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SUMMARY

The main goal of this doctoral thesis was to investigate the rearrangement reactions in which
nitrogen centered radicals participate. Specific goals of this thesis were to investigate nitrogen
centered radicals in the context of the Hofmann—Loffler—Freytag (HLF) reaction, namely, to
explain the regioselectivity, investigate the propagation cycle, determine the rate limiting step,
utilize the reaction for the generation of pharmaceutically relevant compounds, and compute
stabilities of nitrogen centered radical. In this thesis, N-chloro derivatives as radical precursors
were synthesized using existing methods, and new method was developed for the synthesis of
N-bromo derivatives. A methodology was developed for the in-sifu generation and trapping of
nitrogen centered radicals and its carbon counterparts using the phenylbutylnitrone (PBN) spin
trap and subsequent investigation of the resulting adducts via electron paramagnetic resonance
(EPR) spectroscopy. Laser flash photolysis (LFP) method was used to directly detect the
transient species generated after laser excitation. Nuclear magnetic resonance (NMR) methods
were employed in order to analyze complex product mixtures. Quantum-chemical methodology
was developed and employed to obtain a quantitative description of the thermodynamic and
kinetic properties of the HLF reaction. Additionaly, kinetic modelling was done.

Using LFP, NMR, and EPR spectroscopy, in combination with density functional theory (DFT)
calculations and kinetic modelling, the HLF reaction profile was monitored, and all significant
intermediate radicals and products were identified in this light-induced radical generation and
subsequent chain reaction. It is claimed that major regioselective product of the HLF reaction
is kinetically controlled in the hydrogen atom transfer (HAT) step as the thermodynamic
preference for the formation of one product over the other is lost due to the second step of the
cycle being highly exothermic. When both radical intermediates have similar stability, the
observed regioselectivity can be attributed to a rearrangement reaction exclusive to the Cs-
radical where it rearranges to a more stable Cz-radical. When positions are non-equal, NMR
analysis of the product mixture revealed the presence of four major products. These four
products are amine, imine, Ce- and Cs-chlorinated products. Amine and imine are products of
a “self-reaction” of nitrogen radicals (termination) and is the probable reason why many
synthetic chemists block the Cz-position in their synthetic works and why the HLF reaction
proceeds only in certain solvents in high yields. Kinetic modelling of the HLF reaction showed
that its kinetics are pseudo first order with respect to the second step. Thus, it is proposed that
the rate limiting step of the HLF reaction is the halogen atom transfer (XAT) step. Additionally,
it was proposed that by adding halogen sources, typically used as chlorinating agents the
propagation cycle can be interrupted and terminated. Finally, it was demonstrated that the HLF
reaction is a viable method for late-stage functionalization (LSF) in the synthesis of
pharmaceuticals. We used HLF reaction as a route for preparing bicyclic rings from N-
chlorinated macrocyclic lactams. Interplay of different experimental and theoretical techniques
have provided a deeper insight into the fundamental aspects of the HLF reaction, and results
will be used for better utilization in future synthesis.

Keywords: Nitrogen centered radicals, chain reaction, Hofmann—Loffler—Freytag (HLF)
reaction, regioselectivity, rate limiting step, self-reaction.
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SAZETAK
Uvod

Dusikovi radikali su izrazito reaktivne vrste i kao takvi u tragovima sudjeluju u lancanim
reakcijama. Pokazuju visok stupanj kemoselektivnosti i sudjeluju u razli¢itim vrstama reakcija
kao Sto su intra/intermolekulska odcjepljenja vodikovog atoma, intra/intermolekulske
supstitucijske reakcije i intra/intermolekulske adicije na dvostruke veze. Pored toga, poznato je
da dusikovi radikali sudjeluju u samoreakcijama koje daju produkte dimerizacije i/ili
disproporcioniranja. Stabilnost duSikovih radikala moze se opisati izodezmickim reakcijama u
kojima sudjeluju dusikovi radikali s amonijakom te mjerenjem reakcijske entalpije, tj.
radikalske stabilizacijske energije (eng. radical stabilisation energies, RSE) takve reakcije.
Koristenjem tih reakcija mogu se izraditi RSE ljestvice koje pruzaju prakti¢an nacin dobivanja
informacija o njihovoj stabilnosti i procjeni reaktivnosti u odnosu na druge radikale. Postoje
mnoge metode za generiranje duSikovih radikala, medu kojima se njihovo fotokemijsko ili
toplinsko generiranje iz N-haloamina koristi za sintezu pirolidina. Ova reakcija, poznata kao
Hofmann—Loffler—Freytagova reakcija, prva je otkrivena sintetska metodologija koja ukljucuje
dusikove radikale, a otkrio ju je Hofmann 1879 (1). Lancani radikalski mehanizam HLF
reakcije sastoji se od intramolekulskog prijenosa atoma vodika (HAT) kao prvog koraka
propagacijskog ciklusa 1 prijenosa atoma halogena (XAT) kao drugog koraka.
Regioselektivnost i definiranje najsporijeg koraka HLF reakcije nedovoljno su istrazeni.
Nejasno je zasto HLF reakcija u pojedinim otapalima stvara produkte u visokim prinosima, dok
je u drugim otapalima iskoristenje reakcije vrlo nisko te je potrebno blokirati Cs-poziciju
supstrata kako bi reakcija dala pirolidinske produkte. Kona¢no, ostaje neistrazeno moze li se
HLF reakcija iskoristiti za sintezu bickli¢kih sustava iz makrociklickih sustava.

Materijali i metode

Modelni sustavi su sintetizirani iz komercijalno dostupnih spojeva nakon ¢ega je uslijedilo
procis¢avanje produkata kromatografijom na stupcu. Tankoslojna kromatografija (TLC) u
odgovaraju¢em sustavu otapala sluzila je za pracenje tijeka reakcije. TLC mrlje promatrane su
osvjetljavanjem ultraljubicastim (UV) svjetlom na valnoj duljini od 254 nm. Ukoliko TLC mrlje
nisu bile vidljive nakon osvjetljavanja UV svjetlom, detektirane su uporabom komore s jodom.
NMR spektri reakcijske smjese dobiveni su na NMR spektrometru Varian Inova 400 nakon
¢ega su podaci uneseni i obradeni u programu MestreNova 11.0.4.

Elektronska paramagnetska rezonancija (EPR) je provedena koriStenjem EPR spektrometra
Bruker ELEXSYS E500 sa Supljim rezonatorom ER4122SHQE. Budu¢i da ovaj rezonator sa
Supljinom nema opticki prozor za osvjetljenje, izvor svjetla je montiran ispod Supljine, a
svjetlost je dolazila kroz dno EPR cjev€ice. Dekonvolucija EPR spektara i simulacija
pojedinacnih spektara radikalskih specija radene su pomoc¢u modula EasySpin u programskom
paketu MATLAB. Vizualizacija EPR spektara i preliminarna obrada odradena je koriStenjem
web stranice VisualEPR.

Mjerenja tranzijentne apsorpcijske spektroskopije (TAS) provedena su laserskom pulsnom
fotolizom (LPF). Apsorpcijski spektri otopina mjereni su UV-Vis spektrofotometrom (Varian
UV/VIS spektrofotometar Cary 4000) u podru¢ju valnih duljina od 200 do 500 nm.
Apsorpcijski spektri otopina uzoraka su snimani prije i nakon propuhivanja dusikom te tijekom
1 nakon mjerenja laserskom pulsnom fotolizom kako bi se pratila fotostabilnost spojeva te
izbjeglo pobudivanje laserom nastalih fotoprodukata.

Instrumentacija za LFP ukljucivala je niz vremenski uskladenih uredaja, a mjerenje se odvijalo
pomocu racunala. Kao izvor pobude uzorka koristio se nanosekundni pulsni Nd:YAG laser
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(Quantel, Q-smart 450, trajanje pulsa 6 ns, pulsiranje 10 Hz, maksimalne energije do 450 mJ
na 1064 nm) uz ostale valne duljine pobude od 532 nm, 355 nm i 266 nm. Detekcija se odvijala
pomocu spektrometra (LP980, Edinburgh Instruments) koji kao izvore zracenja koristi
ksenonsku lampu (moguénost pulsnog rada) i halogenu lampu (pogodniju za vece vremenske
skale od ms do s u spektralnom podruc¢ju > 300 nm), monokromator i detektor fotomultiplikator.
Konformacijski prostor za sve lokalne minimume i sedlaste tocke prvog reda na plohi
potencijalne energije istrazen je koriStenjem Conformer—Rotamer Ensemble Sampling
Tool—CREST, uz optimizaciju na semiempirijskoj XTB-gfn2 razini. Dobivene strukture
ponovno su optimizirane metodom teorije funkcionala gustoce (DFT) koristenjem B3LYP/6-
31G(d) metode. Za svaku strukturu sa stabilnom valnom funkcijom izvrSen je izraun
frekvencije kako bi se identificirali strukturni minimumi i sedlaste to¢ke prvog reda na plohi
potencijalne energije. Sedlaste tocke prvog reda imaju jednu imaginarnu frekvenciju. Iz svih
struktura konformera koje su sedlaste tocke prvog reda provedeno je pretrazivanje intrinzi¢ne
reakcijske koordinate (IRC) te su posljednje tocke optimizirane dajuéi tako predreakcijski
intermedijarni kompleks i postreakcijski intermedijarni kompleks. Time se definira struktura
sedlaste toCke prvog reda kao struktura prijelaznog stanja koja povezuje minimume na strani
reaktanata i produkata. ,,Single point* energije dobivene su koristenjem dvostruko hibridne
metode RO-B2PLYP na G3MP2 baznom skupu uz D3 disperzijsku korekciju i univerzalnim
kontinuiranim modelom solvatacije (SMD) s acetonitrilom kao otapalom. Toplinske korekcije
slobodne energije izvedene su iz izracuna frekvencije pod uvjetima od 298,15 K i 1 atm.
Izracuni EPR parametara napravljeni su koriStenjem B3LYP funkcionala i mjeSovitog baznog
skupa: EPR-III za atome ugljika, vodika i kisika, def2-QZVP za atom sumpora i 6-31G(d) za
atom dusika. Za to¢ne izracune g-faktora i hiperfinih konstanti (4fc) potreban je mali bazni set
na N-atomu. Kada se koristi veéi bazni set za atom dusika, npr. EPR-III ili def2-QZVP, dobiveni
rezultati sustavno podcjenjuju Afc. Svi proracuni su obavljeni na Gaussian verziji 16.C01
koristenjem servisa naprednog raCunanja (klasteri Isabella i Supek). Spektri elektronskih
prijelaza izraCunati su u plinovitoj fazi i u otapalu s vremenski ovisnom CAM-
B3LYP/TZVP/PCM metodom na molekularnoj geometriji optimiziranoj na B3LYP/TZVP
razini teorije. Kako bi se objasnio entropijski u¢inak prisutnosti molekula otapala oko otopljene
tvari, koristen je "stani¢ni model* (2). Ovaj model je predlozen kako bi se eksplicitno procijenio
ucinak gubitka translacijskih stupnjeva slobode u otopini na Gibbsovu aktivacijsku energiju u
bimolekulskoj reakciji (ili reakciji viSeg reda molekularnosti).

Provedeno je kineticko modeliranje reakcijskih puteva. Kompletan matematicki model, koji je
uklju¢ivao sve moguce korake reakcije, rezultirao je sustavom nelinearnih diferencijalnih
jednadzbi koji je bio izuzetno slozen, te su uvedene aproksimacije za analiti¢ko rjeSavanje.

Rezultati

Uspjesno su primijenjene postojece sintetske procedure te su razvijene nove za sintezu
odabranih sustava. To je dokazano dobivenim iskoriStenjima i NMR analizom. Prilagodba
metode otplinjavanja ciklusima zamrzavanje-otplinjavanje-odmrzavanje na vakuum liniji je
uspjeSno uspostavljena. Naime, ucinkovitost uklanjanja kisika koriStenjem ciklusa
zamrzavanje-otplinjavanje-odmrzavanje dokazana je Sirinama linija izmjerenih EPR-om.
Eksperimentalne Sirine linija manje od 0,4 Gaussa dokazale su da je u otopinama bilo prisutno
vrlo malo kisika, $to je vazno za sprjecavanje reakcija oksidacija u radikalskom ciklusu. Za
detekciju radikalskih specija koristi se EPR spektroskopija uz metodu in situ generiranja tih
specija i stvaranje stabilnih adukata uz pomo¢ N-tert-butil-a-fenilnitronske spinske stupice.
Dobiveni spektri su dekonvoluirani na spektre individualnih specija, te je postignuta dobra
reproducibilnost mjerenja u smislu podudaranja g-faktora i Afc vrijednosti slicnih radikalskih
adukata detektiranih u razli¢itim mjerenjima na razli¢itim sustavima (N-kloro i N-bromo
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derivati) 1 u razli¢itim otapalima. Rezultati su potvrdili radikalski put, detektiran je novi
radikalski adukt (Cz-radikal) ¢ime je proSireno razumijevanje postoje¢ih EPR istrazivanja HLF
reakcije. NMR mjerenja su provedena uspjeSno buduéi da se analiza pokazala u skladu s
literaturno dostupnim podacima. LFP metoda se pokazala prikladnom za direktnu detekciju
radikalskih intermedijera nakon ekscitacije laserom. Naime, vremena poluzivota detektiranih
dusikovih i ugljikovih radikala odgovaraju literaturnim podacima. Kvantno-kemijskom
racunima objasnjeni su svi ekperimentalni rezultati.

Zakljucci

Koristenjem NMR, LFP i EPR spektroskopije u kombinaciji s DFT izracunima, proucavan je
profil HLF reakcije i identificirani su radikalski intermedijeri i produkti. Primarna hipoteza je
da je uocena regioselektivnost pod kineti¢kom kontrolom buduéi da ne postoji termodinamicka
pokretacka sila za stvaranje Ce-funkcionaliziranog produkta u odnosu na Cs-funkcionalizirani
produkt. Alternativna hipoteza tvrdi da se uocena regioselektivnost moze pripisati dodatnoj
reakciji pregradnje koja je vezana iskljucivo uz Cs radikal. Kroz dodatni 1,5-HAT korak, Cs
radikal se transformira u stabilniji Cr-radikal. Postojanje C-radikala eksperimentalno je
dokazano ne samo pomoc¢u EPR spektroskopije, ve¢ analizom nusprodukata u sintetskim
reakcijama, gdje su pronadeni imini i aldehidi kao razgradni produkti reakcija kojima podlijeze
Cr-radikal. NMR analiza smjese produkata ukazuje na prisutnost Cetiri glavna produkta.
Utvrdeno je da su ova Cetiri produkta amin, imin, Ce- i Cs-klorirani produkti. Amin je produkt
samoreakcije duSikovih radikala, dok imin moze nastati i samoreakcijom i daljnjim
pregradivanjima C,-radikala. Reaktivnost Cz-pozicije je razlog zasto neke istrazivacke skupine
u svojim sintetskim postupcima blokiraju Cz-poziciju stericki ili funkcionalizacijom.
Kineticko modeliranje HLF reakcije daje snazne dokaze u prilog tome da postoje dvije razlicite
i dobro definirane radikalsko-lanane reakcije na koje se primjenjuje Bodensteinova
aproksimacija zajedno s aproksimacijom dugog lanca i aproksimacijom koja se odnosi na
koncentracije nositelja lanca. Ove dvije radikalsko-lan¢ane reakcije vode do dva razlicita
produkta te imaju zajednicku ravnoteznu koncentraciju dusikovih radikala. Nadalje, dobiven je
matematicki izraz na temelju kojeg se tvrdi da HLF reakcija slijedi kinetiku pseudo prvog reda
s obzirom na drugi korak te da je brzina propagacijskog ciklusa odredena drugim korakom. Na
temelju ovog se tvrdi da je drugi korak najsporiji korak u reakciji. Dodatno, predlozeno je da
dodavanje izvora halogena, koji se obi¢no koriste kao sredstva za kloriranje moze interferirati
s XAT korakom propagacijskog ciklusa, terminiraju¢i sam ciklus.

Konacno, pokazalo se da je HLF reakcija dobra metoda za kasnu funkcionalizaciju
laurolaktama. U ovakvim konformacijski ogranicenim makrociklickim sustavima duSikovi
radikali su pokazali smanjenu stabilnost. S druge strane, ugljikovi radikali, posebno oni koji su
susjedni karbonilnim ili aminskim skupinama, pokazali su pove¢anu radikalsku stabilnost, uz
znaajne iznimke u visoko konformacijski ogranicenim strukturama poput 2-azetidinona.
Racunalno modeliranje pokazuje da su barijere za 1,5- 1 1,6-HAT egzo procese s karbonilnom
skupinom izvan manjeg prstena najpovoljnije. IzraCunato je da se reakcije 1,4-HAT endo-tipa
odvijaju uz nizu barijeru u usporedbi s egzo-tipom.

Kljuéne rijeci: Dusikovi radikali, lanc¢ana reakcija, Hofmann—Loffler—Freytag (HLF)
reakcija, regioselektivnost, korak koji odreduje brzinu reakcije, samoreakcija
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1. INTRODUCTION



1.1. Brief history and background

In chemistry, a radical is an atom, molecule, or ion with at least one unpaired valence electron
(3.,4). It is generally accepted that the first free radical was identified by Gomberg (5) in 1900,
in the form of a trivalent compound, triphenyl methyl radical. This experimental observation
was due to the radical’s exceptional stability, where both steric and thermodynamic effects play
a significant role. The first nitrogen free radical was identified a decade later, in 1911, by
Wieland (6) who discovered that tetraphenylhydrazine 1 thermally dissociates at about 100 °C

to form green diphenylaminyl radicals 2 (Scheme 1).
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Scheme 1. Thermal dissociation of tetraphenylhydrazine (6).

