 μL, 2.2 mmol) followed by the addition of EDC*HCI 

(211 mg, 1.1 mmol). The resulting mixture was stirred for 5 min, and then glycine ethyl ester 

hydrochloride (153.5 mg, 1.1 mmol) was added. The reaction was stirred overnight at RT. The 

mixture was washed with brine, extracted with EtOAc (3×5 ml), and the organic layers were 

concentrated under vacuum to give crude material, which was used further without purification. 

It was treated with excess of MeNH2 (33%, EtOH) for 1 hour at RT. The reaction mixture was 

concentrated in vacuo. The residue was purified by recrystallization from iHex/EtOAc to give 

5d (105 mg, 62%) as a white solid. 

1H NMR (400 MHz, DMSO-d6) δ 8.29 (d, J = 5.8 Hz, 1H), 7.79 (br, 1H), 3.66 (d, J = 5.8 Hz, 

2H), 2.63 (td, J = 7.0, 1.0 Hz, 2H), 2.58 (d, J = 4.6 Hz, 3H), 2.52 (s, 2H). 

13C NMR (101 MHz, DMSO-d6) δ 169.60, 169.07, 120.47, 42.10, 30.21, 25.48, 12.43. 

HRMS (ESI): calcd for C7H12N3O2 [M + H]+, 170.0924; found 170.0925. 

 

2.6.1.4. Synthesis of dimerization adducts of AcGlyNMe (1a) 

2,3-diacetamido-N1,N4-dimethylsuccinamide (3a/b): 

 
3.5 ml of di-tert butyl peroxide (19 mmol, 5 eq) was added to 550 mg of ethyl acetyl glycinate 

(3.8 mmol, 1 eq) in 4 ml of dry degassed benzene. The reaction tube was sealed and heated up 

to 130 °C for 15 hours. Then all volatiles were removed under reduced pressure, and the crude 

product was treated with excess of MeNH2 (33%, EtOH) for 4 hours. The white precipitate was 

separated by centrifuge, washed with MeCN (3×1 ml) and dried in vacuo (144 mg, 29%). 

1H NMR (400 MHz, D2O) δ 4.82 (s, 1H), 2.68 (s, 3H), 2.67 (s, 3H), 1.99 (s, 6H). 
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13C NMR (101 MHz, D2O) δ 174.17, 174.13, 170.46, 170.26, 54.21, 53.61, 25.85, 25.79, 

21.69, 21.67. 

HRMS (ESI): calcd for C10H18N4O4Na [M + Na]+, 281.1220; found 281.1220. 

Elem. Calcd for C10H18N4O4 : C 46.50, N 21.69, H 7.02. Found: C 46.26, N 21.48, H 6.83. 

 

2-acetamido-3-(2-acetamidoacetamido)-N-methylpropanamide (3c): 

 

Modified literature procedure[15]  

To a stirring slurry of 2.32 g Boc-L-asparagine (10 mmol, 1 eq) in 12 mL EtOAc, 12 mL MeCN, 

and 3 mL H2O at 10 °C, 3.22 g of PIDA (12 mmol, 1.2 eq) were added portion-wise. The 

reaction was stirred at 10 °C for 30 minutes, after which the temperature was allowed to reach 

RT, and the reaction was stirred for an additional 4 hours. Subsequently, the reaction was 

cooled using an ice bath and filtered. The filter cake was washed with EtOAc and dried under 

reduced pressure. 3c-1 was obtained as a white powder (1.42 g, 72%) 

1H NMR (400 MHz, MeOH-d4) δ 4.06 (t, J = 6.5 Hz, 1H), 3.21 – 3.10 (m, 2H), 1.46 (s, 9H). 

Modified literature procedure (US2006189806) 

1.0 g of 3c-1 (4.9 mmol, 1 eq) was dissolved in a 10% aqueous solution of Na2CO3 (1.14 g, 

10.74 mmol, 2.2 eq.) and 10 mL of 1,4-dioxane. Then, 0.76 mL of benzyl chloroformate (5.36 

mmol, 1.1 eq.) was added dropwise, and the solution was stirred at RT for 3 hours. The reaction 

mixture was quenched with water and washed with diethyl ether (50 mL). The aqueous phase 

was acidified to pH 2 using 6M HCl, and the resulting mixture was extracted with EtOAc (3×50 

mL). The organic layers were combined, washed with brine, and dried over MgSO4. The 

solvent was removed under reduced pressure to yield a pale-yellow oil of 3c-2 (1.60 g, 97%). 

The crude material was used without further purification. Spectral data are in agreement with 

literature values.[16] 

1H NMR (400 MHz, DMSO-d6) δ 12.63 (bs, 1H), 7.40 – 7.26 (m, 6H), 6.97 (d, J = 8.2 Hz, 

1H), 5.02 (s, 2H), 4.06 – 4.01 (m, 1H), 3.36 – 3.21 (m, 2H), 1.38 (s, 9H). 

Modified literature procedure.[16] 
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A suspension of 3c-2 (1.6 g, 4.9 mmol, 1.0 eq) and K2CO3 (6.73 g, 48.8 mmol, 10.0 eq) in 20 

mL of dry DMF was stirred at 10 °C. MeI (6.1 mL, 13.86 g, 97.6 mmol, 20 eq) was added 

slowly, and the reaction mixture was stirred at RT overnight. The solvent was evaporated, and 

the residue was dissolved in water and extracted with EtOAc (3×50 mL). The organic layers 

were combined and dried over MgSO4. The solvent was evaporated, and the residue was 

purified by column chromatography (EtOAc/iHex = 1/1, Rf 0.64) to yield 3c-3 as a colorless 

oil (1.54 g, 90%). Spectral data are in agreement with literature values.[17] 

1H NMR (400 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H), 5.44 (d, J = 7.5 Hz, 1H), 5.15 (bs, 1H), 

5.09 (s, 2H), 4.45 – 4.32 (m, 1H), 3.73 (s, 3H), 3.64 – 3.55 (m, 2H), 1.43 (s, 9H). 

Modified literature procedure.[16] 

A suspension of 3c-3 (1.54 g), obtained from previous step, and 10% Pd/C (200 mg) was stirred 

in methanol (50 mL) under a H2 atmosphere at RT overnight. After filtration through a Celite 

pad and washing with methanol, the solvent was evaporated under reduced pressure, and the 

residue was dried in vacuo to yield 3a-4 as a colorless oil (0.88 g, 88%). Spectral data are in 

agreement with literature values.[17] 

1H NMR (400 MHz, CDCl3) δ 5.42 (bs, 1H), 4.33 – 4.28 (m, 1H), 3.75 (s, 3H), 3.04 (d, J = 

4.6 Hz, 2H), 1.44 (s, 9H). 

 

Modified literature procedure.[18] 

Boc-Gly-OH (1.05 g, 6 mmol, 1 eq) and N-hydroxysuccinimide (1.03 g, 9 mmol, 1.5 eq) were 

dissolved in 24 ml of dry THF and stirred at RT. DCC (2.47 g, 12 mmol, 2 eq) was added to 

the reaction mixture, which was then stirred overnight at RT. Then, a few drops of glacial acetic 

acid were added, and the mixture was stirred for an additional hour. DCU was filtered off and 

the filter cake washed with THF. The solvent was removed under reduced pressure, and the 

crude material was recrystallized from isopropanol, yielding a white solid of 3c-5. (1.54 g, 

95%). Spectral data are in agreement with literature values.[18] 

Major conformer:  

1H NMR (400 MHz, CDCl3) δ 5.02 (bs, 1H), 4.28 (d, J = 5.9 Hz, 2H), 2.84 (s, 4H), 1.45 (s, 

9H). 
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878 mg of 3c-4 (4 mmol, 1 eq) and 0.7 ml of DIPEA (4 mmol, 1 eq) were added to 1.1 g of 3c-

5 (4 mmol, 1 eq) in 50 ml of dry DCM. The reaction mixture was stirred overnight at RT. All 

the volatiles were evaporated, and the crude material was purified by column chromatography 

(EtOAc/iHex = 3/1, Rf 0.46). 1.05 g of Boc-protected peptide 3c-6 was obtained as a white 

solid (2.8 mmol, 70%). 

1H NMR (400 MHz, CDCl3) δ 6.61 (bs, 1H), 5.50 (d, J = 7.4 Hz, 1H), 5.08 (bs, 1H), 4.38 (q, 

J = 6.6 Hz, 1H), 3.76 – 3.50 (m, 7H), 1.46 (s, 9H), 1.44 (s, 9H). 

Boc-deprotection of 3c-6 has performed by treating of 375 mg of the obtained solid (1 mmol, 

1 eq) with 4M HCl in dioxane for 1 hour at RT. Then all the volatiles were evaporated, the 

hydrochloride salt was mixed with 0.95 ml of acetic anhydride (10 mmol, 10 eq) and 835 μl of 

triethylamine (6 mmol, 6 eq). The reaction was allowed to stir overnight, the white precipitate 

was filtered off, washed with DCM (3×2 ml) and dried in vacuo. 217 mg of 3c-7 as white solid 

was obtained (0.84 mmol, 84%). 

1H NMR (400 MHz, MeOH -d4) δ 4.54 (dd, J = 6.7, 5.4 Hz, 1H), 3.80 (s, 2H), 3.73 (s, 3H), 

3.66 (dd, J = 13.8, 5.4 Hz, 1H), 3.50 (dd, J = 13.8, 6.7 Hz, 1H), 2.01 (s, 3H), 1.99 (s, 3H).  

13C NMR (101 MHz, MeOH-d4) δ 173.93, 173.39, 172.38, 172.06, 53.69, 52.97, 43.54, 41.28, 

22.44, 22.42. 

HRMS (ESI): calcd for C10H17N3O5Na [M + Na]+, 282.1060; found 282.1061. 

100 mg of obtained material was mixed with an excess of MeNH2 (33%, EtOH) for 2 h at RT. 

Then all the volatiles were evaporated, and compound 3c was obtained as a white powder (97 

mg, 97%). 

1H NMR (400 MHz, DMSO-d6) δ 8.11 (t, J = 5.7 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.82 – 

7.77 (m, 2H), 4.23 (td, J = 7.8, 5.7 Hz, 1H), 3.67 – 3.57 (m, 2H), 3.40 – 3.35 (ddd, overlapped 

with solvent), 3.18 (ddd, J = 13.3, 7.6, 5.7 Hz, 1H), 2.57 (s, 1H), 2.56 (s, 2H), 1.85 (s, 3H), 

1.84 (s, 3H). 

13C NMR (101 MHz, MeOH-d4) δ 174.01, 173.50, 172.58, 172.53, 54.68, 43.65, 41.86, 26.42, 

22.66, 22.45. 

HRMS (ESI): calcd for C10H18N4O4Na [M + Na]+, 281.1220; found 281.1221. 
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(N,N'-(ethane-1,2-diyl)bis(2-acetamidoacetamide (3d): 

 

0.218 ml of ethylenediamine (3.3 mmol, 1 eq) was added dropwise to ethyl acetyl glycinate 

(1 g, 6.9 mmol, 2.1 eq), dissolved in 1 ml of EtOH, at 0 C. After 5 minutes the external cooling 

was removed. The reaction mixture was stirred for 4 h at RT. The precipitate was filtered off, 

washed with EtOH (3×2 ml) and dried in vacuo. The pure product was isolated as a white solid 

(341 mg, 40%).  

1H NMR (600 MHz, D2O) δ 3.79 (s, 4H), 3.27 (s, 4H), 1.99 (s, 6H). 

13C NMR (150 MHz, D2O) δ 174.70, 171.71, 42.37, 38.42, 21.56. 

HRMS (ESI): calcd for C10H18N4O4Na [M + Na]+, 281.1220; found 281.1220. 

N1,N4-bis(2-(methylamino)-2-oxoethyl)succinimide (3e): 

 

After 4 g of glycine ethyl ester hydrochloride (28.8 mmol, 2 eq) were dissolved in 70 ml of 

DCM, 8 ml of NEt3 (5.8 g, 57.5 mmol, 4 eq) were added dropwise. The solution was cooled 

down to -25 C, and 1.58 ml of succinyl chloride (14.4 mmol, 2.23 g, 1 eq) were then added 

dropwise. The reaction mixture was stirred for 2 h at -25 C, slowly warmed up to RT and 

stirred 2 h additionally. The solvent was removed in vacuo. The solid was dissolved in 100 ml 

of EtOAc, and the organic phase was washed with 1N HCl (3×50 ml) and with brine. The 

solvent was removed under reduced pressure. The product was isolated as a white solid (2.5 

mg, 60%) and was used without further purification. 10.8 ml of 33% ethanol solution of methyl 

amine (87 mmol, 5 eq) was added dropwise at 0 C. After 5 minutes the external cooling was 

removed. Reaction mixture was allowed to stir for 4 h at RT. After removing the solvent under 
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reduced pressure, the crude product was purified by recrystallization from EtOH/H2O. Pure 

product was isolated as a white solid (1.8 g, 71%). 

1H NMR (600 MHz, D2O) δ 3.73 (s, 4H), 2.59 (s, 6H), 2.51 (s, 4H). 

13C NMR (150 MHz, D2O) δ 175.59, 171.92, 42.34, 30.15, 25.58. 

HRMS (ESI): calcd for C10H18N4O4Na [M + Na]+, 281.1220; found 281.1220. 

 

2.6.1.5. Synthesis of the recombination adduct 11 

 

Acetamide (5 g, 84.7 mmol, 1 eq) and glyoxylic acid monohydrate (8.6 g, 93.2 mmol, 1.1 eq) 

were dissolved in 150 mL of dry acetone. The reaction mixture was refluxed for 15 hours. 

Then, the reaction mixture was concentrated under reduced pressure, and compound 11-1 was 

obtained as an amorphous glass (88%). Concentrated H2SO4 (2 mL) was added to an ice-cooled 

solution of 11-1 in 100 mL of EtOH. The reaction mixture was stirred for 48 hours at RT. The 

reaction was then quenched with an ice-cooled saturated NaHCO3 solution (100 mL). The 

mixture was extracted with EtOAc (3×100 ml), and the combined organic layers were dried 

over MgSO4 and evaporated under reduced pressure. The crude material was purified by 

vacuum distillation to yield compound 11-2 as a white solid (7.9 g, 45% yield). 

1H NMR (600 MHz, CDCl3) δ 6.57 (t, J = 9.2 Hz, 1H), 5.56 (d, J = 9.2 Hz, 1H), 4.31 – 4.18 

(m, 2H), 3.76 – 3.62 (m, 2H), 2.05 (s, 3H), 1.31 (t, J = 7.2 Hz, 3H), 1.21 (t, J = 7.0 Hz, 3H). 

475 mg of 11-2 (2.5 mmol, 1 eq) was dissolved in 1.4 ml of 33% ethanol solution of methyl 

amine (11.7 mmol, 4.67 eq) at 0 C. After 5 minutes the external cooling was removed, and the 

reaction mixture allowed to stir for 4 h at RT. After removing the solvent under reduced 

pressure, the crude product was purified by recrystallization from EtOAc/EtOH. The pure 

product 11-3 was isolated as a white solid (305 mg, 86%). 

1H NMR (400 MHz, CDCl3) δ 6.87 – 6.76 (m, 2H), 5.53 (d, J = 8.7 Hz, 1H), 3.72 (dq, J = 9.2, 

7.0 Hz, 1H), 3.62 (dq, J = 9.4, 7.0 Hz, 1H), 2.84 (d, J = 4.9 Hz, 3H), 2.06 (s, 3H), 1.21 (t, J = 

7.0 Hz, 3H). 

200 μL of BF3·Et2O (1.6 mmol, 1.6 eq) was added to a stirring suspension of 174 mg 11-3 (1 

mmol, 1 eq) in 5 mL of Et2O at -78 °C under an N2 atmosphere. 474 μL of t-BuOH (5 mmol, 
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5 eq) were added dropwise, and the external cooling was removed. The reaction was allowed 

to slowly warm up to RT and then stirred for 48 hours. Afterwards, the reaction was carefully 

quenched with 5 ml of saturated aqueous NaHCO3 solution and extracted with EtOAc (3×10 

ml). The organic layers were combined and dried over MgSO4. All volatiles were evaporated 

under reduced pressure, and the crude material was purified by column chromatography 

(DCM/MeOH = 10/1, Rf 0.40). Product 11 was obtained as a colorless oil (97 mg, 48%). 

1H NMR (400 MHz, CDCl3) δ 7.28 (d, J = 9.1 Hz, 1H), 7.07 (q, J = 5.0 Hz, 1H), 5.56 (d, J = 

9.2 Hz, 1H), 2.74 (d, J = 4.9 Hz, 3H), 1.92 (s, 3H), 1.19 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 170.43, 170.27, 76.16, 73.00, 28.10, 26.06, 23.21. 

HRMS (ESI): calcd for C9H18N2O3K [M + K]+, 241.0949; found 241.0950 

2.6.1.6. Synthesis of methylation adducts of AcGlyNMe 1a 

2-acetamido-N-methylpropanamide (DL-Ala-NMe, 10a): 

 

1 g of DL-alanine ethyl ester hydrochloride (6.5 mmol, 1 eq) was dissolved in 30 ml of dry 

DCM, the solution was cooled down to 0 C, and 1.83 ml of NEt3 (1.32 g, 13.1 mmol, 2 eq) 

was added dropwise, followed by 0.46 ml of freshly distilled acetyl chloride (0.51 g, 6.5 mmol, 

1 eq). Then the external cooling was removed, and the reaction mixture was stirred for 2 h at 

RT, quenched with 50 ml of brine and extracted with DCM (3×25 ml). The combined organic 

layers were dried over MgSO4, and the solvent were evaporated under reduced pressure. Then 

2.5 ml of 33% ethanol solution of methyl amine (26 mmol, 4.67 eq) was added dropwise to the 

crude product at 0 C. After 5 minutes the external cooling was removed and the reaction 

mixture allowed to stir overnight at RT. After removing all residues of solvents under reduced 

pressure, the crude product was purified by recrystallization from EtOAc/EtOH. The pure 

product was isolated as white crystals (0.49 g, 52%). 

1H NMR (400 MHz, DMSO-d6) δ 8.00 (d, J = 7.6 Hz, 1H), 7.77 (d, J = 5.7 Hz, 1H), 4.18 (p, 

J = 7.2 Hz, 1H), 2.56 (d, J = 4.6 Hz, 3H), 1.82 (s, 3H), 1.15 (d, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 172.74, 168.96, 48.10, 25.55, 22.58, 18.29. 



312 

 

2-acetamido-N-ethylacetamide (AcGlyNEt, 10b): 

 

0.33 ml of ethyl amine (5 mmol, 5 eq) was added dropwise to ethyl acetyl glycinate (145 mg, 

1 mmol, 1 eq) in 2 ml of EtOH at 0 C. After 5 minutes the external cooling was removed and 

the reaction mixture allowed to stir overnight at RT. After removing all residues of solvent 

under reduced pressure, the crude product was recrystallized from EtOAc/EtOH mixture. Pure 

10b was isolated as white crystals (120 mg, 83%). 

1H NMR (400 MHz, DMSO-d6) δ 8.07 (bs, 1H), 7.83 (bs, 1H), 3.60 (d, J = 5.9 Hz, 2H), 3.06 

(qd, J = 7.2, 5.5 Hz, 2H), 1.84 (s, 3H), 0.99 (t, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 169.57, 168.62, 42.09, 33.37, 22.58, 14.80. 

HRMS (ESI): calcd for C6H13N2O2 [M + H]+, 145.0972; found 145.0973. 

 

N-(2-(methylamino)-2-oxoethyl)propionamide (PpGlyNMe, 10c): 

 

139.5 mg of glycine ethyl ester hydrochloride (1 mmol, 1 eq) were dissolved in 10 ml of dry 

DCM, the solution was cooled down to 0 C, and 0.28 ml of NEt3 (0.2 g, 2 mmol, 2 eq) were 

added dropwise, followed by 88 μl of freshly distilled propionyl chloride (0.925 g, 1 mmol, 1 

eq). Then the external cooling was removed, the reaction mixture was stirred for 2 h at RT, and 

then quenched with 50 ml of brine and extracted with DCM (3×25 ml). The combined organic 

layers were dried over MgSO4, and the solvent were evaporated under reduced pressure. Then 

2 ml of 33% ethanol solution of methyl amine was added dropwise to the crude product at 0 

C. After 5 minutes the external cooling was removed. Reaction mixture was allowed to stir 

for 2 h at RT. Afterwards, the solvent was removed under reduced pressure, the crude product 

was purified by recrystallization from EtOAc/iPrOH. The pure product 10c was isolated as 

white crystals (80 mg, 56%). 
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1H NMR (400 MHz, DMSO-d6) δ 7.99 (t, J = 5.9 Hz, 1H), 7.75 – 7.71 (m, 1H), 3.61 (d, J = 

5.9 Hz, 2H), 2.57 (d, J = 4.6 Hz, 3H), 2.13 (q, J = 7.6 Hz, 2H), 0.98 (t, J = 7.6 Hz, 3H). 

13C NMR (101 MHz, DMSO) δ 173.23, 169.46, 42.04, 28.27, 25.48, 9.68. 

N-methyl-2-(N-methylacetamido)acetamide (AcSarNMe, 10d): 

 

1.54 g of sarcosine ethyl ester hydrochloride (10 mmol, 1 eq) were dissolved in 20 ml of dry 

DCM, the solution was cooled down to 0 C, and 2.8 ml of NEt3 (2.0 g, 20 mmol, 2 eq) was 

added dropwise, followed by 0.72 ml of freshly distilled acetyl chloride (0.79 g, 10 mmol, 1 

eq). Afterwards, the external cooling was removed, and the reaction mixture was stirred 

overnight at RT, quenched with 50 ml of brine and extracted with EtOAc (3×25 ml). The 

combined organic layers were dried over MgSO4, and the solvent was evaporated under 

reduced pressure. Then 2.4 ml of 33% ethanol solution of methyl amine (26 mmol, 4.67 eq) 

was added dropwise to 318 mg of the crude product at 0 C. After 5 minutes the external 

cooling was removed and the reaction mixture allowed to stir overnight at RT. Afterwards, the 

solvent was removed under reduced pressure, the crude product was purified by short silica 

plug (DCM/MeOH = 20/1). The pure product was isolated as yellow oil (0.25 g, 87%). 

 

Major conformer:  

1H NMR (400 MHz, DMSO-d6) δ 7.72 (s, 1H), 3.83 (s, 2H), 2.96 (s, 3H), 2.57 (d, J = 4.6 Hz, 

3H), 2.01 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 170.34, 168.66, 50.12, 37.01, 25.44, 21.51. 

Minor conformer:  

1H NMR (400 MHz, DMSO-d6) δ 7.95 (s, 1H), 3.90 (s, 1H), 2.75 (s, 1H), 2.61 (d, J = 4.6 Hz, 

2H), 1.91 (s, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 170.46, 168.46, 52.93, 34.04, 25.57, 21.25. 
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2.6.1.7. Synthesis of adducts of AcNMe (1c) 

N-(2-cyanoethyl)acetamide (7): 

 

Modified literature procedure[19] 

Aminonitrile hydrochloride (5 mmol) was dissolved in H2O (50 ml) and the solution was 

adjusted to pH 9.0 with NaOH. 1.5 g of acetic anhydride (1.42 mL, 15 mmol) was added 

dropwise over 5 min, whilst maintaining the solution at pH 9 with NaOH/HCl. The reaction 

mixture was then acidified to pH 7 and all the volatiles were evaporated under reduced pressure. 

The crude material was dissolved in 20 ml of DCM, filtered through short silica pad and dried 

in vacuo. 459 mg of 7 (4.1 mmol, 82%) was obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 6.59 (bs, 1H), 3.46 (q, J = 6.2 Hz, 2H), 2.60 (t, J = 6.3 Hz, 2H), 

1.99 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 171.08, 118.49, 35.75, 23.06, 18.47. 

HRMS (EI): calcd for C5H9N2O [M+H]+, 112.0632; found 112.6031. 

N,N'-(ethane-1,2-diyl)diacetamide (8): 

 

To 4.70 ml of Ac2O (5.1 g, 50 mmol, 10 eq) in 10 ml of dry DCM, 333 ml of ethylenediamine 

(300 mg, 5 mmol, 1 eq) and 3.5 ml of triethylamine (2.52 g, 25 mmol, 5 eq) were added. The 

reaction mixture was stirred overnight at RT, and then quenched with 50 ml of water. The 

organic phase was separated and dried under vacuum. The crude material was recrystallized 

from EtOAc/EtOH mixture. Pure 8 was obtained as colorless crystals (0.64 g, 89 %).  

1H NMR (400 MHz, DMSO-d6) δ 7.87 (bs, 2H), 3.08 – 3.01 (m, 4H), 1.78 (s, 6H). 

13C NMR (101 MHz, DMSO-d6) δ 169.33, 38.40, 22.68. 

HRMS (ESI): calcd for C6H12N2O2Na [M + Na]+, 167.0791; found 167.0792. 
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added at −78 °C with vigorous stirring. The temperature was slowly raised to RT and the 

mixture stirred overnight. The reaction mixture was quenched with 10 ml of brine. The organic 

layer was extracted with EtOAc and the combined organic extracts were dried over MgSO4. 

The crude material was purified by hot filtration from iHex/EtOAc=10/1 mixture. 13a/b-1 (dr 

= 1.1) was obtained as pale-yellow solid (1.05 g, 52%). Spectral data are in agreement with 

literature values.[24] 

Major isomer: 

1H NMR (400 MHz, CDCl3) δ 7.57 – 7.54 (m, 4H), 7.41 – 7.38 (m, 6H), 7.36 – 7.30 (m, 2H), 

7.25-7.23 (m, 4H), 7.17 (m, 4H), 3.36 (s, 6H), 1.63 (s, 6H) 

Minor isomer: 

1H NMR (400 MHz, CDCl3) δ 7.65 – 7.57 (m, 4H), 7.42 – 7.38 (m, 6H), 7.36 – 7.30 (t, 2H), 

7.29 – 7.22 (m, 4H), 7.18 – 7.14 (m, 4H), 3.42 (s, 6H), 1.45 (s, 6H) 

 

533 mg of 13a/b-1 in 5 mL Et2O was treated with 3 mL of 1 N HCl at 0°C. The reaction was 

allowed to reach RT. After 1 h, 1 mL of MeOH was added to dissolve the solids, and the 

mixture was stirred for an additional hour. The reaction was extracted with Et2O, and the 

aqueous phase was evaporated under reduced pressure to obtain 13a/b-2, which was used 

without further purification. 

Major isomer: 

1H NMR (400 MHz, DMSO-d6) δ 3.78 (s, 6H), 3.49 (bs, 6H), 1.59 (s, 6H). 

Minor isomer: 

1H NMR (400 MHz, DMSO-d6) δ 3.79 (s, 1H), 3.49 (bs, 6H), 1.62 (s, 6H). 

 

13a/b-2 was mixed with 950 µl Ac2O (10 mmol, 10 eq), 835 µl NEt3 (5 mmol, 6 eq) and 244 

mg DMAP (2 mmol, 2 eq) in 10 ml of dry DCM. The reaction was allowed to stir overnight, 

quenched with 10 ml of saturated aqueous NaHCO3 solution. The mixture was extracted with 

DCM (3 × 25 mL), and the organic layers were collected and dried over MgSO4. After 

removing the volatiles under reduced pressure, the crude material was subjected to a short silica 

column (iHex/EtOAc = 4/1). The volatiles were again evaporated, and the crude material was 

recrystallized from iHex/EtOAc mixture. 13a/b-3 was obtained as white solid (70 mg, 24%). 

Spectral data are in agreement with literature values.[25] 

1H NMR (400 MHz, MeOH-d4) δ 3.68 (s, 6H), 1.98 (s, 6H), 1.64 (s, 6H). 
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13C NMR (101 MHz, MeOH-d4) δ 173.34, 172.48, 65.30, 53.23, 22.90, 18.44. 

MS (APCI): calcd for C12H21N2O6 [M + H]+, 289.1; found 289.0. 

Then excess of 33% ethanol solution of methyl amine was added dropwise to 70 mg of 13a/b-

3 at 0 C. After 5 minutes the external cooling was removed and the reaction mixture allowed 

to stir overnight at RT. No product 13a/b was detected via APCI MS analysis. The reaction 

mixture was transferred to a pressure tube and tightly sealed. The vessel was heated to 100 °C 

for 4 hours, cooled to RT. APCI MS analysis showed little product 13a/b formation. 

2-acetamido-3-((S)-2-acetamidopropanamido)-N,2-dimethylpropanamide (13c) 

 

Modified literature procedure.[26] 

The oxazolone 13c-1 was prepared from N-benzoyl-alanine (10 g, 52 mmol) by dehydration 

with acetic anhydride (50 mL, 520 mmol). The reaction mixture was stirred at 95 °C for 1 h. 

The excess of acetic anhydride was removed under reduced pressure. With the assumption of 

100 % conversion, it was used without further purification. 13c-1 was dissolved in 10 mL 

pyridine and treated with aqueous formaldehyde (35 %, 40 mL). The mixture was stirred at RT 

for 1 h. The mixture was filtered, and the solid material was washed with water. The solid 

material was dried under reduced pressure, obtaining a white powder of 13c-2.  

1H NMR (400 MHz, CDCl3) δ 7.79– 7.76 (m, 2H), 7.58 – 7.52 (m, 1H), 7.47 – 7.41 (m, 2H), 

6.52 (s, 1H), 5.68 (d, J = 5.2 Hz, 1H), 5.46 (dd, J = 5.2, 1.7 Hz, 1H), 4.35 (dd, J = 10.8, 1.0 

Hz, 1H), 3.94 (dd, J = 10.8, 1.7 Hz, 1H), 1.74 (s, 3H). 

Modified literature procedure.[26] 

13c-2 was refluxed in 100 mL 5 N HCl for 5 h. The reaction mixture was cooled and filtered, 

before evaporation. The residue was purified by flash chromatography 

(MeOH/DCM=1:10→100% MeOH). Pure 13c-3 was isolated as a pale-yellow solid (4.15 g, 

52 %) 

1H NMR (DMSO-d6, 400 MHz) δ 13.75 (s, 1H), 8.41 (bs, 3H), 5.77 (s, 1H), 3.71 (d, J = 11.1 

Hz, 1H), 3.60 (d, J = 11.1 Hz, 1H), 1.34 (s, 3H). 
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Modified literature procedure.[27] 

For the Boc protection, 13c-3 (4.15 g, 27 mmol) was diluted in 20 mL of NaHCO3 saturated 

solution and cooled to 0 °C. 9 mL Boc2O was mixed with 20 mL dioxane and added to the 

stirred solution of the hydrochloride. The reaction mixture was stirred at RT overnight. The pH 

was adjusted to 2 by 1 M HCl solution and 100 mL of brine was added. The compound was 

extracted with EtOAc (3×50 mL) and the organic layers were combined and dried over MgSO4. 

The organic phase was evaporated under reduced pressure. The residue was purified by flash 

chromatography using DCM/MeOH = 10/11 as eluent. Pure 13c-4 (1.58 g, 7.2 mmol, 27 %) 

was obtained as brown oil. Spectral data are in agreement with literature values.[27] 

1H NMR (CDCl3, 400 MHz) δ 5.49 (bs, 1H), 3.93 (d, J = 11.6 Hz, 1H), 3.81 (d, J = 11.5 Hz, 

1H), 1.51 (s, 3H), 1.46 (s, 9H). 

Modified literature procedure.[28] 

For the synthesis of the 13с-5, a solution of triphenylphosphine (1.89 g, 7.21 mmol) in 30 mL 

of dry THF was prepared and a 2.2 M solution of diethyl azodicarboxylate in toluene (3.3 mL, 

7.21 mmol) was added dropwise at -78 °C. The mixture was stirred for 20 min. The Boc-

protected α-methyl-serine (1.58 g, 7.21 mmol) was dissolved in 3 mL of dry THF and added 

to the prepared solution. The reaction mixture was stirred at -78 °C for 1 h. The dry ice bath 

was removed, and the mixture was stirred at RT overnight. The solvents were removed under 

reduced pressure. The residue was purified by column chromatography (100% DCM, Rf 0.23). 

The solvent was evaporated under reduced pressure, giving 13c-5 (1.15 g, 79 %) as a white 

solid. Spectral data are in agreement with literature values.[29] 

1H NMR (CDCl3, 400 MHz) δ 4.95 – 4.55 (m, 2H), 4.12 (d, J = 4.6 Hz, 1H), 1.61 (s, 3H), 1.46 

(s, 9H). 

Sodium azide (482 mg, 7.41 mmol) was added to a solution of 13c-5 (1.14 g, 2.47 mmol) 

dissolved in 10 mL dry DMF. The mixture was stirred overnight. DMF was removed under 

reduced pressure at RT. The residue was dissolved in water, the pH was adjusted to 3 with 1 N 

NaHSO4 solution and extracted with EtOAc (3×25 ml). The combined organic phase was 

washed with brine and dried over MgSO4. The solvent was removed under reduced pressure at 
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RT. 1.34 g of 13c-6 (96 %) was obtained as a white solid. Spectral data are in agreement with 

literature values.[30] 

1H NMR (CDCl3, 400 MHz) δ 5.36 (bs, 1H), 4.36 – 4.16 (m, 1H), 3.81 – 3.78 (m, 1H), 1.55 

(s, 3H), 1.45 (s, 9H). 

 

222 μl ml of NMM (2.02 mmol, 1.1 eq), and then 261 μl of IBCF (2.02 mmol, 1.1 eq) were 

successively added to a solution of 13c-6 (1.84 mmol, 1 eq) in dry THF (4 mL) at -20 – -18 °C 

(ice/salt = 3/1). After 5 min of activation, 156 μl of 40 % aqueous methylamine (2.02 mmol, 

1.1 eq) were added, and the resulting solution was stirred for 1 hour at -20 – -18 °C. The 

reaction was quenched with 10 mL of 5% NaHCO3 and stirred additionally for 30 min at RT. 

The aqueous phase was extracted with DCM (3×25 mL). The combined organic phases were 

washed with 5 % NaHCO3 (2 × 50 mL), dried over MgSO4. The solvent was evaporated under 

reduced pressure and the crude product was purified by column chromatography (iHex/EtOAc 

= 1/1, Rf 0.15). 210 mg of 13c-7 (45 %) were obtained as a white solid. 

1H NMR (400 MHz, CDCl3) δ 6.48 (bs, 1H), 5.15 (bs, 1H), 4.02 (d, J = 12.5 Hz, 1H), 3.58 

(d, J = 12.5 Hz, 1H), 2.83 (d, J = 4.8 Hz, 3H), 1.47 (s, 3H), 1.45 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 173.05, 154.76, 81.00, 59.72, 55.21, 28.42, 26.69, 22.58. 

A suspension of 13c-7 obtained from the previous step and 10% Pd/C (20 mg) was stirred in 

absolute ethanol (10 mL) under a H2 atmosphere at RT for 2 h. After filtration through a Celite 

pad and washing with methanol, the solvent was evaporated under reduced pressure, and the 

residue was dried in vacuo to yield 13a-8 as a colorless oil (190 mg, >99%). The compound 

was used without further purification. 

 
235 mg of L-Boc-Ala-OSu (0.82 mmol, 1 eq) and 115 μl of NEt3 (0.82 mmol, 1 eq) were added 

to 190 mg of 13c-8 (0.82 mmol, 1 eq) in 10 ml of dry DCM. The reaction mixture was stirred 
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overnight at RT. All volatiles were evaporated, and the crude material was purified by column 

chromatography (100% EtOAc, Rf 0.27). 170 mg of 13c-9 (as a mixture of 2 diastereomers) 

was obtained as a white solid (51%). 

1H NMR (400 MHz, MeOH-d4) δ 4.06 – 3.94 (m, 1H), 3.58 – 3.42 (m, 2H), 2.72 – 2.71 (m, 

3H), 1.51 – 1.40 (m, 18H), 1.38 – 1.37 (m, 3H), 1.31 – 1.28 (m, 3H). 

13C NMR (101 MHz, MeOH-d4) δ 177.21 (bs), 176.79 (bs), 176.20 (bs), 157.82, 157.73, 

156.48 (bs), 80.67, 61.36 (bs), 52.16, 51.83, 46.14 (bs), 28.78, 28.74, 28.69, 28.66, 26.67, 

26.65, 21.45 (bs), 18.20, 17.82. 

MS (APCI): calcd for C18H35N4O6 [M + H]+, 403.3, found 403.1 

Boc-deprotection of 13c-9 has been done by treating of 150 mg of obtained 13c-9 (0.373mmol, 

1 eq) with 4M HCl in dioxane for 1 hour at RT. Then the volatiles were evaporated under 

reduced pressure, the hydrochloride salt was mixed with 353 μl of acetic anhydride (3.73 mmol, 

10 eq), 312 μl of triethylamine (2.24 mmol, 6 eq) and 1 eq DMAP in 8 ml of dry DCM. The 

reaction was allowed to stir overnight, and the white slurry was filtered off, washed with DCM 

(3×2 ml) and dried in vacuo. The crude material was purified by short column chromatography 

(DCM/MeOH = 10/1). 62 mg of 13c was obtained as colorless solid (58%). 

1H NMR (400 MHz, MeOH-d4) δ 4.29 – 4.18 (m, 1H), 3.71 – 3.52 (m, 2H), 2.71 – 2.70 (m, 

3H), 1.99 (s, 3H), 1.95 – 1.94 (m, 3H), 1.38 – 1.36 (m, 3H), 1.35 – 1.32 (m, 3H). 

13C NMR (101 MHz, MeOH-d4) δ 176.49, 176.28, 175.77, 175.68, 173.35, 173.33, 173.30, 

173.19, 61.70, 61.68, 61.49, 61.47, 51.07, 50.88, 45.27, 45.07, 26.76, 26.75, 26.63, 26.61, 

23.22, 23.21, 22.42, 22.36, 21.93, 21.89, 17.88, 17.64. 

HRMS (ESI): calcd for C12H21N4O4 [M-H], 285.1568; found 285.1568. 

(2S,2'S)-N,N'-(ethane-1,2-diyl)bis(2-acetamidopropanamide) (13d) 

 

To 567 mg Boc-L-Ala-OH (3 mmol, 2.5 eq) in 10 ml of dry THF was added 0.33 ml of N-

methyl morpholine (NMM, 303 mg, 3 mmol, 2.5 eq) and 0.29 ml of ethyl chloroformate (ECF, 

326 mg, 3 mmol, 2.5 eq) at -20 °C. After 5 minutes of activation, 80 μl of ethylenediamine (72 

mg, 1.2 mmol, 1 eq) was added dropwise. The reaction mixture was allowed to stir for 1 h at -

20 °C, then the mixture was quenched with 5% NaHCO3 aqueous solution (50 mL) and 
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extracted with DCM (3×25 mL). The combined organic layers were washed with brine (50 

mL), dried over MgSO4 and concentrated in vacuo. The crude product was used without further 

purification. 5 ml of 4M HCl in dioxane was added dropwise to the obtained crude material at 

0 °C. The reaction mixture was allowed to stir for 1 h at RT and the volatiles were evaporated 

under reduced pressure. 2.51 ml of NEt3 (1.82 g, 18 mmol, 6 eq) was added dropwise to the 

crude product in 20 ml of dry DCM at 0 °C, followed by addition of 2.83 ml of Ac2O (3.06 g, 

30 mmol, 10 eq). The external cooling was removed, the reaction mixture was allowed to stir 

overnight at RT. The precipitate was filtered off, washed with DCM (3×5 ml) and dried under 

reduced pressure. The product was obtained as white solid (286 mg, 83%). 

1H NMR (400 MHz, MeOH-d4) δ 4.25 (q, J = 7.2 Hz, 2H), 3.30 – 3.24 (m, overlapped with 

the solvent peak, 4H), 1.99 (s, 6H), 1.33 (s, 3H), 1.31 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 172.61, 169.04, 48.25, 38.29, 22.59, 18.26. 

HRMS (ESI): calcd for C12H21N4O4 [M - H]-, 285.1568; found 285.1569. 

  



323 

 

2.6.2. Laser Flash Photolysis Experiment 

LFP experiments were carried out with a laser kinetic spectrometer using the third harmonic 

(355 nm) of a Q-switched Nd:YAG laser, delivering 8 ns pulses. The laser energy was adjusted 

to ≤ 10 mJ/pulse by the use of the appropriate filter. A 3.5 mL Suprasil quartz cell (10 mm × 

10 mm) was used in all experiments. Argon saturated DMSO solutions of dicumyl peroxide (1 

M) were employed. All the experiments were carried out at T = 25±0.5 °C under magnetic 

stirring. The observed rate constants (kobs) were obtained following the decay of the cumyloxyl 

radical (CumO• ) visible absorption band (490 nm) at different substrate concentrations. The 

kobs values obtained from the decay traces are the average of 2-3 individual values and were 

reproducible to within 5%. Correlation coefficients were in all cases > 0.99. The rate constants 

displayed in Table 1 are the average of at least two independent experiments, typical errors 

being ≤ 10 %.  

a) kobs vs [AcGlyNMe (1a)] plot 

 

Fig. S2. Plots of the average observed rate constant (kobs) against [substrate] for the reactions of the cumyloxyl 

radical (CumO•) with AcGlyNMe (1a), measured in argon-saturated DMSO solution at T = 25 °C by following 

the decay of CumO• at 490 nm. From the linear regression analysis: CumO• +1a, intercept = 8.43 × 105 s–1, kH = 

7.70 × 105 M–1 s–1, r2 = 0.9900.  
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b) kobs vs [1-Cα-d2] plot 

 

Fig. S3. Plots of the average observed rate constant (kobs) against [substrate] for the reactions of the cumyloxyl 

radical (CumO•) with 1-Cα-d2, measured in argon-saturated DMSO solution at T = 25 °C by following the decay 

of CumO• at 490 nm. From the linear regression analysis: CumO• + 1-Cα-d2, intercept = 8.37 × 105 s–1, kH = 

4.53 × 105 M–1 s–1, r2 = 0.9991. 

c) kobs vs [1-NMe-d3] plot 

 

Fig. S4. Plots of the average observed rate constant (kobs) against [substrate] for the reactions of the cumyloxyl 

radical (CumO•) with 1-NMe-d3, measured in argon-saturated DMSO solution at T = 25 °C by following the 

decay of CumO• at 490 nm. From the linear regression analysis: CumO• + 1-NMe-d3, intercept = 8.35 × 105 s–

1, kH = 4.64 × 105 M–1 s–1, r2 = 0.9984. 
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d) kobs vs [AcAlaNMe (1b)] plot 

 
Fig. S5. Plots of the average observed rate constant (kobs) against [substrate] for the reactions of the cumyloxyl 

radical (CumO•) with 1b, measured in argon-saturated DMSO solution at T = 25 °C by following the decay of 

CumO• at 490 nm. From the linear regression analysis: CumO• + 1b, intercept = 8.64 × 105 s–1, kH = 3.93 × 105 M–

1 s–1, r2 = 0.9971 

e) kobs vs [AcNMe (1c)] plot 

 
Fig. S6. Plots of the average observed rate constant (kobs) against [substrate] for the reactions of the cumyloxyl 

radical (CumO•) with 1c, measured in argon-saturated DMSO solution at T = 25 °C by following the decay of 

CumO• at 490 nm. From the linear regression analysis: CumO• + 1c, intercept = 8.38 × 105 s–1, kH = 5.30 × 

105 M–1 s–1, r2 = 0.9987.  
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Table S2. Second order rate constants (kH) for reaction of the cumyloxyl radical (CumO•) with 

different amino acids, measured in DMSO at T = 25 °C.a 

substrate kH / M−1 s−1 

 

7.80.3 × 105 

 

4.60.1 × 105 

 

4.70.1 × 105 

 

3.30.2 × 105 

 

5.30.05 × 105 

aCumO• has been generated by 355 nm LFP of argon-saturated DMSO solutions (T = 25 °C) containing 1.0 M 

dicumyl peroxide. The kH values have been obtained from the slope of the kobs vs [substrate] plots where in turn, 

the kobs values have been obtained following the decay of the CumO• visible absorption band (λmax = 490 nm) at 

the different substrate concentrations. 

2.6.3. Oxidative Stress Reactions of AcGlyNMe (1a), AcAlaNMe (1b) and AcNMe (1c) 

2.6.3.1. Measurement properties. 

Gas chromatograph: Shimadzu GC-2010 

Injection Port SPL1:  Detector channel 1 FID1: 

Injection mode Split  Temperature 305 °C 

Temperature 280 °C  Signal acquire Yes 

Carrier gas N2  Sampling rate 40 ms 

Flow control mode Velocity  Stop time 17.50 min 

Carrier gas pressure 70.9 kPa  Delay time 0.00 min 

Total flow 24.2 ml/min  Subtract detector None 

Column flow 0.96 ml/min  Makeup gas N2 

Linear velocity 27.4 cm/s  Makeup flow 30 ml/min 

Purge flow 3 ml/min  H2 flow 40 ml/min 

Split ratio 21  Air flow 400 ml/min 

Primary pressure 429 kPa    
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Column oven: 

Column OPTIMA 1701  Rate (°C/min) Temperature 

(°C/min) 

Hold time, 

min 

Length 25 m  - 70 2 

Inner diameter 0.25 mm  15 130 0 

Film Thickness 0.25 µm  100 280 10 

 

2.6.3.2. Derivatization attempts on AcGlyNMe (1a) 

 
Fig. S7. Graphical representation of the temperature along the time of the GC analysis. 

Injection at 250 °C 

To 250 μl of the calibrated solution of AcGlyNMe (1a) in dry MeCN was added 250 μl BSTFA 

+ 1% TMSCl under nitrogen atmosphere. The vial was tightly closed and incubated at 80 °C 

for 15 minutes. After, the solution was injected in GC-FID for further analysis, which showed 

that silylated product of AcGlyNMe (1a) has multiple inconsistent broad peaks at 5.52 min 

(Fig. S8 and S9).  To avoid this problem in the future, it was decided to analyze the oxidative 

stress mixtures without additional derivatization step.  

 

Fig. S8. GC-FID of AcGlyNMe (1a) before derivatization. 
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Fig. S9. GC-FID of AcGlyNMe (1a) before/after derivatization with BSTFA + 1% TMSCl. 

2.6.3.3. Standard addition method  

For GC analysis of small-scale reactions, calibration curves were measured for the single 

substances using standard addition method (Fig. S10). Therefore, 0.10, 0.25 and 0.50 ml of 

calibrated solutions of pure compounds were added to equal aliquots of calibrated crude 

reaction mixture and used for GC measurement. Linear response of the FID detector was 

estimated, so obtained peak area was multiplied by dilution factor to get normalized peak area 

of a certain compound. The linear equation SN = A×C + B, obtained from these measurements, 

was extrapolated to SN = 0. Obtained concentrations and yields are the average of at least two 

independent measurements. Errors are given at 95% confidence level. 

 

Fig. S10. Graphical explanation of standard addition method. 
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2.6.3.4. Applicability of GC-FID method 

 

Fig. S11. Graphical representation of the temperature program used in GC analysis (injection 

at 280 °C). 

Applicability of the GC method was tested before the investigation. For this purpose, a known 

concentration of AcGlyNMe (1a) was validated using the standard addition method. Before the 

analysis, a blank measurement of pure iPrOH was made to detect peaks of impurities in the 

solvent (Fig. S12). 

 

Fig. S12. GC-FID spectra of iPrOH. 

The testing solution of AcGlyNMe (1a) was prepared with concentration [1a]0 = 103.1 mM in 

MeCN (Fig. S13). 1 ml of testing solution was diluted up to 5 ml with iPrOH, giving final 

[1a] = 20.62 mM. To 0.5 ml of the obtained mixture (10.31 μmol), the certain volume of a 

stock solution of AcGlyNMe (1a) in iPrOH with concentration [1a]Stock = 32.23 mM during 

two independent measurements for one data point. The results are represented in Table S3. GC-

FID, as expected, shows linear behavour (R2=1.000) during used concentration range and good 

reproducibility of the measurements. The concentration of AcGlyNMe (1a) obtained, [1a], is 
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Table S4a. Products distribution for oxidation of AcGlyNMe (1a) with DCHN (2b). 

a) Recovery of AcGlyNMe (1a) 

 

b) Recovery of AcGlyNMe (1a, with internal standard) 

To check if the obtained number is correct, AcGlyOEt (1-IS) was chosen as an internal 

standard, since the standard should be structurally similar to the analyte. Known amount of 

AcGlyOEt was added to reaction mixture and GC-FID was taken (Fig. S17). Average from two 

measurements was taken for final calculations (Table S4b). 

 

Fig. S17. GC-FID spectra of the oxidative stress reaction of 1a with 5a with AcGlyOEt 1-IS. 
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[1a]Stock = 

22.38 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 209133 1.00 209133 ± 2656 

+ 0.10 ml  2.24 217446 1.60 347913 ± 46447 

+ 0.25 ml  5.60 221046 2.50 552615 ± 17001 

+ 0.50 ml  11.19 223861 4.00 895444 ± 4066 

 

Linear regression equation SN(1a) = 61270×[1a] + 209831 

Obtained concentration, [1a] 
If SN(1a) = 0,  

[1a] = 
209831

61270
×

10

0.5 𝑚𝑙
 = 68.5 mM 

Stated concentration, [1a]0 101.4 mM  

Recovery of 1a, [1a]/[1a]0 68 % 
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Table S4b. Recovery of AcGlyNMe (1a, with internal standard). 

 

Calibration curve 

 C[1-IS], M I[1-IS], S C[1a], M I[1a], S C[1-IS] / C[1a] I[1-IS] / I[1a] 

1 0.01043 436317 0.00562 175488 0.54 0.40 

2 0.00521 208772 0.00562 173367 1.08 0.83 

3 0.00521 211441 0.01123 368047 2.15 1.74 

4 0.01303 567572 0.00281 83965 0.22 0.15 

Crude reaction mixture + 1-IS 

 C[1-IS], M I[1-IS], S C[1a], M I[1a], S C[1-IS] / C[1a] I[1-IS] / I[1a] 

1 0.00557 234444 - 225157 - 0.96 

2 0.00557 226419 - 211542 - 0.93 

Linear regression equation [Peak Ratio] = 0.823×[Concentration Ratio] - 0.0396 

Obtained concentration, [1a] 

If [Peak Ratio] = 0.95,  

[1a] = 
0.945+0.0396

0.823
× 5.57 𝑚𝑀 × 10 = 66.6 mM 

Initial concentration, [1a]0 101.4 mM  

Recovery, [1a]/[1a]0 66 % 

Obtained value of recovery of C(1a) = 66% with +2% of difference from the recovery gained 

above(68%). These measurements show that both quantitative GC-FID analysises give similar 

results. 
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a) Yield of cyanomethylation adduct Ac-Ala(CN)-NMe (5a) 

 

Table S5. Quantitative 1H NMR for the oxidative stress reaction of 1a with DCHN (2b). 

0.5 ml of calibrated benzyl benzoate solution (1.99 mg/ml) was added to 2.5 ml of calibrated 

solution of the crude mixture. All the volatiles were evaporated under reduced pressure; the 

crude material was redissolved in MeOH-d4 and 1H NMR spectra was taken. 

Compound Peak area Moles, μmol Mass, mg Yield, % 

 
1.000 4.7  1.00 - 

 

6.256 73.8  9.59 73 

 

0.381 

(overlapping) 
8.98  1.52 9 

 

1.986 11.7 0.94 12* 

*from DCHN 2b amount 

2.6.3.6. DTBHN (2a) decomposition. Kinetic study 

To clarify the reaction time, hyponitrite 2a decomposition experiments have been done first. 

Decomposition products and the concentration of hyponitrite 2a were established by 1H NMR 

using 1,3,5-methoxybenzene as an internal standard. Kinetic studies were made in dry degassed 

MeCN-d3 at three different temperatures, 65, 40 and 23 °C. In each case, hyponitrite 2a 

decomposition showed first order behavior, as expected. The obtained decomposition rates at 

different temperatures allowed us to establish the energy of activation of this reaction. Also, it 

has been showed, that the addition of the equimolar amount of the hydrogen donor, 

SN(5a) = 90338×[5a] + 24058
R² = 0.9999
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Added AcAla(CN)NMe (5a), µmol

[5a]Stock = 

14.26 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 25460 1.00 25460 ± 3850 

+ 0.10 ml  1.43 94681 1.60 151490 ± 7573 

+ 0.25 ml  3.57 138220 2.50 345550 ± 13557 

+ 0.50 ml  7.13 167188 4.00 668752 ± 37635 

 

Linear regression equation SN(5a) = 90338×[5a] + 24058 

Obtained concentration 
If SN(5a) = 0,  

[5a] = 
24508

90338
×

10

0.5 𝑚𝑙
 = 5.3 mM  

Initial concentration, [1a]0 101.4 mM  

Yield 5a, [5a]/[1a]0 5 % 
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2.6.3.7. Possible in-line oxidation during GC-FID analysis 

DTBHN (2a) is more stable than DCHN (2b), and there is some unreacted DTBHN (2a) even 

after 14 days. Since GC vaporizes the analyte samples, the possibility of chemical reactions 

during the injection was checked. 

 

18.3 mg of DTBHN (2a) was dissolved in 1 ml of testing solution of AcGlyNMe (1a), 

[1a]Stock = 101.5 mM. 1 ml of the solution was diluted up to 5 times with iPrOH, giving a final 

concentration [1a]0 = 20.30 mM of AcGlyNMe (1a) and [DTBHN]0 = 21.03 mM (Fig. S19). 

Results are represented in Table S11. 

 

Fig. S19. GC-FID spectra of the calibrated mixture of [1a]0 = 20.30 mM and [2a]0 = 21.03 mM. 
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Table S11. Quantitative analysis of the testing mixture of AcGlyNMe (1a) with DTBHN (2a) 

 

No DTBHN (2a) peak is observed in the GC-FID spectra, which indicates that DTBHN (2a) 

decomposes during the analysis. Obtained value of [1a] = 98.0 mM is within -3% of the 

stated [1a]0. These measurements show that GC-FID is a suitable method for quantitative 

analysis of hyponitrite stress reactions. 

2.6.3.8. GC-FID response on isomers 5a and 5b 

The solution of 5a and 5b with concentrations 10.18 and 10.71 mM, correspondingly, was 

prepared in EtOH to test the FID response on the isomeric compounds. The obtained difference 

in the peak ratio, 3.6%, was considered neglectable, which means that isomeric compounds 

have the same detector response (Table S12). 

Table S12. GC-FID spectra of the equimolar solutions of 5a and 5b 

 

SN(1a) = 32432×[1a] + 317743
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[1a]Stock = 

33.69 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 311172 1.00 311172 ± 915 

+ 0.10 ml  3.37 390382 1.10 429420 ± 55248 

+ 0.25 ml  8.42 480173 1.25 600216 ± 38262 

+ 0.50 ml  16.85 572651 1.50 858976 ± 58123 

 

Linear regression equation SN(1a) = 32432×[1a] + 317743 

Obtained concentration, [1a] 
If SN(1a) = 0, 

then [1a] = 
317743

32432
×

5

0.5 𝑚𝑙
 = 98.0 mM 

Stated concentration, [1a]0 101.5 mM  

Inaccuracy, [1a]/[1a]0 - 3 % 
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Table S16. Quantitative 1H NMR the oxidative stress reaction of 1a with 2a 

65.0 mg of benzyl benzoate solution was added to crude material, which was dissolved in 

MeOH-d4 and 1H NMR spectra was taken. 

Compound Peak area Moles, μmol Mass, mg Yield, % 

 
1.000 30.7 65.0  - 

 

2.374 72.8 94.6  72.8 

 

0.187 11.5 19.4 11.5 

 

0.113 3.5 5.9 3.5 

 
0.663 10.1 8.1  10* 

*from DTBHN 2a amount 

Oxidative stress of AcGlyNMe (1a) with DTBHN (2a) at 40°C (1 mmol scale) 

 

 

Fig. S23. GC-FID spectra of the oxidative stress reaction of 1a with 2a at 40 °C. 
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Table S17. Quantitative GC-FID of the oxidative stress reaction of 1a with 2a at 40 °C 

 

 

 
   

 

Peak area, S - 70387 109259 53342 9055 - 

Conc., M - 0.035 0.056 0.020 0.005 - 

Mole, mmol - 0.349 0.556 0.203 0.052 - 

Mass, mg 9.5 27.9 72.3 34.3 8.8 20.2 

Yield, % 7.4 34.9* 55.6 20.3 5.2 15.7 

Mass 

balance, % 
104.2 

* from DTBHN 2a amount 

Oxidative stress of AcGlyNMe (1a) with DTBHN (2a) at 65°C (1 mmol scale). 

 

 

Fig. S24. GC-FID spectra of the oxidative stress reaction of 1a with 2a at 65 °C. 

Table S18. Quantitative GC-FID of the oxidative stress reaction of 1a with 2a at 65°C. 

 

 

 
   

 

Peak area, S - 79888 128519 39281 6143 - 

Conc., M - 0.039 0.065 0.015 0.004 - 

Mole, mmol - 0.390 0.648 0.155 0.042 - 
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Oxidative stress of 1-NMe-d3 with DTBHN (2a) at 23°C. 

 

 

Fig. S27. GC-FID spectra of the oxidative stress reaction of 1-NMe-d3 with 2a at 23°C. 

Table S20. Results of oxidative stress of 1-NMe-d3 with DTBHN (2a) at 23°C. 

 

 

 
   

 

Peak area, S1 - 27268 94238 30456 229 - 

Added, mg - - 10.3 9.6 8.4 - 

Peak area, S2 - 25383 193803 136928 60883 - 

Mass, mg 11.7 15.0* 97.5 21.3 trace 
was not 

isolated 

Yield, % 8.9 18.8* 73.3 12.4 trace  
was not 

isolated 

Mass 

balance, % 
94.6 

*from DTBHN 2a amount (based on 1H NMR analysis) 
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2.6.3.11. Oxidation of AcGlyNMe (1a) with 2 eq of DTBHN (2a) 

 

175 mg (1.006 mmol) of DTBHN (2a) were dissolved in 5 ml solution of AcGlyNMe (1a) 

(0.1014 M) in dry degassed acetonitrile. 1 ml of the prepared mixture was sealed in a vial under 

nitrogen atmosphere, wrapped in foil and set in a cryostat at 23 C for 14 days. Afterwards, it 

was carefully opened with caution and diluted up to 5 ml with iPrOH (Fig. S28). Yields were 

obtained by addition of exact amount of known compounds to the crude solution. The results 

are represented in Table S21. 

 

Fig. S28. GC-FID spectra of the oxidative stress reaction of AcGlyNMe (1a) with 2a. 

Table S21. Products distribution for oxidation of AcGlyNMe (1a) with 2 eq of 2a. 

a) Recovery of AcGlyNMe (1a) 
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SN(1a) = 61168×[1a] + 259784
R² = 1
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Added AcGlyNMe (1a), µmol

[1a]Stock = 

29.46 mM 

µmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 259990 1.0 259990 ± 31733 

+ 0.10 ml  2.95 274209 1.6 438734 ± 8875 

+ 0.25 ml  7.37 284767 2.5 711916 ± 29217 

+ 0.50 ml  14.73 290072 4.0 1160286 ± 18328 

 

Linear regression equation SN(1a) = 61168×[1a] + 259784 

Obtained concentration, [1a] 
If SN(1a) = 0,  

then [1a] = 
259784

61168
×

5

0.5 𝑚𝑙
 = 42.5 mM 

Initial concentration [1a]0 101.4 mM  

Recovery 1a, [1a]/[1a]0 42% 
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b) Yield of cyanomethylation adduct AcAla(CN)NMe (5a) 

 

c) Yield of cyanomethylation adduct AcGlyNEtCN (5b) 

 

348 mg of hyponitrite 2a (2 mmol, 2 eq) were added to 1 mmol of AcGlyNMe (1a, 1 eq) in 10 

ml of dry degassed MeCN under nitrogen atmosphere. The vessel was tightly closed, wrapped 

in foil to cover the reaction mixture from light and placed in a thermostat at 23 °C. Afterwards, 

the reaction vessel was opened with caution, the formed white precipitate of 3a/b was separated 

via centrifuge, washed with MeCN (3×1 ml), and the organic fractions were dried in vacuo at 

RT. The crude material was dissolved in 10 ml of EtOH for further GC-FID and NMR analysis. 