Almost 20 years later, a much more reactive free radical, the methyl radical was prepared by
Paneth and Hofeditz (7) by heating lead tetramethyl in a rapid current of hydrogen at a pressure
of 1 to 2 mmHg. From 1940 onwards, deeper insights into the formation, structure and reactions
of free radicals showed that these reactive species could be tamed (8). The first synthetic
methodologies involving carbon free radicals were done in the 1960s by Lamb (9) and Julia
(10) and first synthetic methodology involving nitrogen free radicals was discovered much
earlier in 1879, by Hofmann (1), but was not recognized as such, until mechanistic insights
were provided by Wawzonek and Helen (11) and Corey and Hertler (12). Information on
various kinds of radicals, their properties, chemistry and uses in organic chemistry have
culminated in a wealth of literature in recent decades (13-20). The radical cyclisation continues
to receive a lot of attention due to its synthetic value in the design and synthesis of many natural
products containing heterocyclic rings, as one of the most useful transformations of radicals.
The majority of this work will discuss the use of nitrogen radicals and their chemistry involved
in synthetic applications, with a focus on cyclization reactions as a strategy in the late-stage

functionalization (LSF) toolbox for derivatization of parent compounds in drug development.



1.2. Characteristics of free radicals

Free radicals have several important features. First, due to one free electron in the system, they
belong to a class of very reactive species, with stability provided either by the means of steric
interference, delocalization through multiple bonds, and/or inductive effects (21,22). Free
radicals can be generated via several pathways, including photochemically, thermally, Lewis
acid activation, and (single electron) redox reactions (electrochemically) (23). Due to their high
reactivity, only trace amounts can be found, and their detection is done using either spin-
trapping or detection at low temperatures directly via electron paramagnetic resonance (EPR)
spectroscopy or laser flash photolysis (LFP).

Compared to carbanions and carbocations, free radicals are neutral species. Carbanions and
carbocations suffer from solvent and aggregation phenomena, hence being more bulky
intermediates. This is both a negative and a positive characteristic since carbanions and
carbocations are solvated, i.e. stabilized by the solvent. A consequence of this is that the energy
required for heterolytic cleavage of a bond in a solution is less than the homolytic cleavage
needed for the generation of free radical species. Furthermore, a non-ionic fission of a covalent
bond will be improbable if the dipole moment of that bond is large. A general rule of thumb is
that reactions in solvents containing ions or dipoles, or of high dielectric constant, are unlikely
to proceed via neutral radicals, whilst reactions in non-polar solvents of low dielectric constant,
such as benzene, carbon tetrachloride (CCls), or carbon disulfide, may do so (24). Chemistry of
free radical reactions differs from the chemistry of ionic organic reaction as the latter
specifically occur at functional or otherwise activated positions in organic compounds
compared to free radical reactions in which even inert methylene groups can be targeted in
preference to activated positions due to kinetically favored product. Alas, this property is
responsible for mixtures of polysubtituted products, and expert control over radical reactions is

needed (25).

1.3. Nitrogen-centered radicals

The chemistry of nitrogen-centered radicals has received considerable attention and their use
as intermediates in organic chemistry has long been appreciated (26-28). In comparison to
carbon-centered radicals, the potential of nitrogen radicals in the area of alkaloid and

heterocyclic synthesis of the pyrrolidine ring is high and has been reviewed (29,30).



1.4. Electronic states of nitrogen radicals

In aminyl free radicals, the central nitrogen must accommodate both an unpaired electron and

a lone pair of electrons, this yields two electronic ground states, i.e. a 7 or a ¢ state (Figure 1)
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Figure 1. Singly occupied molecular orbitals (SOMO) of a 7 and a ¢ aminyl radical.

1.5. Characteristic reactions of neutral nitrogen radicals and their reactivity

The type of reaction favored by aminyl radicals depends to a significant degree upon the extent
to which the electron pair in the aminyl radical is associated with electron-withdrawing or
donating groups or with a proton or other acids (including transition metal ions). When both
groups attached to nitrogen are small alkyl groups, aminyl radicals tend to engage in self-
reactions, i.e. dimerize to hydrazines and disproportionate to Schiff bases and amines (32,33).

In the presence of olefins, they show a strong tendency to abstract hydrogen (34-36) in
preference to addition reactions, although addition of the dimethylamino radical to ethylene has
been reported, but no yield was given (37). Aminyl radicals add to styrene and to a-
methylstyrene (38) as well as to arenes (39). They engage in intramolecular abstractions of
hydrogen of the Hofmann—Loffler—Freytag (HLF) type only when they are activated via the

direct incorporation of an activating group (40,41).

1.6. Generation of aminyl radicals

There are many methods for the generation of aminyl radicals. This part of the introduction is

intended as a brief summary of the main methods that have been used by chemists.

1.6.1. Tetrazenes

Gassman et al. (42) have demonstrated that under photolytic conditions the aminyl radical 4
can be readily formed from tetrazene 3 to afford parent amine S in 63 % yield and imine 6 in

34 9% yields (Scheme 2). Depending on the conditions, they generate either aminyl radicals or



nitrenium ions. These two species differ in a sense that they follow different reaction paths.
Specifically, they have shown that, while the imine 6 was completely absent in the methanolysis
of 7, it was a major product of all of the reactions, which should proceed via the nitrogen radical
4. This was an indication that both the silver ion promoted and noncatalyzed methanolysis of 7

proceed via heterolytic cleavage of the N-Cl bond (42).
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Scheme 2. Methanolysis of a tetrazene (42).

Newcomb and co-workers (43) studied the feasibility of using tetrazenes for cyclization and
found that thermal decomposition of tetrazene 11 gave the aminyl radical 12 which rearranged
to the 5-exo cyclised product 13 and the uncyclized reduced product 14 ina 1 : 1 ratio from

the aminyl radical (Scheme 3).
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Scheme 3. Thermal decomposition of a tetrazene (43).

1.6.2. N-haloamines

N-chloroamines are readily synthesized in high yield and under mild condition by treatment of
primary and secondary amines with trichloroisocyanuric acid (44). The use of N-chloramines
allows the facile generation of aminyl radicals upon ultraviolet (UV) photolysis or thermolysis
in neutral media. The use of N-bromo and N-iodo amines for the generation of aminyl radicals
will be described in subsequent chapters. Ogata and co-workers (45) have shown that aminyl

radicals generated from monochloramine 15 add to cyclohexene 16 by means of radical



intermediates, to give trans-2-chlorocyclohexylamine 17 (Scheme 4). The yield of the desired

product was, however, below 10 %, as multiple products were obtained.
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Scheme 4. Addition of a monochloroamine to cyclohexene (44).

F. M. Robinson et al. (46) report on photolysis of the N-chloroamine 18 in concentrated sulfuric
acid yielding the N-methyltetrahydrocyclopentaquinoline 20 in 90 % yield. §-hydrogen
abstraction by the protonated aminyl radical 19 could have led to a hexahydroindenopyrrole.
However, the preference of this intermediate for intramolecular aromatic substitution

dominated the reaction (Scheme 5).
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Scheme 5. Photolysis of an N-chloroamine followed by intramolecular aromatic substitution

(46).

Surzur et al. report (47) on the synthesis of methylbenzomorphan 26, utilizing as a key step an
intramolecular addition of a Lewis acid complexed aminyl radical to an olefinic double bond.
This 8-step sequence from benzaldehyde proceeds with an an overall yield of 18 %. The key
step, homolytic scission of the nitrogen-chlorine bond in 21 yields the aminyl radical-titanium
complex 22 which underwent 6-exo cyclisation by intramolecular addition to the double bond
yielding cyclized radical 23. The cyclized radical 23 abstracted a chlorine atom from 21, in a
chain reaction, furnishing 2-chloromethyl-1-methyl-4-phenylpiperidine as a mixture of trans
27 and cis 24 stereoisomers, in overall yield of 92 %. Inversion of to the 2,4-diaxial piperidine
25, a favorable conformer for cyclisation, took place in the presence of aluminium trichloride

in boiling cyclohexane and produced the benzomorphan 26 in 60 % yield (Scheme 6).
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Scheme 6. Synthesis of methlynezomorphan (47).

1.6.3. N-nitrosoamines

Lavanish and Burger (48) report on the generation of nitrogen radicals 29 from N-
dibenzylnitrosamine 28 in hydrocarbon solvents wlth ultraviolet UV light, which then undergo
bimolecular disproportionation reaction yielding a 1 : 1 mixture of N-phenyl-1-
phenylmethaneimine 30 and N-benzylaniline 31 (Scheme 7). The mixture was isolated by gas
chromatography and identified by comparison with authentic samples. N-Nitrosoamines are
carcinogenic and hence not suitable substrates. The use of these compounds has largely been

replaced by safer methods of generation of nitrogen radicals.
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Scheme 7. Generation of aminyl radicals from N-nitrosoamines (48).

1.6.4. N-Hydroxypyridine-2-thione carbamates

Newcomb and Ha (49) disclosed the generation of Lewis acid complexed aminyl radicals 34
from N-hydroxypyridine-2-thione carbamates (PTOC carbamates) 32, which then cyclize to
pyrrolidine products 36 in high yields (Scheme 8). These carbamates are related to Barton’s



(50) PTOC esters which are used for the controlled generation of carbon radicals from
carboxylic acids. The procedure employes a wide variety of Lewis acids to activate aminyl
radicals from PTOC carbamates with several of the Lewis acids demonstrating true catalytic
behavior as the yields of the pyrrolidine products exceeded the amounts of Lewis acid present.
The Lewis acids also exhibited and inhibitory effect, at a certain concentration, as it was able
to bind to the PTOC carbamate precursor, producing a species that failed to react in the chain
propagation sequence thus terminating the radicals chain reaction and lowering the yield. The

method is mild, permitting production of radicals at temperatures as low as —78 °C.
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Scheme 8. Generation of aminyl radicals from N-hydroxypyridine-2-thione carbamates (49).

Deeb and Newcomb (51) have demonstrated that N-hydroxypyridine-2-thione carbamates 37
are convenient sources for both aminyl radicals and aminium radical cation generation under
mild conditions which are then involved in intramolecular N—C bond forming reactions. They
have shown that the neutral aminyl radical 38 is in dynamic equilibrium with its cyclic radical
39 as a mixture of cyclic 40 and acyclic products 41, in the presence of hydrogen atom donor,
was obtained (Scheme 9). The yield of the pyrrolidine product increased to 100 % in the
presence od acetic acid and suitable hydrogen atom donor. This was an indication that the
cyclization of the aminium cation radical was much faster when compared to its neutral

counterpart or/and the attained equilibrium is larger than that of the neutral pair.
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Scheme 9. Dynamic equilibirum of an aminyl radical and it's cyclic counterpart (51).

Marquardt et al. (52) report on the formation of dialkyl aminyl radicals from N-
hydroxypyridine-2-thione carbamates. These dialkyl radicals 44 are formed from carbamates
42 by homolytic cleavage of the O—N bond to give carbamoyloxy radicals 43 which then
decarboxylate (Scheme 10). Various methods of inducing O—N cleavage are possible, including
thermal or photochemical decomposition of the PTOC carbamate precursor or reaction of the
precursor in a radical chain reaction with a hydrogen atom donor as a chain carrier. In the case
of N-propylcyclobutaneamine radical, the relative rates of the reduction by hydrogen atom
donors and the ring opening reaction were measured. Rate constant for the ring opening reaction
of the similar but smaller cyclopropane ring in cyclopropylaminyl radicals has been measured
to be 50 times greater. In the case of dipropylaminyl radical, when no hydrogen atom source

was available, the radicals disproportionated to amine 45 and imine 46 (Scheme 10).
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Scheme 10. Generation of an aminyl radical from an intermediary carbamoyloxy radical (52).

Newcomb and Esker (53) report on the formation of lactam, pyrrolidine and
benzoindolizidinone ring systems via intramolecular addition of amidyl radicals to olefinic
double bonds and quenching of the cyclic radicals formed with hydrogen bond donors. In a
specific case of benzoindolizidinone ring formation, the reaction sequence involved
decomposition of 47 and subsequent cyclization of the amidyl radical 48 in a 5-exo manner to
give radical 49 that subsequently cyclized to radical 50. The highly delocalized radical
apparently was too stable to react with fert-buthylthiol (--BuSH), and it accumulated and
eventually reacted only by hydrogen atom donation to an amidyl radical, an oxidation step that
regenerated the aromatic ring in benzoindolizidinone product 51 at the expense of half of the

acyclic radical (Scheme 11).
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Scheme 11. Intramolecular addition of amidyl radicals to olefinic double bonds (53).
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1.6.5. Se-phenyl benzoselenohydroximate derivatives

Kim and Lee (54) report on an alternative approach of generation of aminyl radicals via Se-
phenyl benzoselenohydroximate derivatives. Utilizing aminyl radical precursors 52 with
tributyltin hydride (BuszSnH)/azobisisobutyronitrile (AIBN) in refluxing tetrahydrofurane
under a high dilution conditions, they obtained cyclized pyrrolizidines 55 in 50 % yield along
with the reduction product 56 in 30 % yield. Such product distribution is an indication that the
aminyl radical 53 is in equilibrium with its cyclized product 54 (Scheme 12). These
pyrrolizidine rings are obtained via two succesive 5-exo radical cyclization reactions. Authors
also report that the reaction carried out in refluxing tetrahydrofurane was cleaner than in

refluxing benzene and that poor cyclization to pyrrolizidine rings was observed in refluxing

cyclohexane (55).
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Scheme 12. Generation of aminyl radicals from Se-phenyl benzoselenohydroximate

derivatives (54).

1.6.6. Sulfenamides

Bowman and co-workers (56) report on the generation of aminyl radicals from sulfenamides
and Bu3SnH. Evidence for the formation of the aminyl radicals was provided by carefully
designed experiments of ring-opening reactions of N-popylcyclobutylaminyl and N-
butylcyclopropylaminyl radicals.

In subsequent work by Bowman et al. (57), cyclization of aminyl radicals using sulfenamide
precursors with BusSnH was achieved. To obtain products in sufficiently high yields, endo-2-
(bicyclo[2.2.1]hept-2-en-5-yl)ethyl radicals 59 were deployed as the rate for such radicals is

one of the fastest reported (1 x 107 s!) because of the strained alkene and close orientation of
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the carbon-radical to the alkene. With the implementation of an N-allyl substitutent, i.e., an
intramolecular trap to prevent equilibrium back to aminyl radical 58, quadracyclic pyrrolizidine

61 was obtained in the high yield (90 %) (Scheme 13).
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Scheme 13. Generation of aminyl radicals from sulfenamides and BuzSnH (57).

1.7. Chain reactions

Chain reactions rely on the presence of highly reactive intermediates, known as chain carriers,
which participate in a cycle of consumption and production (Scheme 14). Radicals are usually
such chain carriers and a typical sequence of this type with two chain carriers, i.e. radicals X

and Y converting reactants A and B to products P and Q, is

X+A —> P+Y

Y+B — Q+X

Scheme 14 Chain carriers participate in a cycle of consumption and production.

Radical X, consumed in the first step, re-appears as a product in the second. Similarly, Y,
consumed in the second step, re-appears as a product in the first. These chains are started by
reactions that serve as a source of radicals and terminated by reactions that consume radicals
without generating others. Radicals are similar to catalysts in that they are regenerated after
having been consumed, but differ in that they have extremely short lifespans and do not survive

the overall reaction. As highly reactive species with very short lifespans, radicals remain at

12



trace levels. Thus, the Bodenstein approximation (58,59) of quasi-stationary behavior which
states: ,,The net rate of formation of an intermediate that is and remains at trace level is
negligible compared with its contributing formation and decay rates”, applies to them.

The simplest chain reactions are those with two radical species (Scheme 15), one or both
generated by initiation, and with termination by recombination of the radicals. The propagation
steps may or may not be reversible.

Propagation

Initiation Termination
o
homolytic cleavage X +Y.- X—Y
X X- Yo YerY. —= Y-Y
X—X Y- Xet+t Xe —> X—X

thermally, photochemically

or via electron transfer reactions \_/

p2

Scheme 15. Model of the simplest chain reaction. The two headed arrows represent reversible

steps, indices pl and p2 represent the rates of the steps

In such a network, the rates of the two propagation steps are
Tp1 = Ap1Cx — A_p1Cy eqn 1.
Tp2 = Ap2Cy — A_p2Cx eqn 2.
(indices p1 and p2 are used to avoid ambiguity; minus signs in indices indicate reverse steps; 4

stands for pseudo-first order rate coefficient). The Bodenstein approximation for X gives

x = (Tx)init +CY(/1—p1 +/1p2) - Cx(lm +/1—p2) + x)erm = 0 eqn 3.

Here, (rx)init and (7x)um are the rates of production and elimination of X by initiation and
termination, respectively (the termination rate is negative) (60).

Characteristic of most chain reactions is that the propagation cycle is repeated many times
between initiation and termination. If so, the initiation and termination terms (eqn 3) are small
compared to the propagation terms. The so-called long-chain approximation ignores them.
Equation 3. can then be used to express the concentration of one chain carrier as a function of
that of the other:

Cr = Cy [—A’“”"’Z]

A_p1+ Ap2

eqn 4.

With this substitution, eqns 1. and 2. yield

13



~ ¢ [Ptz = Apip
- X Aop1 + Apa

Tp1 = Ty eqn 5.

Equation 5, derived with the long-chain approximation, shows the rates of the two propagation
steps under quasi-stationary conditions to be equal, i.e. each of the two steps consumes as many
chain carriers as the other produces. Since the total number of chain carriers is not altered by
the propagation steps, the overall rates of chain carrier production and consumption (of X plus
Y) must be equal in magnitude:

Tinic ¥ Term = 0 eqn 6.
The equality applies to the total chain-carrier population, X + Y, but by no means necessarily

to each chain carrier separately (60).

1.8. Hofmann—-Loffler—Freytag reaction

In the previous sections, we have discussed what radicals are, their stability, and typical
reactions for generating them. Also, we have described necessary theory for kinetic
considerations of chain reactions. As stated, one of the first N-centered radical was generated

and was involved as an intermediate in the HLF chain-reaction.