Afterwards, all organic phases were combined and concentrated in vacuo. The crude material 

was separated on a silica column (DCM/MeOH = 10/1) for further NMR analysis, which shows 

that these fractions consist of initial solvent dimer 4, adduсt 5a, dipeptide 1a, adduct 5b and 

dimerization adduct 3c (in the order of appearance during the column separation). Yields of 

SN(5a) =  77099×[5a]+181857
R² = 0.9999
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SN(5b) = 84503×[5b] + 34496
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added AcGlyNEtCN (5b), µmol

[5a]Stock = 

18.52 mM 

μmol 

added 

Average peak 

area, S 

DF Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 181263 1.0 181263 ± 45418 

+ 0.10 ml  1.85 203798 1.6 326077 ± 18417 

+ 0.25 ml  4.63 216579 2 5 541448 ± 4384 

+ 0.50 ml  9.26 224500 4.0 898000 ± 4231 

 

Linear regression equation SN(5a) = 77099×C[5a] + 181857 

Obtained concentration 
If SN(5a) = 0,  

[5a] = 
181857

77099
×

5

0.5 𝑚𝑙
 = 23.6 mM  

Initial concentration [1a]0 101.4 mM  

Yield 5a, [5a]/[1a]0 23.2% 

[5b]Stock = 

11.83 mM 

μmol 

added 

Average peak 

area, S 

DF Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 33683 1.0 33683 ± 14294 

+ 0.10 ml  1 18 84464 1.6 135142 ± 11219 

+ 0.25 ml  2 96 114687 2.5 286718 ± 2243 

+ 0.50 ml  5 92 134438 4.0 537753 ± 3863 

 

Linear regression equation SN(5b) = 84503×C[5b] + 34496 

Obtained concentration 
If SN(5b) = 0, 

[5b] = 
34496

84503
×

5

0.5 𝑚𝑙
 = 4.1 mM  

Initial concentration [1a]0 101.4 mM  

Yield 5b, [5b]/[1a]0 4% 
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dipeptide 1a, adducts 5a and 5b were obtained from quantitative GC-FID analysis (Fig. S29), 

yield for succinonitrile (4) was obtained from 1H NMR quantitative analysis, yields of 

dimerization products 3a/b and 3c were obtained from gravimetric measurements (Table S22). 

 

 

Fig. S29. GC-FID spectra of the oxidative stress reaction of 1a with 2 eq 2a  

Table S22. Results of oxidative stress of 1a with 2 eq 2a at 23°C. 

 

 

 
   

 

Peak area, S - 212746 278399 165829 33495 - 

Added, mg - - 1.300 - 1.044 - 

Peak area, S2 - - 345642 166872 81656 - 

Conc., M - - 0.402 0.215 0.044 - 

Mole, n - 0.271 0.402 0.215 0.044 - 

Mass, mg 13.5 21.7 52.3 36.4 7.4 25.7 

Yield, % 10.5 13.5* 40.2 21.6 4.4 19.9 

Mass balance 96.6 % 

* from DTBHN 2a amount, from 1H NMR analysis 
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Table S23. Products distribution for the oxidation of AcNMe (1c) with 2a 

a) Recovery of AcNMe (1c) 

 

b) Yield of cyanomethylation adduct AcNEtCN (7) 

 

c) Yield of dimerization adduct dimer 8 

 

  

SN(1c)  = 23278×[1c] + 166847
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[1c]Stock  = 

52.88 mM 

µmol 

added 

Average peak 

area, S 

DF Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 167490 1.00 167490 ± 6550 

+ 0.10 ml  5.29 220276 1.30 286358 ± 7897 

+ 0.25 ml  13.22 273720 1.75 479009 ± 3856 

+ 0.50 ml  26.44 312315 2.50 780786 ± 9917 

 

Linear regression equation SN(1c) = 23278×[1c] + 166847 

Obtained concentration 
If SN(1c) = 0,  

[1c] = 
166847

23278
×

5

0.5 𝑚𝑙
  = 71.7 mM  

Initial concentration [1c]0 105.5 mM  

Recovery 1c, [1c]/[1c]0 68% 

[7]Stock = 

36.52 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 32369 1.00 32369 ± 4371 

+ 0.10 ml  3.65 139764 1.30 181693 ± 13659 

+ 0.25 ml  9.13 237799 1.75 416147 ± 16524 

+ 0.50 ml  18.26 320062 2.50 800155 ± 17560 

 

Linear regression equation SN(7) = 42141×[7] + 30575 

Obtained concentration If SN(7) = 0, [7] = 
30575

42141
×

5

0.5 𝑚𝑙
  = 7.2 mM  

Initial concentration [1c]0 105.5 mM  

Yield 7, [7]/[1c]0 6.8% 

[8]Stock = 

25.28 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 3622 1.00 3622 ± 9485 

+ 0.25 ml  6 32 143244 1.75 250677 ± 2401 

+ 0.50 ml  12.64 202849 2.50 507122,5 ± 15527 

 

Linear regression equation SN(8) = 39837×[8] + 2057.3 

Obtained concentration If SN(8) = 0, [8] = 
2057.3

39837
×

5

0.5 𝑚𝑙
  = 0.5 mM  

Initial concentration [1c]0 105.5 mM  

Yield 8, [8]/[1c]0 <0.5 % 
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Table S24. Quantitative 1H NMR of the oxidative stress reaction of AcNMe (1с) with 2a. 

12.0 mg of benzyl benzoate solution was added to 2.5 ml of calibrated solution of the crude 

mixture. All volatiles were evaporated under reduced pressure; the crude material was 

redissolved in MeOH-d4 and 1H NMR spectrum was taken. 

Compound Peak area Moles, μmol Mass, mg Yield, % 

 
1.000 56.6  12.0  - 

 

0.477 45.0  3.34 
44  

(sublimation) 

 

0.065 9.1  1.01  9 

 

0.011 0.8  0.11  <1 % 

 
0.284 19.8 1.58  20* 

*from DTBHN 2a amount 

2.6.3.13. Oxidation of AcGlyNMe (1a) with DTBHN (2a) and TEMPO 

 

64.2 mg of TEMPO (0.412 mmol) were dissolved in 2 ml of solution of 2a (0.1040 M) and 1a 

(0.1014 M) in dry degassed acetonitrile. 0.8 ml of the prepared mixture was sealed in a vial 

under nitrogen atmosphere, wrapped in foil and set in cryostat at 23 C for 14 days. Afterwards, 

the vial was opened with caution because of increased pressure inside, and the content diluted 

up to 5 ml with iPrOH (Fig. S32 and S33). Yields were obtained by addition of exact amount 

of known compounds to 0.5 ml aliquot of the solution. Results are represented in Table S25. 
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AcAlaNMe (10a) and AcGlyNEt (10b), the FID determination is suitable to quantify a 

percentage distribution between the two products. Results are represented in Table S26. 

Table S26. Standard addition calibration curves for oxidation products of 1a with 2a in MeCN-

d3. 

a) Recovery of AcGlyNMe (1a) 

 

 

 

b) Yield of methylation adducts 10a/b 

 

 

SN(1a) = 58371×[1a] + 321833
R² = 0.9992
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+ 0.00 ml 0.00 313435 1.0 313435 ± 44071 

+ 0.10 ml  2.24 286034 1.6 457654 ± 8043 

+ 0.25 ml  5.60 262812 2.5 657029 ± 18328 

+ 0.50 ml  11.19 242460 4.0 969838 ± 12115 

 

Obtained concentration, [1a] SN(1a) = 58371×[1a] + 321833 

Initial concentration [1a]0 
If SN(1a) = 0,  

then [1a] = 
321833

58371
×

5

0.5 𝑚𝑙
 = 55 1 mM 

Recovery 1a, [1a]/[1a]0 101.8 mM  

Obtained concentration, [1a]           54% 

[10a]Stock = 

32.92 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 15908 1.0 15908 ± 2992 

+ 0.10 ml  3.29 185232 1.6 296370 ± 3499 

+ 0.25 ml  8.23 289888 2.5 724719 ± 11792 

+ 0.50 ml  16.46 351426 4.0 1405704 ± 7583 

 

Linear regression equation SN(10a) = 84495×[10a] + 19652 

Obtained concentration, [10a] 
If SN(10a) = 0,  

then [10a] = 
19652

84495
×

5

0.5 𝑚𝑙
 = 2.3 mM 

Initial concentration [1a]0 101.8 mM  

Yield 10a, [10a]/[1a]0 2 % 

 

Obtained concentration, [10b] 
If SN(10b) = 0,  

then [10b] = 
4147

84495
×

5

0.5 𝑚𝑙
 = 0.5 mM 

Yield 10b, [10b]/[1a]0 0.5% 
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a)  Yield of cyanomethylation adducts 5a-Cα-d2 and 5b-NEtCN-d2 

 

 

 

 

2.6.3.15. Oxidation of AcAlaNMe (1b) with DTBHN (2a) 

 

92 mg (0.5287 mmol) of DTBHN (2a) were dissolved in 5 ml solution of AcAlaNMe (1b) 

(0.0993 M) in dry degassed acetonitrile. 1 ml of prepared mixture was sealed in a vial under 

nitrogen atmosphere, wrapped in foil and set in cryostat at 23 C for 14 days. After, it was 

carefully opened, then diluted up to 10 ml with iPrOH (Fig. S36 and S37). Yields were obtained 

by addition of exact amounts of known compounds to 0.5 ml of the crude solution. The rule of 

equal response per carbon is very important in these measurements: the assumption that the 

two isomeric recombination products give the same response per molecule. Due to the identical 

molecular formula for Ac-α-methyl-Ala(CN)NMe (9a) and AcAlaNEtCN (9b), the FID 

determination is suitable to quantify a percentage distribution between the two products. 

Results are represented in Table S27. 

SN(5a-Cα-d2) = 88038×[5a-Cα-
d2] + 26233
R² = 0.9998
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S
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Added AcAla(CN)NMe (5a), μmol 

[5a]Stock = 

14.26 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 23430 1.0 23430 ± 11238 

+ 0.10 ml  1.43 95275 1.6 152439 ± 4174 

+ 0.25 ml  3.57 137859 2.5 344648 ± 12045 

+ 0.50 ml  7.13 162889 4.0 651554 ± 6969 

 

Linear regression equation 
SN(5a-Cα-d2) = 88038×[5a-Cα-d2] + 

26233 

Obtained concentration, [5a-Cα-d2] 

If SN(5a-Cα-d2) = 0,  

then [5a-Cα-d2] = 
26233

88038
×

5

0.5 𝑚𝑙
 = 3.0 

mM 

Initial concentration [1a]0 101.8 mM  

Yield 5a-Cα-d2, [5a-Cα-d2]/[1a]0 2.9 % 

 

Obtained concentration, [5b-NEtCN-d2] 

If SN(5b-NEtCN-d2) = 0,  

then [5b-NEtCN-d2] = 
3131

88038
×

5

0.5 𝑚𝑙
= 

0.4 mM 

Yield 5b-NEtCN-d2, [5b-NEtCN-

d2]/[1a]0 
0.4 % 
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Table S27. Standard addition calibration curves for oxidation products of 1b with 2a 

a) Recovery of AcAlaNMe (1b) 

 

b) Yield of 9a/b 

 

 

 

351 mg of hyponitrite 2a (2 mmol, 2 eq) were added to 1 mmol of 1b (1 eq) in 10 ml of dry 

degassed MeCN under nitrogen atmosphere. The vessel was tightly closed, wrapped in foil to 

cover the reaction mixture from the light and placed in a thermostat. After, reaction vessel was 

SN(1b) = 88191×[1b] + 333400
R² = 0.9999
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R² = 0.9999
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Added AcAlaNEtCN (9b), μmol

[1b]Stock = 

26.18 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0 95 

+ 0.00 ml 0.00 331610 1.0 331610 ± 12534 

+ 0.10 ml  2.62 403279 1.4 564590 ± 845 

+ 0.25 ml  6.55 456863 2.0 913725 ± 7846 

+ 0.50 ml  13.09 495414 3.0 1486241 ± 31784 

 

Linear regression equation SN(1b) = 88191×[1b] + 333400 

Obtained concentration, [1b] 
If SN(1b) = 0,  

then [1b] = 
333400

88191
×

10

0.5 𝑚𝑙
 = 75.6 mM 

Initial concentration [1b]0 99.3 mM  

Recovery 1b, [1b]/[1b]0 76% 

[9b]Stock  = 

13.85 mM 

μmol 

added 

Average peak 

area, S 
DF 

Normalized 

peak area, SN 

Confidence 

interval, P 0.95 

+ 0.00 ml 0.00 37030 1.0 37030 ± 3710 

+ 0.10 ml  1.38 138630 1.4 194081 ± 2433 

+ 0.25 ml  3.46 218210 2.0 436419 ± 2471 

+ 0.50 ml  6.92 277016 3.0 831048 ± 20927 

 

Linear regression equation SN(9b) = 114837×[9b] + 36758 

Obtained concentration, [9b] 
If SN(9b) = 0, 

then [9b] = 
36758

114837
×

10

0.5 𝑚𝑙
 = 6.4 mM 

Initial concentration [1b]0 99.3 mM  

Yield 9b, [9b]/[1b]0 6.5% 

 

Obtained concentration, [9a] 
If SN(9a) = 0,  

then [9a] = 
18562

114837
×

10

0.5 𝑚𝑙
 = 0.32 mM 

Yield 9a, [9a]/[1b]0 3.3% 
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opened with caution, dried in vacuo at RT. Crude material was dissolved in 50 ml of iPrOH for 

further GC-FID analysis (Fig. S38). 

 

Fig. S38. GC-FID spectra of the oxidative stress reaction of 1b with 2 eq 2a at 23 °C. 

Table S28. Oxidative stress of 1b with 2 eq of 2a at 23 °C. 

1. Recovery of 1b 

a. Addition method 

[1b]Stock = 

9.24 mM 
μmol added Average peak area, S DF Normalized peak area, SN 

Confidence interval, P 

0.95 

+ 0.00 ml 0.00 560613 1.0 560613 - 

+ 1.00 ml  9.24 453046 2.0 906092 - 

 

Obtained concentration, [1b] 74.72 mM 

Initial concentration [1b]0 100.7 mM  

Recovery 1b, [1b]/[1b]0 74.2 % 

b. Direct proportion 

Solution Volume taken, ml Peak of 1b detected, S 

[1b]Stock = 8.653 mM 
1.00  

340893 

[1b] = ?? 560613 

Froom direct proportion, nreaction(1b) = 14.23 µmol × 50 => Creaction(1b) = 71.15 mM 

Initial concentration [1b]0 100.7 mM  

Recovery 1b, [1b]/[1b]0 70.7% 

2) Yield of cyanomethylation adducts 9a/b 

[9b]Stock = 

5.52 mM 
μmol added 

Average peak area, 

S 
DF Normalized peak area, SN Confidence interval, P 0 95 

+ 0.00 ml 0.00 107731 1.0 107731 - 

+ 1.00 ml  5.52 191473 2.0 906092 - 

 

Obtained concentration, [9b] 10.82 mM 

Initial concentration [1b]0 100.7 mM  
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2.5 5.0 7.5 10.0 12.5 15.0

0

100

200

300

400

500
FID1

 7
.7

3
8
 

 8
9
1
5
 

 9
.6

6
3
  1
0
.4

6
2
 





363 

 

Calibrated solution of AcGlyNMe (1a): 

129.0 mg in 10 ml of dry MeCN 66.4 mg in 5 ml of dry DMSO 

C0
MeCN(1a) = 9.92 mM C0

DMSO(1a) = 10.22 mM 

Obtained solutions were diluted with HPLC MeOH up to 10 times 

1.0 ml of AcGlyNMe (1a) solution + 0.25 ml of BB solution in HPLC MeOH, C(BB) = 13.99 mM 

SMeCN(1a) = 264515, SMeCN(BB) = 394265 SDMSO(1a) = 241875, SDMSO(BB) = 390348 

S(1a)/S(BB) = 0.248×[C(1a)/C(BB)] - 0.037, R2 = 0.9999 

CMeCN(1a) = 9.98 mM CDMSO(1a) = 9.26 mM 

Δω = <1 % Δω = - 9 % 

c) Calibration curve for AcGlyNMe (1a) in HPLC MeOH/DMSO = 9/1 mixture 

 

Internal standard, benzyl benzoate (BB), as an alternative approach, was also tested, but with 

no success. Whereas influence of MeCN is still neglectable and can be overcome with better 

sample preparation in future, results clearly indicate the influence of DMSO on peak area. 

Since the reaction was diluted up to 10 times, the final solution consists of 9 to 1 MeOH/DMSO 

mixture. Calibrated solution of AcGlyNMe (1a) was prepared in MeOH/DMSO = 9/1 solution, 

which lead to precise quantitative analysis. In future, calibration curves for DMSO containing 

mixtures were built using 9/1 MeOH/DMSO solution. 

2.6.4.2. Blank experiment with AcGlyNMe (1a) 

The possibility of dipeptide model degradation was tested. 129 mg (0.9923 mmol) of 

AcGlyNMe (1a) was dissolved in 10 ml of dry degassed MeCN under nitrogen atmosphere, 

giving final concentration C[AcGlyNMe (1a)] = 0.0992 M. Reaction vessel was tightly closed, 

wrapped in foil and placed in cryostat at 23 °C for 14 days. After, 84.4 mg of Benzyl benzoate 

(BB) was added as an internal standard. GC-FID shows 98% recovery of AcGlyNMe (1a), 

what shows no degradation processes during oxidative stress reaction.  

S(1a) = 31182×[1a] - 15958
R² = 0.9999
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Concentraion of AcGlyNMe (1a), mM

[1a], mM 
Peak area, S Average peak area, S 

Error 
I II III  

3.78 101107 105074 100602 102261 ± 6080 

7.55 223265 217433 216186 218961 ± 9381 

11.33 340548 334769 336458 337258 ± 7377 

15.11 461426 450678 454092 455399 ± 13634 

 

Obtained linear equation S(1a) = 31182×[1a] – 15958, R2 = 1.000 

 

Substrate 
Peak area, S Average 

peak area, 
S 

Concentrati

on, mM 
Δω, % 

I II III 

 

340661 345526 335939 340709 11.44 <1 % 
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2.6.4.3. Oxidation stress reaction of Ac-AA-NMe 1a-g 

1 mmol of 2a (1 eq) was added to 1 mmol of Ac-AA-NMe 1a-f (1 eq) in 10 ml of dry degassed 

MeCN-d3 under nitrogen atmosphere. The vessel was tightly closed, wrapped in foil to cover 

the reaction mixture from the light and placed in a thermostat at 23 °C. After, reaction vessel 

was opened with caution, solution was diluted up to 10 times using HPLC grade MeOH for 

further GC-FID analysis. Yields of the oxidation products were obtained using absolute 

calibration curves (Table S30-35). After, all the organic phases were combined and 

concentrated in vacuo. The crude material was separated on a silica column (DCM/MeOH = 

10/1) for further NMR analysis. Reaction in DMSO-d6 were scaled down by factor of 2.  

Table S30. Oxidative stress of AcGlyNMe (1a) and its deuterated derivatives with 2a. 

a) In MeCN-d3 

 

b) In DMSO-d6 

 

S(1a) = 33476×[1a] - 10443
R² = 0.9999
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R² = 0.9999
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Concentration of AcGlyNMe (1a), mM

[1a], mM 
Peak area, S Average 

peak area, S 
Error 

I II III 

2.42 72120 72685 72305 72370 ± 715 

4.83 149905 151712 150848 150822 ± 2244 

9.66 306766 311275 312672 310238 ± 7663 

19.32 636327 637204 639442 637658 ± 3988 

 

Obtained linear equation S(1a) = 33476×[1a] – 10443, R2 = 0.9999 

 

Substrate 
Peak area, S Averag

e peak 

area, S 

Obtained 
[1a], mM 

Turnov
er, % I II III 

 

158503 159538 160214 159418 50.7 50 

 

248717 255325 257114 253719 77.7 23 

 

160955 162665 163127 162249 50.4 50 

[1a], mM 
Peak area, S Average 

peak area, S 
Error 

I II III 

3.1 85930 86597 86841 86456 ± 1171 

6.1 - 185716 185842 185779 ± 794 

9.2 288036 287052 287211 287433 ± 1311 

12.3 387512 383131 383576 384740 ± 5986 

15.3 490553 486545 492852 489983 ± 7924 

18.4 589031 589628 591968 590209 ± 3854 

 

Obtained linear equation S(1a) = 32848×[1a] – 15435, R2 = 0.9999 

 

Substrate 
Peak area, S Averag

e peak 

area, S 

Obtained 

[1a], mM 

Turnov

er, % I II III 

 

119587 118105 117737 118476 40.8 61 

 

189740 190949 190266 190318 61.7 39 

 

108458 111395 111808 110554 37.5 63 
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Table S31. Oxidative stress of AcAlaNMe (1b) with DTBHN (2a). 

a) In MeCN-d3 

 

b) In DMSO-d6 

 

 

Table S32. Oxidative stress of AcLeuNMe (1d) with DTBHN (2a). 

a) In MeCN-d3 

 

 

S(1b) = 45193×[1b] - 14457
R² = 0.9981
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Concentration of AcLeuNMe (1d), mM

[1b], mM 
Peak area, S Average 

peak area, S 
Error 

I II 

1.77 71356 69921 70639 ± 9117 

3.55 142921 142361 142641 ± 3558 

5.32 226895 222122 224509 ± 30323 

7.10 298383 300929 299656 ± 16175 

8.87 394101 392021 393061 ± 13214 

 

Obtained linear equation S(1b) = 45193×[1b] – 14457, R2 = 0.9981 

 

Substrate 
Peak area, S Average 

peak 
area, S 

Obtained 

[1b], mM 

Turnover, 

% I II III 

 

316966 318973 318137 317970 73.6 27 

[1b], mM 
Peak area, S Average 

peak 
area, S 

Error 
I II III 

3.56 132760 127729 129756 130082 ± 6284 

7.11 285706 274274 272774 277585 ± 17560 

10.67 441079 424297 434734 433370 ± 21037 

14.22 569241 569368 566356 568322 ± 4229 

 

Obtained linear equation S(1b) = 41358×C(1b) – 15287, R2 = 0.9992 

 

Substrate 
Peak area, S Average 

peak area, S 

Obtained 

[1b], mM 

Turnov

er, % I II III 

 

258833 268080 258068 261660 67.0 33 

[1d], mM 
Peak area, S Average peak 

area, S 
Error 

I II III 

1.54 105003 105027 104221 104750 ± 1138 

3.09 237748 239842 231793 236461 ± 10367 

6.17 502725 495709 477832 492089 ± 31865 

9.26 716481 723376 725013 721623 ± 11241 

12.34 985174 1000837 1007761 997924 ± 28728 

15.43 1259445 1236459 1261841 1252582 ± 34791 

 

Obtained linear equation S(1d) = 82283×[1d] – 21738, R2 = 0.9996 

 

Substrate 
Peak area, S Average 

peak 

area, S 

Concentrat
ion, mM 

Turnover, 
% I II III 

 

561561 560141 552236 557979 70.4 30 
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b) In DMSO-d6 

 

 

Table S33. Oxidative stress of AcPheNMe (1e) with DTBHN (2a). 

a) In MeCN-d3a 

 
a Heterogeneous reaction 

b) In DMSO-d6 

 
 

 

 

 

S(1d) = 77938×[1d] - 21733
R² = 0.9995
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[1d], mM 
Peak area, S Average 

peak 

area, S 

Error 
I II III 

3.42 250226 242536 241718 244827 ± 11653 

6.84 511223 513871 525111 516735 ± 18306 

10.26 769938 765107 764834 766626 ± 7128 

13.68 1050718 1052112 1046733 1049854 ± 6930 

 

Obtained linear equation S(1d) = 77938×[1d] – 21733, R2 = 0.9995 

 

Substrate 
Peak area, S Average 

peak 

area, S 

Obtained 
[1d], mM 

Turnov
er, % I II III 

 

510387 506759 492192 503112 67.3 34 

[1e], mM 
Peak area, S Average 

peak area, 

S 

Error 
I II III 

3.03 348356 349005 356083 351148 ± 10641 

6.05 727639 720502 733306 727149 ± 15929 

9.08 1103905 1096920 1109265 1103363 ± 15368 

12.11 1487568 1474474 1487736 1483259 ± 18890 

15.14 1857165 1861720 1868456 1862447 ± 14102 

 

Obtained linear equation S(1e) = 124822×[1e] - 28139, R2 = 0 9999 

 

Substrate 
Peak area, S Average 

peak area, 
S 

Obtained 

[1e], mM 

Turnov

er, % I II III 

 

1073622 1090075 1068870 1077522 88.6 12 

[1e], mM 
Peak area, S Average peak 

area, S 
Error 

I II III 

3.50 376745 372873 366333 371984 ± 13065 

7.01 769647 772594 769074 770438 ± 4689 

10.51 1184069 1185984 1190750 1186934 ± 8541 

14.02 1601713 1623445 1597144 1607434 ± 34888 

 

Obtained linear equation S(1e) = 117643×[1e] - 46514, R2 = 0.9998 

 

Substrate 
Peak area, S Average peak 

area, S 

Obtained 

[1e], mM 

Turnover, 

% I II III 

 

706245 702727 697701 702224 63.6 37 
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Table S34. Oxidative stress of AcProNMe (1f) with DTBHN (2a). 

a) In MeCN-d3 

 

b) In DMSO-d6 

 

Table S35. Oxidative stress of AcSerNMe (2g) with DTBHN (2a). 

a) In MeCN-d3a 

 
a Heterogeneous reaction 

 

 

S(1f) = 66623×[1f] - 15331
R² = 0.9999
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Concentration of AcSerNMe (1g), 
mM

[1f], mM 
Peak area, S Average peak 

area, S 
Error 

I II III 

1.69 101115 99776 99169 100020 ± 2472 

3 38 215472 213261 207059 211931 ± 10828 

6.75 439781 428870 434870 434507 ± 13566 

10.13 678511 657874 659519 665301 ± 28474 

13.51 876044 877899 884711 879551 ± 11330 

 

Obtained linear equation S(1f) = 66623×[1f] - 15331, R2 = 0 9999 

 

Substrate 
Peak area, S Averag

e peak 

area, S 

Obtained 

[1f], mM 

Turnov

er, % I II III 

 

317060 322083 308859 316001 49.7 52 

[1f], mM 
Peak area, S Average 

peak 

area, S 

Error 
I II III 

3.60 202227 210596 205345 206056 ± 10500 

7.20 433042 426632 423103 427592 ± 12509 

10.80 658742 664461 665871 663025 ± 9373 

14.40 917972 910473 910899 913115 ± 10457 

 

Obtained linear equation S(1f) = 65461×[1f] - 36705, R2 = 0.9993 

 

Substrate 
Peak area, S Average 

peak 

area, S 

Obtained 

[1f], mM 

Turnover, 

% I II III 

 

293357 296598 283973 291309 50.1 51 

[1g], mM 
Peak area, S Average peak 

area, S 
Error 

I II III 

1.80 45757 48542 50842 48380 ± 6322 

3.59 100415 104606 107471 104164 ± 8810 

7.19 213580 221709 223778 219689 ± 13383 

10.78 332119 343448 343805 339791 ± 16500 

14.38 466819 463463 471983 467422 ± 10655 

 

Obtained linear equation S(1g) = 33254×[1g] - 15075, R2 = 0.9994 

 

Substrate 
Peak area, S Average 

peak area, 

S 

Obtaine

d [1g], 

mM 

Turnover, % 
I II III 

 

247006 252348 235318 244891 78.2 23 
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a)  In DMSO-d6 

 
 

2.6.4.4. Oxidation stress reaction of Ac-AA-OMe 14a-c 

1 mmol of DTBHN (2a,1 eq) was added to 1 mmol of Ac-AA-OMe (1 eq) in 10 ml of dry 

degassed MeCN-d3 under nitrogen atmosphere. The vessel was tightly closed, wrapped in foil 

to cover the reaction mixture from the light and placed in a thermostat at 23 °C. After, reaction 

vessel was opened with caution, solution was diluted up to 50 ml using HPLC grade MeOH 

for further GC-FID analysis. Yields of the oxidation products were obtained using absolute 

calibration curves (Table S36).  

Table S36. Oxidative stress of Ac-AA-OMe (2g) with DTBHN (2a) in MeCN-d3. 

a) Oxidative stress of AcGlyOMe (14a) 

 

  

S(1g) = 35352×[1g] - 32694
R² = 0.9992
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Concentration of AcSerNMe (1g), mM

S(14a) = 32835×[14a] -
13715

R² = 0.9999

0
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350000
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e
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a
, 

S

Concentration of AcGlyOMe (14a), mM

[1g], mM 
Peak area, S Average 

peak area, 

S 

Error 
I II III 

3.75 104716 105921 102027 104221 ± 4949 

7.5 229258 228346 225718 227774 ± 4563 

11.25 359486 364830 359666 361327 ± 7534 

15 496956 496690 511168 501605 ± 20564 

 

Obtained linear equation S(1g) = 35352×[1g] - 32694, R2 = 0.9992 

 

Substrate 
Peak area, S 

Average 
peak 

area, S 
Concentration, 

mM 

Turnover, 

% 

I II III  

 

206540 205708 195225 202491 66.5 35 

[14a], mM 
Peak area, S Average 

peak area, S 
Error 

I II 

2.61 72714 72689 72702 ± 159 

5.22 157029 156342 156686 ± 4365 

10.44 327103 331935 329519 ± 30698 

 

Obtained linear equation S(14a) = 32835×[14a] – 13715, R2 = 0.9999 

 

Substrate 
Peak area, S Average 

peak area, S 

Obtained 

[14a], mM 

Turnover, 

% I II 

 

170343 172239 171291 56.3 47.0 
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b) Oxidative stress of AcAlaOMe (14b) 

  

c) Oxidative stress of AcProOMe (14c) 

 

2.6.4.5. Response factors of GC-FID to number of carbons in the didpeptide models  

a) 
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Amount of carbon atoms in dipeptide model, N

[14b], mM 
Peak area, S Average 

peak area, S 
Error 

I II 

2.93 113815 116820 115318 ± 19091 

5.87 245597 244361 244979 ± 7852 

11.74 510575 509160 509868 ± 8989 

 

Obtained linear equation S(14b) = 44863×[14b] – 17127, R2 = 1.000 

 

Substrate 
Peak area, S Average 

peak area, 

S 

Concentration, 

mM 

Turnover, 

% I II 

 

349474 348309 348892 81.6 19.9 

[14c], mM 
Peak area, S Average 

peak 

area, S 

Error 
I II 

2.40 148187 147092 147640 ± 6957 

4.80 312799 313328 313064 ± 3361 

9.59 645325 644910 645118 ± 2636 

 

Obtained linear equation S(14c) = 69174×[14c] – 18388, R2 = 1.000 

 

Substrate 
Peak area, S Average peak 

area, S 
Obtained 

[14c], mM 
Turnover, 

% I II 

 

319284 321783 321158 49.1 51.8 
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b) 

 

с) 

 
Fig. S39. Dependence of the slope of the calibration curve on the number of carbon atoms in 

L-Ac-AA-NMe 1a-g in a) MeOH, b) MeOH/DMSO = 9/1 and c) L-Ac-AA-OMe 14a-c in 

MeOH 

GIC-FID shows linear correlation between the detector response and number of carbons in 

corresponding dipeptide model. This observation validates the previous results, showing the 

correctness of the obtained calibration curves (Fig. S39). The only exception is 

AcSerNMe (1g), due to partially oxidized carbon in the side chain C-O bond (orange data 

point). 
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2.6.5. Analytical Data of the Oxidative Stress Reactions 

 

Fig. S40. 1H NMR spectrum of MeCN-d3, 400 MHz. 