1.8.1. HLF reaction from a historical perspective and its modern versions.

In 1879, Hofmann (1) discovered that treating N-bromo-2-propylpiperidine, an N-
halodialkylamine, with hot sulfuric acid produced a tertiary amine, eventually identified as
octahydroindolizine (61,62). Loffler and Freytag (63) extended the Hofmann reaction to simple
secondary amines and discovered it to be a general approach for synthesizing pyrrolidines (25).
Upon the activation of N-chloroamine 64 with sulfuric acid (Scheme 16), the protonated N-
chloroamine 65 undergoes homolytic cleavage in the presence of heat, light, or initiators. The
formed protonated aminyl radical 66 takes part in an intramolecular HAT abstracting a
hydrogen atom to afford, regioselectively, an alkyl radical 67, which in turn abstracts a chlorine
atom, through intermolecular halogen atom transfer (XAT) to form a chloroalkylammonium

ion 68, which then cyclizes in the presence of a base providing cyclic tertiary amine 69.
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Scheme 16. Cyclization of N-halogenated amines (HLF reaction) (63).

Suarez and co-workers (64—68) have modified the HLF reaction by starting with the synthesis
of the N-iodamide precursor, while reducing the photochemical C —H bond activation and
cyclization to one synthetic step. Furthermore, hypervalent iodine-containing oxidants such as
(diacetoxyiodo)benzene (PIDA) were used in combination with I».

The next step in the development of the HLF reaction was made by Corey et al. (69). These
methods involve the preparation of the appropriate bromamide precursor using acetyl
hypobromite. Irradiation of the precursor 71 in CCls at room temperature produced the Cs-
bromo derivative 74 in 90 % yield. The obtained derivative can be cyclized to pyrrolidine 75

by reaction with a sterically hindered amine base (Scheme 17).

15



Br Br H,
\N/go N/go
H)/"COOCHg "“COOCHS,
71 74
hv

CF3; CF;

. 1,5-HAT H

N/go : N/go

H)/"COOCHg H)/"COOCH3
72 73

Scheme 17. Corey's modification of the HLF reaction (69).

Loffler and Kober have utilized the HLF reaction in their nicotine synthesis (63). More than a
hundred years later, Muiiiz ef al. (70) developed an enantioselective total synthesis of nicotine
utilizing the HLF reaction. The HLF reaction was followed by the removal of methoxy and
tosyl groups in an acidic medium with heating. The resulting cyclic imine was converted into
pyrrolidine by reduction with NaBH4 in ethanol at 0 °C. Finally, Eschweiler-Clarke N-
methylation produced the desired nicotine product 83.

Saki¢ et al. (40) have calculated that Loffler and Kober's synthesis of nicotine, but also Mufiiz’s
synthesis could have been carried out under milder conditions by using appropriate activating

substituents on the nitrogen atom (Scheme 18).
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Scheme 18. Enantioselective total synthesis of nicotine utilizing the HLF reaction (70).

Fan et al. (71) developed a method for pyrrolidine synthesis using iodo-benzene diacetate
(PhI(OACc)2) and . They report that the reaction proceeds in high yield in dichloroethane, in
moderate yields in dichloromethane and ethyl acetate, and fails completely in tetrahydrofuran

(THF), dimethylformamide (DMF), fert-butanol (-BuOH) and toluene (Scheme 19).
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Scheme 19. Synthesis and yields of pyrrolidine in different solvents (71).

17



Zipse and Saki¢ (41) proposed a hypothesis as to why the HLF reaction does not occur in
solvents Fan et al. (71) have worked with. They propose that intermolecular HAT steps between
substrate molecules and some organic solvents suppress the HLF. They found that there is a
competing HAT reaction between solute radicals and solvent molecules of THF and toluene.
They have also calculated the reaction enthalpy and the barrier of the HAT for the classical,
Suarez and Corey versions of the HLF reaction. Calculations show that the thermochemical
profiles differ significantly despite the fact that the key step in all three versions is 1,5-HAT.
For the original HLF reaction, it was shown that the protonated aminium radical participates in
a thermodynamically and kinetically much more favorable 1,5-HAT process compared to the
aminyl radical. Therefore, highly acidic conditions are necessary for the original HLF reaction
in order to obtain the products in satisfactory yields. On the other hand, the 1,5-HAT step in
Corey's modification of the HLF reaction takes place in a neutral medium with excellent yields.
This was achieved by incorporation of the trifluoroacetyl group on the nitrogen atom, as this
provides the necessary driving force for the HAT step by destabilizing N-centered radical. It
was also calculated for the Suarez modification, which uses sulfonamide radicals in the 1,5-
HAT step, a favorable driving force was obtained by the stabilization of the carbon radical and
activation of the aminyl radical. In the case when the Ce-radical is more stable than the Cs-

radical, the 1,6-HAT process can occur.

1.8.2. HLF regioselectivity: 1,5-HAT vs 1,6-HAT

Muiiiz et al. (72) developed an iodine-catalyzed HLF reaction where 1,6-HAT step is closely
followed by the Ritter's amination, which prevents the usual cyclization and enables the
intermolecular nucleophilic regeneration of iodine as a catalyst and the final formation of 1,3-

a-tertiary diamines 88 (Scheme 20).
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Scheme 20. An iodine-catalyzed HLF reaction combined with Ritter's amination yielding 1,3-

a-tertiary diamines (72).
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Minakata et al. (73) developed a procedure for intramolecular C-H amination of sulfamate
esters using fert-butyl hypoiodite (--BuOI) or N-iodosuccinimide (NIS) with iodine, whereby
cyclic oxathiazinan derivatives 90 are formed that can be converted into 1,3-diamines 91

(Scheme 21).
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Scheme 21. Intramolecular C—H amination of sulfamate esters and conversion of the cyclic

products to 1,3-diamine (73).

Short et al. (74) have used the HLF reaction without the cyclization step to obtain C—H
functionalized products. In their method they deploy two structural variants of the aminyl
radical precursors. In the case when the external nitrogen of the radical precursor is protected
by a tert-butyloxycarbonyl (Boc) group 92, the aminyl radical participates in a 1,5-HAT and
yields Cs-functionalized products 93 (Scheme 22). However, when the internal nitrogen is
protected by a Boc group 94, the external nitrogen participates in two competitive processes,
1,6-HAT and 1,7-HAT, and renders a mixture of Cs- and Cs-functionalized products 95 and 96,
respectively (Scheme 22). The ratio of the obtained products is controlled by adjusting the steric
and electronic properties of the substituents attached to the nitrogen atom. In a large number of

cases, the majority of the product is produced by the 1,6-HAT process.
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Scheme 22. Chlorination of aliphatic C-H bonds utilizing HLF reaction (74).

Baran et al. (75) synthesized 1,3-diols from alcohols using the HLF reaction and brominated
carbamates. To prepare the necessary bromide precursor 101, they used the oxidant acetyl
hypobromite. It was shown that carbamyl radical intermediates preferentially abstract H-atoms

from tertiary and benzylic positions and participate in the 1,6-HAT process (Scheme 23).
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Scheme 23. Formation of 1,3-diols from alcohols using the HLF reaction and brominated
carbamates(75).
Muiiiz and Zhang (76) developed a synthesis of piperidine under the influence of visible light.
Roizen et al. (77) developed a procedure for selective chlorination of aliphatic C—H bonds
mediated by sulfamate esters. It is assumed that the aminyl radical 106 participates in the 1,6-
HAT step, whereby a Cs-functionalized product 108 is formed with excellent regioselectivity
(Scheme 24). This method transforms C—H bonds on secondary, tertiary and benzylic centers
even when the selected molecule has weaker C—H bonds and in the presence of a number of
functional groups incorporated into the substrate. The authors propose why sulfamyl radicals
participate in the 1,6-HAT and not in the 1,5-HAT process. Namely, the elongated S—O and S—
N bonds and the reduced O—S—N bond angle geometrically affect the selection of the seven-

membered transition state for C—H abstraction.
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Scheme 24. Selective chlorination of aliphatic C—H bonds mediated by sulfamate esters (77).
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Muiiiz et al. (78) developed a procedure for the synthesis of pyrollidine rings utilizing iodine
and photoredox catalyst. It is assumed that iodine serves as the primary catalyst that activates
the C—H bond via light-induced homolytic cleavage of the in sifu generated N—I bond followed
by a 1,5-HAT process involving amidyl radicals (Scheme 25). The authors showed that the
mixture of 1,2-dichloroethane and hexafluoroprop-2-ol (HFIP) as solvents and the intensity of

the radiation source are crucial in order to obtain satisfactory yields of the reaction.

TPT (1 mol%)
Tos I> (5 mol%)

Hlll\></\ AVAVAY S Ph

Ph HFIP/DCE, blue LED N

light, Tos

109 rt,18h 110

17 examples with yields from
31 % to 96 %

Scheme 25. Todine/photoredox catalysed amination of C-sp3-H bonds (78).

Muiiiz et al.(79) developed a method of multiple halogenation of aliphatic C—H bonds using
hydantoin 112. It is assumed that this halogenation involves HLF reaction with aminyl radicals
as intermediates that are involved in 1,5-HAT and 1,6-HAT processes followed by halogenation

(Scheme 26).
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Scheme 26. Multiple halogenations of aliphatic C—H bonds via consecutive HLF reactions
(79).
1.8.3. Mechanistic studies of the HLF reaction

Since the discovery of the HLF reaction, mechanistic studies point conclusively to a radical
chain mechanism involving intramolecular HAT as the first step of the propagation cycle, with

XAT as the second step (11,12,80-82).
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Thelen and Wawnozek (11) made the first study of the mechanism of the cyclization of N-
haloamines (Scheme 27). They found that a solution of N-chloro-N-methylcyclooctylamine 115
in sulfuric acid when irradiated with ultraviolet light in the presence of chlorine or when treated
with hydrogen peroxide in the dark gave up to 24 % yield of N-methylgranatinine 120, much
more than is formed in the absence of light and peroxide. It was proposed from this evidence

that the reaction proceeds by a free radical chain mechanism.

C.
Hs
R
H3C H+
d—_ I : : o
cl 119
H30\+
NH,
Cl 119 120

Scheme 27. Preaparation of N-methylgranatinine(11).

Wawzonek and Thelen also report (81) on the preparation of quinuclidines in 85 % sulfuric acid
with both N-chloro and N-bromoamines. Best yields were obtained if the solution was irradiated
with UV light at room temperature or lower, for 24 hours. This differs a bit from the classical
HLF reaction in that high temperatures are not required, when the source of light is used for
radical chain initiation. The results indicate that comparable yields are obtained with both the
bromoamines and the chloroamines.

In a review by Wolff (25), it was noted that the best evidence for intramolecular hydrogen
abstraction by the aminium radical to afford a carbon radical was the loss of stereoselectivity
in the cyclization of (—)-N-methylpentylamine-4-d. Although an isotope effect (ku/kp) of 3.54
is observed in this conversion, the 1,2-dimethylpyrrolidine obtained is optically inactive,
showing that a trigonal Cs intermediate capable of inversion is formed. Furthermore, Wolff

claims that the initiation of the HLF reaction with small amounts of chemical initiators, as well
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as the inhibition of the reaction by radical trapping agents such as oxygen and N-
chlorodiethylamine, provide good evidence for a chain mechanism. Wolff notes that the
majority of HLF reactions that have been conducted in sulfuric acid have the intermediate alkyl
halides cyclizing without isolation. In these cases, the acid solution is made alkaline and heated
to effect cyclization, and the resulting amines are separated by steam distillation. The desired
tertiary amines are frequently contaminated with considerable amounts of secondary amines
arising from disproportionation reactions.

Hertler and Corey (12) have studied the mechanism of the HLF reaction and report that
chlorination of the deuterated amine followed by thermal decomposition of the N-chloro
derivative in sulfuric acid at 95 °C gave a 43 % yield of pure 1,2-dimethylpyrrolidine which
was optically inactive. This is strong evidence that the decomposition of N-chloroamines in
acid involves an intermediate in which Cs is trigonal. It was further found that addition of
catalytic amounts of potassium persulfate and ferrous ammonium sulfate or ferrous ammonium
sulfate alone to a solution of dibutylchloroainine in sulfuric acid in dark caused disappearance
of the chloroamine. Workup of the reaction mixture gave good yields of N-butylpyrrolidine.
This is evidenced by the decomposition of the chloroamine in a free radical chain process.
Indeed, it is likely that under the conditions used in their experiments with UV irradiation, the
free chloroamine is responsible for most of the initiation and, hence, the initiation rate was
decreased. Acid catalysis must therefore involve acceleration of the propagation process and/or

retardation of chain termination.

1.8.4. Detection of nitrogen-centered radicals via EPR and LFP measurements

The majority of known aminyl radicals are short-lived and can only be detected by EPR at low
temperatures. Extremely short-lived aminyl radicals, such as diacyl- and monoacylaminyl
radicals, could only be detected by trapping them with 2-methyl-2-nitrosopropane or phenyl-z-
butylnitrone (PBN) (83,84).

Danen and Kensler (85) were the first to have made the discovery that dialkylamino radicals
can be observed by EPR spectroscopy on performing photolysis reaction on tetraalkyltetrazenes
directly in the EPR cavity in cyclopropane solution. They have reported an EPR spectra of
dimethyl-, diethyl-, and diisopropylamino radicals in solution with isotropic nitrogen hyperfine
coupling constant on the order of 14 Gauss indicating that the unpaired electron is located
predominantly in the nitrogen 2p orbital since the nitrogen coupling would be much larger for
unpaired electron residence in a sp® or another hybrid orbital. In the case of the

diisopropylamino radical, a substantially stronger EPR signal was obtained indicating increased
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stability of these radicals, and therefore the increased likelihood of it being detected via EPR
measurements.

The rather large isotropic nitrogen hyperfine interaction of 32 Gauss reported by Hadley and
Volman (86) for both methylamino and dimethylamino free radicals would suggest that the
unpaired electron resides in a hybrid orbital with appreciable s character. These radicals were,
however, generated under different condition with UV irradiation of pure amines.

Danen and Rickard (87) report on the EPR spectra of several dialkylaminium radical cations
generated by photolysis of sulfuric acid solutions of the corresponding N-chloramines. Their
report constitutes direct observation of aminium radicals in conditions in which original HLF
reaction was discovered.

Important work on the mechanism of HLF was done by Sutcliffe and Ingold (88). They report
on the direct detection of amidyl and alkyl radical traces of the HLF reaction via EPR
spectroscopy. Amidyl radicals involved in intramolecular hydrogen atom abstractions were
detected at temperatures ranging from 173 — 200 K. The intensities of all signals corresponding
to the amidyl radical’s spectra diminished rapidly with the increase of temperature. The reason
behind this observation is the start of the propagation cycle of the HLF reaction due to the
increase of the energy of the radical molecules needed for the kinetic barrier for the
intramolecular abstraction. They were able to detect primary alkyl radicals at temperatures 213
— 243 K, although just for half of the systems examined. They were not able to observe the
unrearranged amidyl radicals and the rearranged alkyl radicals simultaneously, i.e., in
equilibrium, and to measure their absolute concentration under steady-state condition. They
claim that the occurrence of a N-chloroamide consuming chain reaction rendered the procedure
impossible. They also report on the estimated rate constants at 300 K for hydrogen atom
abstractions via six-center cyclic transition states and they are 1 - 10° s™! and 4 - 10*s™! for
abstraction from a methyl group in the alkyl and acyl moieties, respectively. This corresponds
to relative barriers of roughly 46 + 1 kJ/mol.

Danen and Gellert (89) report on the detection of two simple amidyl radicals generated by
photolysis of the corresponding N-chloroamides in cyclopropane directly in the cavity of the
EPR spectrometer. The derived data are typical of those for a m-electronic ground state rather
than a o-electronic ground state. The magnitudes of hyperfine couplings for nitrogen and
hydrogen are consistent with other nitrogen-centered n-radicals and suggest that there is not
extensive delocalization of the unpaired electron onto the carbonyl group. A c-radical would
be expected to exhibit a much greater Afc for nitrogen since the unpaired electron would reside

in an orbital of appreciable s character. By photolyzing N-chloramides in air-saturated toluene
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solutions, spectra of the corresponding nitroxides were observed. The identity of these radicals
is evidenced by the relatively small aN and a coupling constants, the g values characteristic of
nitroxides and the enhanced stability as compared to the transient amido radicals. In poorly
degassed aminyl samples, nitroxides are frequently observed (90). Roberts and Inglod report
(33) that 2,2,6,6-tetramethyl-1-piperidyl reacts rapidly and quantitatively with oxygen to yield
the corresponding nitroxide which can be distinguished from its analog 2,2,6,6-
tetramethylpiperidyl radical by its higher g values and the absence of splitting of the nitrogen
nucleus with the hydrogen nucleus. This reaction may also occur with other aminyl radicals.
Stable aryl substituted aminyl radicals, such as N-phenyl-2-naphthylamino radical are relatively
inert (91).

Although there are no LFP studies in the literature on the intramolecular hydrogen atom
rearrangements, there are plenty studies regarding intramolecular additions of aminyl radical to
double bonds.

Newcomb and coworkers (92) report on unimolecular rate constants for a series of
dialklyaminyl radicals and the second order rate constants for reactions of several hydrogen
atom donors. PTOC carbamates were used as radical precursors in direct, laser-flash kinetic
measurements and in indirect, radical chain kinetic studies. From the comparison in Table 1. of
the intramolecular addition reactions of aminyl, carbon and aminium cation radicals, the aminyl
radicals have much longer lifetimes when compared to carbon analogs. Aminium cation
radicals are the most reactive species in this series and cyclize the fastest, although the kinetics
of the aminium cation radicals is solvent dependent. For this series of compounds, 5-exo
cyclizations 123 are faster than 6-exo 121 cyclization (Table 1). All of the dialkylaminyl
radicals studied were designed such that unimolecular reactions would produce benzylic or
diphenylalkyl radicals that have long wavelength Amax values at approximately 315 and 325 nm,

respectively. This feature permits direct LFP kinetic studies using UV detection.
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Table 1. Lifetimes of radicals involved in intramolecular addition reactions to olefinic double

bonds (92).