 

Fig. S41. 1H NMR spectrum of DMSO-d6, 400 MHz. 
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Fig. S42. 1H NMR spectrum of DCPO (dicumyl peroxide), MeOH-d4, 400 MHz. 

 
Fig. S43. 1H NMR spectrum of cumyl alcohol, MeOH-d4, 400 MHz. 
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Fig. S44. 1H NMR spectrum of acetophenone, MeOH-d4, 400 MHz. 

 
Fig. S45a. 1H NMR spectrum of AcGlyNMe (1a), MeOH-d4, 400 MHz. 
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Fig. S47e. Quantitative1H NMR spectra of crude mixture after oxidative stress reaction of 1 with 2a, MeOH-d4, 

400 MHz. 

 
Fig. S48. 1H NMR spectrum of the precipitate 3a/b from oxidative stress reaction of 1a at 23 °C, D2O, 400 MHz. 
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Fig. S49. Comparison of 1H NMR spectra of different dimers and obtained white precipitate from oxidative stress 

reaction of 1a at 23 °C, D2O, 400 MHz. 

 
Fig. S50. 1H NMR-spectra of dimer 3a/b from oxidative stress reaction of 1a at 23 °C, TFA-d1, 400 MHz. 
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Fig. S54a. 1H NMR spectrum of unidentified product from oxidative stress reaction of 1a at 23 °С, MaOH-d4, 

400 MHz. 
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Fig. S54b. 1H NMR spectra of dimer 3c (top) and unidentified product from oxidative stress of 1a at 23°C 

(bottom), MeOH-d4, 400 MHz. 

 
Fig. S54c. 13C NMR spectra of unidentified product from oxidative stress of 1a at 23°C (top) and dimer 3c 

(bottom), MeOH-d4, 101 MHz. 
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Fig. S60a. 1H NMR spectrum of unidentified product from oxidative stress reaction of 1b at 23 °С, MeOH-d4, 

400 MHz. 

 
Fig. S60b. 1H NMR spectra of unidentified product from oxidative stress reaction of 1b at 23 °С, MeOH-d4, 

400 MHz. 
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2.6.6. NMR Spectra of the Synthesized Compounds 

 
Fig. S64. 1H NMR spectrum of DTBHN (2a), CDCl3, 400 MHz. 

 
Fig. S65. 1H NMR spectrum of DCHN (2b), CDCl3, 400 MHz. 
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Fig. S66. 1H NMR spectrum of AcGlyNMe (1a), DMSO-d6, 600 MHz. 

 
Fig. S67.13C NMR spectrum of AcGlyNMe (1a), DMSO-d6, 150 MHz. 
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Fig. S68. 1H NMR spectrum of 1-Cα-d2, DMSO-d6, 600 MHz. 

 
Fig. S69.13C NMR spectrum of 1-Cα-d2, DMSO-d6, 150 MHz. 
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Fig. S70. 1H NMR spectrum of 1-NMe-d3, DMSO-d6, 600 MHz. 

 
Fig. S71.13C NMR spectrum of 1-NMe-d3, DMSO-d6, 150 MHz. 
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Fig. S72. 1H NMR spectrum of L-AcAlaNMe (1b), DMSO-d6, 400 MHz. 

 
Fig. S73. 13C NMR spectrum of L-AcAlaNMe (1b), DMSO-d6, 101 MHz. 
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Fig. S74. 1H NMR spectrum of L-AcLeuNMe (1d), DMSO-d6, 400 MHz. 

 
Fig. S75. 13C NMR spectrum of L-AcLeuNMe (1d), DMSO-d6, 101 MHz. 
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Fig. S76. 1H NMR spectrum of L-AcPheNMe (1e), DMSO-d6, 400 MHz. 

 
Fig. S77. 13C NMR spectrum of L-AcPheNMe (1e), DMSO-d6, 101 MHz. 
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Fig. S78. 1H NMR spectrum of L-AcProNMe (1f), DMSO-d6, 400 MHz. 

 
Fig. S79. 13C NMR spectra of L-AcProNMe (1f), DMSO-d6, 101 MHz. 
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Fig. S80. 1H NMR spectrum of L-AcSerNMe (1g), DMSO-d6, 400 MHz. 

 
Fig. S81. 13C NMR spectrum of L-AcSerNMe (1g), DMSO-d6, 101 MHz. 
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Fig. S82. 1H NMR spectrum of AcGlyOMe (14a), DMSO-d6, 400 MHz. 

 

 
Fig. S83. 1H NMR spectrum of L-AcAlaOMe (14b), DMSO-d6, 400 MHz. 
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Fig. S84. 1H NMR spectrum of L-AcProOMe (14c), DMSO-d6, 400 MHz. 
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Fig. S85. 1H NMR spectra of L-AcAla(CN)NMe (5a), CDCl3, 400 MHz. 

 
Fig. S86. 13C NMR spectrum of L-AcAla(CN)NMe (5a), CDCl3, 101 MHz. 
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Fig. S87. 1H NMR spectrum of AcGlyNEtCN (5b), DMSO-d6, 400 MHz. 

 
Fig. S88. 13C NMR spectrum of AcGlyNEtCN (5b), DMSO-d6, 101 MHz. 
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Fig. S89. 1H NMR spectrum of L-AcAla(CN)NEtCN (5c), MeOH-d4, 400 MHz. 

 
Fig. S90. 13C NMR spectrum of L-AcAla(CN)NetCN (5c), MeOH-d4, 101 MHz. 
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Fig. S91. 1H NMR spectrum of NCEtCOGlyNMe (5d), DMSO-d6, 400 MHz. 

 
Fig. S92. 13C NMR spectrum of NCEtCOGlyNMe (5d), DMSO-d6, 101 MHz. 
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Fig. S93. 1H NMR spectrum of dimer 3a/b, D2O, 400 MHz. 

 
Fig. S94. 13C NMR spectrum of dimer 3a/b, D2O, 101 MHz. 
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Fig. S95. 1H NMR spectrum of dimer 3c, DMSO-d6, 400 MHz. 

 
Fig. S96. 13C NMR spectrum of dimer 3c, DMSO-d6, 101 MHz. 
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Fig. S97. 1H NMR spectrum of dimer 3d, D2O, 600 MHz. 

 
Fig. S98. 1H NMR spectrum of dimer 3d, D2O, 150 MHz. 
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Fig. S99. 1H NMR spectrum of dimer 3e, D2O, 600 MHz. 

 
Fig. S100. 13C NMR spectrum of dimer 3e, D2O, 150 MHz. 
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Fig. S101. 1H NMR spectra of DL-AcAlaNMe (10a), DMSO-d6, 400 MHz. 

 
Fig. S102. 13C NMR spectrum of DL-AcAlaNMe (10a), DMSO-d6, 101 MHz. 
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Fig. S103. 1H NMR spectrum of AcGlyNEt (10b), DMSO-d6, 400 MHz. 

 
Fig. S104. 13C NMR spectrum of AcGlyNEt (10b), DMSO-d6, 101 MHz. 

                                                                            
   

 
  

 
 
  

 

 
  

 

 
  

 

 
  

 
  

 
 
 

  
 

 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 

 
  

 
 
  

 

 
  

 
  

 
  

 
 
  

 
 
  

 

 
  

 

 
  

 
 
  

 
 
  

 

 
  

 
 
  

 

                                                          
   

 
 
  

 

 
 
  

 

 
 
  

 
 
 
  

 
  

 
 
 

  
 

 
 
  

 

 
 
 
  

 
 
 
 
  

 

f 

e 

c 

a 

b d 

3 

6 1 5 

2 4 



414 

 

 
Fig. S105. 1H NMR spectra of PpGlyNMe (10c), DMSO-d6, 400 MHz. 

 
Fig. S106. 13C NMR spectra of PpGlyNMe (10c), DMSO-d6, 101 MHz. 
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Fig. S107. 1H NMR spectrum of AcSarNMe (10d), DMSO-d6, 400 MHz. 

 
Fig. S108. 1H NMR spectrum of AcSarNMe (10d), DMSO-d6, 101 MHz. 
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Fig. S109. 1H NMR spectrum of AcNEtCN (7), CDCl3, 400 MHz. 

 
Fig. S110. 13C NMR spectrum of AcNEtCN (7), CDCl3, 101 MHz. 
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Fig. S111. 1H NMR spectrum of dimer 8, DMSO-d6, 400 MHz. 

 
Fig. S112. 13C NMR spectrum of dimer 8, DMSO-d6,101 MHz. 
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Fig. S113. 1H NMR spectrum of Ac-(α-Me)-Ala(CN)-OMe (9a-3), CDCl3, 400 MHz. 

 

 
Fig. S114. 1H NMR spectrum of L-Ac-Ala-NEtCN (9b), DMSO-d6, 400 MHz. 
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Fig. S115. 13C NMR spectrum of L-Ac-Ala-NEtCN 9b, DMSO-d6, 101 MHz. 

 
Fig. S116. 1H NMR spectrum of dimer 13a/b-3, MeOH-d4, 400 MHz. 
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Fig. S117. 13C NMR spectrum of dimer 13a/b-3, MeOH-d4, 101 MHz. 

 
Fig. S118. 1H NMR spectrum of dimer 13c, MeOH-d4, 400 MHz. 
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Fig. S119. 13C NMR spectrum of dimer 13c, MeOH-d4, 101 MHz. 

 

 
Fig. S120. 1H NMR spectrum of dimer 13d, DMSO-d6, 400 MHz. 
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Fig. S121. 13C NMR spectrum of dimer 13d, DMSO-d6, 101 MHz. 
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3.1. Introduction 

The Hofmann-Löffler-Freytag (HLF) is an organic reaction leading to formation of pyrrolidine 

ring systems via N-centered radicals, generated by thermal or photochemical activation of N-

haloamides. The reaction mechanism can be split into four major steps: a) generation of N-

haloamine, b) cleavage of the N-halogen bond, c) 1,5-hydrogen atom transfer (HAT), 

d) trapping of the formed radical. One of the first reported reactions was the synthesis of 

nicotine from dihydrometanicotine (DMN), where the reaction conditions required strongly 

acidic conditions and elevated temperatures (~135 °C), followed by base work-up (Scheme 

1).[1]  

 

Scheme 1. One of the first examples of the HLF reaction used for the synthesis of the natural 

compound nicotine. 

Since the described conditions are not suitable for sensitive substrates or protection groups, the 

reaction was modified. The most important modification of HLF reaction has been proposed 

by Suarez, which allows to run a reaction in a mild neutral environment, using a mixture of 

phenyliodine(III) diacetate (PIDA) or lead (IV) acetate with elemental iodine (Scheme 2).[2]  

 

Scheme 2. Suarez modification of the HLF reaction. 

Later, the Suarez modification was improved by Fan et al., who reported an effective 

functionalization of unmodified alkyl chains (Scheme 3a).[3] Muniz showed that the HLF 

reaction can be performed using a catalytic amount of I2 (2.5 mol), but the scope was limited 
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to gem-substituted substrates, which can be explained by the Thorpe–Ingold effect that 

promotes a six membered transition state (Scheme 3b).[4] 

 

 

Scheme 3. Fan and Muniz modifications of the HLF reaction. 

Due to recent developments of the HLF reactions it is possible to obtain also less common 

products such as those of 1,6-HAT reactions and, in some cases, piperidine derivatives 

(Scheme 4).[5] 

 

 

 

Scheme 4. 1,6-HAT mediated HLF reactions. 

The HLF reaction provides an entry into aminyl-radical mediated C-H bond activation 

chemistry and has recently received renewed attention due to innovative methods for the 

generation of nitrogen-centered radicals. From our perspective, the HLF reaction is particularly 

interesting in the functionalization of otherwise unfunctionalized substrates such as 

sulfonamide 1 shown in Scheme 5, where the initially generated N-centered radical 1rN is 

positioned such that hydrogen abstraction seems feasible at the C5- or C6-position. Currently 

known experimental results indicate a large kinetic preference for the 1,5-HAT pathway. We 

now study here how this selectivity is affected by substituents positioned at the C3 and/or C4 
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positions, with particular emphasis on the effects of annulated ring systems along these 

positions.  

 

Scheme 5. HLF reaction of sulfonamide 1 to 1,5- and 1,6-functionalized products 2a and 2b. 

3.2. Results and Discussions 

As a first step towards the exploration of the substituent effects outlined in Scheme 5, quantum 

chemical calculations on the reaction barriers and reaction energies for the respective 1,5- and 

1,6-HAT reactions were performed at the DLPNO-CCSD(T)/cc-pVTZ//UB3LYP/6-31G(d) 

level of theory. The investigation is started from radical r3N as our reference system, which 

showed no difference in the barriers or reaction enthalpies for the 1,5- or 1,6-HAT steps in the 

gas phase (Scheme 6). 

 

        

Scheme 6. HAT process of N-centered radical r3N to radicals r3C5 and r3C6, calculated at the 

DLPNO-CCSD(T)/cc-pVTZ//UB3LYP/6-31G(d) level of theory. 
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It was then decided to modify the unbiased system r3N without any changes at the N-, C5- and 

C6-positions. Introduction of the 2,3-cis-vicinal methyl groups also has no significant influence 

on the 1,5- or 1,6-HAT barriers in system r4aN. But forming a more rigid cyclopentane 

structure out of 2,3-cis-vicinal methyl groups in system r5aN, gives lower barrier for previously 

non-favorable 1,6-HAT process (ΔH298 = -6.3 kJ/mol). Since annulated cyclopentyl moiety is 

rather difficult to implement in the experiments, it was modified to the cis-2,2-dimethyl 1,3-

dioxolane group, as a cis-acetonide protection group, in the system r6aN. 1,6-HAT process 

again was found slightly favorable with ΔH298 = -7.9 kJ/mol against 1,5-HAT reaction. The 

resulting enthalpy data are collected in Table 1.  

Table 1. Activation and reaction enthalpies (ΔH298, in kJ/mol) for the 1,5- and 1,6-HAT 

reactions in N-centered radical cis-r1N.[a]  
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[a] Calculated at the DLPNO-CCSD(T)/cc-pVTZ//UB3LYP/6-31G(d) level of theory. 

The same calculations were performed for the same systems, but with 2,3-trans configuration 

of moieties. Results are represented in Table 2. The introduction of both 2,3-trans-vicinal 

dimethyl group, r4bN, and trans-annulated cyclopentyl moiety, r5bN, showed almost no 

difference in comparison to 2,3-cis-systems, described above. But the calculation in system 

r6bN leaves the barrier for the 1,6-HAT step practically unchanged, but increases the barrier 

for the 1,5-HAT reaction significantly (ΔH = -25.8 kJ/mole).  

Table 2. Activation and reaction enthalpies (ΔH298, in kJ/mol) for the 1,5- and 1,6-HAT 

reactions in N-centered radical trans-r1N.[a]  
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The APCI MS analysis of the crude reaction mixture showed that use of excess oxidants leads 

to overoxidation. Almost half of the initial tosylamide 3 went into this pathway, which can 

explain the observed lower yields. The assumption is based on the detection of product 3Ox, 

which is 2 m/z units lower than product 3C5, showing a potential overoxidation process. The 

observed product ratio is quite surprising, since the QM calculations suggested that the ratio 

between 3C5 and 3C6 products should be approximately 1 to 1, based on the transition state 

energies (ΔHTS = +43 and +44.4 kJ/mol, correspondingly). The results demonstrate that the 

formation of 3C5 is a highly favorable pathway as well as the overoxidation of the substrates. 

This finding suggests that there are some additional factors influencing the reaction outcome, 

which were not accounted for in the current QM calculations. To answer this questions, further 

studies are needed to fully understand the underlying reasons for this difference and to adjust 

the theoretical models accordingly. 

3.3. Outlook 

The Fan variation of HLF reaction requires further optimization to achieve the reported yields 

of 82%. Additionally, it is important to determine the structure of the overoxidation product 

3Ox to gain a deeper understanding of the processes occurring during the reaction. An ideal case 

would be to perform the reaction in a deuterated solvent, DCE-d4, for example, allowing for 

in situ monitoring of the reaction progress. To test our assumptions, the actual HLF reaction 

could be carried out with substrate 6b. The proposed synthesis begins with the protection of 

the hydroxyl group of trans-2-hexen-1-ol (6b-1) using benzoyl chloride (Scheme 8).  

 

Scheme 8. Proposed synthetic route to substrate 6b. 

The next step involves the Sharpless asymmetric dihydroxylation of intermediate 6b-2, using 

the commercially available AD-mix-ß, which forms diol 6b-3 with two chiral vicinal centers. 

When the 2,2-dimethyl 1,3-dioxolane ring is created, it also acts as a protecting group, since 

6b-4 is treated with K2CO3 in MeOH in the next step. The hydroxyl group in 6b-5 is then 

substituted via the Mitsunobu reaction, using commercially available N-Boc-p-

toluenesulfonamide, which is then hydrolyzed again with K2CO3 in MeOH. The described 
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synthetic strategy was successfully implemented to produce the target compound 6b. The next 

step will be the HLF reaction with the obtained substrate 6b to test our hypothesis (Scheme 9). 

 

Scheme 9. Proposed HLF reaction with substrate 6b. 
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3.5. Supporting Information 

3.5.1. Conformational Analysis and Reaction Energies 

Force field-based calculations:  

Maestro 10.2 was employed for molecular mechanics (MM)-based conformational search using OPLS_2005 force field (FF) parameters. 

Quantum mechanics calculations:  

The geometries of all the conformers were optimized at B3LYP/6-31G(d) level of theory in gas phase[1]. The frequency calculations were performed at the 

same level of theory and all minima were confirmed with all positive frequencies. Thermochemical corrections to 298.15 K have been calculated at the same 

level of theory using the rigid rotor/harmonic oscillator model. The solvent correction for ΔGsolv was calculated at using IEFPCM in dichloroethane and 

subsequently added to the single point energy.[2] 

 

Fig. S1. Rearrangement reactions of N-centered radical r3N to radical r3C5 and r3C6. 

Table S1a. Energies for all systems shown in Fig. S1. 

Molecule 

Etot 

UB3LYP/ 
6-31G(d) 

[Hartree] 

<S2> NIMAG 

dH 

UB3LYP/ 
6-31G(d) 

[Hartree] 

dG 

UB3LYP/ 
6-31G(d) 

[Hartree] 

Etot 

PCM(DCE)/ 

UB3LYP/ 

6-31G(d)[a] 
[Hartree] 

dG298  solv 

PCM(DCE)/ 

UB3LYP/ 

6-31G(d)[a] 
[Hartree] 

Etot   

DLPNO-CCSD(T)/ 
cc-pVTZ[a] 

[Hartree] 

G298 DCE 

PCM(DCE) + DLPNO-
CCSD(T)/cc-pVTZ[a] 

[Hartree] 

r3N 

TS Nr Cr intra TosHex Nrad MIN -1110.711852 0.75 - 0.332657 0.260238 -1110.720177 -0.008325 -1109.042606 -1108.790694 

TS Nr Cr intra TosHex Nrad MIN ver1 -1110.711673 0.75 - 0.332714 0.260453 -1110.720142 -0.008468 -1109.041909 -1108.789924 

TS Nr Cr intra TosHex Nrad MIN ver11 -1110.711326 0.75 - 0.333302 0.260380 -1110.719808 -0.008482 -1109.041907 -1108.790009 

1 n-rad -1110.710732 0.75 - 0.332909 0.260710 -1110.718918 -0.008185 -1109.042669 -1108.790144 

TS Nr Cr intra TosHex Nrad MIN ver32 -1110.710308 0.75 - 0.333330 0.260855 -1110.718700 -0.008392 -1109.040963 -1108.788500 

TS_Nr_Cr_intra_TosHex_C5_tosrot_ver4_recalc_ircr -1110.708942 0.75 - 0.333206 0.261450 -1110.716974 -0.008032 -1109.040496 -1108.787077 

TS Nr Cr intra TosHex C6 tosrot ver1 recalc ircr o 2 -1110.704811 0.75 - 0.333306 0.262201 -1110.712741 -0.007930 -1109.037588 -1108.783317 

ts 3 1,6-HAT 

TS_Nr_Cr_intra_TosHex_C6_tosrot_ver1_recalc -1110.684442 0.76 -1608 0.327314 0.260990 -1110.693388 -0.008946 -1109.020361 -1108.768318 

TS Nr Cr intra TosHex C6 tosrot ver4 -1110.683528 0.76 -1518 0.327107 0.258755 -1110.692659 -0.009131 -1109.018510 -1108.768886 
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ts 1 1 6-HAT 2 -1110.680990 0.76 -1607 0.327387 0.260536 -1110.690747 -0.009757 -1109.018031 -1108.767253 

ts 1 1 6-HAT -1110.680211 0.76 -1633 0.327369 0.259559 -1110.689504 -0.009293 -1109.016241 -1108.765974 

TS_Nr_Cr_intra_TosHex_C6 -1110.679097 0.76 -1519 0.327167 0.261343 -1110.690922 -0.011825 -1109.016470 -1108.766953 

r3C6 

TS Nr Cr intra TosHex C6 MIN -1110.703286 0.75 - 0.332088 0.258413 -1110.713700 -0.010414 -1109.042771 -1108.794771 

TS Nr Cr intra TosHex C6 MIN ver32 -1110.702394 0.75 - 0.332219 0.258164 -1110.712159 -0.009765 -1109.041596 -1108.793197 

TS Nr Cr intra TosHex C6 tosrot ver1 recalc ircf o -1110.702375 0.75  0.332449 0.261863 -1110.711001 -0.008625 -1109.042444 -1108.789207 

TS Nr Cr intra TosHex C6 MIN ver4 2 -1110.701795 0.75 - 0.332127 0.258040 -1110.712243 -0.010448 -1109.040467 -1108.792875 

1 1 6-HAT c-rad -1110.701557 0.75 - 0.332614 0.259437 -1110.711121 -0.009564 -1109.041796 -1108.791923 

ts_3_1,5-HAT 

TS Nr Cr intra TosHex C5 tosrot ver4 recalc -1110.684737 0.76 -1577 0.327332 0.259432 -1110.367241 -0.009836 -1109.020885 -1108.771289 

TS Nr Cr intra TosHex C5 tosrot ver1 -1110.684317 0.76 -1671 0.327336 0.258660 -1110.366661 -0.009681 -1109.020453 -1108.771474 

ts_unbiased_1_5_HAT_2 -1110.684044 0.76 -1583 0.327275 0.258666 -1110.367124 -0.010355 -1109.020242 -1108.771931 

ts unbiased 1 5 HAT preopt -1110.682674 0.76 -1704 0.327283 0.258546 -1110.366000 -0.010610 -1109.020613 -1108.772677 

TS Nr Cr intra TosHex C5 -1110.680907 0.76 -1605 0.327343 0.260227 -1110.365706 -0.012142 -1109.019336 -1108.771251 

r3C5 

TS Nr Cr intra TosHex C5 tosrot ver4 recalc ircf -1110.704253 0.75 - 0.332435 0.259240 -1110.713498 -0.009245 -1109.043480 -1108.793485 

TS Nr Cr intra TosHex C5 MIN ver1 -1110.702545 0.75 - 0.332243 0.258267 -1110.714360 -0.011816 -1109.042832 -1108.796380 

1 1 5-HAT c-rad -1110.702391 0.75 - 0.332335 0.257399 -1110.712795 -0.010404 -1109.041974 -1108.794979 

TS_Nr_Cr_intra_TosHex_C5_MIN_ver12 -1110.702336 0.75 - 0.332279 0.258660 -1110.712439 -0.010103 -1109.040482 -1108.791925 

TS Nr Cr intra TosHex C5 MIN ver11 -1110.702180 0.75 - 0.332207 0.257668 -1110.712379 -0.010199 -1109.040285 -1108.792816 

TS Nr Cr intra TosHex C5 MIN ver32 -1110.701837 0.75 - 0.332328 0.258589 -1110.711756 -0.009919 -1109.040856 -1108.792186 

[a] Using the gas phase geometry optimized at UB3LY/6-31G(d) level.  

Table S1b. Relative energies for all systems shown in Fig. S1 (UB3LYP/6-31G(d) result). 

Molecule 

UB3LYP/6-31(d) 

Gas phase PCM(DiChloroEthane) DLPNO-CCSD(T)/cc-pVTZ 

ΔEtot 

[Hartree] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 
r3N 

TS_Nr_Cr_intra_TosHex_Nrad_MIN +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 

S_Nr_Cr_intra_TosHex_Nrad_MIN_ver1 +0.5 +0.6 +1.0 +0.2 +0.7 +2.0 +2.4 

TS_Nr_Cr_intra_TosHex_Nrad_MIN_ver11 +1.4 +3.1 +1.8 +2.7 +1.3 +3.5 +2.2 

1_n-rad +2.9 +3.6 +4.2 +4.0 +4.5 +0.5 +1.1 

TS_Nr_Cr_intra_TosHex_Nrad_MIN_ver32 +4.1 +5.8 +5.7 +5.6 +5.5 +6.1 +5.9 

TS_Nr_Cr_intra_TosHex_C5_tosrot_ver4_recalc_ircr +7.6 +9.1 +10.8 +9.9 +11.6 +7.0 +8.7 

TS_Nr_Cr_intra_TosHex_C6_tosrot_ver1_recalc_ircr_2 +18.5 +20.2 +23.6 +21.2 +24.7 +14.9 +18.3 
ts 3 1,6-HAT 

TS_Nr_Cr_intra_TosHex_C6_tosrot_ver1_recalc +72.0 +57.9 +73.9 +56.3 +72.3 +44.4 +60.4 

TS_Nr_Cr_intra_TosHex_C6_tosrot_ver4 +74.4 +59.8 +70.5 +57.7 +68.4 +48.7 +59.4 

ts_1_1_6-HAT_2 +81.0 +67.2 +81.8 +63.4 +78.1 +50.7 +65.3 

ts_1_1_6-HAT +83.1 +69.2 +81.3 +66.6 +78.8 +55.3 +67.4 
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TS_Nr_Cr_intra_TosHex_C6 +86.0 +71.6 +88.9 +62.4 +79.7 +54.2 +71.5 
r3C6 

TS_Nr_Cr_intra_TosHex_C6_MIN +22.5 +21.0 +17.7 +15.5 +12.2 -1.9 -5.2 

TS_Nr_Cr_intra_TosHex_C6_MIN_ver32 +24.8 +23.7 +19.4 +19.9 +15.6 +1.5 -2.8 

TS_Nr_Cr_intra_TosHex_C6_tosrot_ver1_recalc_ircf_o +24.9 +24.3 +29.1 +23.5 +28.4 -0.1 +4.7 

TS_Nr_Cr_intra_TosHex_C6_MIN_ver4_2 +26.4 +25.0 +20.6 +19.4 +15.1 +4.2 -0.2 

1_1_6-HAT_c-rad +27.0 +26.9 +24.9 +23.7 +21.7 +2.0 +0.0 
ts 3 1,5-HAT 

TS_Nr_Cr_intra_TosHex_C6_tosrot_ver1_recalc +71.2 +57.2 +69.1 +53.2 +65.1 +43.0 +54.9 

TS_Nr_Cr_intra_TosHex_C5_tosrot_ver1 +72.3 +58.3 +68.1 +54.8 +64.6 +44.2 +54.0 

ts_unbiased_1_5_HAT_2 +73.0 +58.9 +68.9 +53.6 +63.6 +44.6 +54.6 

ts_unbiased_1_5_HAT_preopt +76.6 +62.5 +72.2 +56.5 +66.2 +43.6 +53.3 

TS_Nr_Cr_intra_TosHex_C5 +81.2 +67.3 +81.2 +57.3 +71.2 +47.1 +61.1 
r3C5 

TS_Nr_Cr_intra_TosHex_C5_tosrot_ver4_recalc_ircf +19.9 +19.4 +17.3 +17.0 +14.9 -2.9 -4.9 

TS_Nr_Cr_intra_TosHex_C5_MIN_ver1 +24.4 +23.3 +19.3 +14.2 +10.1 -1.7 -5.8 

1_1_5-HAT_c-rad +24.8 +24.0 +17.4 +18.5 +11.9 +0.8 -5.8 

TS_Nr_Cr_intra_TosHex_C5_MIN_ver12 +25.0 +24.0 +20.8 +19.3 +16.2 +4.6 +1.4 

TS_Nr_Cr_intra_TosHex_C5_MIN_ver11 +25.4 +24.2 +18.6 +19.3 +13.7 +4.9 -0.7 

TS_Nr_Cr_intra_TosHex_C5_MIN_ver32 +26.3 +25.4 +22.0 +21.2 +17.8 +3.7 +0.3 

1) Conformational search for found ts_4_5, ts_4_6 was performed on Maestro 10.2 software as described above.  