Radical structure Radical lifetime

X=N X=CH X =HN*

Me Ph Me  Ph

|

: X g 95 us 3.5us 17 ns

—_—

121 122
ve Me  pp
X |

o
Ph
P/
124

123 pp

2.2 us 35ns 68 ps

In subsequent work by Newcomb et al. (93), an absolute kinetic scale for amidyl radical
reactions was established via LFP experiments. Arrhenius parameters were determined for 6-
exo cyclization and for 1,5-HAT reactions for six distinct amidyl radicals. Radicals 125 and
130 react in 5-exo cyclization reactions and react at the kinetic limit of the conducted LFP
measurements with their lifetimes surmounting to 3 ns. Radicals 126 and 131 are involved in
6-exo cyclization reactions and their lifetimes are 22 ns and 67 ns respectively. Radical 128 is
involved in a 1,5-HAT reaction and its lifetime is 125 ns, this HAT is, however, not part of a

propagation cycle, usually associated with the HLF reaction.
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Scheme 28. 5-exo and 6-exo cyclization reactions of aminyl radicals(93).

The kinetics of cyclization of an iminyl radical were measured by LFP and a lifetime of 315 ns

for the iminyl radical was obtained at 25 °C (94).The cyclization of this iminyl radical is slower

than the corresponding reactions of alkyl radicals.
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2. HYPOTHESES AND RESEARCH GOALS
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Hypothesis

HLF reaction is a radical chain reaction and the regioselectivity of this reaction is either

governed by thermodynamics, kinetics or both.

Research goals

Main objective of this work was to elucidate parameters governing regioselectivity of HLF

reaction, and to determine how to predict the major products of this reaction.

Specific goals:

1. Compute N-centered radical stabilities and steric hinderances from multiple
conformations and molecular dynamic simulations.

2. Compute thermodynamic and kinetic parameters for all the steps in the propagation
cycle.

3. Experimentally detect intermediates and products in the HLF reaction using EPR,
LFP, and NMR techniques.

4. Investigate HAT pathways in drug-like systems.

In order to test our hypothesis and achieve research goals set in thesis theme defense, we first
picked two similar systems, namely N-hexyl-4-methylbenzenesulfonamide and N-(hept-2-yl)-
4-methylbenzenesulfonamide as model systems to gauge the effect of steric hinderance on the
reaction rate and product distribution. Different halogenation reactions and conditions for
producing N-centered radicals were done. Regioselectivity of the HLF reaction was closely
monitored using NMR and EPR techniques, while radical stability was computed. Next, 4-
methyl-N-(5-phenylpentyl)benzenesulfonamide was reinvestigated. Using LFP, EPR and NMR
techniques, elucidation of the role of each step in the propagation cycle was accomplished, as
well as characterization of all intermediates and side products that were not sufficiently
described in the literature. Finally, collected knowledge on the HLF reaction was used to predict
products in the rearrangement reaction of laurolactam, a model macrocycle for the more stable

bicyclic moieties with potential pharmaceutical application.
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3. REGIOSELECTIVE REARRANGEMENT OF
NITROGEN- AND CARBON-CENTERED RADICAL
INTERMEDIATES IN HOFMANN-LOFFLER-
FREYTAG REACTION
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ABSTRACT: The Hofmann—Loffler—Freytag (HLF) reaction serves as a late-stage
functionalization technique for generating pyrrolidine heterocyclic ring systems. Con-
temporary HLF protocols utilize in situ halogenated sulfonamides as precursors in the )RE
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radical-mediated rearrangement cycle. Despite its well-established reaction mechanism,
experiments toward the detection of radical intermediates using EPR techniques have only
recently been attempted. However, the obtained spectra lack the distinct features of the N-

centered radicals expected for the employed reactants. This paper presents phenyl- oo 1 o=
butylnitrone spin-trapped C-centered and N-centered radicals, generated via light irradiation N U z)\)
from N-halogen-tosyl-sulfonamide derivatives and detected using EPR spectroscopy. NMR p - ben
spectroscopy and DFT calculations are used to explain the observed regioselectivity of the ren

HLF reaction. pen  C2PEN

B INTRODUCTION

Modern C—H functionalization chemistries have introduced
late-stage functionalization (LSF) strategies in medicinal
chemistry, targeting drug lead C—H bonds for creating new
analogues. This toolbox includes photoredox-mediated and
radical reactions and among them, amination reactions for the
direct formation of C—N bonds."” Recently, the focus is
shifting from metal to organocatalytic protocols, paving the
way to sustainability and adhering to green chemistry
principles to minimize waste and improve yield and atom
economy.’ This approach aligns with the EU’s sustainable
development policy.”” Numerous research groups are
exploring new C(sp*)-H functionalization reactions with high
chemo-, regio-, and stereoselectivity. The Hofmann—LofHler—
Freytag (HLF) reaction, used for building pyrrolidine (and in
some cases, also piperidine) ring systems, is among photo-
activated amination reactions without metal catalysis.”” The
HLF reaction, first discovered in synthetic studies of N-
haloamines,* ™" is a multistep process involving nitrogen atom
activation through halogenation, N-centered radical generation
via irradiation, intramolecular hydrogen atom transfer (HAT),

However, the obtained spectra (I, in green), while
presenting a triplet indicative of the nitrogen hyperfine
splitting, raised questions due to issues such as broad line
width, a high g-factor (2.0064) value for the proposed N-
centered radical, and the absence of a-hydrogen splitting.
Calculated EPR spectra for a model compound of 3 are shown
in Figure 1 (II, orange line)."” The spectra of the ditosylated
aminoxyl radical (III, in blue) fit with the EPR parameters of I,
thus suggesting this species to be the correct assignment of the
EPR spectra L.'* Neither C-centered radical (4) nor Cs-iodo
functionalized (5) intermediates were observed in the EPR and
NMR studies. The only confirmed product in this reaction was
the pyrrolidine ring compound (6). Experimental attempts for
in situ generation of N-centered radicals and detection via
time-resolved EPR included N-isopropyl-4-methoxybenzene-
sulfonamide as a radical precursor under electrochemical
conditions.™ It is, however, likely that the detected radical is
not an amidyl radical but a nitroxide radical instead. A reaction
of the observed radical with 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) did not occur, which is consistent with stable
nitroxide radicals. The experimentally observed hyperfine

and radical termination with cyclization to form the final C—N
bond (Scheme 1).

Contemporary adaptations of the HLF reaction employ
toluenesulfonyl (tosyl, Tos)-activated amines (1), which
undergo in situ jodination at the nitrogen atom (2) via an
iodine source and a co-oxidant. The formation of an N-
centered radical (3) was recently examined using EPR
spectroscopy (Figure 1)."?
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Scheme 1. Modern HLF Reaction Sequence Involving Tosyl-Sulfonamides and In Situ Iodination with Iodine and a Co-

Oxidant [PhI(OAc),)]
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Figure 1. Simulated EPR spectra for tosyl-N-centered and ditosyl-N-centered radicals with the corresponding structures assigned by the authors.
The green line is from EPR experiments,'> the orange line represents calculated EPR parameters,"* and the blue line is from EPR experiments."*

significantly smaller than those in typical amidyl radicals but is
similar to the calculated values for the nitroxide radicals.

Numerous synthetic studies utilizing HFL chemistry
report the regioselective functionalization and subsequent
formation of S-membered pyrrolidine rings. In some especially
rigid and/or previously functionalized systems, the formation
of piperidines has been reported.”'~>* The observed
regioselectivity in HLF reactions occurs during the HAT
phase and can result from two different pathways. The
intramolecular mechanism, governed by the kinetic preference
of 1,5- over 1,6-HAT steps, represents one pathway.
Alternatively, an intermolecular route directs the product
distribution based on the thermodynamic stability of the
resulting C-centered radicals. Mufiiz suggested the latter
mechanism in the context of selective piperidine formation,”*
where a phenyl-stabilized radical at the C4 position is formed
from an N-centered radical in a bimolecular reaction and a
pyrrolidine product was not observed. Between the three
distinct pathways, it is unclear which one is dominant for a

16—20

2575

given set of reaction conditions, and detailed investigations are
thus warranted.

B MATERIALS AND METHODS

The purchased compounds were sourced from Kefo [sulfuric
acid (98%), methanol, petroleum ether, p-toluenesulfonyl
chloride, silica gel, pyridine, silver acetate, ethyl acetate,
cyclohexane, trifluoroacetic anhydride, toluene, and trichlor-
oisocyanuric acid], Ru-Ve [hydrochloric acid (37%), acetone,
silicon oil, petroleum ether, and cyclohexane], and Biovit
[toluene (anhydrous), acetonitrile (anhydrous), 1,4-dioxane
(anhydrous), tetrahydrofuran (anhydrous), N,N-dimethylfor-
mamide (anhydrous), N,N-dimethylacetamide, 1,2-dichloro-
ethane (anhydrous), and dichloromethane (anhydrous)]. All
reagents and chemicals were obtained commercially and used
without further purification, unless otherwise noted.
Moisture-sensitive reactions were performed using flame-
dried glassware under a nitrogen atmosphere (N,). Air- and
moisture-sensitive liquids and solutions were transferred with a

https://doi.org/10.1021/acs.jpca.3c07892
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Scheme 2. (a) Preparation of Precursors and Possible Intermediates in HLF Reactions of 7-H and 11-H, (b) Observed
Products in the Reaction of 7-H with PIDA/I, under Dark and Irradiation Conditions, and (c) Investigated Reaction
Sequences and Possible Products in Spin-Trapping Experiments
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plastic or glass syringe. Chromatographic purification of the
products was carried out using column chromatography filled
with silica gel (Macherey-Nagel) 0.063—0.2 mm, and
appropriate solvent mixtures were used as eluents: petroleum
ether/ethyl acetate. Thin-layer chromatography (TLC) was
performed on precoated TLC platess ALUGRAM SIL G/
UV254, 0.20 mm silica gel 60 with a fluorescent indicator
UV254 (Macherey-Nagel) in the appropriate solvent system.
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TLC spots were observed after illumination with UV light at a
wavelength of 254 nm and after immersion in an aqueous
solution of KMnO, (3 g KMnO,, 20 g K,CO;, S mL aq.
NaOH 5%, and 300 mL water) followed by heating. If TLC
spots were not visible after illumination with UV light, they
were detected utilizing an iodine chamber.

Synthetic photocatalyzed reactions were performed in a
custom-built photoreactor with built-in temperature control as
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well as standardized luminous intensity for a certain set of
high-power LED light sources. The InGaN-based H2A1-420
LED (420 + 20 nm) used in this experimental setup was
purchased from Roithner Lasertechnik GmbH and mounted
on a standard hexagonal aluminum package. Irradiation was
performed in situ (EPR) and off-site (NMR) with Kessil PR-
160L 370 + 10 nm gen-2 LED UV, with an average intensity of
137 mW/cm® when the sample is 6 cm from the lamp,
according to the manufacturer.”

The reactant and products were identified using "H NMR
spectra, which were recorded on Varian Inova 400 and 600
machines in CDCl; at 400 or 600 MHz at room temperature.
All *C NMR spectra were recorded, respectively, at 101 and
151 MHz. The chemical shifts are reported in ppm (), relative
to the resonance of CDCl; at § = 7.27 ppm of 'H and for "*C,
relative to the resonance of CDCl; at 6 = 77.16 ppm. NMR
spectra of the reaction mixture were obtained on a Varian
Inova 400 NMR spectrometer operating at 399.90 MHz for 'H
NMR and 100.6 MHz for *C NMR and are reported as
chemical shifts (§) in ppm. The spectra were imported and
processed in the MestreNova 11.0.4 program.”®

GC measurements were obtained at a Shimadzu GC-2010
Plus gas chromatograph with an AOC-20i autosampler (with a
temperature-controlled sample holder) and an Optima 1701—
0.25 pum (25 m X 0.25 mm) column.

HR-MS spectra were obtained using a Thermo Finnigan
LTQ FT machine of the MAT 95 type with a direct exposure
probe and electron impact ionization (70 eV).

EPR spectroscopy was done by using a Bruker ES00
ELEXSYS EPR spectrometer with an ER4122SHQE cavity
resonator. As this cavity resonator does not have an optical
window for illumination, the light source was mounted
underneath the cavity, with light coming through the bottom
of the EPR 4 mm-inner-diameter tube. EPR deconvolution and
simulation was done using an EasySpin module with the
MATLAB program package.”” EPR visualization and spectros-
copy were done using the VisualEPR Web page.”®

The conformational space was sampled and investigated
using the Conformer—Rotamer Ensemble Sampling Tool—
CREST” coupled with the xtb-GFN2 program package and
MD simulation using xtb-GFN1’’ and xtb-GFN2.”" The
obtained structures were reoptimized using the B3LYP/6-
31G(d) level of theory.”* ** For each structure with a stable
wave function, frequency calculation was performed to identify
the minima and transition-state structures. From the transition-
state structure, an intrinsic reaction coordinate search was
performed to characterize the corresponding reaction and
product complexes/reactive conformers. Improved thermody-
namics were obtained using RO-B2PLYP*¥*° with a G3MP2
large basis set’’ on geometries obtained at the B3LYP/6-
31G(d) level of theory, with additional D3 dispersion
correction.”® Additionally, for smaller and model systems, the
G3B3*” composite method was used, with results matching the
RO-B2PLYP-D3/G3MP2 large results.

Calculations of EPR parameters were done using the B3LYP
functional and the mixed basis set: EPR-III for C, H, and O
atoms, def2-QZVP for the S atom, and 6-31G(d) for the N
atom. A small basis set on the N atom is necessary for the
correct calculations of the g-factor and hfcs.””*” When using a
larger basis set for the N atom, e.g., EPR-III or def2-QZVP, the
obtained results systematically underestimate the hfc. Calcu-
lations were performed on the Gaussian version 16.C01"
using the advanced computing service (clusters Isabella and
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Supek) provided by the University of Zagreb University
Computing Centre—SRCE™** and the computational resources
of the PharmInova project (sw.pharma.hr) at the University of
Zagreb Faculty of Pharmacy and Biochemistry."

B RESULTS AND DISCUSSION

Insights into the HAT steps of the HLF reactions can be
gained through the simulation of thermodynamic and kinetic
parameters. The thermodynamics (driving force) of the
reaction can be evaluated by comparing bond dissociation
energies (BDEs) or by utilizing the radical stabilization
energies (RSEs) of molecular fragments containing radical
precursors and products (see below).**™*® Reaction kinetics
are linked to thermodynamics via the Bell-Evans—Polanyi
principle, a relationship that has been demonstrated for various
HAT reactions for both inter- and intramolecular pathways."’
When the Cg and Cq positions are both unsubstituted as in
substrate 7-H, the regioselectivity toward the Cs product is
experimentally evident even when the kinetic and thermody-
namic parameters for 1,5- and 1,6-HAT align closely.48 There
are no notable differences in energies vs the geometrical
parameter (N—H—C angle) between 1,5- and 1,6-HAT energy
profiles. Both of them resemble those of the intermolecular
HAT (see Chart S1 in Supporting Information). There is room
for unknown factors governing the regioselectivity of HLF
reactions. To determine whether the transient N- and C-
centered radicals influence the observed regioselectivity, we
attempted in situ generation and trapping of these radical
intermediates using the phenylbutylnitrone (PBN) spin trap
and investigation of the resulting adducts with EPR. Addition-
ally, the reaction progress was monitored using NMR
techniques, with off-site light irradiation.

The same starting conditions reported earlier'>'® were
employed for N-hexyl-4-methylbenzenesulfonamide (7-H) as
the substrate. This reactant was chosen as the simplest model
for unsubstituted C; and Cg4 positions. The corresponding N-
iodo (7-I) derivative was prepared in situ from 7-H using
hypervalent phenyliodine (III) diacetate (PIDA) as an oxidant
with elemental I, as the iodine source.'”'® After 3 h of
irradiation of a reaction mixture containing 3 equiv of PIDA, 1
equiv of I,, and 1 equiv of 7-H with a 420 nm light source, two
distinct products could be observed (Scheme 2b). These
products were identified through GC—MS and NMR
techniques as a 55:1 mixture of the five-membered ring
compound 8,,,,,,jdine and six-membered ring analogue 9, cidine
in a combined yield of 72% (see Supporting Information).
When the same reactant mixture was stored in darkness for 7
days, the crude '"H NMR spectrum revealed the unexpected
presence of imine 10, together with 4-methylbenzenesulfo-
namide (15) and hexanal (16). Subsequent processing with
aqueous sodium thiosulfate resulted in near-quantitative
recovery of compound 185.

With these results in hand, an attempt was made to identify
transient intermediates by monitoring reaction progress with
NMR techniques. The mixture of 7-H/PIDA/I, was therefore
irradiated off-site for S min (370 nm), followed by 'H NMR
measurements during a full reaction sequence (see Supporting
Information). In addition to signals of the starting material,
two sets of new signals appeared, which is consistent with the
formation of two products. These two cannot be clearly
assigned, but the observed signal motifs and chemical shift
values support the formation of two halogenated structures,
one of them being the expected Cs-halogenated product 8-1.
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Figure 2. EPR spectra of spin-trapped radical intermediates generated with 370 nm irradiation of 7-Br. The experimental spectrum is in purple,
while blue, orange, green, and red correspond to simulated spectra for 10-PBN, 8/9-PBN, 7-PBN, and total simulated spectra, respectively.
Residuals from subtracted simulation from experimental spectra are at the bottom. More information on deconvolution and simulation is deposited

in Supporting Information.

The assignment of the other product was not possible without
ambiguity but clearly did not correspond to the Cg-
halogenated product 9-I, or 10, observed previously. To
our knowledge, this is the first reaction monitoring HLF with
NMR spectroscopy, with a large signal from excess PIDA
covering the aromatic region of the spectra.

After NMR experiments, we monitored the complete
reaction sequence with EPR spectrometry. Using continuous
irradiation with the same UV lamp from the bottom of the
cavity resonator, compound 7-I was EPR-silent. This is in stark
contrast to the published results,'” but as mentioned before,
radicals observed in that experiment might stem from different
oxidation pathways and rearrangement reactions that are not
part of the HLF sequence.

Next, we tried to capture nascent radicals from the reaction
with PBN, but oxidizing and halogenating species present in
the mixture reacted with PBN and produced an oxo-PBN
(acylaminoxyl) radical, with Anexp = 8.0 G, as well as additional
(ox0-PBN)-PBN adducts (see Figure 2).* To summarize, we
have not been able to detect short-lived radical intermediates
of the HLF reaction using this procedure.

As in situ halogenation inhibits PBN’s ability to spin-trap
radicals, the preparation of 7-Cl and 7-Br was performed in a
separate step. While 7-Cl was easily isolated and proved stable
for a couple of days,>® 7-Br had to be synthesized, cleaned,
isolated, and measured without any delay. Another major point
is the sensitivity of the reaction to air. Line widths measured
with EPR and reaction yields were greatly influenced by the
effectiveness of air removal using freeze—pump—thaw cycles
with backfill of argon or nitrogen gas. Experimental line widths
of less than 0.4 G were deemed satisfactory for optimal
resolution of radical adducts. Under these conditions with
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illumination with 370 nm light, we were able to observe a Cl-
PBN adduct, proving homolytic cleavage of N—CI bonds
generating a chlorine radical that quickly combines with PBN
(see Figure S20 in Supporting Information). From both 7-Cl
and 7-Br, a PBN adduct 7-PBN (g, = 2.0064, ay ., = 14.14
G, anesp = 1.58 G, and ay e, = 3.95 G) formed from an N-
centered radical 7 was detected for the first time using EPR
spectroscopy, proving that this is the correct method for
investigating the HLF reaction and corresponding intermedi-
ates (see Figure 2). Calculated EPR parameters for 7-PBN
(g7-PBN,calc =2.00616, @7.pgNN,calc = 13.81 G, &7 ppnN calc = 1.52
G, and & pgy 11,calc = 2.89 G) are in satisfactory agreement with
experimental values.

In the EPR spectrum (see Figure 2), one signal
corresponding to the two PBN adducts of C-centered radicals
was expected, namely, C; radical (8) and Cg radical (9). PBN
adducts of those radicals, 8-PBN and 9-PBN, have similar
calculated hfcs and g-factors (gg ppxcac = 2.00595, @g ppN N cale =
15.09 G, and @g ppnpcac = 2.36 G and gy ppNcatc = 2.00597,
Qg ppNNcale = 14.80 G, and @ ppn i catc = 227 G), and it is thus
difficult to distinguish between them, due to both being
secondary alkyl C-centered radicals with similar environments
around the radical center. A signal with g, = 2.0061, ay =
13.84 G, and ay = 2.47 G was observed that can be assigned to
both 8-PBN and 9-PBN. The unexpected result was the
formation and detection of PBN adduct 10-PBN. It is
characterized with g, = 2.0064, ay = 13.80 G, and ay
7.34 G, which is different from the previously described
radicals (more information about deconvolution can be found
in the Supporting Information). The 10-PBN radical adduct
can be tentatively assigned as a C, radical (10) due to having
an hfc from N and H atoms in PBN and to different
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Figure 3. Energy diagram of intramolecular radical rearrangements from 7 calculated at RO-B2PLYP/G3MP2Large//B3LYP/6-31G(d).

connectivities closer to the radical center, although it has an
unusually high hfc value for a C-centered radical. To confirm
this assignment, extensive computational analyses were
performed. The calculated Boltzmann averaged values for
10-PBN (gIO-PBN,calc = 2.00610, ajoppNNelc = 14.08 G, and
A1 peNH e = 546 G) demonstrated a trend similar to the
experimental parameters, with significantly larger hfc values
than computed for radicals 8/9-PBN. A detailed analysis of the
structural factors contributing to these values revealed
interactions between the Tos-N(alkyl)-H and the O—N-—
PBN radical center, significantly impacting the oy value in the
lowest lying minima. Conformers of 10-PBN, where this
interaction is not present, are higher in energy by more than 10
kJ/mol from the global minima and have calculated
Qo.pBNHale 240 G, which is almost the same as that for
radicals 8/9-PBN. For more details on deconvolution and
structure analysis, please consult Supporting Information.

From theoretical predictions calculated at the RO-B2PLYP-
D3/G3MP2—large//B3LYP/6—31G(d) level of theory,47’51 the
N-centered radical 7 rearranges in HAT steps with AH,g,*
+35.4 and +31.2 kJ/mol for 1,5-HAT and 1,6-HAT steps to
C;-centered radical 8 and Cgy-centered radical 9 with reaction
enthalpies AH, ;93 of —11.4 and —10.8 kJ/mol, respectively
(see Supporting Information). Radical 10 can be produced
through different HAT reactions: (a) intermolecular HAT
from any N-centered or C-centered radical, (b) intramolecular
from an N-centered radical (7 — 10) via 1,2-HATy, (c)
intramolecular from C; radical (8 — 10) via 1,4-HAT, and
(d) intramolecular from Cg radical (9 — 10) via 1,5-HAT .
Intermolecular HAT (7-H + 7 — 10 + 7-H), involving neutral
molecule (7-H) and N-centered radical (7), proceeds with a
thermodynamic driving force of AH,, 593 = —50.6 kJ/mol and a
predicted barrier of AH,o¢" = 22.1 kJ/mol (AG,es" = 37.2 kJ/
mol from reaction complex). Intramolecular 1,2-HAT, a direct
transformation from N-centered radical to C, radical (7 —
10), has a predicted barrier of AH,os" = 148.8 kJ/mol with a
strong thermodynamic driving force of AH,;,ps = —32.3 kJ/
mol, making it a kinetically prohibitive process.
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Rearrangement to a C, radical can occur from less stable
distant C-centered radicals (8 — 10 and 9 — 10). Both inter-
and intramolecular reactions are feasible with the latter (7-H +
8 — 10 + 7-H and 7-H + 9 — 10 + 7-H) being characterized
with AH,g¢" = 33.5 kJ/mol and a thermodynamic driving force
of AH, ;g3 = —23.4 kJ/mol. This was calculated with the
propane/propyl radical reference system as a reasonable model
for the distant C-centered radicals in the hydrocarbon chain,
due to negligible differences in reactivity and stability between
the Cj radical, Cg radical, and propyl radical (RSEs and TS)
toward the C, radical. As seen in Figure 3, the barrier for
intramolecular 1,4-HAT ¢ rearrangement of the Cj radical to
the C, radical (8 — 10) is prohibitively high (AH,og" = 84.1
kJ/mol), while 1,5-HAT c from the C4 radical to the C,
radical (9 — 10) proceeds through a 6-membered transition
state with AH,g5" = 56.1 kJ/mol and a reaction enthalpy of
AH, ;s = —21.5 kJ/mol. These results indicate that this
second intramolecular rearrangement, with the lowest energy
of activation, is the probable origin of the experimentally
observed regioselectivity in HLF reactions. It significantly
decreases the lifetime of the Cg4 radical required for halogen
atom abstraction and thus the yield of Cg-functionalized
products.

As mentioned before, different radical fragments present in
systems 7—14 can be used to gauge the thermodynamic
driving force for rearrangement reactions (see Figure
4).47%3 In our system, going from a tosylated methylamine
radical (7) to a secondary C-centered radical (8 and 9)
corresponds to an exothermic reaction (AHPredictyzgs = —19.8
kJ/mol, see Supporting Information). Additionally, rearrange-
ment from a secondary C-centered radical to a tosylamide-
substituted C-centered radical fragment such as 10 is also
predicted to be exothermic (see Supporting Information),
which is in line with our experimental observation.

The same rationale can be used to explain the
regioselectivity reported in a recent study”’ with different
sulfonamide derivatives. While radical generation was achieved
using visible light photoredox catalysis with Ru(bpy);Cl, in
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Figure 4. RSEs for selected N- and C-centered radicals present in systems 7—14. The gray bands denote the anchor points for N-centered and C-

centered radical RSE scales to a global BDE scale.

conjunction with blue LEDs, high yields and regioselectivity
toward 1,5-HAT rearrangement were observed when C; and
C¢ positions were secondary and primary radicals. This stems
from a notable difference in the radical stability (ARSEPrim Jsec =
10.8 kJ/mol). When additional substituents at the C position
are introduced to generate a (stabilized) tertiary Cy radical, a
mixture of a 56% Cg product and a 40% C,4 product is obtained
(ARSE 6.3 kJ/mol), making both 1,5-HATyc and 1,6-

sec/tert —
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HATy equivalent reactions. Proof of the existence of a C,
radical in HLF-type reactions is available in the literature. It
was observed indirectly as an imine side product in
electrochemically driven N-centered radical generation.” The
proposed generation of imine was either via elimination of HBr
from an N-brominated precursor or via 1,2-HAT from a
transient N-centered radical. The possible sequence of 1,6-
HATy followed by 1,5-HAT ¢ was not explored.
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In the '"H NMR spectra of the reaction mixture obtained
after off-site irradiation of the 7-Cl precursor, only two (main)
products were observed and measured in the same proportion.
The two pairs of triplets in the upfield and downfield regions
are consistent with product structures 10-Cl and 12-Cl (see
Supporting Information), which supports the formation of Cs-
and Cgradical intermediates, the latter undergoing a 1,5-H
shift to the respective C,-centered radical. The same NMR
results were obtained after irradiation of precursor 7-Br.

To further investigate the second rearrangement process, we
opted for a methyl-substituted derivative, N-(hept-2-yl)-4-
methylbenzenesulfonamide (11-H, Scheme 2), which is a
precursor for a more stable C,-centered radical [RSE(propyl/
propane) = —26.2 kJ/mol vs RSE(tert-butyl/tert-butane) =
—32.5 kJ/mol]. After chlorination to 11-Cl, and sequential off-
site irradiation, two products were observed in the NMR
spectra. One product corresponds to the Cs-chlorinated
product 12-C1,>* without formation of a pyrrolidine ring (see
Supporting Information).” The Cg-chlorinated product, 13-
Cl, was not observed, although the calculated barriers and
driving forces are again similar (AHys" = +31.5 kJ/mol and
+36.1 kJ/mol; AH,, 93 = —13.0 kJ/mol and —9.4 kJ/mol, for
1,5-HAT and 1,6-HAT, respectively). The second product is
the C,-chlorinated product, 14-Cl, with a characteristic triplet
at 0.81 ppm (see Supporting Information). The lack of
formation of 13-Cl (or a piperidine ring product)*® indicates
that 13 is a reactive intermediate, that quickly rearranges to 14,
which is converted to 14-Cl. This is supported by calculations
with the expected barrier for the second step 1,5-HAT
rearrangement between C4 and C, carbon centers of AH,g,* =
57.6 kJ/mol and AH,, 593 = —18.1 kJ/mol.

In the EPR spectra, when 11-Cl was illuminated, a chlorine
PBN adduct was formed (CI-PBN), alongside N-centered
radical adduct 11-PBN. Both 7-PBN and 11-PBN have similar
hfcs, namely, gyppney = 2:0062, QyippaNey = 141 G,
A11pBNNexp = 13 G, and @qpppnpep = 421 G. Those results
fit nicely with the calculated results (see Supporting
Information). As expected, the C-centered radical signal
corresponds well to the Cs- and Cg-radical adducts 12/13-
PBN, with the same hfc values as observed for 8/9-PBN
(g12/13—PBN,exp = 2.0061, ayy/13pBNNep = 136 G, and
@12/13-PBNHexp = 2:6 G). The tentatively proposed C,-radical
14, similar to radical 10, made an adduct with PBN, 14-PBN
with a characteristic signal at gi4.ppnex, = 2.0061, with hfc
A14peNNexp = 13.7 G and Ay ppNpexp = 6-4 G, confirming our
hypothesis that this species stems from rapid rearrangement
from 13. Again, a rather high hfc value for @, ppyy can be
attributed to the interaction between the sulfonamide
hydrogen moiety and the oxygen-centered radical of the
PBN in the thermodynamically stable conformers. Extensive
calculations on radical adducts confirm the assignments (see
Supporting Information). Similar results were obtained with
11-Br, although the most pronounced peaks were 12/13-PBN.
11-PBN was weak and 14-PBN is not directly visible, possibly
overshadowed by 11-PBN. The lack of full correspondence
between 11-Cl and 11-Br is most likely due to the instability of
11-Br, which was already decomposing in the dark (see
Supporting Information). We plan to continue the inves-
tigation on the weak components of the EPR spectrum
deconvolution, currently assigned as 10/14-PBN. Additional
compounds with different substitution patterns on the Cy and
Cs positions, with added modifications on C, (blocking the

route) and C, positions (steric hindrance), will further test the
origin of regioselectivity in HLF reactions.

B CONCLUSIONS

Using NMR and EPR spectroscopy in combination with DFT
calculations, we successfully monitored the reaction profile and
identified all significant intermediate radicals and products in
the HLF reaction. The initial rearrangement step allows the N-
centered radical to transform into both Cg and Cg radicals. The
observed regioselectivity favoring 1,5-HAT products can be
attributed to an additional rearrangement reaction exclusive to
the Cg radical. Through another 1,5-HAT step, the Cg radical
is transformed into the most stable C, radical. The existence of
C, radical is experimentally proved not only through EPR
spectroscopy but also via synthetic reactions and side products,
notably imine and aldehyde. Future research should extend to
more complex systems with additional substituents on the
radical chain and varying functional groups, applying the
methodology outlined in this study.
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ABSTRACT: The Hofmann—Lofller—Freytag (HLF) reaction is a Tosy

method that employs N-chlorinated precursors in radical-mediated . NG

rearrangement cycles to synthesize pyrrolidine rings and C—H OS\NUh H

functionalized products. This study aims to elucidate the H AT

mechanism of the propagation cycle, identify the rate-limiting
step, and uncover the factors influencing the regioselectivity of the
HLF reaction. Combining experimental techniques—laser flash oSy Ph
photolysis (LFP), electron paramagnetic resonance (EPR), and KKKLH
nuclear magnetic resonance (NMR)—with computational density
functional theory (DFT) calculations and kinetic modeling, we
challenge the previous assumption that the hydrogen atom transfer
(HAT) step was rate-limiting and regioselectivity was under both
thermodynamic and kinetic control. We have identified that the halogen atom transfer (XAT) step in the propagation cycle of the
HLF reaction follows pseudo-first-order kinetics and has the largest transition-state barrier. Additionally, we observed that
regioselectivity is exclusively controlled by the intramolecular hydrogen atom transfer kinetics, while no thermodynamic preference
exists in the formation of C¢- and Cs-chlorinated products. Our work predicts how to accelerate the HLF reaction and how we can
control the regioselectivity by the smarter selection of substrates based on calculations, which could provide better control of the
reaction when implemented in organic synthesis.

N-rad

B INTRODUCTION Scheme 1. Cyclization of N-Halogenated Amines (the

R _ c 4
The foundation for the use of N-centered aminyl radicals in Hofmann—Liffler—Freytag Reaction)

organic synthesis, albeit not recognized as such, was laid more RN H280,  R.{ lighttheat _ R
than a century ago. In 1881—1885, Hofmann' discovered that ¢ s Nactv.  Hocl initiation H
treating N-bromo-2-propylpiperidine, an N-halodialkylamine, 1 H 2 YAT H HAT
with hot sulfuric acid produced a tertiary amine, eventually Sropagation

B o . R, R s
identified” as octahydroindolizine. Loffler and Freytag’ N O R.J Ry
clean-up 4y H termination H H
5

extended the Hofmann reaction to simple secondary amines
and discovered it to be a general approach for synthesizing 6 cl 4
pyrrolidines.” Around 70 years after its discovery, Wawzonek
and Helen,’ followed by Corey and Hertler,” identified a free
radical chain mechanism for this reaction. Upon the activation
of N-chloroamine 1 with sulfuric acid (Scheme 1), protonated

N-chloroamine 2 undergoes homolytic cleavage in the Received: December 5, 2024
presence of heat, light, or initiators. The resulted protonated Revised: ~ March 11, 2025
aminyl radical 3 takes part in an intramolecular hydrogen atom Accepted:  March 18, 2025

transfer (HAT) abstracting a sterically favorably orientated
hydrogen atom to afford, regioselectively, an alkyl radical 4,
which in turn abstracts a chlorine atom to form a

© XXXX The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acs.joc.4c02997
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Figure 1. Bond dissociation energies (BDEs) and radical stabilization energies (RSEs) for selected small radical species commonly involved in HLF
reactions. Gray bands denote anchor points between RSE and BDE scales. Data calculated at RO-B2PLYP/G3MP2large//B3LYP/ 6—31G(d) from

refs 16, 22, and 25.

chloroalkylammonium ion §, which then cyclizes in the
presence of a base, providing cyclic tertiary amine 6.

There are two well-documented modern variants of the
Hofmann—Loffler—Freytag Reaction (HLF), one developed
by Suarez and co-workers,””'? who used in situ halogenation
and photochemical activation of N-iodoamides to produce
cyclization products, and another reported by Corey et al,''
where the required bromoamide precursor was synthesized and
characterized in a separate first step. Subsequent irradiation of
the bromoamide precursor in CCl, results in the formation of
the Cs-bromo derivative, which can be cyclized to methyl 1-
acetyl-3-methylpyrrolidine-2-carboxylate with a 90% yield
using a hindered base.

Mechanistic investigations, from the discovery of the HLF
reaction until today, point conclusively to a radical chain
mechanism involving intramolecular HAT as the first step of
the propagation cycle, with halogen atom transfer (XAT) as
the second step.”®'>~"° Intermolecular reactions involving
neutral or protonated aminyl radicals have been documented
but only occur as additions to olefinic and acetylenic
hydrocarbons and not as intermolecular HAT.'®™>' When
olefins are present in the solvent, the intermolecular addition
of protonated or neutral aminyl radicals to olefins competes
with the intramolecular HAT step of the HLF propagation
cycle, depending on the reaction conditions.