Conformers are described by 4 parameters: conformation for  

1.1 1,3-dioxalane ring conformation: 

 
Envelope (E) conformations are characterized by coplanarity of four adjacent ring atoms (any dihedral angle between 0, α, β, β’, α’ < 10°). Arrow shows 

relative position of the fifth atom: ↓ - below the plane, ↑ - above the plane. For example, Eβ'↑ means that 0, α, β, α’ are on the same plane and atom β’ is 
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above the plane. Twisted conformations were considered when no four adjacent ring atoms were found (dihedral angle between 0, α, β, β’, α’ > 10°). Two 

possible twisted conformations are possible T↑↓, when α is above the 0, β, β’ plane, and T↓↑, when α is below the 0, β, β’ plane.[3] 

1.2. Torsion angle φ(1-2-3-4), χ(2-3-4-5), ψ(5-6-7-8), ω(6-7-8-9): s (synperiplannar, 350°-10°), g1+ (gauche, 10-100°), e+ (eclipsed, 110-130°), g2+ (gauche, 140-170°), 

a (anti, 170-190°), g1- (gauche, 190-230°), e- (eclipsed, 230-250°), g2- (gauche, 250-350°) 

 
2) Structures in blue were gotten from 1,5-HAT transition states. Structures in red were gotten from 1,6-HAT transition states. 

 
Fig. S2. Rearrangement reactions of N-centered radical r4aN to radicals r4aC5 and r4aC6 

Table S2a. Energies for all systems shown in Fig. S2 

Molecule 

Etot 

UB3LYP/ 

6-31G(d) [Hartree] 

<S2> NIMAG 

dH 

UB3LYP/ 
6-31G(d) 

[Hartree] 

dG 

UB3LYP/ 
6-31G(d) 

[Hartree] 

Etot 

PCM(DCE)/ 

UB3LYP/ 

6-31G(d)[a] 
[Hartree] 

dG298  solv 

PCM(DCE)/ 

UB3LYP/ 

6-31G(d)[a] 
[Hartree] 

Etot   

DLPNO-CCSD(T)/ 
cc-pVTZ[a] 

[Hartree] 

G298 DCE 

PCM(DCE) + DLPNO-
CCSD(T)/cc-pVTZ[a] 

[Hartree] 

r4aN 

dimet cis N-rad 1 -1189.334741 0.75 - 0.391972 0.313303 -1189.342993 -0.008251 -1187.523100 -1183.909314 

dimet cis N-rad 47 -1189.334456 0.75 - 0.391920 0.313230 -1189.342707 -0.008251 -1187.522265 -1183.909062 

dimet cis N-rad 4 -1189.333806 0.75 - 0.392322 0.315458 -1189.341737 -0.007930 -1187.523870 -1183.906690 

dimet cis N-rad 11 -1189.333753 0.75 - 0.392648 0.315777 -1189.341920 -0.008168 -1187.522462 -1183.904495 

ts dimet cis 15HAT 32 ircr -1189.333212 0.75 - 0.392208 0.315035 -1189.341407 -0.008195 -1187.523315 -1183.904946 

dimet cis N-rad 14 -1189.331967 0.75 - 0.392050 0.314178     

dimet_cis_N-rad_100 -1189.329754 0.75 - 0.392233 0.314752     

ts dimet cis 16HAT 6 ircr -1189.328936 0.75 - 0.391999 0.313912     

dimet cis N-rad 86 -1189.326872 0.75 - 0.392585 0.314466     

ts_4a_4aC6 

ts dimet cis 16HAT 6 -1189.308816 0.76 -1670 0.386320 0.312496 -1189.318993 -0.010178 -1187.501951 -1183.859556 
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ts dimet cis 16HAT 2 -1189.308217 0.76 -1552 0.386469 0.313497 -1189.31964 -0.011424 -1187.502377 -1183.860114 

ts dimet cis 16HAT 3 -1189.308201 0.76 -1552 0.386458 0.313691 -1189.319629 -0.011429 -1187.502372 -1183.860088 

ts_dimet_cis_16HAT_14 -1189.302873 0.76 -1646 0.386683 0.315325 -1189.314715 -0.011842 -1187.497577 -1183.854182 

ts dimet cis 16HAT 16 -1189.301926 0.76 -1583 0.386534 0.313803 -1189.318993 -0.010178 -1187.501951 -1183.859556 

ts dimet cis 16HAT 7 -1189.301154 0.76 -1607 0.386552 0.313872     

ts dimet cis 16HAT 9 -1189.300146 0.76 -1537 0.386634 0.313429     

ts dimet cis 16HAT 1 -1189.299686 0.76 -1502 0.386372 0.313908     

ts dimet cis 16HAT 20 -1189.295604 0.76 -1610 0.386857 0.314867     

ts dimet cis 16HAT 18 -1189.288964 0.76 -1664 0.386970 0.315374     

r4aC6 

dimet cis C6-rad 29 -1189.327153 0.75 - 0.391418 0.312550 -1189.337438 -0.010284 -1187.524669 -1183.909132 

dimet cis C6-rad 4 2 -1189.326460 0.75 - 0.391538 0.312310 -1189.336754 -0.010294 -1187.522829 -1183.908322 

dimet_cis_C6-rad_32 -1189.326414 0.75 - 0.391473 0.312797 -1189.335986 -0.009572 -1187.522914 -1183.906852 

dimet cis C6-rad 80 -1189.326379 0.75 - 0.391524 0.312310 -1189.336665 -0.010287 -1187.522836 -1183.908232 

dimet cis C6-rad 1 -1189.326365 0.75 - 0.391645 0.315592 -1189.335621 -0.009256 -1187.525677 -1183.904993 

dimet cis C6-rad 93 -1189.324999 0.75 - 0.391590 0.312740     

ts dimet cis 16HAT 6 ircf -1189.324485 0.75 - 0.391557 0.312663     

dimet cis C6-rad 8 -1189.323552 0.75 - 0.391556 0.312966     

dimet cis C6-rad 54 -1189.321248 0.75 - 0.391668 0.313330     

ts_4a_4aC5 

ts dimet cis 15HAT 32 -1189.310981 0.76 -1601 0.386543 0.312224 -1189.320849 -0.009867 -1187.503368 -1183.861544 

ts dimet cis 15HAT 23 -1189.310895 0.76 -1543 0.386582 0.312216 -1189.320948 -0.010053 -1187.503786 -1183.861669 

ts_dimet_cis_15HAT_36 -1189.309764 0.76 -1542 0.386618 0.311717 -1189.320051 -0.010288 -1187.502357 -1183.860774 

ts dimet cis 15HAT 14 -1189.309588 0.76 -1680 0.386573 0.312083 -1189.319821 -0.010233 -1187.503733 -1183.861085 

ts dimet cis 15HAT 12 -1189.309429 0.76 -1705 0.386591 0.313069 -1189.319504 -0.010074 -1187.502429 -1183.860105 

ts dimet cis 15HAT 30 -1189.309212 0.76 -1563 0.386652 0.312475     

ts dimet cis 15HAT 29 -1189.308967 0.76 -1559 0.386797 0.313832     

ts dimet cis 15HAT 10 -1189.308894 0.76 -1598 0.386747 0.312812     

ts dimet cis 15HAT 39 -1189.308640 0.76 -1676 0.386637 0.312017     

ts_dimet_cis_15HAT_38 -1189.308516 0.76 -1558 0.386700 0.311930     

ts dimet cis 15HAT 11 -1189.308197 0.76 -1692 0.386506 0.313035     

ts dimet cis 15HAT 2 -1189.308084 0.76 -1580 0.386463 0.313282     

ts_dimet_cis_15HAT_28 -1189.307815 0.76 -1681 0.386585 0.312439     

ts dimet cis 15HAT 4 -1189.307694 0.76 -1656 0.386714 0.314550     

ts dimet cis 15HAT 46 -1189.307575 0.76 -1539 0.386773 0.313205     

ts dimet cis 15HAT 31 -1189.307454 0.76 -1725 0.386737 0.312802     

ts_dimet_cis_15HAT_34 -1189.307438 0.76 -1693 0.386875 0.312863     

ts dimet cis 15HAT 24 -1189.307129 0.76 -1596 0.386689 0.311399     

ts dimet cis 15HAT 37 -1189.306795 0.76 -1575 0.386759 0.313172     

ts_dimet_cis_15HAT_44 -1189.306561 0.76 -1665 0.386736 0.312258     

ts dimet cis 15HAT 7 -1189.306427 0.76 -1586 0.386674 0.313703     

ts dimet cis 15HAT 41 -1189.306264 0.76 -1580 0.386872 0.312203     

ts dimet cis 15HAT 26 -1189.305268 0.76 -1694 0.386834 0.312615     

ts dimet cis 15HAT 21 -1189.304755 0.76 -1600 0.385714 0.314948     

ts dimet cis 15HAT 16 -1189.304739 0.76 -1615 0.386917 0.314084     

ts dimet cis 15HAT 18 -1189.304603 0.76 -1599 0.386702 0.313457     

ts_dimet_cis_15HAT_22 -1189.304311 0.76 -1670 0.386561 0.313845     

ts dimet cis 15HAT 3 -1189.303861 0.76 -1551 0.386517 0.312030     
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ts dimet cis 15HAT 8 -1189.303481 0.76 -1679 0.386696 0.313330     

ts dimet cis 15HAT 6 -1189.303427 0.76 -1640 0.386737 0.313344     

ts_dimet_cis_15HAT_48 -1189.303408 0.76 -1668 0.387006 0.313160     

ts dimet cis 15HAT 5 -1189.301578 0.76 -1573 0.386923 0.314043     

ts dimet cis 15HAT 15 -1189.300419 0.76 -1519 0.386924 0.313160     

ts dimet cis 15HAT 9 -1189.299106 0.76 -1647 0.386658 0.313835     

ts dimet cis 15HAT 47 -1189.298856 0.76 -1604 0.387047 0.314412     

ts dimet cis 15HAT 40 -1189.294452 0.76 -1702 0.387016 0.314933     

r4aC5 

dimet_cis_C5-rad_102 -1189.329366 0.75 - 0.392025 0.315360 -1189.338946 -0.009579 -1187.524918 -1183.906743 

ts dimet cis 15HAT 32 ircf -1189.329366 0.75 - 0.392025 0.315361 -1189.338945 -0.009579 -1187.524917 -1183.906743 

dimet cis C5-rad 27 -1189.329195 0.75 - 0.391623 0.314401 -1189.337934 -0.008739 -1187.526176 -1183.905293 

dimet_cis_C5-rad_69 -1189.328489 0.75 - 0.391873 0.313775 -1189.338578 -0.010089 -1187.526441 -1183.909756 

dimet cis C5-rad 83 -1189.328379 0.75 - 0.391723 0.314150 -1189.338354 -0.009975 -1187.525004 -1183.906810 

dimet cis C5-rad 15 -1189.327765 0.75 - 0.391997 0.313588     

dimet cis C5-rad 8 -1189.326657 0.75 - 0.391836 0.312581     

dimet cis C5-rad 39 -1189.325467 0.75 - 0.391957 0.314851     

dimet cis C5-rad 47 -1189.321488 0.75 - 0.391563 0.313164     

Table S2b. Energies for all systems shown in Fig. S2 (UB3LYP/6-31G(d) result). 

Molecule 

UB3LYP/6-31(d) 

Conformation 

φ_χ_ψ_ω 

Gas phase PCM(DiChloroEthane) DLPNO-CCSD(T)/cc-pVTZ 

ΔEtot 

[Hartree] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

r4aN 

dimet_cis_N-rad_1 0.0 0.0 0.0 0.0 0.0 +0.0 +0.0 a_a_g1-_a 

dimet_cis_N-rad_47 +0.7 +0.6 +0.6 +0.6 +0.6 +2.1 +2.0 a_a_g1-_a 

dimet_cis_N-rad_4 +2.5 +3.4 +8.1 +4.2 +9.0 -1.1 +3.6 a_g1-_g1-_g1+ 

dimet_cis_N-rad_11 +2.6 +4.4 +9.1 +4.6 +9.3 +3.4 +8.2 g1-_g2-_g2-_a 

ts_dimet_cis_15HAT_32_ircr +4.0 +4.6 +8.6 +4.8 +8.7 +0.1 +4.0 
a_g2+_g1-_a 

dimet_cis_N-rad_14 +7.3 +7.5 +9.6     a_a_g2-_a 

dimet_cis_N-rad_100 +13.1 +13.8 +16.9     a_g2+_g1-_g2- 

ts_dimet_cis_16HAT_6_ircr +15.2 +15.3 +16.8     a_a_g2-_a 

dimet_cis_N-rad_86 +20.7 +22.3 +23.7     g1-_g2-_a_g2- 

ts_4a_4aC6 

ts_dimet_cis_16HAT_6 +68.1 +53.2 +65.9 +48.2 +60.9 +40.7 +53.4 a_a_g2-_a 

ts_dimet_cis_16HAT_2 +69.6 +55.2 +70.1 +46.9 +61.8 +40.0 +54.9 g2-_a_g2-_g2+ 

ts_dimet_cis_16HAT_3 +69.7 +55.2 +70.7 +46.9 +62.4 +39.9 +55.4 g2-_a_g2-_g2+ 

ts_dimet_cis_16HAT_14 +83.7 +69.8 +89.0 +60.4 +79.6 +53.1 +72.3 g1+_a_g2-_a 

ts_dimet_cis_16HAT_16 +86.2 +71.9 +87.5     g2-_g1+_g2-_a 
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ts_dimet_cis_16HAT_7 +88.2 +74.0 +89.7     g1+_a_g1+_g1+ 

ts_dimet_cis_16HAT_9 +90.8 +76.8 +91.2     g2-_e+_g1+_g1+ 

ts_dimet_cis_16HAT_1 +92.0 +77.3 +93.6     g1+_e-_g2-_g2+ 

ts_dimet_cis_16HAT_20 +102.8 +89.3 +106.9     g2-_a_g1+_g1+ 

ts_dimet_cis_16HAT_18 +120.2 +107.1 +125.6     g1+_e-_g1+_g1+ 

r4aC6 

dimet_cis_C6-rad_29 +19.9 +18.5 +17.9 +13.1 +12.6 -5.6 -6.1 g1+_a_g1-_g1- 

dimet_cis_C6-rad_4_2 +21.7 +20.6 +19.1 +15.2 +13.8 -0.4 -1.9 g1+_a_g1-_g1- 

dimet_cis_C6-rad_32 +21.9 +20.6 +20.5 +17.1 +17.1 -0.8 -0.8 g2-_g2-_g1-_g1- 

dimet_cis_C6-rad_80 +22.0 +20.8 +19.3 +15.4 +14.0 -0.5 -1.9 g2-_a_g1-_g1- 

dimet_cis_C6-rad_1 +22.0 +21.1 +28.0 +18.5 +25.4 -7.6 -0.8 g1+_g2-_g2-_g2+ 

dimet_cis_C6-rad_93 +25.6 +24.6 +24.1     g2+_g1-_g1-_g1- 

ts_dimet_cis_16HAT_6_ircf +26.9 +25.8 +25.2     g2+_g1-_g2-_g2+ 

dimet_cis_C6-rad_8 +29.4 +28.3 +28.5     g2-_g2-_g1-_g1- 

dimet_cis_C6-rad_54 +35.4 +34.6 +35.5     e-_g2-_g1+_g1- 

ts_4a_4aC5 

ts_dimet_cis_15HAT_32 +62.4 +48.1 +59.5 +43.9 +55.3 +37.6 +49.0 g1+_g2+_g1-_a 

ts_dimet_cis_15HAT_23 +62.6 +48.5 +59.8 +43.7 +55.0 +36.6 +47.9 g2-_g1-_g2-_a 

ts_dimet_cis_15HAT_36 +65.6 +51.5 +61.4 +46.2 +56.1 +40.4 +50.3 g2-_g1-_g2-_g2- 

ts_dimet_cis_15HAT_14 +66.0 +51.9 +62.8 +46.7 +57.6 +37.0 +56.2 a_g1-_g2-_a 

ts_dimet_cis_15HAT_12 +66.5 +52.3 +65.8 +47.5 +61.1 +40.0 +55.6 g2+_g2+_g1-_a 

ts_dimet_cis_15HAT_30 +67.0 +53.1 +64.9     g1+_g1+_g2-_g2- 

ts_dimet_cis_15HAT_29 +67.7 +54.1 +69.1     g1+_g2+_g1-_g1+ 

ts_dimet_cis_15HAT_10 +67.9 +54.1 +66.6     g1-_g2-_g1-_a 

ts_dimet_cis_15HAT_39 +68.5 +54.5 +65.2     a_g1-_g2-_g2- 

ts_dimet_cis_15HAT_38 +68.9 +55.0 +65.2     g1+_g2+_g1-_g2- 

ts_dimet_cis_15HAT_11 +69.7 +55.3 +69.0     g2+_g1+_g2-_a 

ts_dimet_cis_15HAT_2 +70.0 +55.5 +69.9     g1+_g1-_g2-_a 

ts_dimet_cis_15HAT_28 +70.7 +56.6 +68.4     a_g1+_g2-_g2- 

ts_dimet_cis_15HAT_4 +71.0 +57.2 +74.3     g2-_g2+_g1-_a 

ts_dimet_cis_15HAT_46 +71.3 +57.7 +71.1     g2-_g1-_g2-_g1+ 

ts_dimet_cis_15HAT_31 +71.6 +57.9 +70.3     a_g2+_g1-_g1+ 

ts_dimet_cis_15HAT_34 +71.7 +58.3 +70.5     a_g2+_g1-_g2- 

ts_dimet_cis_15HAT_24 +72.5 +58.6 +67.5     g1-_g2-_g1-_g1+ 

ts_dimet_cis_15HAT_37 +73.4 +59.7 +73.0     g1+_g2+_g1+_a 

ts_dimet_cis_15HAT_44 +74.0 +60.2 +71.2     a_g1-_g2-_g1+ 

ts_dimet_cis_15HAT_7 +74.3 +60.4 +75.4     g1+_g1-_g2-_g2- 

ts_dimet_cis_15HAT_41 +74.8 +61.4 +71.9     g1-_g2-_g1-_g2- 

ts_dimet_cis_15HAT_26 +77.4 +63.9 +75.6     a_g2+_g1+_a 
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ts_dimet_cis_15HAT_21 +78.7 +62.3 +83.0     g2-_g2+_g1+_a 

ts_dimet_cis_15HAT_16 +78.8 +65.5 +80.8     g2-_g2+_g1-_g2- 

ts_dimet_cis_15HAT_18 +79.1 +65.3 +79.5     g1+_g1-_g2-_g1+ 

ts_dimet_cis_15HAT_22 +79.9 +65.7 +81.3     g2-_g1+_g2-_a 

ts_dimet_cis_15HAT_3 +81.1 +66.8 +77.7     g1+_e-_g1-_a 

ts_dimet_cis_15HAT_8 +82.1 +68.2 +82.1     g2-_a_g1-_g1+ 

ts_dimet_cis_15HAT_6 +82.2 +68.5 +82.3     g2-_g1+_g2-_g2- 

ts_dimet_cis_15HAT_48 +82.3 +69.2 +81.9     a_g2+_g1+_g1+ 

ts_dimet_cis_15HAT_5 +87.1 +73.8 +89.0     g1+_e-_g1-_g1+ 

ts_dimet_cis_15HAT_15 +90.1 +76.9 +89.7     g1+_e-_g1-_g2- 

ts_dimet_cis_15HAT_9 +93.6 +79.6 +95.0     g2-_e+_g2-_g1+ 

ts_dimet_cis_15HAT_47 +94.2 +81.3 +97.1     g2-_g2+_g1+_g2- 

ts_dimet_cis_15HAT_40 +105.8 +92.8 +110.1     g2-_g1+_a_g1+ 

r4aC5 

dimet_cis_C5-rad_102 +14.1 +14.3 +19.5 +10.8 +16.0 -4.6 +0.6 g1+_g2+_g1-_g2+ 

ts_dimet_cis_15HAT_32_ircf +14.1 +14.3 +19.5 +10.8 +16.0 -4.6 +0.6 g1+_g2+_g1-_g2+ 

dimet_cis_C5-rad_27 +14.6 +13.6 +17.4 +12.4 +16.2 -9.0 -5.2 g1+_g1+_g2-_g2+ 

dimet_cis_C5-rad_69 +16.4 +16.2 +17.7 +11.3 +12.8 -9.0 -7.5 g1+_a_g1-_g2+ 

dimet_cis_C5-rad_83 +16.7 +16.1 +18.9 +11.5 +14.4 -5.7 -2.8 g2-_a_g2-_g2+ 

dimet_cis_C5-rad_15 +18.3 +18.4 +19.1     g1-_g2-_g1-_g2+ 

dimet_cis_C5-rad_8 +21.2 +20.9 +19.3     g1-_g2+_g1-_g2+ 

dimet_cis_C5-rad_39 +24.3 +24.3 +28.4     e-_g2-_g1+_g1- 

dimet_cis_C5-rad_47 +34.8 +33.7 +34.4     g1+_e+_g2+_a 
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Fig. S3. Rearrangement reactions of N-centered radical r5aN to radicals r5aC5 and r5aC6. 

Table S3a. Energies for all systems shown in Fig. S3. 

Molecule 

Etot 

UB3LYP/ 

6-31G(d) [Hartree] 

<S2> NIMAG 

dH 

UB3LYP/ 
6-31G(d) 

[Hartree] 

dG 

UB3LYP/ 
6-31G(d) 

[Hartree] 

Etot 

PCM(DCE)/ 

UB3LYP/ 

6-31G(d)[a] 
[Hartree] 

dG298  solv 

PCM(DCE)/ 

UB3LYP/ 

6-31G(d)[a] 
[Hartree] 

Etot   

DLPNO-

CCSD(T)/ 

cc-pVTZ[a] 
[Hartree] 

G298 DCE 

PCM(DCE) + DLPNO-
CCSD(T)/cc-pVTZ[a] 

[Hartree] 

r5a 

cpen cis n-rad 96 -1227.437348 0.75 - 0.400265 0.322633 -1227.445637 -0.008290 -1221.777802 -1225.242291 

cpen cis n-rad 43 -1227.437271 0.75 - 0.399853 0.321687 -1227.445581 -0.008309 -1221.779131 -1225.242886 

cpen cis n-rad 67 -1227.437166 0.75 - 0.400229 0.322454 -1227.445480 -0.008313 -1221.777841 -1225.242786 

cpen cis n-rad 38 -1227.437143 0.75 - 0.399781 0.321439 -1227.445382 -0.008239 -1221.778980 -1225.243250 

cpen cis N-rad 31 -1227.437062 0.75 - 0.400461 0.322586 -1227.445250 -0.008188 -1221.776879 -1225.242345 

ts cpen cis 15HAT ircr -1227.436862 0.75 - 0.399922 0.322836     

cpen_cis_16HAT_ircr -1227.436580 0.75 - 0.399899 0.322656     

cpen cis N-rad 84 -1227.435168 0.75 - 0.399993 0.322233     

cpen cis n-rad 88 -1227.433425 0.75 - 0.400601 0.323505     

cpen_cis_N-rad_64 -1227.432240 0.75 - 0.399961 0.322373     

cpen cis n-rad 93 -1227.425971 0.75 - 0.400829 0.323484     

ts 5a 5aC6 

ts cpen cis 16HAT -1227.414131 0.76 -1555 0.394255 0.322077 -1227.424116 -0.009985 -1221.729954 -1225.224646 

ts_cpen_cis_16HAT_26 -1227.412990 0.76 -1611 0.394376 0.321309 -1227.422485 -0.009495 -1221.727537 -1225.223660 

ts cpen cis 16HAT 10 -1227.410739 0.76 -1610 0.394349 0.323241 -1227.422638 -0.011899 -1221.725891 -1225.223199 

ts cpen cis 16HAT 18 -1227.410285 0.76 -1632 0.394387 0.320894 -1227.420208 -0.009924 -1221.726033 -1225.222991 

ts_cpen_cis_16HAT_25 -1227.409579 0.76 -1504 0.394404 0.320891 -1227.419231 -0.009653 -1221.724066 -1225.221227 

ts cpen cis 16HAT 2 -1227.409422 0.76 -1554 0.394349 0.322034     

ts cpen cis 16HAT 17 -1227.408907 0.76 -1506 0.394495 0.322595     

ts cpen cis 16HAT 15 -1227.408436 0.76 -1485 0.394256 0.321845     

ts cpen cis 16HAT 5 -1227.408409 0.76 -1485 0.394252 0.321934     

ts cpen cis 16HAT 13 -1227.407464 0.76 -1625 0.394481 0.322813     

ts cpen cis 16HAT 19 -1227.405977 0.76 -1568 0.394621 0.323324     

ts_cpen_cis_16HAT_1 -1227.400101 0.76 -1354 0.394331 0.322461     

ts cpen cis 16HAT 11 -1227.395467 0.76 -1536 0.394713 0.323871     

5arC6 

cpen_cis_6C-rad_21 -1227.431338 0.75 - 0.399516 0.322578 -1227.440904 -0.009566 -1221.774096 -1225.245869 

cpen cis 16HAT ircf -1227.431317 0.75 - 0.399383 0.322375 -1227.441063 -0.009746 -1221.773640 -1225.245691 

cpen cis 6C-rad 18 -1227.430842 0.75 - 0.399644 0.323171 -1227.439794 -0.008952 -1221.774028 -1225.245124 
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cpen cis 6C-rad 29 -1227.430233 0.75 - 0.399619 0.324055 -1227.439828 -0.009595 -1221.772092 -1225.242829 

cpen cis 6C-rad 79 -1227.429852 0.75 - 0.399575 0.321491 -1227.440019 -0.010167 -1221.776905 -1225.246497 

cpen_cis_6C-rad_31 -1227.429695 0.75 - 0.399724 0.323484     

cpen cis 6C-rad 26 -1227.428018 0.75 - 0.399571 0.323411     

cpen cis 6C-rad 10 -1227.426534 0.75 - 0.399386 0.320795     

cpen cis 6C-rad 80 -1227.424878 0.75 - 0.399531 0.321431     

ts 5a 5aC5 

ts cpen cis 15HAT -1227.413042 0.76 -1572 0.394493 0.320427 -1227.423284 -0.010241 -1221.728478 -1225.224341 

ts cpen cis 15HAT 6 -1227.411416 0.76 -1528 0.394560 0.319787 -1227.421529 -0.010112 -1221.726653 -1225.224696 

ts_cpen_cis_15HAT_24 -1227.411363 0.76 -1696 0.394562 0.320480 -1227.421822 -0.010459 -1221.727064 -1225.223680 

ts cpen cis 15HAT 20 -1227.411118 0.76 -1526 0.394621 0.320027 -1227.42151 -0.010392 -1221.726726 -1225.223928 

ts cpen cis 15HAT 10 -1227.410897 0.76 -1579 0.394641 0.320498 -1227.420167 -0.009270 -1221.723772 -1225.222189 

ts_cpen_cis_15HAT_15 -1227.410633 0.76 -1557 0.394407 0.320173     

ts cpen cis 15HAT 23 -1227.410564 0.76 -1648 0.394587 0.319513     

ts cpen cis 15HAT 1 -1227.409557 0.76 -1612 0.394672 0.322582     

ts cpen cis 15HAT 7 -1227.409099 0.76 -1491 0.394696 0.320167     

ts cpen cis 15HAT 17 -1227.408900 0.76 -1565 0.394617 0.320612     

ts cpen cis 15HAT 18 -1227.408888 0.76 -1565 0.394637 0.320902     

ts cpen cis 15HAT 21 -1227.408783 0.76 -1564 0.394692 0.321745     

ts_cpen_cis_15HAT_19 -1227.408765 0.76 -1564 0.394691 0.322060     

ts cpen cis 15HAT 2 -1227.407963 0.76 -1604 0.394808 0.322320     

ts cpen cis 15HAT 25 -1227.407782 0.76 -1661 0.394795 0.321308     

ts_cpen_cis_15HAT_13 -1227.406691 0.76 -1570 0.394536 0.321792     

ts cpen cis 15HAT 8 -1227.405525 0.76 -1655 0.394758 0.321814     

ts cpen cis 15HAT 16 -1227.405424 0.76 -1609 0.394606 0.321449     

ts cpen cis 15HAT 3 -1227.403694 0.76 -1525 0.394900 0.321995     

5arC5 

ts cpen cis 15HAT ircf -1227.432865 0.75 - 0.399881 0.322528 -1227.442677 -0.009813 -1221.77597 -1225.245480 

cpen cis 5C-rad 27 2 -1227.431785 0.75 - 0.399597 0.322018 -1227.441575 -0.009790 -1221.774967 -1225.246248 

cpen_cis_5C-rad_48 -1227.431159 0.75 - 0.399672 0.323378 -1227.441964 -0.010805 -1221.776488 -1225.247891 

cpen cis 5C-rad 7 -1227.431108 0.75 - 0.399691 0.323153 -1227.442085 -0.010976 -1221.775711 -1225.247721 

cpen cis 5C-rad 4 -1227.430992 0.75 - 0.399854 0.322773 -1227.441902 -0.010910 -1221.778002 -1225.247800 

cpen_cis_5C-rad_13 -1227.430620 0.75 - 0.399864 0.321843     

cpen cis 5C-rad 38 2 -1227.427419 0.75 - 0.399964 0.321978     

cpen cis 5C-rad 42 -1227.422793 0.75 - 0.399895 0.323060     

Table S3b. Energies for all systems shown in Fig. S3 

Molecule 

UB3LYP/6-31(d) 