To the best of our knowledge, few published studies have
investigated the rate-limiting step of the HLF reaction and the
inherent causes that guide the regioselectivity. Wolff* has
argued that the second step, XAT, has a smaller activation
barrier, and from this point on, it was assumed that the HAT
step is rate-limiting. In this context, extensive computational
studies have been published investigating it,”*~>> where the
thermodynamics of this step is evaluated via the radical
stabilization energies (RSEs) for a family of isodesmic
reactions and plotted against corresponding activation barriers
(Bell-Evans—Polanyi principle). The main conclusion from
these studies is that the selectivity of attack by the aminyl
radical on a carbon atom depends on the reactivity of the
aminyl radical and on the stability of the ensuing carbon radical
(see Figure 1). Therefore, aminyl radicals that can abstract
hydrogen atoms from carbon generally show a preference for
hydrogen in the order of tertiary > secondary > primary.
Furthermore, by changing the activating group on the N-
centered aminyl radical, the outcome of the reaction can be
dramatically influenced. This, however, does not provide an
answer to whether the regioselectivity is determined by
thermodynamics or kinetics and has not been placed in the
context of the propagation cycle.

The vast majority of papers dealing with HLF reaction
report on pyrrolidine formation, and there has been just one

https://doi.org/10.1021/acs.joc.4c02997
J. Org. Chem. XXXX, XXX, XXX—XXX
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Scheme 2. Expected Products and Intermediates of the HLF Reaction Were Measured Using Three Different Techniques®
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?(a) Synthesis of N-Cl and NMR observed products of the reaction mixture after 370 nm irradiation of N-Cl, (b) radical intermediates observed
after laser excitation at 266 nm of N-Cl in flow cuvettes (3 mL; 3 X 10™* M) at 266 nm in N,-purged acetonitrile, and (c) radical intermediates
after 370 nm irradiation and PBN spin-trapped products in EPR experiment. Details of the experiments are found in the SI

paper reporting on exclusive piperidine formation.”® However,
there have been a couple of papers reporting on the
functionalization of the Cg position with a chlorine
atom.””~*” To investigate the factors determining regioselec-
tivity and identify the rate-limiting step, we chose a joint
experimental and computational approach to study a system
that was employed in piperidine synthesis. Our aim is to detect
as many as possible radical intermediate species involved in the
propagation cycle and analyze major products formed.
Quantum chemical calculations have been used extensively
to identify these radical intermediates and reaction products.
The proposed calculated reaction mechanism should explain
the experimental results, observed regioselectivity, and kinetic
measurements. Finally, we propose that a combined approach
involving both computational techniques and experiments
must be employed when addressing fundamental questions,
such as regioselectivity, and the rate-limiting step of the
reaction sequence must be answered.

B RESULTS AND DISCUSSION

To provide experimental evidence for the interplay between
two reaction steps in the propagation cycle, we employed
NMR, LFP, and EPR techniques (Scheme 2). The overall
reaction progress and major product analysis was observed
with different NMR techniques, with off-site irradiation using a
370 nm Kessil lamp. Direct detection of radical intermediates
with measurement of their rearrangement kinetics was
performed using LFP via the fourth harmonic of the
Nd:YAG laser (266 nm). Additionally, we attempted an in
situ generation and spin-trapping of N- and C-centered radicals
using the phenylbutylnitrone (PBN) spin trap and investigated
the resulting adducts with EPR (see Scheme 2c). Finally, we
performed extensive DFT calculations and kinetic modeling of
the reaction pathways, with the full model described in detail
in Section S12 of the Supporting Information.

Using continuous irradiation with a UV lamp from the
bottom of the cavity resonator, the complete reaction sequence
was monitored with EPR spectrometry for N-Cl (Scheme 2c).
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Figure 2. EPR spectra of spin-trapped radical intermediates generated with 370 nm irradiation of N-Cl. The simulated spectra of each radical
adduct species are denoted in the spectra as C4-PBN, Cs-PBN, CI-PBN, C,-PBN, and N-PBN. Total simulated spectrum is labeled as Sim, while
the experimental spectrum is labeled as Exp, with residual signals provided as Exp—N-PBN, Exp—N-PBN—CI-PBN, and Exp—Sim. Line widths
measured with EPR and reaction yields were influenced by the effectiveness of air removal using freeze—pump—thaw cycles with backfill of argon or
nitrogen gas. Experimental line widths of less than 0.4 G were deemed satisfactory for the optimal resolution of radical adducts. More information

on deconvolution and simulation is deposited in the SIL

The resulting experimental spectrum is shown in Figure 2. The
best decomposition of the experimental EPR spectrum for N-
Cl was found to be the one with one N-centered radical
adduct, N-PBN; a CI radical adduct, CI-PBN; and three C-
centered radical adducts (assigned as C4-PBN, C;-PBN, and

C,-PBN) with different hydrogen hyperfine couplings (hfc)
(Table 1). This total simulated spectrum, supported by our
DFT calculations, aligns well with the experimental data
(Figure 2). As a result, we were able to observe a CI-PBN
adduct, proving the homolytic cleavage of N-Cl bonds
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Table 1. Experimental and Calculated EPR Parameters for the Observed Radicals in the EPR Spectrum®

N-PBN CI-PBN C4PBN C.-PBN C,-PBN
EXP CALC EXP EXP CALC EXP CALC EXP CALC
g 2.00612 2.0063 2.0077 2.0064 2.00591 2.0064 2.00599 2.0062 2.00611
ay 13.82 1421 12.37 13.96 14.78 13.96 15.32 13.72 14.06
ay 2.85 3.87 0.76 3.06 3.67 2.03 2.37 7.38 5.49
ay 1.54 1.57 ac 623
ratio 1.00 0.72 0.12 0.17 0.11

“Calculated at the B3LYP/(C,H,O)EPR-III/(S)def2-QZVP/(N)6-31G(d)//B3LYP/6-31G(d) level of theory. Hyperfine coupling (hfc) units are

in Gauss.

t t =120 min
A A ,L_* |
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100 95 90 85 80 75 70 65 6.0 55

Figure 3. NMR spectra before and after off-site irradiation in CDCl;. The black and red spectra correspond to the N-Cl and reaction mixture of N-
H, C4-Cl, C4-Cl, and C,=N, respectively. Insets depict selected signal ranges in more detail, with chosen signals assigned. The 'H, HSQC, and

BC{'H} APT spectra for experiments in C¢Dg are deposited in the SI

generating a chlorine radical that quickly combines with PBN.
An N-PBN adduct was formed from the addition of an N-
centered radical to a PBN molecule. Calculated EPR
parameters for N-PBN are in good agreement with the
experimental values. Finally, we were able to observe three
distinct PBN adducts of C-centered radicals, namely, C4-PBN,
Cs-PBN, and C,-PBN. Experimental hfc values of these three
PBN adducts differ enough to distinguish them, although in
DFT calculations, C4-PBN and C;-PBN have similar
calculated g-factor values, while C,-PBN differs from them.
Calculated EPR parameters for C4-PBN and Cs-PBN are in
satisfactory agreement with the experimental values. The
difference in g-factors and hfc values of the C,-PBN radical
adduct compared to the rest of C-centered radicals is due to
the different connectivity and closer secondary N atom to the
radical center.' Again, calculated values for C,-PBN have the
same trend as the experimental parameters. Additional support
to the correct assignment of radicals comes from similar
experimental g-factors and hfc values for C,-PBN, N-PBN, and
Cs-PBN radicals generated from N-chloro-N-hexyl-4-methyl-

benzenesulfonamide.'® At this point, it is worth noting that the
relative weights of the radical adducts are as follows: N-PBN,
1; CI-PBN, 0.72; C4PBN, 0.12; Cs-PBN, 0.17; and C,-PBN,
0.11.

Before off-site irradiation, "H NMR and "*C APT spectra of
N-ClI (Scheme 2a) were recorded. All signals observed for the
starting material are consistent with the expected signals for N-
CL. After off-site irradiation of the N-Cl precursor in toluene, a
mixture of products was obtained with total conversion of the
starting material, as indicated by the 'H NMR spectrum of the
reaction mixture. Out of the total N-Cl compound in the NMR
tube, ~42% corresponds to the N-H product (Figure 3). The
mechanism by which this reversal to the amine parent
compound occurs has baffled us, although it is a common
phenomenon reported in the literature."***° Our first
mechanism proposal involves the reaction of chlorine radical
or N-centered radical N-rad with solvents,*° producing solvent
radicals and polymerization side reactions resulting in a cloudy
reaction mixture.
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The analysis of the other products using the 'H NMR
spectrum combined with the 2D technique, HSQC and *C
APT spectra, provides unambiguous evidence that the signals
observed at 4.47 and 3.7S ppm correspond to C¢-Cl and Cs-Cl
products, respectively, with an overall NMR yield of ~47%
(Ce-Cl/Cs-Cl = 71:29%) (Figure 3). This was determined
from the integral ratios (SI). From additional NMR experi-
ments in other solvents, we found that approximately 50% of
N-H and 50% of the C4-Cl and C;-Cl mixture (72:28%) were
obtained in deuterated benzene. In deuterated acetonitrile, we
obtained 66% of N-H and 34% of the C4-Cl and C;-Cl mixture
(57:43%). We can safely conclude that the H atom from the
trace water is not involved in the mechanism of converting N-
Cl back to the parent N-H species due to the same pattern of
product ratios in a wide selection of solvents. Alas, by
examination, we have observed a peak (5 7.76, t, ] = 11 Hz, in
CDCl,) in the aromatic NMR that corresponds to the imine
signal and an NMR yield of ~11%. This indicates the
occurrence of a self-reaction facilitated by hydrogen atom
transfer (HAT) between two N-rad molecules, leading to their
termination and the formation of the starting amine (N-H)
and imine (C,=N) products. These disproportionation
products are described in the literature,”** and it is not a
coincidence that many chemists deliberately design precursors
with the C, position blocked or unavailable.”*™*" Additionally,
the necessity of blocking the C, position in HLF reactions has
been studied in detail in our previous work."> Our calculations
predict a barrier of AG', = +59.4 kJ mol™, with a
thermodynamic driving force of AG,ys = —134.6 kJ mol™’
for this reaction.

LFP measurements were performed on N-Cl in acetonitrile
to directly detect the transient species generated after laser
excitation at 266 nm (4.66 eV) (Scheme 2b). This resulted in
the homolytic cleavage of the weakest N—Cl bond (4.03 eV)**
and the formation of an aminyl radical and, through
subsequent rearrangement reactions, corresponding C-cen-
tered radicals. This is confirmed by EPR experiments in
toluene, acetonitrile, and n-heptane, in which we detected N-
PBN and CI-PBN after the irradiation of N-Cl (Figure 2).

The intramolecular HAT from one of the five carbon atoms
of N-Cl to the nitrogen atom enables the formation of one or
more C-centered radicals. Among these, a benzyl radical, C¢-
rad, is the most likely to be detected by LFP due to the
benzene ring acting as a chromophore. The transient
absorption spectrum (Figure 4) displays three distinct maxima:
one at 280 nm, the second at 310 nm, and the third at 460 nm.
The shape of these spectra does not change significantly within
the 1500 ns time frame after the laser excitation. However, it is
understandable from the spectra that multiple transient species
are present, which are deduced from the fact that some maxima
disappear faster than others. Furthermore, there are no major
changes in the shape of the spectra, which imply that the
transient moieties are related and have major structural
features in common. Conclusive evidence to support this
comes from kinetic data collected at the respective wave-
lengths. We have a first-order decay with two contributions at
290 and 330 nm. The shorter time scale at 290 nm better
reflects the kinetics of the shorter-lived transient species, which
lives less than 20 ns and is close to the detection limit, while
the longer-lived transient determined from the extended time
scale has a lifetime (7) of 25 us at 290 nm and 47 us at 330
nm. Kinetics at 450 nm follows the single exponential decay
with only one component. The lifetime of this component is

0.025 - —— after pump o,
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I\ —— 1000 ns 5008
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0024 i
o 1 2
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Figure 4. Transient absorption spectra of a N, purged solution of 0.3

mM N-Cl in acetonitrile. Flow rate: 2.4 mL/min. E,4 = 22 mJ. A4 =
0.27. Insets: corresponding time profiles at 290, 330, and 450 nm.

35 us. The small differences between the lifetime values may
be due to variations in the signal-to-noise ratio (SNR) or due
to different quantitative shares of the radicals presented (see
the SI). The shorter-lived transient at 290 nm is assigned to an
aminyl radical formed by the N—Cl bond cleavage. Amidyl and
aminyl radicals have previously been generated by LFP, and
their 7 values have been reported whether they were directly
detected with LFP or indirectly from the detected C-centered
radical formed by cyclization/intramolecular HAT. Reported 7
values of amidyl and aminyl N-centered radicals range from 5
to 454 ns.”*™>’ This is in agreement with our experimental
results.

To check if the aminyl N-centered radical, N-rad, absorbs at
290 nm, we have done extensive TD-DFT calculations that
indicate a strong absorption peak at 280 nm with an oscillator
strength (f) of 0.0238 (SI). We conclude that the longer-lived
transient is one of the generated C-centered radicals, most
likely a benzyl-type Cg-rad. This is in good agreement with the
literature, which reports a lifetime of 40 us for benzyl radicals,
generated from benzyl chloride in hexane, with a maximum at
about 315 nm.** Additionally, our measurements of the benzyl
radical generated from BnCl in acetonitrile show a maximum
at 310 nm and a lifetime of 30 ps (see Section S8 in the SI).S8
in the SI).

As seen in Figure S, DFT calculations of the 1,6-HAT step
involves rearrangement from the global minimum on the
reactant side (N-radg,) to a prereactive conformer (N-
rad,. ¢) that is AG,ps = +25.3 kJ mol™ less stable. From
there, transition state TS-1,6-HAT,,; is reached with an overall
barrier of AGizg&gm(l,&HAT“ni) = +38.0 kJ mol™". When the
barrier is defined as in eq 2, AGi293’ric(1,6-HATuni) equals 12.8
kJ mol™. In the first case (AGj"zgg’gm), the calculated t,, of the
aminyl radical is 514 ns, while for the second case (AGg5.:),
the calculated t,,, of 0.02 ns is in far better agreement with
LFP experimental results. This led us to the conclusion that
upon homolytic cleavage (hc) of the N—CI bond, the N-
centered aminyl radical N-rady;. exists as a high energy
conformer on the potential energy surface and is almost equal
in energy to the prereactive conformer N-rad,;, ¢ of the IRC
path. This is a case where Boltzmann distribution does not
apply, and the low energy state is unavailable due to kinetic
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Figure S. Energy diagram of intra- and intermolecular radical rearrangements for the propagation cycle of HLF for the 1,6-pathway. From the
starting N-centered radical N-rad, it rearranges via TS-1,6-HAT to the C4-rad. The next step is the bimolecular reaction from Cg4-rad and N-Cl, via
TS-1,6’-XAT, to C4-Cl and N-rad formation. Calculated at the RO-B2PLYP/G3MP2Large(SMD,CH;CN)//B3LYP/6-31G(d) level of theory.

Included in the diagram are chosen points of the 1,5-pathway. The global minimum structure N-rad,

,m was taken as the starting point in the

unimolecular process, while the global minima of separated reactants, namely, N-rad,; and N—Cl,,, were taken as the starting point in the

bimolecular reaction. Units are given in k] mol™".

reasons, with N-rady, ;. quickly rearranging to N-rad,;; ¢ On
the product side, the first local minimum encountered is Cg4-
rad;c; 6 at AGyyg = —35.9 kJ mol ™', which then rearranges to
the most stable conformer, a global minima (gm) Cg-radgpy, un;
with an overall Gibbs free energy of reaction of AG,93 = —57.0
kJ mol™". At this point, C¢-rad and N—Cl species are separated
in the solvent. When they meet in the solvent cage due to
diffusion, a complex (C6-rad—N-Cl)gm,|,i is formed at AGyyg =
—45.5 kJ mol™!, after which a prereactive conformer for the
XAT is formed, (C6-rad—N-Cl) ;. xarpi at AGyos = —43.4 kJ
mol™'. From there, the transition state TS-1,6-XAT,; is
reached with an overall barrier of AGizgg‘gm(1,6"XATbi) =
+52.1 kJ mol™". If the barrier is calculated according to eq 2,
the AGj"zgg‘ﬂc(l,G-XATbi) value is at +38.5 k] mol™". For the
first case, the t;/, of the C4-rad species is 149 s, and for the

second case, the t;,, is 633 ns. The first case describes the t,
of radical C¢-rad closer to the experimental results.

Hence, due to the better fit with the experiment, we use
AG¥y55,:(1,6-HAT,,;) calculated from the prereactive mini-
mum for the HAT reaction as a first step in the propagation
cycle, while for the second step, which involves a bimolecular
XAT reaction, we use AGizg&gm( 1,6-XATy,;) again due to the
better fit to the experimental results.

We also performed TD-DFT calculations that show that Cg-
rad has an absorption peak at 295.36 nm with an oscillator
strength of f = 0.0362 and that the N-centered aminyl radical,
N-rad, has a strong absorption peak at 290 nm with an
oscillator strength (f) of 0.0238 (SI). Our experimental
lifetimes of the radicals in the LFP agree with the lifetimes
reported in the literature sources and with the calculated data.
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Figure 6. Energy diagram of intra- and intermolecular radical rearrangements to relevant C-centered radicals derived from N-H and N-Cl, and
recombination through self-reaction to C,=N and N-H species. Calculated at the RO—BZPLYP/G3MP2Large(SMD,CH3CN)//B3LYP/6—3IG(d)
level of theory. Global minima of separated reactants, namely, N-rad,y,, N—Cl,, and N—H_,,, were taken as the starting point in the bimolecular
reaction, while the global minimum structure on the reactant side, N-rad,,,, was taken as the starting point in the unimolecular process, and the
dimer of N-rad,,, was taken as the starting point for the self-reaction. Units are in kJ mol ™.