Conformation 

R_φ_χ_ψ_ω 

Gas phase PCM(DiChloroEthane) DLPNO-CCSD(T)/cc-pVTZ 

ΔEtot 

[Hartree] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 
r5a 

cpen cis n-rad 96 0.0 0.0 0.0 0.0 0.0 +0.0 +0.0 Eβ'↓ a g2+ a a 

cpen cis n-rad 43 +0.2 -0.9 -2.3 -0.9 -2.3 -0.1 -1.5 Eβ'↓ a a a a 

cpen cis n-rad 67 +0.5 +0.4 +0.0 +0.3 -0.1 -0.9 -1.2 Eβ'↓ a g2+ g2- a 
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cpen_cis_n-rad_38 +0.5 -0.7 -2.6 -0.6 -2.5 -0.8 -2.7 Eβ'↓_a_a_g2-_a 

cpen_cis_N-rad_31 +0.7 +1.3 +0.6 +1.5 +0.9 +0.2 -0.4 Eβ'↓_a_g2-_g2-_a 

ts_cpen_cis_15HAT_ircr +1.3 +0.4 +1.8     Eα'↓_a_a_a_a 

cpen_cis_16HAT_ircr +2.0 +1.1 +2.1     Eβ'↓_a_g1-_g2-_a 

cpen_cis_N-rad_84 +5.7 +5.0 +4.7     Eβ↓_a_g2+_a_a 

cpen_cis_n-rad_88 +10.3 +11.2 +12.6     Eβ'↓_a_g2-_g1-_g2- 

cpen_cis_N-rad_64 +13.4 +12.6 +12.7     Eβ↓_a_a_g1-_g2- 

cpen_cis_n-rad_93 +29.9 +31.4 +32.1     Eβ'↑_g2+_g1+_g1+_g2- 
ts 5a 5aC6 

ts cpen cis 16HAT +61.0 +45.2 +59.5 +40.7 +55.0 +36.5 +50.8 E0↑ g2- a g2- a 

ts cpen cis 16HAT 26 +64.0 +48.5 +60.5 +45.3 +57.3 +40.1 +52.1 E0↑ g2+ g1+ g2- a 

ts cpen cis 16HAT 10 +69.9 +54.3 +71.5 +44.9 +62.0 +42.5 +59.6 E0↑ g1+ a g2- a 

ts cpen cis 16HAT 18 +71.1 +55.6 +66.5 +51.3 +62.2 +44.1 +55.0 Eβ↓ g2+ a g2- a 

ts cpen cis 16HAT 25 +72.9 +57.5 +68.3 +53.9 +64.8 +48.1 +58.9 Eα'↑ g1+ g1+ g2- a 

ts cpen cis 16HAT 2 +73.3 +57.8 +71.7     Eβ↓ g2- a g2- a 

ts cpen cis 16HAT 17 +74.7 +59.5 +74.6     Eβ↓ g1- g2- g2- a 

ts cpen cis 16HAT 15 +75.9 +60.1 +73.8     E0↑ g2- g1+ g2- a 

ts cpen cis 16HAT 5 +76.0 +60.2 +74.1     E0↑ g2- g1+ g2- a 

ts cpen cis 16HAT 13 +78.5 +63.3 +78.9     Eα↑ g1+ g2+ g2- a 

ts cpen cis 16HAT 19 +82.4 +67.5 +84.2     Eα↓ g2- g1- g1+ g1+ 

ts cpen cis 16HAT 1 +97.8 +82.2 +97.3     Eβ↓ g1+ g2- g2- a 

ts cpen cis 16HAT 11 +110.0 +95.4 +113.2     Eα'↓ g1+ e- g1+ g1+ 
r5aC6 

cpen_cis_6C-rad_21 +15.8 +13.8 +15.6 +10.5 +12.3 -7.9 -6.0 Eα↓_g2-_a_g2-_a 

cpen_cis_6C-rad_ircf +15.8 +13.5 +15.2 +9.7 +11.3 -6.7 -5.1 E0↑_g2-_a_g2-_g2+ 

cpen_cis_6C-rad_18 +17.1 +15.5 +18.5 +13.7 +16.8 -8.7 -5.7 Eβ'↓_g2-_g1-_g2-_a 

cpen_cis_6C-rad_29 +18.7 +17.0 +22.4 +13.6 +19.0 -3.4 +2.0 Eα↓_g1-_a_g2-_g2+ 

cpen_cis_6C-rad_79 +19.7 +17.9 +16.7 +12.9 +11.8 -4.9 -6.1 Eβ'↓_g2-_a_g2-_g2+ 

cpen_cis_6C-rad_31 +20.1 +18.7 +22.3     Eβ↓_g1+_g2+_g2-_g2+ 

cpen_cis_6C-rad_26 +24.5 +22.7 +26.5     Eβ↓_g2-_g1-_g2-_a 

cpen_cis_6C-rad_10 +28.4 +26.1 +23.6     Eα'↓_g1+_g2-_a_g1- 

cpen_cis_6C-rad_80 +32.7 +30.8 +29.6     Eβ↓_g1+_g2-_g2-_g2- 
ts_5a_5aC5 

ts_cpen_cis_15HAT +63.8 +48.7 +58.0 +43.5 +52.9 +42.9 +52.3 E0↑_g2-_g1-_g1-_a 

ts_cpen_cis_15HAT_6 +68.1 +53.1 +60.6 +48.3 +55.8 +43.5 +51.0 Eβ↓_g1+_g2+_g1-_g2- 

ts_cpen_cis_15HAT_24 +68.2 +53.2 +62.6 +47.6 +56.9 +45.2 +54.6 Eα↓_g1-_g1-_g1-_a 

ts_cpen_cis_15HAT_20 +68.9 +54.0 +62.0 +48.5 +56.5 +45.8 +53.7 Eα↓_g2-_g1-_e-_g1+ 

ts_cpen_cis_15HAT_10 +69.4 +54.7 +63.8 +52.1 +61.3 +46.2 +55.4 Eβ↓_g1-_g2-_g1-_a 

ts_cpen_cis_15HAT_15 +70.1 +54.8 +63.7     Eβ↑_g1+_g1-_g2-_a 

ts_cpen_cis_15HAT_23 +70.3 +55.4 +62.1     Eβ'↓_a_g1-_g2-_g2- 
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ts_cpen_cis_15HAT_1 +73.0 +58.3 +72.8     Eβ↓_g2-_g2+_g1-_a 

ts_cpen_cis_15HAT_7 +74.2 +59.5 +67.7     Eβ↓_g2-_g2-_g1-_g1+ 

ts_cpen_cis_15HAT_17 +74.7 +59.9 +69.4     Eβ'↓_g1+_g1-_g2-_g2- 

ts_cpen_cis_15HAT_18 +74.7 +59.9 +70.2     Eβ'↓_g1+_g1-_g2-_g2- 

ts_cpen_cis_15HAT_21 +75.0 +60.4 +72.7     Eα↓_g1+_g1-_e-_g1+ 

ts_cpen_cis_15HAT_19 +75.0 +60.4 +73.5     Eα↓_g1+_g1-_e-_g1+ 

ts_cpen_cis_15HAT_2 +77.2 +62.8 +76.3     Eβ↓_g2-_g2+_g1-_g2- 

ts_cpen_cis_15HAT_25 +77.6 +63.3 +74.1     E0↓_g2+_g1+_g1-_g1+ 

ts_cpen_cis_15HAT_13 +80.5 +65.4 +78.3     Eα↓_g2-_g1+_e-_a 

ts_cpen_cis_15HAT_8 +83.5 +69.1 +81.4     Eβ↓_g2-_a_g1-_g1+ 

ts_cpen_cis_15HAT_16 +83.8 +69.0 +80.7     Eβ↑_g2-_g1+_g2-_g2- 

ts_cpen_cis_15HAT_3 +88.4 +74.3 +86.7     Eβ↓_g1+_e-_g1-_g1+ 
r5aC5 

ts cpen cis 15HAT ircf +11.8 +10.8 +11.5 +6.8 +7.5 -5.1 -4.4 E0↑ g2- a g1- g2+ 

cpen cis 5C-rad 27 2 +14.6 +12.9 +13.0 +8.9 +9.1 -6.6 -6.5 Eβ'↓ g2- a g2- g2+ 

cpen cis 5C-rad 48 +16.2 +14.7 +18.2 +8.1 +11.6 -11.6 -8.1 E0↑ g2- g1- g2- g2+ 

cpen cis 5C-rad 7 +16.4 +14.9 +17.7 +7.8 +10.7 -10.1 -7.2 Eβ'↓ g1+ g2+ g2- g2+ 

cpen cis 5C-rad 4 +16.7 +15.6 +17.1 +8.7 +10.2 -9.0 -7.6 Eβ↓ g2- g1- e- g2+ 

cpen cis 5C-rad 13 +17.7 +16.6 +15.6     Eβ'↓ g1+ g1+ g2- g1+ 

cpen cis 5C-rad 38 2 +26.1 +25.3 +24.3     Eα↓ g1- g2+ g1- g2+ 

cpen cis 5C-rad 42 +38.2 +37.2 +39.3     Eβ'↓ a g1+ g2- g1+ 
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Fig. S4. Rearrangement reactions of N-centered radical r6aN to radicals r6aC5 and r6aC6. 

Table S4a. Energies for all systems shown in Fig. S4. 

Molecule 

Etot 

UB3LYP/ 
6-31G(d) 

[Hartree] 

<S2> NIMAG 

dH 

UB3LYP/ 
6-31G(d) 

[Hartree] 

dG 

UB3LYP/ 
6-31G(d) 

[Hartree] 

Etot 

PCM(DCE)/ 

UB3LYP/ 

6-31G(d)[a] 
[Hartree] 

dG298  solv 

PCM(DCE)/ 

UB3LYP/ 

6-31G(d)[a] 
[Hartree] 

Etot   

DLPNO-CCSD(T)/ 
cc-pVTZ[a] 

[Hartree] 

G298 DCE 

PCM(DCE) + DLPNO-
CCSD(T)/cc-pVTZ[a] 

[Hartree] 

r6aN 

dioxalane 8 ircr 2 -1377.878429 0.75 - 0.409484 0.328452 -1377.888169 -0.009741 -1375.811586 -1375.492874 

ts_diox_1_5_HAT_6_ircr -1377.878429 0.75 - 0.409483 0.328448 -1377.888170 -0.009741 -1375.811587 -1375.492880 

4 n-rad 1 6-HAT recalc -1377.878426 0.75 - 0.409486 0.328213 -1377.888169 -0.009742 -1375.811577 -1375.493106 

ts 4 6 4 ircr -1377.878358 0.75 - 0.409884 0.329074 -1377.888230 -0.009872 -1375.810128 -1375.490926 

diox_n_rad_3 -1377.878116 0.75 - 0.409391 0.327282 -1377.887920 -0.009804 -1375.809867 -1375.492389 

diox n rad 66 -1377.876591 0.75 - 0.409261 0.326504 -1377.887726 -0.011134 -1375.807881 -1375.492511 

diox n rad 75 -1377.875384 0.75 - 0.409327 0.326413 -1377.886423 -0.011039 -1375.807229 -1375.491855 

diox n rad 64 -1377.873624 0.75 - 0.409324 0.327129 -1377.883503 -0.009879 -1375.806456 -1375.489205 

diox n rad 43 -1377.872284 0.75 - 0.410009 0.328030 -1377.881817 -0.009533 -1375.804328 -1375.485831 

diox n rad 46 -1377.870545 0.75 - 0.410170 0.327669 -1377.879708 -0.009164 -1375.803476 -1375.484970 

diox n rad 82 -1377.865760 0.75 - 0.409909 0.330274 -1377.877497 -0.011737 -1375.801237 -1375.482700 

ts_6a_6aC6 

dioxalane 8 -1377.852945 0.76 -1615 0.403823 0.325595 -1377.539076 -0.011726 -1375.788839 -1375.474970 

dioxalane 2 -1377.852585 0.76 -1632 0.403858 0.324948 -1377.538635 -0.010998 -1375.788267 -1375.474317 

dioxalane 4 -1377.852209 0.76 -1535 0.403835 0.325529 -1377.538327 -0.011647 -1375.787559 -1375.473677 

dioxalane 6 -1377.851799 0.76 -1749 0.403788 0.325427 -1377.538313 -0.011941 -1375.787944 -1375.474458 

dioxalane 17 -1377.850083 0.76 -1521 0.403822 0.326153 -1377.535893 -0.011963 -1375.787346 -1375.473878 

dioxalane 3 -1377.849636 0.76 -1660 0.403752 0.326439 - - -  

-dioxalane 15 -1377.849075 0.76 -1660 0.403836 0.325884 - - -  

dioxalane 16 -1377.848192 0.76 -1553 0.403626 0.325262 - - -  

dioxalane 1 -1377.848018 0.76 -1585 0.403756 0.325926 - - -  

dioxalane_12 -1377.847157 0.76 -1548 0.403682 0.326468 - - -  

dioxalane 14 -1377.846723 0.76 -1679 0.403715 0.325128 - - -  

dioxalane 10 -1377.844993 0.76 -1595 0.403663 0.326232 - - -  

dioxalane 9 -1377.840290 0.76 -1394 0.403717 0.327514 - - -  

dioxalane 13 -1377.838760 0.76 -1358 0.403759 0.327803 - - -  

r6aC6 

diox c rad 23 -1377.873909 0.75 - 0.409057 0.326216 -1377.885883 -0.011974 -1375.813772 -1375.499530 
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diox c rad 53 -1377.872479 0.75 - 0.408969 0.324607 -1377.884090 -0.011611 -1375.810932 -1375.497935 

5 c-rad 1 5-HAT recalc -1377.872000 0.75 - 0.408920 0.326785 -1377.883416 -0.011417 -1375.812331 -1375.496963 

dioxalane_8_ircf_2 -1377.871997 0.75 - 0.408891 0.326264 -1377.883423 -0.011426 -1375.812341 -1375.497503 

diox c rad 44 -1377.871217 0.75 - 0.408826 0.324115 -1377.882522 -0.011305 -1375.811014 -1375.498204 

diox c rad 69 -1377.870234 0.75 - 0.409107 0.325351 -1377.882211 -0.011976 -1375.812249 -1375.498875 

diox c rad 72 -1377.868964 0.75 - 0.409026 0.327398 -1377.882242 -0.013279 -1375.813000 -1375.498881 

diox c rad 51 -1377.865699 0.75  0.408853 0.327024 -1377.878904 -0.013205 -1375.807278 -1375.493459 

ts 6a 6aC5 

ts 4 6 4 -1377.850989 0.76 -1643 0.403731 0.325258 -1377.861492 -0.010503 -1375.785721 -1375.470966 

ts_diox_1_5_HAT_6 -1377.850306 0.76 -1637 0.403633 0.324106 -1377.862034 -0.011728 -1375.785030 -1375.472652 

ts 4 6 9 -1377.850306 0.76 -1637 0.403632 0.324108 -1377.862034 -0.011728 -1375.785030 -1375.472650 

ts 4 6 8 -1377.850033 0.76 -1614 0.403781 0.324847 -1377.861025 -0.010992 -1375.785239 -1375.471385 

ts_4_6_15 -1377.849226 0.76 -1627 0.403782 0.324004 -1377.861225 -0.011999 -1375.784048 -1375.472043 

ts diox 1 5 HAT 7 -1377.849226 0.76 -1627 0.403782 0.324001 - - - - 

ts 4 6 11 -1377.848711 0.76 -1628 0.403733 0.323870 - - - - 

ts 4 6 3 -1377.848623 0.76 -1625 0.403610 0.324479 - - - - 

ts 4 6 2 -1377.848611 0.76 -1656 0.403723 0.325076 - - - - 

ts diox 1 5 HAT 2 -1377.848326 0.76 -1654 0.403729 0.325310 - - - - 

ts diox 1 5 HAT -1377.848252 0.76 -1755 0.403629 0.323840 - - - - 

ts_diox_1_5_HAT_4 -1377.848156 0.76 -1736 0.403874 0.324151 - - - - 

ts 4 6 6 -1377.84803 0.76 -1549 0.403598 0.324315 - - - - 

ts 4 6 13 -1377.847955 0.76 -1561 0.403655 0.323188 - - - - 

ts_4_6_14 -1377.847246 0.76 -1560 0.403786 0.324730 - - - - 

ts 4 6 1 -1377.847052 0.76 -1548 0.403655 0.324448 - - - - 

ts diox 1 5 HAT 3 -1377.846806 0.76 -1667 0.403857 0.325165 - - - - 

ts diox 1 5 HAT 5 -1377.846682 0.76 -1651 0.403902 0.325923 - - - - 

ts 4 6 7 -1377.846614 0.76 -1572 0.403681 0.324870 - - - - 

r6aC5 

diox 1 5 c rad -1377.873100 0.75 - 0.409161 0.324982 -1377.885311 -0.012211 -1375.811211 -1375.498440 

ts_4_6_4_ircf -1377.872398 0.75 - 0.409021 0.327265 -1377.883422 -0.011024 -1375.810937 -1375.494695 

ts diox 1 5 HAT 6 ircf -1377.871249 0.75 - 0.408969 0.326145 -1377.883112 -0.011863 -1375.809884 -1375.495602 

6 26 -1377.868690 0.75 - 0.409340 0.327082 -1377.881366 -0.012676 -1375.809751 -1375.495345 

6_56_a -1377.862191 0.75 - 0.409674 0.329742 -1377.874644 -0.012453 -1375.802443 -1375.485154 

Table S4b. Relative energies for all systems shown in Fig. S4 (UB3LYP/6-31G(d) result). 

Molecule 

UB3LYP/6-31(d) 

Conformation 

R_φ_χ_ψ_ω 

Gas phase PCM(DiChloroEthane) DLPNO-CCSD(T)/cc-pVTZ 

ΔEtot 

[Hartree] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 
r6aN 

dioxalane_8_ircr_2 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 Eβ↑_g1-_g1-_g2-_a 

ts_diox_1_5_HAT_6_ircr +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 Eβ↑_g1-_g1-_g2-_a 

4_n-rad_1_6-HAT_recalc +0.0 +0.0 -0.6 +0.0 -0.6 +0.0 -0.6 Eβ↑_g1-_g1-_g2-_a 

ts_4_6_4_ircr +0.2 +1.2 +1.8 +0.9 +1.5 +4.9 +5.5 Eβ↑_g2+_g1+_g2-_a 

diox_n_rad_3 +0.8 +0.6 -2.2 +0.4 -2.4 +4.3 +1.4 Eβ'↑_a_g1-_a_a 
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diox_n_rad_66 +4.8 +4.2 -0.3 +0.6 -3.9 +9.1 +4.6 Eβ'↑_a_a_a_a 

diox_n_rad_75 +8.0 +7.6 +2.7 +4.2 -0.8 +11.0 +6.1 Eβ'↑_a_a_a_g1+ 

diox_n_rad_64 +12.6 +12.2 +9.2 +11.8 +8.8 +13.0 +10.0 Eβ'↑_a_a_g2-_g2- 

diox_n_rad_43 +16.1 +17.5 +15.0 +18.1 +15.6 +20.4 +17.9 Eβ'↑_g2+_g1+_g2-_g2- 

diox_n_rad_46 +20.7 +22.5 +18.7 +24.0 +20.2 +23.1 +19.2 Eα'↓_g2+_g1+_g1+_g1+ 

diox_n_rad_82 +33.3 +34.4 +38.1 +29.1 +32.8 +28.3 +32.0 Eα'↓_g2-_g1-_g1+_g2- 
ts 6a 6aC6 

dioxalane 8 +66.9 +52.0 +59.4 +46.8 +54.2 +44.9 +52.2 Eα↓ g2- a g2- a 

dioxalane_2 +67.9 +53.1 +58.7 +49.8 +55.4 +46.5 +52.0 Eα'↓_g2+_g1+_g2-_g2+ 

dioxalane_4 +68.8 +54.0 +61.2 +49.0 +56.2 +48.3 +55.4 Eα↓_g1+_g1+_g2-_a 

dioxalane_6 +69.9 +55.0 +62.0 +49.2 +56.2 +47.1 +54.1 Eα↓_a_a_g2-_a 

dioxalane_17 +74.4 +59.6 +68.4 +53.7 +62.6 +48.7 +55.7 Eα↓_a_a_g2-_a 

dioxalane_3 +75.6 +60.5 +70.3 - - - - Eβ↑_g1+_a_g1+_g1+ 

dioxalane 15 +77.1 +62.2 +70.3 - - - - Eα↓ g1+ a g2- a 

dioxalane 16 +79.4 +64.0 +71.0 - - - - Eβ↑ a a g1+ g1+ 

dioxalane_1 +79.8 +64.8 +73.2 - - - - Eβ↑_a_a_g1+_g1+ 

dioxalane_12 +79.8 +64.8 +73.2 - - - - Eβ'↑_g1+_a_g2-_a 

dioxalane_14 +82.1 +66.9 +76.9 - - - - Eβ↑_g2-_g1+_g2-_a 

dioxalane_10 +83.2 +68.1 +74.5 - - - - Eβ↑_g2-_g1+_g2-_a 

dioxalane 9 +87.8 +72.5 +82.0 - - - - Eβ↑ g2- a g1+ g1+ 

dioxalane 13 +104.2 +85.0 +97.7 - - - - Eβ'↑ a a g2- a 
r6aC6 

diox c rad 23 +11.9 +10.7 +6.0 +4.9 +0.1 -6.9 -11.6 Eβ↑ g1+ a g2- g2+ 

diox c rad 53 +15.6 +14.3 +5.5 +9.4 +0.6 +0.4 -8.4 Eβ↑ g1- g2- a g2+ 

5_c-rad_1_5-HAT_recalc +16.9 +15.4 +12.5 +11.0 +8.1 -3.4 -6.3 Eβ↑ g2- a g2- g2+ 

dioxalane_8_ircf_2 +16.9 +15.3 +11.2 +10.9 +6.7 -3.5 -7.7 Eβ↑_g2-_a_g2-_g2+ 

diox_c_rad_44 +18.9 +17.2 +7.6 +13.1 +3.4 -0.2 -9.9 Eβ'↑_g1+_g1+_g2-_g2+ 

diox_c_rad_69 +21.5 +20.5 +13.4 +14.7 +7.5 -2.7 -9.9 Eα↓_g2-_a_g2-_g2- 

diox c rad 72 +24.9 +23.7 +22.1 +14.4 +12.8 -4.9 -6.5 Eβ↑ g2- a a g2+ 

diox c rad 51 +33.4 +31.8 +29.7 +22.7 +20.6 +9.7 +7.6 Eβ'↑ g1+ g1+ g2- g2+ 
ts 6a 6aC5 

ts_4_6_4 +72.0 +56.9 +63.7 +54.9 +61.7 +52.8 +59.5 Eβ↑ g1+ g1+ e- a 

ts diox 1 5 HAT 6 +73.8 +58.5 +62.4 +53.3 +57.2 +54.4 +58.3 Eβ↑ g2- g1- e- a 

ts_4_6_9 +73.8 +58.5 +62.4 +53.3 +57.2 +54.4 +58.3 Eβ↑ g2- g1- e- a 

ts_4_6_8 +74.6 +59.6 +65.1 +56.3 +61.8 +54.2 +59.7 Eβ↑_g1+_g1+_g2-_g2- 

ts_4_6_15 +76.7 +61.7 +65.0 +55.8 +59.1 +57.3 +60.6 Eβ↑_g2-_g1-_e-_g2- 

ts_diox_1_5_HAT_7 +76.7 +61.7 +65.0 - - - - Eβ↑_g2-_g2+_e-_g2+ 
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ts_4_6_11 +78.0 +62.9 +66.0 - - - - Eβ↑_g2-_g1-_e-_g1+ 

ts_4_6_3 +78.3 +62.8 +67.8 - - - - E0↑_g1+_g2+_g2-_a 

ts_4_6_2 +78.3 +63.2 +69.4 - - - - Eβ↑_g1+_g1+_e-_g1+ 

ts_diox_1_5_HAT_2 +79.0 +63.9 +70.8 - - - - Eβ↑_g1+_a_e-_a 

ts diox 1 5 HAT +79.2 +63.9 +67.1 - - - - Eβ↑ g1- g1- e- a 

ts diox 1 5 HAT 4 +79.5 +64.8 +68.2 - - - - Eβ↑ a e+ e- g2+ 

ts_4_6_6 +79.8 +64.4 +69.0 - - - - Eβ'↑_g1-_g2-_e-_a 

ts_4_6_13 +80.0 +64.7 +66.2 - - - - Eβ'↑_g1+_g2+_e-_g2- 

ts_4_6_14 +81.9 +66.9 +72.1 - - - - Eβ'↑_g1-_g2-_e-_g2- 

ts_4_6_1 +82.4 +67.1 +71.9 - - - - Eβ'↑_g1+_g2+_e-_g1+ 

ts_diox_1_5_HAT_3 +83.0 +68.3 +74.4 - - - - Eβ↑_e+_g1-_e-_e+ 

ts diox 1 5 HAT 5 +83.4 +68.7 +76.7 - - - - Eβ↑ g1- g1- e- e+ 

ts_4_6_7 +83.5 +68.3 +74.1 - - - - Eβ'↑ g1- g2- e- g1+ 
r6aC5 

diox 1 5 c rad +14.0 +13.1 +4.9 +6.7 -1.6 +0.1 -8.1 Eβ↑ g1+ a g2- g2+ 

ts 4 6 4 ircf +15.8 +14.6 +12.7 +11.2 +9.3 +0.5 -1.4 Eβ↑ g1+ g1+ g2- g2+ 

ts_diox_1_5_HAT_6_ircf +18.8 +17.5 +12.8 +11.9 +7.2 +3.1 -1.6 Eβ↑_g2-_a_g2-_g2+ 

6_26 +25.6 +25.2 +22.0 +17.5 +14.3 +4.4 +1.2 Eβ↓_g2-_g1-_g2+_g1- 

6_56_a +42.6 +43.1 +46.0 +36.0 +38.9 +24.5 +27.4 Eβ'↑_g2-_g2-_g1-_g2- 
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Fig. S5. Rearrangement reactions of N-centered radical r4bN to radicals r4bC5 and r4bC6. 

Table S5a. Energies for all systems shown in Fig. S5. 

Molecule 
Etot 

UB3LYP/ 

6-31G(d) [Hartree] 

<S2> NIMAG 

dH 

UB3LYP/ 

6-31G(d) 
[Hartree] 

dG 

UB3LYP/ 

6-31G(d) 
[Hartree] 

Etot 

PCM(DCE)/ 
UB3LYP/ 

6-31G(d)[a] 

[Hartree] 

dG298  solv 

PCM(DCE)/ 
UB3LYP/ 

6-31G(d)[a] 

[Hartree] 

Etot   

DLPNO-CCSD(T)/ 

cc-pVTZ[a] 
[Hartree] 

G298 DCE 

PCM(DCE) + DLPNO-

CCSD(T)/cc-pVTZ[a] 
[Hartree] 

r4bN 

dimet trans N-rad 13 -1189.335005 0.75 - 0.392101 0.313852 -1189.343216 -0.008211 -1187.523451 -1183.909136 

dimet_trans_N-rad_3_2 -1189.334650 0.75 - 0.392106 0.312997 -1189.342891 -0.008241 -1187.523546 -1183.908886 

dimet trans N-rad 12 -1189.334608 0.75 - 0.391915 0.313380 -1189.342930 -0.008322 -1187.522307 -1183.909317 

dimet trans N-rad 5 2 -1189.334487 0.75 - 0.392103 0.314572 -1189.342791 -0.008304 -1187.522598 -1183.909055 

dimet trans N-rad 25 -1189.334262 0.75 - 0.391888 0.311554 -1189.342522 -0.008261 -1187.522219 -1183.908885 

ts dimet trans 15 ircr -1189.332239 0.75 - 0.392049 0.315324     

dimet trans N-rad 11 -1189.331916 0.75 - 0.392122 0.313005     

dimet trans N-rad 81 -1189.329548 0.75 - 0.392673 0.314924     

ts dimet trans 16HAT 11 ircr -1189.328622 0.75 - 0.392026 0.314769     

dimet trans N-rad 89 -1189.325740 0.75 - 0.392777 0.314672     

ts 4b 4bC6 

ts_dimet_trans_16HAT_16HAT_11 -1189.307622 0.76 -1674 0.386618 0.313452 -1189.317700 -0.010078 -1187.501221 -1183.857973 

ts dimet trans 16HAT 16HAT 8 -1189.307022 0.76 -1555 0.386543 0.314055 -1189.318352 -0.011331 -1187.501943 -1183.858736 

ts dimet trans 16HAT 16HAT 7 -1189.307006 0.76 -1555 0.386548 0.313935 -1189.318337 -0.011331 -1187.501926 -1183.858692 

ts dimet trans 16HAT 16HAT 31 -1189.306046 0.76 -1670 0.386483 0.312400 -1189.316121 -0.010075 -1187.500181 -1183.856612 

ts dimet trans 16HAT 16HAT 21 -1189.305664 0.76 -1614 0.386482 0.312954 -1189.315273 -0.009609 -1187.498506 -1183.854130 

ts dimet trans 16HAT 16HAT 27 -1189.304652 0.76 -1561 0.386422 0.313922     

ts dimet trans 16HAT 16HAT 30 -1189.304639 0.76 -1561 0.386403 0.313262     

ts dimet trans 16HAT 16HAT 9 -1189.304202 0.76 -1543 0.386438 0.314178     

ts dimet trans 16HAT 16HAT 12 -1189.303772 0.76 -1602 0.386344 0.313839     

ts dimet trans 16HAT 16HAT 32 -1189.303502 0.76 -1592 0.386454 0.313816     

ts_dimet_trans_16HAT_16HAT_14 -1189.302441 0.76 -1510 0.386627 0.314491     

ts dimet trans 16HAT 16HAT 15 -1189.302421 0.76 -1511 0.386596 0.313720     

ts dimet trans 16HAT 16HAT 4 -1189.301699 0.76 -1397 0.386439 0.313502     

ts_dimet_trans_16HAT_16HAT_25 -1189.300237 0.76 -1390 0.386442 0.313470     

ts dimet trans 16HAT 16HAT 1 -1189.299007 0.76 -1533 0.386562 0.314295     

ts dimet trans 16HAT 16HAT 16 -1189.293464 0.76 -1362 0.386473 0.313898     

ts dimet trans 16HAT 16HAT 18 -1189.293250 0.76 -1629 0.386660 0.314362     
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r4bC6 

dimet trans C6-rad 30 2 -1189.327705 0.75  0.391436 0.312103 -1189.337884 -0.010180 -1187.524853 -1183.909266 

dimet_trans_C6-rad_24 -1189.327601 0.75  0.391412 0.312296 -1189.337875 -0.010274 -1187.524012 -1183.909361 

dimet trans C6-rad 15 2 -1189.327390 0.75  0.391515 0.312220 -1189.337649 -0.010259 -1187.524426 -1183.909195 

dimet trans C6-rad 27 -1189.327374 0.75  0.391342 0.311588 -1189.337672 -0.010298 -1187.523738 -1183.909454 

dimet trans C6-rad 39 -1189.326921 0.75  0.391292 0.312077 -1189.337216 -0.010295 -1187.523452 -1183.908859 

dimet trans C6-rad 9 -1189.325104 0.75  0.391454 0.313407     

dimet trans C6-rad 35 -1189.323905 0.75  0.391653 0.313074     

ts dimet trans 16HAT 11 ircf -1189.323679 0.75 0 0.391859 0.314638     

dimet_trans_C6-rad_88 -1189.322720 0.75  0.391554 0.312920     

dimet trans C6-rad 79 -1189.320465 0.75  0.391683 0.313690     

ts 4b 4bC5 

ts_dimet_trans_15HAT_15HAT_15 -1189.308621 0.76 -1663 0.386603 0.312093 -1189.319288 -0.010667 -1187.502939 -1183.861082 

ts dimet trans 15HAT 15HAT 4 -1189.308056 0.76 -1573 0.386601 0.313331 -1189.319956 -0.011901 -1187.502873 -1183.861413 

ts dimet trans 15HAT 15HAT 35 -1189.306855 0.76 -1682 0.386927 0.314165 -1189.316972 -0.010117 -1187.501192 -1183.857148 

ts dimet trans 15HAT 15HAT 6 -1189.306287 0.76 -1540 0.386655 0.312212 -1189.316678 -0.010391 -1187.499362 -1183.857041 

ts dimet trans 15HAT 15HAT 32 -1189.305618 0.76 -1631 0.386745 0.314883 -1189.317503 -0.011885 -1187.501277 -1183.857284 

ts dimet trans 15HAT 15HAT 14 -1189.304671 0.76 -1544 0.386800 0.313483     

ts dimet trans 15HAT 15HAT 23 -1189.304073 0.76 -1628 0.386893 0.314786     

ts_dimet_trans_15HAT_15HAT_9 -1189.303956 0.76 -1573 0.386732 0.312891     

ts dimet trans 15HAT 15HAT 1 -1189.303733 0.76 -1649 0.386806 0.314276     

ts dimet trans 15HAT 15HAT 36 -1189.302862 0.76 -1631 0.386740 0.311675     

ts_dimet_trans_15HAT_15HAT_18 -1189.302748 0.76 -1557 0.386644 0.313942     

ts dimet trans 15HAT 15HAT 26 -1189.302330 0.76 -1712 0.386759 0.313571     

ts dimet trans 15HAT 15HAT 7 -1189.301255 0.76 -1611 0.386833 0.314260     

ts dimet trans 15HAT 15HAT 21 -1189.300937 0.76 -1565 0.386713 0.313308     

ts dimet trans 15HAT 15HAT 33 -1189.298773 0.76 -1752 0.386977 0.315466     

ts dimet trans 15HAT 15HAT 30 -1189.298314 0.76 -1566 0.386929 0.314573     

r4bC5 

dimet_trans_C5-rad_109 -1189.329271 0.75  0.391746 0.314126 -1189.338954 -0.009683 -1187.524519 -1183.906208 

dimet trans C5-rad 110 -1189.328879 0.75  0.391804 0.313703 -1189.338228 -0.009349 -1187.524661 -1183.906039 

dimet trans C5-rad 31 -1189.328635 0.75  0.391866 0.312916 -1189.337776 -0.009140 -1187.524038 -1183.904577 

dimet_trans_C5-rad_117 -1189.328480 0.75  0.391748 0.313443 -1189.338706 -0.010226 -1187.523927 -1183.910212 

dimet trans C5-rad 46 -1189.328230 0.75  0.391601 0.312867 -1189.337571 -0.009341 -1187.524368 -1183.908481 

dimet trans C5-rad 111 -1189.326655 0.75  0.392004 0.311621     

ts dimet trans 15 ircf -1189.325226 0.75 - 0.392026 0.314794     

dimet_trans_C5-rad_99_2 -1189.324461 0.75  0.391666 0.312896     

dimet trans C5-rad 73 -1189.321792 0.75  0.391633 0.312631     
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Table S5b. Energies for all systems shown in Fig. S5 