This leads us to the conclusion that we have observed an N-
centered aminyl radical and benzylic-type Cq-rad in the LFP
experiments.

As seen in Figure 2, there is a C,-rad in the EPR spectra that
can be formed via HAT from either Cq-rad (1,5-HAT ¢ ;) OF
N-rad (1,2’-HAT),). A similar radical has been observed in the
EPR spectra in the N-hexyl-4-methylbenzenesulfonamide
system.'© When compared to the other bimolecular HAT
reactions (Figure 6), the barrier for the formation via 1,2’-
HAT,,; is between the barriers for the C-centered alkylic-type
radical and benzyl-type radical. Thermodynamically, C,-rad is
the second most stable C-centered radical, with stability closer
to the C4-rad than the Cs-rad. Calculated reaction energies for
all these processes are slightly higher than the barriers
calculated in the 1,6-pathway. This is especially true for the
unimolecular HAT converting C4-rad to C,-rad, with the
highest calculated barrier of AGYy = +89.1 kJ mol™".
However, the C,=N imine species, the product observed in
the NMR experiment, is generated primarily by the self-
reaction of two N-rad (see above) and then from C,-rad.
Another pathway for imine production involves 1,2’-HAT
transfer between N-Cl and N-rad, but this reaction is
kinetically less favored with a higher calculated barrier
(AG*5 = +79.53 kJ/mol).

At this point, it is worth noting that the first-order decay
kinetics shown in the insets of Figure 4 does not reach zero but
forms an onset close to zero. This implies that there is a steady
state for a C-centered radical intermediate, which is
presumably an intermediate species in the propagation cycle.

Furthermore, the decay kinetics for Cg-rad can only be
accurately described if the rate constant for the preceding
elementary reaction is significantly larger or larger than the rate
constant of the subsequent elementary reaction, assuming that
these rate constants are the primary contributors to the
observed experimental rate constants. This is corroborated by
our DFT calculations as the calculated rate constant (eq 4) for
1,6-HAT is 2.4 X 10'° 57!, while for the bimolecular XAT, the
rate constant is 7 orders of magnitude lower, namely, 4.63 X
10* s7'. Additionally, the lifetime of the N-centered aminyl
radical N-rad is much shorter when compared to the lifetime
of the C-centered radical C¢-rad. This is viable only when the
second step is slower than the first. Thus, we conclude that the
slow step of the propagation cycle is intermolecular XAT. On
the product side, the first local minimum encountered is (Cs-
Cl-N-rad) ;i xar at AGyg = —112.3 kJ mol™', which then
rearranges to the most stable conformer Cg-Cl,, with an
overall Gibbs free energy of reaction of AG,ggom = —137.8 kJ
mol ™.,

For the 1,5-pathway (Figure 7), the HAT step involves
rearrangement from the global minimum on the reactant side
(N-radgm) to a prereactive conformer (N-radg,s) that is
AG,gg = +23.8 k] mol ™" less stable. From there, transition state
TS-1,5-HAT,,; is reached with an overall barrier of AG*,oq =
+46.6 k] mol™". When the barrier is defined from N-rad s, it
amounts to only 22.8 kJ mol™!, which includes a fast
rearrangement step between high-energy conformer N-rady, ;c
and N-rad,;.; 5. On the product side, the first local minimum

encountered is Cs-rad;c at AGygg = —1.9 k] mol ™!, which then

H https://doi.org/10.1021/acs.joc.4c02997
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Figure 7. Energy diagram of intra- and intermolecular radical rearrangements for the propagation cycle of HLF for the 1,5-pathway. From the
starting N-centered radical N-rad, it rearranges via TS-1,5-HAT to the Cy-rad. The next step is the bimolecular reaction from Cg-rad and N-ClI, via
TS-1,5"-XAT, to Cs-Cl and N-rad formation. Calculated at RO-B2PLYP/G3MP2Large(SMD,CH;CN)//B3LYP/6-31G(d) level of theory.
Included in the diagram are chosen points of the 1,6-pathway. The global minimum structure on the reactant side, N-rad,,, was taken as the
starting point in unimolecular process, while the global minima of separated reactants, namely, N-rad,,, and N-Cl,,, were taken as the starting

point in bimolecular reaction. Units are in kJ mol™.

rearranges to the most stable conformer Cg-radgy, ., with an
overall Gibbs free energy of reaction of AG,g = —17.9 KJ
mol™". Species needed for the bimolecular reaction, namely,
the Cs-rad radical and N-Cl, are still separated in the solvent.
When they meet in the solvent cage due to diffusion, the
complex (Cs-rad—N-Cl)gp,y; is formed at AGyg = 1.9 kJ
mol™!, which leads to the prereactive conformer of the XAT
reaction (Cs-rad—N-Cl) ;. xar at AGyg5 = 5.8 kJ mol™'. From
there, the transition state is reached with an overall barrier of
AGizgglgm(l,sl'XATbi)z +27.4 kJ mol™, while it amounts to

AG*y5,:(1,5'-XATy,;) = 7.6 k] mol™ when the barrier is
defined as in eq 2. On the product side, the first local minimum
encountered is (Cs-Cl=N-rad)icxar at AGyyg = —137.2 kJ
mol™!, which then rearranges to the most stable conformer Cq-
Clg,, with an overall Gibbs free energy of reaction of AG,ogygm
= —143.3 kJ mol™". To check if the Cs-rad radical moiety was
detected in our LFP measurements at 290 nm, we have done
TD-DFT calculations that show that it has a strong absorption
peak at 238.04 nm with an oscillator strength of f = 0.0290
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(SI). This excludes the possibility of it being detected in this
experimental setup.

The complete energy schemes (Figures S and 7) for the 1,6-
and 1,5-pathways allow us to compare similarities between the
two processes. As observed, we notice that there is an early
transition state for the second step and that the second step is
irreversible, which in turn makes the whole cycle irreversible,
even though the N-centered aminyl radical is regenerated.
Furthermore, there is no thermodynamic preference for the
formation of C6-Cl over CS-Cl, with both products in the
same energy range (~—140 kJ mol '), as compared to the
starting N-Cl compound. The definition of the barrier from the
global minimum, as in eq 3, describes experimental results
much better for the second step, namely, the XAT reaction,
while the definition of the barrier from the prereactive
minimum, as in eq 2, fits much better with the experimental
results for the first step, namely, the HAT step. Moreover,
NMR analysis of the product mixture in toluene shows that we
have 71.5% C4-Cl and 28.5% Cs-Cl. This is an indication that
the kinetics of the HAT step determines regioselectivity, as the
barrier for 1,6-HAT is 13.8 k] mol™ and that for 1,5-HAT is
23.8 k] mol™'. When Bodenstein approximation of quasi-
stationary behavior’”*’ and the long chain approximation are
applied to radical chain reactions, the reaction rates of the
individual steps in the cycle are equal. However, different rate
constants strongly imply the quite large steady-state concen-
tration of the C-centered radicals, Cs-rad and Cg4-rad, each in
its own cycle, compared to N-rad created in the propagation
step. When these approximations are applied in our kinetic
model, we obtained that the HLF reaction follows pseudo-first-
order kinetics with respect to the second step. Thus, we
propose that the rate of the propagation cycle of the HLF
reaction is controlled by the XAT step, which is additionally
supported by both the LFP experiments and DFT calculations.

There is another interpretation of the reaction sequence in
the literature, which was proposed by Muiiiz for the selective
synthesis of piperidines.” Instead of uni(intra)molecular HAT,
they considered a bi(inter)molecular HAT, where the N-
centered succinimide radical extracts selectively only the C¢-H,
providing the C-centered benzylic radical. Since there is no
outside chlorinating agent in our reaction (halogenation was
performed in the previous reaction step and quantitatively
removed), the only possible 1,6-HAT}, is the reaction of N-
rad with N-Cl, where the hydrogen extraction comes from the
N-Cl species. The calculated barrier is AG",9q (1,6 -HAT},;) =
+52.6 kJ mol ™!, which corresponds to a t;/, of 8.73 ms for the
N-Cl—Cg-rad species. Similar results, AG",4q (1,5’ -HAT;) =
+68.62 kJ mol™" and t,,, of 98.28 ms, are obtained for the 1,5-
pathway (see Figure 6). This is in stark contrast to the
experimental values obtained from the LFP experiments, where
degradation is much quicker. Products of these reactions, N-
Cl-C4rad and N-Cl—-Cg-rad, are lower in energy, with a
thermodynamic driving force of — 43.0 and — 15.6 kJ mol ™/,
respectively. As discussed above, C,-rad is also a good
candidate for the HAT reaction.'® Yet this radical or
downstream products (imine and C,-Cl) were not observed
in the Muiiiz synthesis,”® which is another reason why this
reaction should be re-examined. After the C-centered radical
formation, a uni(intra)molecular XAT process can be
envisioned as the final step in the reaction sequence. It should
be noted that Mufiiz and co-workers make this a bimolecular
XAT process with their halogen source (N-bromo-succinimide
complex with 1,). For the unimolecular TS-1,6-XAT, from the

N-Cl-Cg-rad,;. structure, the kinetic barrier is AGiZ98,ric( 1,6-
XAT,,;)) = +101.9 k] mol™" due to a very extended structure.
The thermodynamics of this reaction is exergonic, with
postreactive intermediate complex N-rad—Cg4-Cly;. being
—70.5 k] mol™. For the similar unimolecular TS-1,5-XAT,
the reaction barrier is lower (AG*,9g,;.(1,5-XAT,,;) = +75.1 kJ
mol™"), with thermodynamics of this step comparable to the
1,6-XAT. It should be noted that the starting points for both
XAT,,; processes, namely, N-Cl-C4-rad,;. and N-CI-C,-
rad;, have a 50.4 kJ mol™' difference in energy, with the
benzyl type of C-radical more stable than the alkyl type of C-
radical. In conclusion, pathways with bimolecular HAT and
unimolecular XAT are unfavorable and thus should be
excluded as possible mechanisms of the propagation cycle.

To support our experimental and computational results, we
have done kinetic modeling of the HLF reactions in the case
when only one major product is formed in a yield greater than
99%. In our kinetic modeling, we applied a steady-state
approximation for the concentration of the N-centered radical
N-rad, which we consider reasonable since the N-rad is
continuously consumed and regenerated throughout the
reaction cycle (see Section S12 in the SI)Section S12 in the
SI). This approximation also indirectly implies steady states for
the Cs-rad and Cg-rad intermediates, as their concentrations
are tied to the steady state behavior of N-rad through the
dominant C4-Cl pathway. Additionally, the reverse reactions in
the second step of each pathway (reactions from chlorinated
products Cs-Cl, C¢-Cl, and C,—Cl back to their respective
radicals and N-CI) were neglected. This is supported by Gibbs
energy profiles (Figures S—7), which indicate significantly
higher energy barriers for these reverse reactions. As a result,
they are unlikely to contribute significantly to the overall
kinetics. Using the approximations, we derived a simplified
equation that describes the formation of all (final) chlorinated
products, as presented in eq 1.

ka
Cs —rad + N — Cl=C4 — Cl + N — rad
kSr
[product](t) = ¢ (product)(1 — ¢™s%k") (1)

Here, ¢, represents the maximum concentration of the
product, while ks and ks, denote forward and reverse rate
constants, respectively. The full derivation is presented in the
SI. The exponent —kg{Cq], applies to all products as N-ClI
depletion is predominantly controlled by the C¢-Cl pathway.
As this pathway dictates the overall reaction kinetics, the time-
dependent behavior of all products follows the same
exponential decay. This pseudo-first-order approximation is
in good accordance with the experimental data from the LFP
measurements. In addition, we also estimated the reaction half-
lives and product ratios, which support the model’s consistency
and generally align with the experimental data ( see Section
S12 in the SI).Section S12 in SI).

Understanding that XAT is the bottleneck step in the HLF
reaction is crucial for controlling the reaction kinetics,
predicting the duration of each step and the overall process,
and designing specific termination steps.”” Formed carbon-
centered radicals can react with common halogenating agents
in a one-pot reaction setup, such as trichloroisocyanuric acid
(TCICA), N-chlorosuccinimide (NCS), N-bromosuccinimide
(NBS), N-iodosuccinimide (NIS), or even iodine/sodium
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Scheme 3. Propagation vs Termination Step in the HLF Reactions”
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“Different selection of termination traps may compete with XAT and the closing of the propagation site.

iodide (I,/Nal), with lower or negligible activation barriers,
leading to functionalized sp>-hybridized carbon centers (see
Scheme 3). This pathway bypasses the propagation step, where
nitrogen-centered radicals are converted to carbon-centered
radicals that promptly terminate with the halogen source. New
nitrogen-centered radicals must then be generated via
irradiation, which can occur under one-pot reaction conditions,
where N-halogenation happens simultaneously with the HLF
reaction.Scheme 3

Moreover, this mechanism opens possibilities for remote o-
and e-site functionalization if suitable targets for radical
addition are present. For such transformations to occur, the
termination reaction must be both faster than the XAT step
and thermodynamically more favorable than the halogenated
products. An example is the reaction of carbon-centered
radicals with a PBN spin trap, yielding an extremely stable NO-
type radical in our EPR experiments. Other potential reactions
can involve weakly bonded main group molecules (N—X, Si—
X, Sn—H, and Sn—allyl), metal salts (CuX, CuSCN, and
CuNj,), and 7-systems (alkenes and arenes). We are currently
exploring these possibilities in our laboratory and encourage
other researchers to investigate these avenues, as they may lead
to novel strategies in radical chemistry and synthetic
methodologies.

B CONCLUSIONS

Using NMR spectroscopy, laser flash photolysis LFP, and EPR
spectroscopy in combination with DFT calculations and
kinetic modeling, we monitored the reaction profile and
identified significant intermediate radicals and products in the
Hofmann—Loffler—Freytag reaction (HLF). Our results
indicate that there is no thermodynamic preference for the
formation of C¢-Cl over Cs-Cl, and the difference in ratios (72
vs 28%, respectively) is due to the C4Cl being a kinetic
product. Thus, the kinetics of the HAT step in the propagation
cycle guides the regioselectivity of the HLF reaction, and by
calculating the barrier for the HAT step, we can predict the
major product formed. Moreover, we deduce that the slow step
of the HLF reaction is the bimolecular XAT step. Additionally,
we propose that adding halogen sources, typically used as
chlorinating agents, or other traps may interfere with the XAT
step of the propagation cycle, promoting the earlier
termination of a reaction cycle. We recommend that future
research on radical mechanisms be conducted using a
combination of experimental techniques paired with rigorous

quantum-chemical calculations and kinetic modeling for a
comprehensive overview of the reaction.

B MATERIALS AND METHODS

The purchased compounds were sourced from Sigma-Aldrich (St.
Louis, MO, USA) (trichloroisocyanuric acid (TCICA), Celite S,
hydrochloric acid (37%), acetone, silicone oil, petroleum ether, and
cyclohexane), Fisher Scientific (Waltham, MA, USA) (toluene
(anhydrous), acetonitrile (anhydrous), 1,4-dioxane (anhydrous),
tetrahydrofuran (anhydrous), N,N-dimethylformamide (anhydrous),
N,N-dimethylacetamide, 1,2-dichloroethane (anhydrous), dichloro-
methane (anhydrous), dichloromethane (CH,Cl,)), and Kemika
(Zagreb, Croatia) (sodium hydroxide). All reagents and chemicals
were obtained commercially and used without further purification
unless otherwise noted. The starting material, 4-methyl-N-(5-
phenylpentyl)benzenesulfonamide, N-H, was provided by the
research group of Prof. Hendrik Zipse from Ludwig-Maximilian
University, Munich, Germany, and 'H and BC{'H} NMR spectra
values of the compound (see the SI) correspond to the previously
reported values.*

Chromatographic purification of the products was carried out using
column chromatography filled with silica gel (Macherey-Nagel)
0.063—0.2 mm, and appropriate solvent mixtures of petroleum ether/
ethyl acetate were used as eluents. Thin-layer chromatography (TLC)
was performed on precoated ALUGRAM SIL G/UV254 0.20 mm
silica gel 60 plates with a fluorescent indicator UV254 (Macherey-
Nagel) in the appropriate solvent system. TLC spots were observed
via the illumination with UV light at a wavelength of 254 nm after the
immersion of the plate in an aqueous solution of KMnO, (3 g
KMnO,, 20 g K,CO;, S mL aq. NaOH $%, and 300 mL water)
followed by heating. If TLC spots were not visible after illumination
with UV light, they were detected using an iodine chamber.

NMR spectra of the reaction mixture were obtained on a Varian
Inova 400 NMR spectrometer operating at 399.90 MHz for 'H NMR
and 100.6 MHz for C{'H} NMR and are reported as chemical shifts
(6) in ppm. The spectra were imported and processed in the
MestreNova 11.0.4 program.41

EPR spectroscopy was performed by using a Bruker ELEXSYS
ES00 EPR spectrometer with an ER4122SHQE cavity resonator. As
this cavity resonator does not have an optical window for illumination,
the light source was mounted underneath the cavity with light coming
through the bottom of the EPR 4 mm inner-diameter tube. EPR
deconvolution and simulation were done using an EasySpin module
with the MATLAB program package.*” EPR visualization and
spectroscopy were done using the VisualEPR Web page.” For
experiments, 35 mg of N-Cl was dissolved in the 0.3 mL of solvent
(~0.04 M), degassed, and then mixed with degassed 10 mg of PBN
dissolved in 0.3 mL of the same solvent (~0.015 M).