Molecule 

UB3LYP/6-31(d) 

Conformation 

φ_χ_ψ_ω 

Gas phase PCM(DiChloroEthane) DLPNO-CCSD(T)/cc-pVTZ 

ΔEtot 

[Hartree] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 
r4bN 

dimet trans N-rad 13 0.0 0.0 0.0 0.0 0.0 +0.0 +0.0 a g1- g2+ a 

dimet trans N-rad 3 2 +0.9 +0.9 -1.3 +0.9 -1.4 -0.2 -2.5 a g1- g1+ a 

dimet trans N-rad 12 +1.0 +0.6 -0.2 +0.3 -0.5 +2.5 +1.8 a a g2+ a 

dimet trans N-rad 5 2 +1.4 +1.4 +3.3 +1.1 +3.0 +2.2 +4.1 a a g1+ a 

dimet trans N-rad 25 +2.0 +1.4 -4.1 +1.3 -4.2 +2.7 -2.8 a a g2+ a 

ts dimet trans 15 ircr +7.3 +7.1 +11.1     a g1- g2- a 

dimet trans N-rad 11 +8.1 +8.2 +5.9     a g2+ a g2- 

dimet trans N-rad 81 +14.3 +15.8 +17.1     a g2- g2+ g1+ 

ts dimet trans 16HAT 11 ircr +16.8 +16.6 +19.2     a a g2- a 

dimet trans N-rad 89 +24.3 +26.1 +26.5     a e- g2- g2- 

ts 4b 4bC6 

ts dimet trans 16HAT 16HAT 11 +71.9 +57.5 +70.8 +52.6 +65.9 +44.0 +57.3 a a g2- g2+ 

ts dimet trans 16HAT 16HAT 8 +73.5 +58.9 +74.0 +50.7 +65.8 +41.9 +57.0 g2- a g2- g2+ 

ts dimet trans 16HAT 16HAT 7 +73.5 +58.9 +73.7 +50.7 +65.5 +41.9 +56.7 g2- a g2- g2+ 

ts dimet trans 16HAT 16HAT 31 +76.0 +61.3 +72.2 +56.4 +67.3 +46.3 +57.3 a a g1+ g1+ 

ts dimet trans 16HAT 16HAT 21 +77.0 +62.3 +74.7 +58.6 +71.0 +50.7 +63.1 g2+ g1+ g2- a 

ts dimet trans 16HAT 16HAT 27 +79.7 +64.8 +79.9     g2- g1- g1+ g1+ 

ts dimet trans 16HAT 16HAT 30 +79.7 +64.8 +78.2     g2- g1- g1+ g1+ 

ts dimet trans 16HAT 16HAT 9 +80.9 +66.0 +81.7     g1+ g2+ g1+ g1+ 

ts dimet trans 16HAT 16HAT 12 +82.0 +66.9 +82.0     g1+ a g2- a 

ts dimet trans 16HAT 16HAT 32 +82.7 +67.9 +82.6     g1- g2- g1+ g1+ 

ts dimet trans 16HAT 16HAT 14 +85.5 +71.1 +87.2     g2- g1+ g2- a 

ts dimet trans 16HAT 16HAT 15 +85.6 +71.1 +85.2     g2- g1+ g2- a 

ts dimet trans 16HAT 16HAT 4 +87.4 +72.6 +86.5     g2- g1+ g1+ g1+ 

ts dimet trans 16HAT 16HAT 25 +91.3 +76.4 +90.3     g2- g2- g1+ g1+ 

ts dimet trans 16HAT 16HAT 1 +94.5 +80.0 +95.7     g1+ e- g2- g2+ 

ts dimet trans 16HAT 16HAT 16 +109.1 +94.3 +109.2     g1+ g2- g1+ g1+ 

ts dimet trans 16HAT 16HAT 18 +109.6 +95.3 +111.0     g1+ e- g1+ g1+ 

r4bC6 

dimet trans C6-rad 30 2 +19.2 +17.4 +14.6 +12.3 +9.4 -5.4 -8.3 g1+ a g1+ g1- 

dimet trans C6-rad 24 +19.4 +17.6 +15.4 +12.2 +9.9 -3.3 -5.6 g2- a g1+ g1- 

dimet trans C6-rad 15 2 +20.0 +18.5 +15.7 +13.1 +10.3 -4.1 -6.8 g1+ a g2+ g2+ 
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dimet_trans_C6-rad_27 +20.0 +18.0 +14.1 +12.6 +8.6 -2.7 -6.7 g2-_a_g2+_g2+ 

dimet_trans_C6-rad_39 +21.2 +19.1 +16.6 +13.6 +11.1 -2.1 -4.7 g2-_a_g2+_g2+ 

dimet_trans_C6-rad_9 +26.0 +24.3 +24.8     g1+_g1+_g2-_a 

dimet_trans_C6-rad_35 +29.1 +28.0 +27.1     g2-_a_g2+_g2+ 

ts_dimet_trans_16HAT_11_ircf +29.7 +29.1 +31.8     g2+_a_g2-_g2+ 

dimet_trans_C6-rad_88 +32.3 +30.8 +29.8     e+_g1+_g2-_g2+ 

dimet_trans_C6-rad_79 +38.2 +37.1 +37.7     g1-_g2-_g2-_g2+ 

ts_4b_4bC5 

ts_dimet_trans_15HAT_15HAT_15 +69.3 +54.8 +64.7 +48.4 +58.2 +39.4 +49.2 a_g1-_g2-_a 

ts_dimet_trans_15HAT_15HAT_4 +70.8 +56.3 +69.4 +46.6 +59.7 +39.6 +52.7 g1+_g1-_g2-_a 

ts_dimet_trans_15HAT_15HAT_35 +73.9 +60.3 +74.7 +55.3 +69.7 +44.9 +59.3 a_g2+_g1-_g2- 

ts_dimet_trans_15HAT_15HAT_6 +75.4 +61.1 +71.1 +55.4 +65.4 +48.9 +58.9 g2-_g1-_g2-_g1+ 

ts_dimet_trans_15HAT_15HAT_32 +77.2 +63.1 +79.9 +53.4 +70.2 +44.2 +60.9 g2-_g2+_g1-_a 

ts_dimet_trans_15HAT_15HAT_14 +79.6 +65.7 +78.7     g1+_g1-_g2-_g2- 

ts_dimet_trans_15HAT_15HAT_23 +81.2 +67.5 +83.7     g2-_g2+_g1-_g2- 

ts_dimet_trans_15HAT_15HAT_9 +81.5 +67.4 +79.0     g1+_g1-_g2-_g1+ 

ts_dimet_trans_15HAT_15HAT_1 +82.1 +68.2 +83.2     g2-_g1+_g2-_a 

ts_dimet_trans_15HAT_15HAT_36 +84.4 +70.3 +78.7     g1-_g2-_g1-_g1+ 

ts_dimet_trans_15HAT_15HAT_18 +84.7 +70.4 +84.9     g1+_e-_g1-_a 

ts_dimet_trans_15HAT_15HAT_26 +85.8 +71.8 +85.1     a_g1+_g2-_g1+ 

ts_dimet_trans_15HAT_15HAT_7 +88.6 +74.8 +89.7     g2-_g1+_g2-_g2- 

ts_dimet_trans_15HAT_15HAT_21 +89.4 +75.3 +88.0     g1+_e-_g1-_g2- 

ts_dimet_trans_15HAT_15HAT_33 +95.1 +81.7 +99.4     g2-_g2+_g1-_g1+ 

ts_dimet_trans_15HAT_15HAT_30 +96.3 +82.8 +98.2     g1+_e-_g1-_g1+ 

r4bC5 

dimet_trans_C5-rad_109 +15.1 +14.1 +15.8 +10.3 +11.9 -3.7 -2.1 g2-_a_g2+_g1- 

dimet_trans_C5-rad_110 +16.1 +15.3 +15.7 +12.3 +12.7 -4.0 -3.6 g1+_g1+_g2+_a 

dimet_trans_C5-rad_31 +16.7 +16.1 +14.3 +13.7 +11.8 -2.2 -4.0 g2+_g1+_g2+_g1- 

dimet_trans_C5-rad_117 +17.1 +16.2 +16.1 +10.9 +10.8 -2.2 -2.3 g2-_a_g2+_g1- 

dimet_trans_C5-rad_46 +17.8 +16.5 +15.2 +13.5 +12.2 -3.7 -5.0 g2-_g2-_g2+_g1- 

dimet_trans_C5-rad_111 +21.9 +21.7 +16.1     g1+_g1-_g2+_g2- 

ts_dimet_trans_15_ircf +25.7 +25.5 +28.1     g1-_a_g2-_g2+ 

dimet_trans_C5-rad_99_2 +27.7 +26.5 +25.2     e+_g1+_g2-_g2+ 

dimet_trans_C5-rad_73 +34.7 +33.5 +31.5     g1+_g1+_g1-_a 
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Fig. S6. Rearrangement reactions of N-centered radical r5bN to radicals r5bC5 and r5bC6. 

Table S6a. Energies for all systems shown in Fig. S6. 

Molecule 

Etot 

UB3LYP/ 
6-31G(d) [Hartree] 

<S2> NIMAG 

dH 
UB3LYP/ 

6-31G(d) 
[Hartree] 

dG 
UB3LYP/ 

6-31G(d) 
[Hartree] 

Etot 

PCM(DCE)/ 

UB3LYP/ 
6-31G(d)[a] 

[Hartree] 

dG298  solv 

PCM(DCE)/ 

UB3LYP/ 
6-31G(d)[a] 

[Hartree] 

Etot   

DLPNO-

CCSD(T)/ 
cc-pVTZ[a] 

[Hartree] 

G298 DCE 
PCM(DCE) + DLPNO-

CCSD(T)/cc-pVTZ[a] 
[Hartree] 

r5bN 

cpen trans N-rad 20 -1227.440449 0.75 - 0.399807 0.321884 -1227.448586 -0.008138 -1221.782302 -1225.244843 

cpen_trans_N-rad_8 -1227.440340 0.75 - 0.399711 0.320539 -1227.448731 -0.008392 -1221.782552 -1225.245605 

cpen trans N-rad 3 -1227.440326 0.75 - 0.399711 0.320872 -1227.448707 -0.008381 -1221.782518 -1225.245218 

cpen trans N-rad 31 -1227.440210 0.75 - 0.399706 0.321344 -1227.448311 -0.008101 -1221.781982 -1225.244989 

cpen trans N-rad 38 -1227.439926 0.75 - 0.400051 0.322536 -1227.448158 -0.008232 -1221.779865 -1225.245081 

cpen trans N-rad 91 -1227.438052 0.75 - 0.400274 0.321885     

ts cpen trans 15HAT ircr -1227.437930 0.75 - 0.399982 0.321855     

cpen trans N-rad 70 -1227.436950 0.75 - 0.400543 0.324903     

ts cpen trans 16 HAT10 ircr -1227.435286 0.75 - 0.399685 0.321110     

cpen trans N-rad 81 -1227.433470 0.75 - 0.400668 0.324540     

cpen trans N-rad 109 -1227.432987 0.75 - 0.400590 0.324289     

cpen_trans_N-rad_20 -1227.440449 0.75 - 0.399807 0.321884     

cpen trans N-rad 8 -1227.440340 0.75 - 0.399711 0.320539     

ts 5b 5bC6 

ts cpen trans 16HAT 10 -1227.414985 0.76 -1549 0.394158 0.320670 -1227.424859 -0.009874 -1221.730861 -1225.226491 

ts cpen trans 16HAT 7 -1227.413479 0.76 -1503 0.394277 0.321069 -1227.422986 -0.009507 -1221.728180 -1225.223735 

ts cpen trans 16HAT 11 -1227.411446 0.76 -1612 0.394233 0.321416 -1227.423473 -0.012028 -1221.727380 -1225.225801 

ts cpen trans 16HAT 1 -1227.409605 0.76 -1528 0.394290 0.321663 -1227.42161 -0.012005 -1221.724837 -1225.224962 

ts cpen trans 16HAT 3 -1227.409593 0.76 -1528 0.394308 0.321627 -1227.421605 -0.012012 -1221.724801 -1225.224977 

ts cpen trans 16HAT 13 -1227.407547 0.76 -1759 0.394541 0.321626     

ts cpen trans 16HAT 12 -1227.405103 0.76 -1638 0.394400 0.320776     

r5bC6 

cpen trans C6-rad 38 4 -1227.433930 0.75 - 0.399317 0.320628 -1227.443861 -0.009931 -1221.776117 -1225.249066 

cpen trans C6-rad 10 -1227.433190 0.75 - 0.399412 0.322289 -1227.44458 -0.011390 -1221.777709 -1225.250204 

ts cpen trans 16HAT 10 ircf -1227.432974 0.75 - 0.399477 0.323460 -1227.442385 -0.009411 -1221.775469 -1225.245653 

cpen trans C6-rad 25 4 -1227.432720 0.75 - 0.399054 0.318336 -1227.44313 -0.010410 -1221.780698 -1225.251180 

cpen trans C6-rad 35 -1227.432697 0.75 - 0.399262 0.320387 -1227.44299 -0.010292 -1221.779791 -1225.249244 

cpen trans C6-rad 49 -1227.432315 0.75 - 0.399150 0.319937     
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cpen trans C6-rad 53 -1227.430978 0.75 - 0.399151 0.319908     

cpen trans C6-rad 14 -1227.429345 0.75 - 0.399346 0.319682     

cpen_trans_C6-rad_23 -1227.428471 0.75 - 0.399509 0.321272     

ts 5b 5bC5 

ts cpen trans 15HAT -1227.411777 0.76 -1616 0.394703 0.320592 -1227.422255 -0.010478 -1221.726995 -1225.223762 

ts cpen trans 15HAT 17 -1227.410593 0.76 -1744 0.394656 0.319650 -1227.421278 -0.010685 -1221.726418 -1225.225359 

ts cpen trans 15HAT 4 -1227.409940 0.76 -1646 0.394661 0.320657 -1227.421869 -0.011929 -1221.725608 -1225.225514 

ts cpen trans 15HAT 16 -1227.409614 0.76 -1600 0.394689 0.320718 -1227.419305 -0.009691 -1221.723397 -1225.221532 

ts cpen trans 15HAT 24 -1227.408380 0.76 -1721 0.394981 0.322300 -1227.418332 -0.009952 -1221.721251 -1225.219052 

ts_cpen_trans_15HAT_12 -1227.407436 0.76 -1633 0.394829 0.321797     

ts cpen trans 15HAT 29 -1227.407038 0.76 -1738 0.394787 0.320516     

ts cpen trans 15HAT 26 -1227.406673 0.76 -1611 0.394814 0.321539     

ts_cpen_trans_15HAT_23 -1227.405650 0.76 -1666 0.394805 0.320760     

ts cpen trans 15HAT 2 -1227.405632 0.76 -1721 0.394749 0.322578     

ts cpen trans 15HAT 28 -1227.404112 0.76 -1778 0.394866 0.321497     

ts cpen trans 15HAT 7 -1227.403989 0.76 -1681 0.394884 0.322311     

ts cpen trans 15HAT 11 -1227.398896 0.76 -1710 0.394880 0.322418     

r5bC5 

cpen trans C5-rad 80 -1227.436258 0.75 - 0.399821 0.322430 -1227.445870 -0.009612 -1221.779441 -1225.248056 

cpen_trans_C5-rad_76 -1227.435565 0.75 - 0.399804 0.321603 -1227.444904 -0.009339 -1221.779452 -1225.248480 

cpen trans C5-rad 55 -1227.435211 0.75 - 0.399866 0.321387 -1227.444400 -0.009189 -1221.777872 -1225.247820 

cpen trans C5-rad 26 -1227.434857 0.75 - 0.399982 0.323148 -1227.443634 -0.008777 -1221.777509 -1225.247145 

cpen_trans_C5-rad_105 -1227.434829 0.75 - 0.399980 0.320503 -1227.444222 -0.009393 -1221.778208 -1225.248775 

ts cpen trans 15HAT ircf -1227.434141 0.75 - 0.399933 0.322594     

cpen trans C5-rad 12 -1227.431531 0.75 - 0.399686 0.321351     

cpen trans C5-rad 114 -1227.428261 0.75 - 0.399576 0.321155     

Table S6b. Energies for all systems shown in Fig. S6 

Molecule 

UB3LYP/6-31(d) 

Conformation 

R_φ_χ_ψ_ω 

Gas phase PCM(DiChloroEthane) DLPNO-CCSD(T)/cc-pVTZ 

ΔEtot 

[Hartree] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 
r5bN 

cpen trans N-rad 20 0.0 0.0 0.0 0.0 0.0 +0.0 +0.0 Eα↑ a a a a 

cpen trans N-rad 8 +0.3 +0.0 -3.2 -0.6 -3.9 +1.9 -1.3 Eβ'↑ a a a a 

cpen trans N-rad 3 +0.3 +0.1 -2.3 -0.6 -3.0 +2.1 -0.3 Eβ'↑ a a a a 

cpen trans N-rad 31 +0.6 +0.4 -0.8 +0.5 -0.7 +0.7 -0.5 Eβ'↑ a a a a 

cpen trans N-rad 38 +1.4 +2.0 +3.1 +1.8 +2.8 -1.4 -0.4 Eα'↓ a g1- g2+ a 

cpen trans N-rad 91 +6.3 +7.5 +6.3     E0↑ g2+ g1+ g1+ a 

ts cpen trans 15HAT ircr +6.6 +7.1 +6.5     Eβ↓ a g1- g2- a 

cpen trans N-rad 70 +9.2 +11.1 +17.1     E0↑ a g1+ g1+ g1+ 

ts cpen trans 16 HAT10 ircr +13.6 +13.2 +11.5     Eβ↓ a a g1+ g1+ 

cpen trans N-rad 81 +18.3 +20.6 +25.3     Eα'↓ g2+ g1+ g2- g2- 
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cpen_trans_N-rad_109 +19.6 +21.6 +25.9     Eα↑_a_g1+_g2-_g2- 
ts 5b 5bC6 

ts cpen trans 16HAT 10 +66.9 +52.0 +63.7 +47.5 +59.1 +41.1 +52.7 Eβ↓ g2- g1- g1+ g1+ 

ts cpen trans 16HAT 7 +70.8 +56.3 +68.7 +52.7 +65.1 +46.6 +59.0 Eβ↓ g1+ g1+ g1+ g1+ 

ts cpen trans 16HAT 11 +76.1 +61.5 +74.9 +51.3 +64.7 +46.8 +60.2 Eβ↓ g1+ a g1+ g1+ 

ts cpen trans 16HAT 1 +81.0 +66.5 +80.4 +56.3 +70.2 +48.4 +62.4 Eβ↓ g2- g1+ g1+ g1+ 

ts cpen trans 16HAT 3 +81.0 +66.6 +80.3 +56.4 +70.2 +48.6 +62.3 Eβ↓ g2- g1+ g1+ g1+ 

ts cpen trans 16HAT 13 +86.4 +72.6 +85.7     Eβ'↑ g1- g1- g2- a 

ts cpen trans 16HAT 12 +92.8 +78.6 +89.9     Eβ↓ g2- e+ g2- a 
r5bC6 

cpen_trans_C6-rad_38_4 +17.1 +15.8 +13.8 +11.1 +9.1 -4.4 -6.4 Eβ↓_g2-_a_g1+_g1- 

cpen_trans_C6-rad_10 +19.1 +18.0 +20.1 +9.5 +11.6 -7.6 -5.5 Eβ↓_g1+_g2+_g1+_g1- 

ts_cpen_trans_16HAT_10_ircf +19.6 +18.8 +23.8 +15.4 +20.4 -3.8 +1.2 E0↓_g2-_g1-_g1+_g1+ 

cpen_trans_C6-rad_25_4 +20.3 +18.3 +11.0 +12.3 +5.0 -3.3 -10.7 Eα↑_g2-_a_a_g2+ 

cpen_trans_C6-rad_35 +20.4 +18.9 +16.4 +13.3 +10.8 -3.4 -5.9 E0↓_g2-_a_g1+_g1- 

cpen_trans_C6-rad_49 +21.4 +19.6 +16.2     Eα'↓_g2-_g2-_a_g2+ 

cpen_trans_C6-rad_53 +24.9 +23.1 +19.7     E0↓_g1+_e+_g1+_g1- 

cpen_trans_C6-rad_14 +29.2 +27.9 +23.4     Eα↑_g1+_g2-_g1+_g1+ 

cpen_trans_C6-rad_23 +31.4 +30.7 +29.8     Eβ↓_g1+_g2-_g2-_g2- 
ts_5b_5bC5 

ts_cpen_trans_15HAT +75.3 +61.9 +71.9 +55.7 +65.7 +51.5 +61.5 Eβ↓_g2-_g1-_g2-_a 

ts_cpen_trans_15HAT_17 +78.4 +64.9 +72.5 +58.2 +65.8 +50.2 +57.8 Eβ↓_a_g1-_g2-_g2+ 

ts_cpen_trans_15HAT_4 +80.1 +66.6 +76.9 +56.6 +66.9 +50.4 +60.7 Eβ↓_g1+_g1-_g2-_g2+ 

ts_cpen_trans_15HAT_16 +81.0 +67.5 +77.9 +63.4 +73.8 +54.9 +65.3 Eβ↓_g1+_g1+_g2-_g2- 

ts_cpen_trans_15HAT_24 +84.2 +71.5 +85.3 +66.8 +80.5 +58.7 +72.5 Eβ↓_a_g1+_g2-_g2- 

ts_cpen_trans_15HAT_12 +86.7 +73.6 +86.4     Eβ↓_g1+_g1-_g2-_g2- 

ts_cpen_trans_15HAT_29 +87.7 +74.5 +84.1     Eβ'↑_a_g1-_g2-_g1+ 

ts_cpen_trans_15HAT_26 +88.7 +75.6 +87.8     Eβ'↑_g1+_g1+_g2-_g1+ 

ts_cpen_trans_15HAT_23 +91.4 +78.2 +88.4     Eβ'↑_g1+_g1-_g2-_g1+ 

ts_cpen_trans_15HAT_2 +91.4 +78.1 +93.2     Eβ↓_g2-_g1+_g2-_a 

ts_cpen_trans_15HAT_28 +95.4 +82.4 +94.4     Eβ'↑_a_g1+_g2-_g1+ 

ts_cpen_trans_15HAT_7 +95.7 +82.8 +96.8     Eβ↓_g2-_g1+_g2-_g2- 

ts_cpen_trans_15HAT_11 +109.1 +96.2 +110.5     Eβ'↑_g2-_e+_g2-_g1+ 
r5bC5 

cpen trans C5-rad 80 +11.0 +11.0 +12.4 +7.2 +8.6 -6.0 -4.6 Eβ↓ g2- g1- g2+ g1- 

cpen trans C5-rad 76 +12.8 +12.8 +12.1 +9.7 +8.9 -5.7 -6.4 Eβ↓ g1+ g1+ g2+ g1- 

cpen trans C5-rad 55 +13.8 +13.9 +12.4 +11.1 +9.7 -3.6 -5.1 Eβ↓ g2+ g1+ g2+ g1- 

cpen trans C5-rad 26 +14.7 +15.1 +18.0 +13.5 +16.3 -7.2 -4.4 Eβ↓ g1+ g1+ g2- g2+ 

cpen trans C5-rad 105 +14.8 +15.2 +11.1 +11.9 +7.8 -2.9 -7.0 Eβ↓ g1+ g1+ g2+ g1+ 

ts cpen trans 15HAT ircf +16.6 +16.9 +18.4     Eβ↓ g2- a g2- g2+ 
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cpen_trans_C5-rad_12 +23.4 +23.1 +22.0     Eα↑_e+_g1+_g2+_g1- 

cpen_trans_C5-rad_114 +32.0 +31.4 +30.1     Eβ'↓_g2-_g1+_g1+_g2+ 

 
Fig. S7. Rearrangement reactions of N-centered radical r6bN to radicals r6bC5 and r6bC6. 

Table S7a. Energies for all systems shown in Fig. S7. 

Molecule 

Etot 

UB3LYP/ 

6-31G(d) 

[Hartree] 

<S2> NIMAG 

dH 

UB3LYP/ 

6-31G(d) 

[Hartree] 

dG 

UB3LYP/ 

6-31G(d) 

[Hartree] 

Etot 

PCM(DCE)/ 
UB3LYP/ 

6-31G(d)[a] 

[Hartree] 

dG298  solv 

PCM(DCE)/ 
UB3LYP/ 

6-31G(d)[a] 

[Hartree] 

Etot   

DLPNO-CCSD(T)/ 

cc-pVTZ[a] 

[Hartree] 

G298 DCE 

PCM(DCE) + 
DLPNO-CCSD(T)/cc-

pVTZ[a] 

[Hartree] 

r6bN 

7 n-rad 2 -1377.881181 0.75 - 0.409217 0.325553 -1377.891072 -0.009890 -1375.811464 -1375.495801 

7 n-rad 2 mirror -1377.881181 0.75  0.409217 0.325553     

ts 7 9 2 2 ircr -1377.881116 0.75 - 0.409505 0.325489 -1377.890884 -0.009768 -1375.812096 -1375.496375 

7_n-rad -1377.880716 0.75 - 0.409208 0.326203 -1377.891148 -0.010432 -1375.811653 -1375.495882 

ts 7 9 2 ircr -1377.880217 0.75 - 0.409740 0.327064 -1377.890139 -0.009921 -1375.810247 -1375.493104 

7 12 -1377.879873 0.75 - 0.409231 0.324899 -1377.889742 -0.009869 -1375.810823 -1375.495794 

7_41 -1377.878962 0.75 - 0.409778 0.328055 - - - - 

ts 7 8 3 ircr -1377.878494 0.75 - 0.409253 0.326099 - - - - 

ts 7 8 ircr -1377.878493 0.75 - 0.409254 0.326111 - - - - 

7 37 -1377.878449 0.75 - 0.409767 0.325899 - - - - 

7_81 -1377.875766 0.75 - 0.410013 0.328524 - - - - 

ts 6b 6bC6 

ts 7 8 3 -1377.855190 0.76 -1648 0.403631 0.325272 -1377.866675 -0.011483 -1375.790071 -1375.476281 

ts_7_8_3_mirror -1377.855192 0.76 -1648 0.403631 0.325272     

ts 7 8 -1377.853177 0.76 -1766 0.403618 0.325006 -1377.865232 -0.012056 -1375.788893 -1375.475942 

ts 7 8 2 -1377.853155 0.76 -1624 0.403658 0.325331 -1377.864467 -0.011311 -1375.788168 -1375.474148 

ts 7 8 7 -1377.853155 0.76 -1624 0.403658 0.325330 -1377.864466 -0.011311 -1375.788171 -1375.474152 

r6bC6 

8 23 -1377.875877 0.75 - 0.409053 0.326151 -1377.885462 -0.009585 -1375.815588 -1375.499023 

8 23 mirror -1377.875877 0.75 - 0.409053 0.326151     

8_recalc -1377.874454 0.75 - 0.408953 0.324056 -1377.886270 -0.011816 -1375.813064 -1375.500824 

ts 7 8 3 ircf -1377.874215 0.75 - 0.408813 0.325780 -1377.885950 -0.011736 -1375.812841 -1375.498797 

ts 7 8 ircf -1377.872195 0.75 - 0.408843 0.324824 -1377.884431 -0.012236 -1375.810282 -1375.497695 

8_14 -1377.871415 0.75 - 0.408550 0.324192 -1377.882293 -0.010878 -1375.810545 -1375.497231 

ts 6b 6bC5 
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ts 7 9 2 2 -1377.845262 0.76 -1816 0.403749 0.324471 -1377.856188 -0.010926 -1375.780372 -1375.466827 

ts 7 9 2 2 mirror -1377.845262 0.76 -1816 0.403749 0.324471     

ts_7_9_1 -1377.844609 0.76 -1761 0.403817 0.324474 -1377.855773 -0.011164 -1375.780254 -1375.466944 

ts 7 9 2 -1377.844609 0.76 -1761 0.403817 0.324479 -1377.855773 -0.011164 -1375.780260 -1375.466945 

ts 7 9 9 -1377.844562 0.76 -1793 0.403875 0.324056 -1377.855762 -0.011200 -1375.779871 -1375.467015 

ts 7 9 10 -1377.844108 0.76 -1769 0.404019 0.324538 -1377.855357 -0.011249 -1375.779694 -1375.466405 

ts 7 9 -1377.843621 0.76 -1856 0.403897 0.325040 - - - - 

ts 7 9 3 -1377.843045 0.76 -1772 0.403962 0.325277 - - - - 

ts 7 9 7 -1377.842699 0.76 -1757 0.404062 0.324617 - - - - 

ts_7_9_13 -1377.842145 0.76 -1857 0.403839 0.326329 - - - - 

ts 7 9 16 -1377.841396 0.76 -1860 0.404060 0.326157 - - - - 

r6bC5 

9_54 -1377.874027 0.75 - 0.409539 0.325882 -1377.885473 -0.011446 -1375.812028 -1375.497592 

9 54 mirror -1377.874027 0.75 - 0.409539 0.325880     

ts 7 9 2 ircf -1377.872963 0.75 - 0.409010 0.324449 -1377.884159 -0.011196 -1375.811060 -1375.497807 

ts 7 9 2 2 ircf -1377.872537 0.75 - 0.409155 0.326154 -1377.883995 -0.011458 -1375.810190 -1375.495495 

9 15 -1377.871171 0.75 - 0.409349 0.325983 -1377.883645 -0.012474 -1375.811315 -1375.497806 

9 -1377.870477 0.75 - 0.408962 0.323451 -1377.884046 -0.013569 -1375.808044 -1375.498162 

9 22 -1377.869599 0.75 - 0.409371 0.326777 -1377.882002 -0.012403 -1375.810412 -1375.496038 

Table S7b. Energies for all systems shown in Fig. S6 (UB3LYP/6-31G(d) result). 

Molecule 

UB3LYP/6-31(d) 

Conformation 

R_φ_χ_ψ_ω 

Gas phase PCM(DiChloroEthane) DLPNO-CCSD(T)/cc-pVTZ 

ΔEtot 

[Hartree] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 

ΔH298 

[kJ/mol] 

ΔG298 

[kJ/mol] 
r6bN 

7_n-rad_2 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 Eβ↑ a g2+ a a 

7 n-rad 2 mirror +0.0 +0.0 +0.0      

ts_7_9_2_2_ircr +0.2 +0.9 +0.0 +1.2 +0.3 -0.9 -1.8 Eβ↑_a_g2+_a_a 

7_n-rad +1.2 +1.2 +2.9 -0.2 +1.5 -0.5 +1.2 Eβ↑_a_a_a_a 

ts_7_9_2_ircr +2.5 +3.9 +6.5 +3.8 +6.4 +4.6 +7.2 Eα↓_g1-_g2-_a_a 

7_12 +3.4 +3.5 +1.7 +3.5 +1.8 +1.7 +0.0 Eβ↑ a g2+ a g1+ 

7 41 +5.8 +7.3 +12.4 - - - - Eβ↓ g1- g2- g2- a 

ts_7_8_3_ircr +7.1 +7.2 +8.5 - - - - Eβ↑ a g2+ g2- a 

ts_7_8_ircr +7.1 +7.2 +8.5 - - - - Eβ↑ a g2+ g2- a 

7 37 +7.2 +8.6 +8.1 - - - - Eα↓ a g2- a g2- 

7 81 +14.2 +16.3 +22.0 - - - - Eα↓ a g2+ g1+ g2- 
ts 6b 6bC6 

ts 7 8 3 +68.2 +53.6 +67.5 +49.4 +63.3 +41.5 +55.4 Eβ↑ g1+ g2+ g2- g2+ 

ts 7 8 3 mirror +68.2 +53.6 +67.5      

ts_7_8 +73.5 +58.8 +72.1 +53.1 +66.4 +44.6 +57.8 Eβ↑_g2+_g2+_g2-_g2+ 

ts_7_8_2 +73.6 +59.0 +73.0 +55.3 +69.3 +46.6 +60.6 Eβ'↓_g2-_g2-_g2-_g2+ 

ts_7_8_7 +73.6 +59.0 +73.0 +55.3 +69.3 +46.6 +60.6 Eβ'↓_g2-_g2-_g2-_g2+ 
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r6bC6 

8 23 +13.9 +13.5 +15.5 +14.3 +16.3 -11.3 -9.3 Eβ↑ e- g2- a g2- 

8_23_mirror +13.9 +13.5 +15.5      

8_recalc +17.7 +17.0 +13.7 +11.9 +8.7 -4.9 -8.1 Eβ↑_g2-_a_g2-_g2- 

ts_7_8_3_ircf +18.3 +17.2 +18.9 +12.4 +14.0 -4.7 -3.0 Eβ↑_g1+_a_g2-_g2+ 

ts_7_8_ircf +23.6 +22.6 +21.7 +16.5 +15.5 +2.1 +1.2 Eβ↑_g2+_a_g2-_g2+ 

8_14 +25.6 +23.9 +22.1 +21.3 +19.5 +0.7 -1.2 Eβ↑_e+_g1+_a_g2+ 
ts 6b 6bC5 

ts_7_9_2_2 +94.3 +79.9 +91.5 +77.2 +88.7 +67.3 +78.8 Eβ↑_g1+_g2+_g1-_a 

ts_7_9_2_2_mirror +94.3 +79.9 +91.5      

ts_7_9_1 +96.0 +81.8 +93.2 +78.5 +89.8 +67.8 +79.1 Eβ'↓ g2- g2- g1- a 

ts 7 9 2 +96.0 +81.8 +93.2 +78.5 +89.9 +67.7 +79.1 Eβ'↓ g2- g2- g1- a 

ts_7_9_9 +96.1 +82.1 +92.2 +78.7 +88.8 +68.9 +79.0 Eβ↑_g1+_g2+_g1-_g2- 

ts_7_9_10 +97.3 +83.7 +94.7 +80.1 +91.1 +69.8 +80.7 Eβ'↓_g2-_g2-_g1-_g2- 

ts_7_9 +98.6 +84.6 +97.3 - - - - Eβ'↓_g1-_g2-_g1-_a 

ts_7_9_3 +100.1 +86.3 +99.4 - - - - Eβ↑_g1+_g2+_g1-_g1+ 

ts_7_9_7 +101.0 +87.5 +98.6 - - - - Eβ'↓_g2-_g2-_g1-_g1+ 

ts_7_9_13 +102.5 +88.4 +104.5 - - - - Eβ'↓_g2-_g2+_g1-_a 

ts_7_9_16 +104.5 +90.9 +106.0 - - - - Eβ'↓_g2-_g2+_g1-_g2- 
r6bC5 

9_54 +18.8 +19.6 +19.6 +15.5 +15.6 -0.6 -0.6 Eβ↑_g2+_a_g1+_g1+ 

9_54_mirror +18.8 +19.6 +19.6      

ts_7_9_2_ircf +21.6 +21.0 +18.7 +17.6 +15.2 +0.5 -1.8 Eβ'↓_g2-_g2-_g1-_g2+ 

ts_7_9_2_2_ircf +22.7 +22.5 +24.3 +18.4 +20.2 +3.2 +4.9 Eβ↑_g1+_g2+_g1-_g2+ 

9_15 +26.3 +26.6 +27.4 +19.8 +20.6 +0.7 +1.5 Eβ↑ g1+ e+ g1+ g1+ 

9 +28.1 +27.4 +22.6 +17.8 +12.9 +8.3 +3.5 Eβ'↓ g1+ a g1- g2+ 

9_22 +30.4 +30.8 +33.6 +24.2 +27.0 +3.2 +6.0 Eβ↓_g2-_g2-_g2-_g2- 
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3.5.3. Synthesis and Analytical Data for Reagents and Products 

Synthesis of N-hexyl-4-methylbenzenesulfonamide (3) 

 

3.1 ml of n-hexylamine (2.4 g, 24.6 mmol, 2.1 eq) was added dropwise to a solution of 2.0 g 

TsCl (11.7 mmol, 1 eq) in 40 mL of dry DCM at 0°C and stirred for overnight at RT. The 

cooling bath was removed and the reaction mixture was allowed to stir overnight. The reaction 

was quenched with 100 ml of water, extracted with DCM (3 × 50 mL). Organic phases were 

combined, washed with brine (50 mL), dried over MgSO4 and evaporated. Crude material was 

purified by recrystallization from i-hexane and 3 was obtained as colorless solid (69%, 2.1 g)  

Spectral data are in agreement with literature values.[4] 

1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 8.2 Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 4.36 (t, J = 

6.2 Hz, 1H), 2.95 – 2.90 (m, 2H), 2.43 (s, 3H), 1.47 – 1.40 (m, 2H), 1.29 – 1.14 (m, 6H), 0.84 

(t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 143.5, 137.1, 129.8, 127.3, 43.4, 31.4, 29.7, 26.3, 22.6, 21.7, 

14.1. 

Elem. Calcd for C13H21NO2S: C 61.15; H 8.29; N 5.48; S 12.55 Found: C 61.41; H 8.67; N 

5.36; S 12.78 

 

Synthesis of 2-Ethyl-1-tosylpyrrolidine (3C5) 

1. Synthesis of (3Z)-hex-3-en-1-yl methanesulfonate (3C5-1) 

 

Following the modified literature procedure.[5]  

3.5 ml of triethylamine (2.5 g, 25 mmol, 5 eq) was added to the solution of 0.5 g cis-3-Hexenol 

(5 mmol, 1 eq) in 25 ml of dry DCM. The solution was cooled to 0 °C and 0.46 ml of MsCl 

(0.69 g, 6 mmol, 1.2 eq) was added dropwise. The solution was stirred for 1.5 h at RT, quenched 

with 50 ml of saturated NaHCO3 solution, extracted with DCM (3 ×15 ml). The combined 

organic layers were dried over MgSO4. Solvents were evaporated under reduced pressure. The 
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crude material was passed through a short silica plug (DCM) to afford a pale-yellow oil of 3C5-

1 (0.79 g, 88%). Spectral data are in agreement with literature values.[6] 

1H NMR (400 MHz, CDCl3) δ 5.61 – 5.53 (m, 1H), 5.37 – 5.25 (m, 1H), 4.20 (t, J = 6.9 Hz, 

2H), 3.00 (s, 3H), 2.55 – 2.45 (m, 2H), 2.11 – 2.02 (m, 2H), 0.98 (t, J = 7.5 Hz, 3H). 

2. Synthesis of N-((3Z)-hex-3-en-1-yl)tosylamine (3C5-2) 

 

Following the modified literature procedure.[5]  

0.5 g of 85% KOH (7.5 mmol, 1.5 eq) was dissolved in 5 ml of dry DMF at 120 °C, followed 

by addition of 1.28 g of tosylamide (7.5 mmol, 1.5 eq). The resulting solution was stirred for 

30 min at 120 °C. After, a solution of the mesylate 3C5-1, obtained above in 5 ml of dry DMF 

was added in one portion. After 1 h of stirring at 120 °C, the reaction was cooled to RT, 

quenched with water and extracted with DCM (3×10 mL). The combined organic layers were 

washed with 50 ml of water, dried over MgSO4 and evaporated. The crude material was passed 

through a short silica plug (iHex/EtOAc = 10/1) to afford 3C5-2 as colourless oil (45%, 0.51 g). 

Spectral data are in agreement with literature values.[7] 

1H NMR (400 MHz, CDCl3) δ 7.78 – 7.70 (m, 2H), 7.32 – 7.30 (m, 2H), 5.56 – 5.44 (m, 1H), 

5.19 – 5.08 (m, 1H), 4.32 (t, J = 6.2 Hz, 1H), 2.97 (q, J = 6.6 Hz, 2H), 2.43 (s, 3H), 2.25 – 

2.15 (m, 2H), 2.02 – 1.94 (m, 2H), 0.94 (t, J = 7.5 Hz, 3H). 

3. Synthesis of 2-ethyl-1-tosylpyrrolidine (3C5) 

 

Following the modified literature procedure.[8] 

0.51 g of the obtained 3C5-2 (2 mmol, 1 eq) was dissolved in 5 ml of HFIP. 0.35 ml of TfOH 

(0.6 g, 4 mmol, 2 eq) was added dropwise. The resulting solution was stirred for 24 h at RT. 

Reaction mixture was quenched with saturated aqueous solution of NaHCO3 and extracted with 

DCM (3 × 10 mL). The combined organic layers were dried over MgSO4. Solvents were 

evaporated under reduced pressure. Crude material was purified by flash chromatography 
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(iHex/EtOAc= 10/1, Rf 0.25) to give 3C5 (508 mg, 99%) as a white solid. Spectral data are in 

agreement with literature values.[8] 

Further 1H NMR and GC-FID analysis showed that the obtained product consists of 5- and 6-

membered adduct 3C5 and 3C6 with ratio 96:4, correspondingly. 

1H NMR (400 MHz, CDCl3) δ 7.76 – 7.70 (m, 2H), 7.32 – 7.29 (m, 2H), 3.54 (ddd, J = 10.3, 

7.9, 5.1 Hz, 1H), 3.38 (ddd, J = 10.4, 7.0, 5.1 Hz, 1H), 3.19 (dt, J = 10.3, 7.2 Hz, 1H), 2.43 (s, 

3H), 1.91 – 1.71j (m, 2H), 1.59 – 1.41 (m, 4H), 0.91 (t, J = 7.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 143.3, 135.1, 129.7, 127.6, 61.9, 49.1, 30.2, 29.3, 24.2, 21.6, 

10.5. 

Elem. Calcd for C13H19NO2S: C 61.63; H 7.56; N 5.53; S 12.65 Found: C 61.64; H 7.57; N 

5.51; S 12.64 

 

Synthesis of 2-methyl-1-tosylpiperidine (3C6) 

 

1.4 ml of 2-methylpiperidine (1.15 g, 11.7 mmol, 2.1 eq) was added dropwise to a solution of 

1.0 g TsCl (5.8 mmol, 1 eq) in 20 mL of dry DCM at 0°C and stirred for overnight at RT. The 

cooling bath was removed and the reaction mixture was allowed to stir for 2 days. The reaction 

was quenched with 50 ml of water, extracted with DCM (3×25 mL). Organic phases were 

combined, washed with brine (50 mL), dried over MgSO4 and evaporated. Crude material was 

purified by recrystallization from iHex and 3C6 was obtained as colorless solid (65%, 0.96 g). 

Spectral data are in agreement with literature values.[9] 

1H NMR (400 MHz, CDCl3) δ 7.71 – 7.68 (m, 2H), 7.28 – 7.25 (m, 2H), 4.26 – 4.19 (m, 1H), 

3.72 – 3.67 (m, 1H), 2.96 (td, J = 13.0, 2.6 Hz, 1H), 2.41 (s, 3H), 1.66 – 1.46 (m, 4H), 1.46 – 

1.30 (m, 2H), 1.05 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 142.9, 138.5, 129.7, 127.1, 48.6, 40.4, 30.5, 25.3, 21.6, 18.3, 

15.4. 

Elem. Calcd for C13H19NO2S: C 61.63; H 7.56; N 5.53; S 12.65 Found: C 61.92; H 7.86; N 

5.50; S 12.95 
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Product 6b-3 was obtained as white solid (1.65 g, 71%). Spectral data are in agreement with 

literature value.[10] 

1H NMR (400 MHz, CDCl3) δ 8.06 – 8.04 (m, 2H), 7.55 – 7.61 (m, 1H), 7.48 – 7.44 (m, 

2H), 4.51 (dd, J = 11.7, 4.5 Hz, 1H), 4.38 (dd, J = 11.7, 6.7 Hz, 1H), 3.80 – 3.86 (m, 1H), 

3.69 – 3.65 (m, 1H), 2.58 (d, J = 5.8 Hz, 1H), 2.21 (d, J = 5.5 Hz, 1H), 1.64 – 1.35 (m, 4H), 

0.95 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 167.2, 133.5, 129.9, 129.8, 128.6, 72.5, 71.3, 66.7, 35.7, 

19.0, 14.1. 

3. ((4R,5R)-2,2-dimethyl-5-propyl-1,3-dioxolan-4-yl)methyl benzoate (6b-4) 

 

Following the modified literature procedure.[10] 

Catalytic amount of PTSA was dissolved in a solution of 1.5 g of 

benzoate 6b-3 (6.3 mmol, 1 eq) in 30 ml of dry DCM at 0 °C, followed  

by dropwise addition of 5 ml 2,2-dimethoxypropane. The cooling bath was removed and the 

reaction was allowed to stir for 3 h at RT. After the reaction was quenched with 5 ml of Et3N, 

evaporated to give crude material, which was purified by column chromatography 

(iHex/EtOAc = 20/1, Rf 0.24). Product 6b-4 was obtained as colorless liquid (1.66 g, 95 %). 

Spectral data are in agreement with literature value.[10] 

1H NMR (400 MHz, CDCl3) δ 8.08 – 8.05 (m, 2H), 7.59 – 7.55 (m, 1H), 7.47 – 7.42 (m, 

2H), 4.50 (dd, J = 11.9, 3.4 Hz, 1H), 4.36 (dd, J = 11.9, 5.1 Hz, 1H), 4.00 – 3.90 (m, 2H), 

1.68 – 1.38 (m, 10H), 0.96 (t, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 166.5, 133.3, 129.9, 129.8, 128.6, 109.2, 79.1, 77.8, 64.8, 

35.3, 27.5, 27.1, 19.4, 14.3. 

4. ((4R,5R)-2,2-dimethyl-5-propyl-1,3-dioxolan-4-yl)methanol (6b-5) 

 

Following the modified literature procedure.[10] 

1.6 g of K2CO3 (11.5 mmol, 2 eq) were added in one portion to a stirring 

solution of 1.6 g of benzoate 6b-4 (5.75 mmol, 1 eq) in 30 ml of MeOH at  

0 °C. The reaction was allowed to stir for 3 h at RT. After, the reaction mixture was 

concentrated under reduced pressure at RT, redissolved in 100 ml of water and extracted with 

EtOAc (3 × 50 ml). Organic layers were combined, dried over MgSO4 and evaporated to give 

crude material, which was purified by column chromatography (iHex/EtOAc = 4/1, Rf 0.22). 
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Product 6b-5 was obtained as colorless oil (0.91 g, 91%). Spectral data are in agreement with 

literature value.[10] 

1H NMR (400 MHz, CDCl3) δ 3.90 – 3.85 (m, 1H), 3.81 – 3.76 (m, 1H), 3.74 – 3.70 (m, 1H), 

3.61 – 3.55 (m, 1H), 2.05 (dd, J = 7.7, 4.8 Hz, 1H), 1.65 – 1.29 (m, 10H), 0.94 (t, J = 7.2 Hz, 

3H). 

13C NMR (101 MHz, CDCl3) δ 108.7, 81.6, 76.7, 62.1, 35.3, 27.5, 27.2, 19.4, 14.3. 

5. Tert-butyl (((4R,5R)-2,2-dimethyl-5-propyl-1,3-dioxolan-4-yl) methyl) (tosyl) 

carbamate (6b-6) 

 

Following the modified literature procedure.[11] 

To a stirring solution of 0.85 g of alcohol 6b-5 (4.9 mmol, 1 eq), 1.6 g of 

triphenylphosphine (5.4 mmol, 1.1 eq), 1.6 g of N-Boc-N-p-toluenesulfon- 

amide (5.4 mmol1.1 eq) was added dropwise 2.5 mL of 2.2 M DEAD (5.4 mmol, 1.1 eq) in 

THF at 0 °C. The reaction mixture was stirred overnight at RT and evaporated under reduced 

pressure. Crude material was purified by column chromatography (iHex/EtOAc = 10/1, Rf 

0.27). Product 6b-6 was obtained as colorless oil (1.8 g, 86%). 

1H NMR (400 MHz, CDCl3) δ 7.89 – 7.85 (m, 2H), 7.31 – 7.27 (m, 2H), 4.18 – 4.11 (m, 1H), 

3.97 – 3.84 (m, 3H), 2.43 (s, 3H), 1.63 – 1.38 (m, 10H), 1.33 (s, 9H), 0.94 (t, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 151.1, 144.3, 137.5, 129.3, 128.3, 108.9, 84.6, 79.3, 79.2, 

48.6, 35.3, 28.0, 27.6, 27.1, 21.8, 19.4, 14.2. 

HRMS (ESI): calcd for C21H33NO6SNa [M + Na]+, 450.1921; found 450.1922. 

6. N-(((4R,5R)-2,2-dimethyl-5-propyl-1,3-dioxolan-4-yl)methyl)-4-methylbenzene 

sulfonamide 6b 

 

Following the modified literature procedure.[12] 

1.8 g of obtained carbamate 6b-6 was dissolved in 40 ml of dry MeOH. 3 

g K2CO3 was added in one portion, the resulting reaction mixture was  

refluxed for 3 h and cooled down to RT. 50 ml of water was added, the aqueous phase was 

extracted with DCM (3 x 50 ml). Organic layers were combined, dried over MgSO4 and 

evaporated to give crude material, which was purified by column chromatography 

(iHex/EtOAc = 10/1). Product 6b was obtained as colorless oil (1.5 g, 94%). 
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1H NMR (400 MHz, CDCl3) δ 7.76 – 7.63 (m, 2H), 7.33 – 7.30 (m, 2H), 4.68 (t, J = 6.3 Hz, 

1H), 3.76 – 3.72 (m, 1H), 3.65 (ddd, J = 8.1, 5.6, 3.3 Hz, 1H), 3.18 (ddd, J = 13.0, 6.3, 3.3 

Hz, 1H), 2.98 (ddd, J = 13.0, 6.2, 5.7 Hz, 1H), 2.43 (s, 3H), 1.57 – 1.19 (m, 10H), 0.93 – 0.90 

(m, 3H).  

13C NMR (101 MHz, CDCl3) δ 143.8, 136.8, 129.9, 127.2, 108.9, 79.1, 77.7, 44.2, 34.9, 27.4, 

27.2, 21.7, 19.3, 14.2. 

HRMS (ESI): calcd for C16H25NO4SNa [M + Na]+, 350.1397; found 350.1399. 
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3.5.4. NMR Spectra of Reagents and Products 

 

Fig. S8. 1H NMR spectrum of sulfonamide 3, CDCl3, 400 MHz. 

  

Fig. S9. 13C NMR spectrum of sulfonamide 3, CDCl3, 101 MHz. 

                                                                            
   

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 
  

 
 
  

 
 
  

 

 
  

 
 
  

 
 
  

 
 
  

 
 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 

 
  

 
 
  

 
 
  

 
 
  

 

 
  

 
 
  

 
 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 
 
  

 
 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 

 
  

 
  

 
  

 
 
  

 

 
  

 
 
  

 

 
  

 
 
  

 
 
  

 

 
  

 
 
  

 

 
  

 

 
  

 
  

 
 
  

 
  

 

 
  

 

 
  

 
 
  

 

                                                          
   

 
 
  

 

 
 
  

 
 
 
  

 

 
 
  

 
 
 
  

 
 
 
  

 

 
 
  

 

 
 
  

 
  

 
 
  

 
 
 
  

 

 
 
 
  

 

 
 
 
  

 

 
 
 
  

 

a 

g 

f 

e 

b,c,d 

j 

i,i' 

h,h' 

9,9' 
8,8' 

7 10 

1 6 

11 

5 
4 

3 2 



469 

 

Fig. S10. 1H NMR spectrum of 3C5-1, CDCl3, 400 MHz. 

 
Fig. S11. 1H NMR spectrum of 3C5-2, CDCl3, 400 MHz. 
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Fig. S12. 1H NMR spectrum of 2-ethylpyrrolidine 3C5, CDCl3, 400 MHz. 

 

Fig. S13. 13C NMR spectrum of 2-ethylpyrrolidine 3C5, CDCl3, 101 MHz. 
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Fig. S14. 1H NMR spectrum of 2-methylpiperidine 3C6, CDCl3, 400 MHz. 

 

Fig. S15. 13C NMR spectrum of 2-methylpiperidine 3C6, CDCl3, 101 MHz. 
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Fig. S16. 1H NMR spectrum of (E)-hex-2-enyl benzoate 6b-2, CDCl3, 400 MHz. 

 

Fig. S17. 13C NMR spectrum of (E)-hex-2-enyl benzoate 6b-2, CDCl3, 101 MHz. 
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Fig. S18. 1H NMR spectrum of (2R,3R)-2,3-Dihydroxyhexyl benzoate 6b-3, CDCl3, 400 MHz. 

 

Fig. S19. 13C NMR spectrum of (2R,3R)-2,3-Dihydroxyhexyl benzoate 6b-3, CDCl3, 101 MHz. 
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Fig. S20. 1H NMR spectrum of 6b-4, CDCl3, 400 MHz. 

 

Fig. S21. 13C NMR spectrum of 6b-4, CDCl3, 101 MHz. 
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Fig. S22. 1H NMR spectrum of 6b-5, CDCl3, 400 MHz. 

 

Fig. S23. 13C NMR spectrum of 6b-5, CDCl3, 101 MHz. 
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Fig. S24. 1H NMR spectrum 6b-6, CDCl3, 400 MHz. 

 

Fig. S25. 13C NMR spectrum of 6b-6, CDCl3, 101 MHz. 
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Fig. S26. 1H NMR spectrum of 6b, CDCl3, 400 MHz. 

 

Fig. S27. 13C NMR spectrum of 6b, CDCl3, 101 MHz. 
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List of Abbreviations 

1,3,5-TMB 1,3,5-trimethoxybenzene  Nva norvaline 
[α]D specific rotation  OSu succinimide ester 

Abu 2-aminobutyric acid  PA 1-pentylamine 

Ac acetyl  Phe Phenylalanine 
Ac2O acetic anhydride  PIDA phenyliodine(iii) diacetate 

AcCl acetyl chloride  PINO phthalimide N-oxyl 

Ala alanine  PPh3 triphenylphosphine 
APCI atmospheric pressure chemical ionization  ppm parts per million 

BA baicalein  Pro proline 

Boc tert-butyloxycarbonyl  pXRD powder x-ray diffraction 
Boc2O di-tert-butyl dicarbonate  QM quantum mechanics/mechanical 

BSTFA N,O-bis(trimethylsilyl)trifluoroacetamide  RPM revolutions per minute 

Bz benzoyl   RT room temperature 
CumO· cumyloxyl radical  Sar Sarcosine 

DBA dehydrobaicalein  scXRD single crystal x-ray diffraction 

DCC N,N′-dicyclohexylcarbodiimide  Ser Serine 
DCE dichloroethane  TAP 2,3,4-trihydroxyacetophenone 

DCHN dicumylhyponitrite  t-BuOH tert-butyl alcohol 

DCM dichloromethane  TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 
DCPO dicumylperoxide  TFA trifluoroacetic acid 

DCU 1,3-dicyclohexyl urea  THF tetrahydrofuran 

DEAD diethyl azodicarboxylate  TLC thin-layer chromatography 
DFT density functional theory  Tle tert-leucine 

DIPEA N,N-diisopropylethylamine  Val Valine 

DLPNO domain based local pair natural orbital  μl Microliter 
DMAP 4-dimethylaminopyridin    

DMF dimethyl formamid    

DMSO dimethyl sulfoxide    
DPI dipentylimine    

dr diastereomeric ratio    

DTBHN di-tert-butyl hyponitrite    
DTBPO di-tert-butyl peroxide    

ECF ethyl chloroformate    

EDC×HCl 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride 
   

Elem elemental analysis    

eq equivalent(s)    

ESI electrospray ionization    

et al "and others"    
Et2O diethyl ether    

EtOAc ethyl acetate    

FID flame ionization detector    
FTIR Fourier-transform infrared spectroscopy    

GC gas chromatography    

Gly glycine    
h hour(s)    

HAT hydrogen atom abstraction    

hept n-heptan    
hIAPP human islet amyloid polypeptide     

HLF Hofmann-Löffler-Freytag    

HOBt hydroxybenzotriazole    
HPLC high-performance liquid chromatography    

HRMS high resolution mass spectrometry    

IBCF isobutyl chloroformate    
iHex isohexane    

iPrOH isopropyl alcohol    

IS internal standard    

KIE kinetic isotope effect    

KOtBu potassium tert-butylate    

Leu leucine    
LFP laser flash photolysis    

MeCN acetonitrile    

MeI methyl iodide    
MeOH methanol    

MS mass spectrometry    

NEt3 triethylamine    
Nle norleucine    

NMR nuclear magnetic resonance spectroscopy    

 