Transient absorption spectroscopy (TAS) measurements were
performed by using a nanosecond laser flash photolysis setup. The
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setup consisted of a Nd:YAG laser (Quantel, Q-smart 450) and an
LP980 transient absorption spectrometer (Edinburgh Instruments).
The ground state absorption of the samples was adjusted to 0.3 at the
266 nm laser excitation wavelength (S ns pulse duration and 10 Hz).
The laser pulse energy at 266 nm was in the range of 10—23 m]J (30—
70 mJ cm™2). Kinetic measurements were performed in 1 cm quartz
cells sealed with rubber septa. The transient absorption spectra were
measured in a flow cell with a flow rate set to 2.4 mL/min to ensure
that no light was absorbed by the photoproducts. All solutions were
prepared immediately before the experiments. Solutions were purged
with high-purity N, for 20 min prior to the kinetics measurements and
for 1 h before spectra measurements. All measurements were
performed at 25 °C. UV—vis spectra of the sample solutions were
recorded by using a Varian Cary 4000 spectrophotometer (Figures
S15 and S16).

The conformational space for all the local minima and saddle
points of the first order on the energy diagram was investigated usin.
the Conformer—Rotamer Ensemble Sampling Tool (CREST)*
coupled with the xtb-GFN2 Jprogram package and meta-dynamics
simulation using xtb-GFN1™ and xtb-GEN2.*® The obtained
structures were reoptimized using the B3LYP/6-31G(d) level of
theory.*’~* For each structure with a stable wave function, a
frequency calculation was performed to identify the minima and
transition-state structures. The lowest lying conformers, e.g., with the
lowest energy value, for each species were labeled global minima (gm)
on the potential energy surface (PES). Transition state structures
were differentiated from the minima by having exactly one imaginary
frequency. From all transition state conformers, an intrinsic reaction
coordinate (IRC) search was performed to characterize the
corresponding reaction/product channel, and the last point in the
forward and reverse direction was then optimized to the nearest local
minimum, i.e., reactive complex. On the reactant side, the obtained
structure was termed prereactive intermediate complex (ric), while on
the product side, the optimized structure was named postreactive
intermediate complex (pic). Single point energies were obtained with
the universal continuum solvation model SMD,*° with acetonitrile as
a solvent and RO-B2PLYP*>*® with a G3MP2 large basis set** on
geometries obtained at the B3LYP/6-31G(d) level of theory, with
additional D3 dispersion correction.”® The thermal corrections to the
free energy were derived from the frequency calculations under
conditions of 298.15 K and 1 atm. The activation free energies
(AG*,98) of each elementary reaction are defined in two distinct ways
through the following equations:

AGI298,ric = G(transition state) — G(reactant complex) (2)

AGizg&gm = G(transition state) — G(global minimum) (3)

According to transition state theory (TST),>**7 approximate
reaction rate constants for elementary reactions, in which the
reactants directly generate products, were estimated based on the
Eyring—Polanyi equation as eq. 4:

_ kB_T e—AG*/RT
calc L (4)

where kj is the Boltzmann constant, T is the temperature, h is Planck’s
constant, R is the molar gas constant, and AG# is the activation free
energy.

Calculations of EPR parameters were done using the B3LYP
functional and a mixed basis set: EPR-III was used for C, H, and O
atoms; def2-QZVP was used for the S atom; and 6—31G(d) was used
for the N atom. A small basis set on the N atom is necessary for the
correct calculations of the g-factor and hyperfine constants (hfc).>>>’
When using a larger basis set for the N atom, e.g.,, EPR-III or def2-
QZVP, the obtained results systematically underestimate the hfc.
Calculations were performed on Gaussian version 16.C01° using the
advanced computing service (clusters Isabella and Supek) provided by
the University of Zagreb University Computing Centre (SRCE)®' and
the computational resources of the PharmInova project (sw.phar-

mahr) at the University of Zagreb Faculty of Pharmacy and
Biochemistry.*

Electronic transition spectra were calculated at the gas phase and in
acetonitrile with the time-dependent63 CAM-B3LYP®*/TZVP/
PCM°" method at the molecular geometries optimized at the
B3LYP/TZVP level.

To account for the entropic effect of the presence of solvent
molecules around a solute, the cell model presented by Ardura et al.
was used.®® This model is proposed to explicitly evaluate the effect of
the loss of translation degrees of freedom in solution on the Gibbs
activation energy in a bimolecular (or higher order of molecularity)
reaction.®®

We performed kinetic modeling of the reaction pathways, with the
full model described in detail in Section S12 of the Supporting
Information. The complete mathematical model, which incorporates
all possible reaction steps, leads to a system of nonlinear differential
equations that is exceedingly complex and likely impossible to solve
analytically due to the nonlinearity and the interdependence of the
species’ concentrations.”””’° Numerical methods like Runge—Kutta
could be applied; however, the potential solution may be highly
sensitive to the initial conditions, particularly to the concentration of
radicals formed after the laser pulse.71’72 In such calculations, the
uncertainty in starting conditions may induce numerical instabil-
ity.®”7>7* Therefore, some necessary approximations were applied to
reduce the complexity of the model.
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ABSTRACT

Converting macrocycle lactams into bicyclic lactams is pro-
posed as an additional way to further increase the metabolic
stability of peptide-based drugs. Unfortunately, the synthesis of
bicyclic lactams has to start almost from scratch. This study
explores the Hofmann-Loffler-Freytag (HLF) reaction mecha-
nism and products as a potential late-stage functionalisation
strategy for facile conversion of macrocyclic to bicyclic ring.
Laurolactam, a macrocyclic amide, exhibits significant potential
for transformation into bioactive bicyclic structures with smaller,
-, y-, -, and e-lactam rings, further increasing rigidity and
hydrolytic stability. With irradiation provided by a 370 nm lamp,
light-induced rearrangement reaction was monitored using
nuclear magnetic resonance (NMR), while involved radical inter-
mediates were trapped using N-tert-butyl-a-phenylnitrone (PBN)
spin-trap and characterised via EPR. While only two radical
adduct types were identified in the electron paramagnetic reso-
nance (EPR) (C-centered radical and chlorine radical), all eight
possible products are observed in the NMR. Quantum chemical
calculations provide deeper insights into reaction thermo-
dynamics and kinetics, explaining why the N-centered radical
was not observed. This research highlights the feasibility of
using the HLF reaction to transform macrocyclic lactams into
stable bicyclic drug candidates, paving the way for new thera-
peutic developments.

Keywords: radical rearrangement, radical thermodynamics, ring-
contraction, late-stage functionalisation, synthetic strategy

INTRODUCTION

Late-stage functionalisation (LSF) has emerged as a transformative strategy in medi-
cinal chemistry, providing powerful means to generate new potential drugs from existing
lead compounds. This approach involves the modification of complex molecules at a late
synthetic stage, allowing for the introduction of diverse functional groups without the
need for extensive synthetic reroutes. By enabling the fine-tuning of pharmacological
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properties such as potency, selectivity, and metabolic stability, LSF plays a crucial role in
optimising lead compounds and accelerating the drug development process (1, 2).

Among the "reaction toolbox" for LSF are ring-expansion reactions, which are particu-
larly valuable for synthesising medium-sized and macrocyclic rings (3). These large-ring
frameworks are critical in medicinal chemistry, with many drugs based on these struc-
tures on the market. The ability to create and modify these ring systems through LSF
enables the development of drug candidates with unique structural and functional prop-
erties (4).

Rz
cl NH,
o m on
(i;/[ O acylation )y
ring expansion
CO,R, M9 P R,
RiOC [

Scheme 1. Example of ring expansion in the late-stage functionalisation protocols.
Adapted from reference (3).

Among macrocyclic drugs, a special place is reserved for lactams, as some of the most
significant heterocycles in a variety of natural products and drugs, including antimicro-
bial drugs. Lactams as cyclic amides are classified by ring size, including four-membered
(B-lactams, 2-azetidinones), five-membered (y-lactams, 2-pyrrolidinones), six-membered
(d-lactams, 2-piperidinones), seven-membered (e-lactams, 2-azepanones), medium-sized
(8-11-membered), and macrocyclic (> 12-membered) rings. Moreover, lactams serve as con-
formationally restricted scaffolds that enhance the potency, selectivity, and metabolic sta-
bility of peptide-based drugs. They exhibit a broad spectrum of biological activities, mak-
ing them valuable in the treatment of cancer, diabetes, infectious diseases, and more (5).

Changing macrocyclic lactams to bicyclic lactams with smaller ring motifs, such as
B- v~ ©, and e-lactams, may provide new opportunities for drug development. To make a
ring contraction, a previously unfunctionalized C-H bond has to be activated to form a
novel C-N bond (6). The photocatalytic Hofmann-Loffler-Freytag (HLF) reaction (7-11) is a

(0] (0]
)L'L )UFL w9

_.M.,” chlorination v .~__" 370nm / ,
N =N D 1,njHAT
O 0 n
%Tf> base }r\u/\) o) H
N(K) < N(L) = endo Cl S

N(L) < N(K) = exo

Scheme 2. Example of ring-contraction using Hofmann-Loffler-Freytag reaction.
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promising method for achieving this transformation and has been used in alkaloid syn-
thesis (12, 13). It employs N-centered radicals to functionalise remote C-H bonds. Our
recent investigations into the mechanistic details of the HLF reaction have provided
insights into its utility in synthesising nicotine derivatives in a cost-effective way while
conserving stereoconfiguration (14). The cause of regioselectivity in the HLF reaction,
where more pyrrolidine than piperidine products are formed, has recently been explained,
and that could steer in producing only select bicyclic structures in the macrocycle (15).

In this study, we aim to modify laurolactam (azacyclotridecan-2-one, dodecalactam),
which is industrially utilised as a monomer in the polymerisation of nylon-12, to serve as
amodel compound and potential scaffold for further bicyclic lactam synthesis. By leverag-
ing the HLF reaction, we intend to demonstrate the feasibility of this approach, paving the
way for the development of new, stable bicyclic drug candidates from macrocyclic leads.

EXPERIMENTAL

General

The purchased compounds were sourced from Sigma-Aldrich (USA) (azacyclotride-
can-2-one, trichloroisocyanuric acid (TCICA), Celite® S), Fisher Scientific (USA) (dichlo-
romethane, DCM) and Kemika (Croatia) (sodium hydroxide). All chemicals and solvents
were obtained commercially and used without further purification unless otherwise
noted.

Reactions were routinely checked by thin-layer chromatography (TLC) with Merck
silica gel 60F-254 glass plates (Merck, Germany) using cyclohexane/ethyl acetate/methanol
3:1:0.5 as a solvent system. Spots were visualized by spraying the TLC plates with an
ethanolic solution of phosphomolybdic acid followed by heating.

Photocatalysed reactions were performed in situ (reaction of 1-Cl and EPR studies)
and off-site (NMR) with Kessil PR-160L 370 + 10 nm gen-2 LED UV (DiCon, USA), with an
average intensity of 137 mW cm™ when the sample is at a 6-cm distance from the lamp,
according to the manufacturer (16).

Syntheses

1-Chloroazacyclotridecan-2-one (1-ClI)

TCICA (0.561 g, 2.414 mmol) was added to a stirred solution of azacyclotridecan-2-one
(1) (0.433 g, 2.194 mmol) in DCM (17 mL) at 0 °C. The reaction mixture was stirred overnight
at room temperature. The mixture was filtered through Celite® and the filtrate evaporated
under reduced pressure to give the N-chloro derivative (0.488 g, 96 %).

Cyclisation

After one-hour long irradiation of 1-Cl using a 370 nm lamp in the round-bottom
flask, while checking the reaction progress with TLC, the reaction was quenched with an
excess of 0.1 mol L™ solution of NaOH. Products were filtrate evaporated under reduced
pressure and washed with deionised water.

727



G. Zubci¢ et al.: Light-induced rearrangement from macrocyclic to bicyclic lactam: A case study of N-chlorinated laurolactam, Acta
Pharm. 74 (2024) 725-737.

NMR and EPR reaction monitoring

NMR spectra of the reaction mixture were obtained on a Varian Inova 400 NMR spec-
trometer (Varian, USA) operating at 399.90 MHz for "H NMR and 100.6 MHz for *C NMR.
Chemical shifts (§) are reported in parts per million (ppm). First, 'H and APT-*C spectra
of the starting compound 1-Cl were acquired. Then the sample was irradiated off-site for
5 minutes from the bottom of the NMR tube using the UV lamp at 25 % power. Reaction
progress was monitored with 'H spectra, and for every three irradiation intervals, APT-*C
was recorded. Deuterated chloroform was used as a solvent, with some precipitation form-
ing during the reaction. Quenched and washed products were analysed in DMSO-d, sol-
vent. The spectra were processed in the MNova 11.0.4 software (Mestrelab, Spain) (17) and
using the NMRium online platform (Zakodium, Switzerland) (18).

EPR spectroscopy was done using a Bruker E500 ELEXSYS EPR spectrometer (Bruker,
USA) with an ER4122SHQE cavity resonator. As this cavity resonator does not have an
optical window for illumination, the light source was mounted underneath the cavity,
with light coming through the bottom of the EPR 4 mm-inner-diameter tube, with toluene
as a solvent. EPR deconvolution and simulation were done using an EasySpin module (19)
with the MATLAB program package. (MATLAB, Natick, USA) EPR visualization and
simulations were done using the VisualEPR Web page (20).

Computational methods

Initial structures were optimised using the semi-empirical tight-binding quantum
chemical method xtb program package (21). Conformational space for reactants, products,
and transition states was sampled and investigated using the Conformer-Rotamer
Ensemble Sampling Tool — CREST (22) coupled with meta-dynamic simulations (23) on the
GFN2-xtb level of theory (24). Selected 50 lowest energy conformations were re-optimised
using density functional theory on B3LYP/6-31G(d) level of theory (25, 26) using Gaussian
16 program package (27). For each structure, frequency calculation was performed to iden-
tify if the structure is a minimum or a saddle point (minimum in all directions except in
one path, identifying transition-state structure) on the potential energy surface. From the
transition-state structure, an intrinsic reaction coordinate search was performed to char-
acterise the corresponding reaction and product complexes/reactive conformers. All con-
former ensembles were sorted via the CREGEN procedure, and improved energetics were
obtained via single-point calculations using RO-B2PLYP-D3/G3MP2Large level of theory
(28-31). Calculations were performed using the advanced computing service (cluster
Supek) provided by the University of Zagreb University Computing Centre — SRCE (32)
and the computational resources of the PharmInova project (sw.pharma.hr) at the
University of Zagreb Faculty of Pharmacy and Biochemistry (33), and all visualisations
were done using IQmol (34).

RESULTS AND DISCUSSION

HLF reaction is governed by the thermodynamic factors, namely the difference in the
radical stability between reactants and products in the rate-determining step (35). A well-
proven method used for the calculation and prediction of radical stabilities among the
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N-centered and C-centered radicals is done via modelling of isodesmic reactions involving
one experimentally well-defined standard. For C-centered radicals, the standard is methane/
methyl radical, while for N-centered radicals ammonia/aminyl radical is used as an anchor
point, with bond-dissociation energies (BDEs) of 439.3 + 0.4 k] mol™ and 450.1 + 0.24 k] mol ™,
respectively (36). Reaction enthalpy of such isodesmic reactions is called radical stabilisa-
tion energy (RSE) and can be used to gauge the relative difference between the same class
of radicals, but also a good approximation of BDE, when added to the referent BDE. In
Scheme 3, different relevant N-centered and C-centered radicals present in lactams and
similar compounds (amidyl, aminyl, and alkyl radicals) are shown. A clear effect of sterical
influence on the stability of amidyl radicals can be observed. Namely, for N-methyl-acetamide

unstable radicals
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Scheme 3. BDE/RSE of selected N-centered radicals and C-centered radicals.
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Scheme 4. BDE/RSE of C-centered radicals in lactam structures

RSE is 1.6 k] mol™, but when constricted in 2-azetidinone, 2-pyrrolidinone,

2-pepridinone, 2-azepanone, and 2-azocanone less stable amidyl radicals are formed, with

RSEs in the range of 10.1 to 16.1 k] mol™. But as the ring grows, the structural effect on the

radical is less pronounced, and for laurolactam amidyl radical (1-Nrad), RSE od -1.9 k] mol™*
= —6.6 k] mol™) derivatives of

is between radical stability of N-methyl and N-ethyl (RSE

acetamide.

730



G. Zubci¢ et al.: Light-induced rearrangement from macrocyclic to bicyclic lactam: A case study of N-chlorinated laurolactam, Acta
Pharm. 74 (2024) 725-737.

C-centered radicals are generally more stable than N-centered amidyl radicals (see
Schemes 3 and 4). Alkyl radicals have RSE around that of C,-radical in propane (-27.6 kJ
mol™), ranging from -23.3 k] mol™ in C,radical of 2-azocanone to —40.3 kJ mol™ in
Cj-radical of 2-azepanone. While alkyl radicals surrounded by methylene neighbourghs
are in the aforementioned range, C-centered radicals with carbonyl or amine part of amide
next to it are more stable. The exceptions to that rule are radicals in B-lactam (2-azetidi-
none), which are heavily constrained and are among the least stable C-centered radicals,
comparable only to the primary radicals.

From Schemes 3 and 4 it is obvious that the HLF reaction is exothermic in the radical
rearrangement reaction, and can occur in lactam rings of various sizes.

Next, we wanted to test our theory on a real macrocyclic lactam, specifically on lauro-
lactam, in order to model all transition states and products stemming from the HLF reac-
tion. The first step of the HLF reaction is light-induced homolytic cleavage of the N-halogen
bond. To that end, an N-chloro derivative (1-Cl) of laurolactam (1) was prepared by
N-chlorination with TCICA (Scheme 5).

Quantum-chemical methods were used to model all transition states and all products
stemming from the HLF reaction. Possible 1,n-HAT reactions include 1,4-HAT, 1,5-HAT,
1,6-HAT, and 1,7-HAT forming 4-, 5-, 6-, and 7-membered rings, respectively (see Scheme 5).
However, there are two different ways to form those rings. One pathway generates the
product with the carbonyl group inside the smaller, newly formed ring, titled endo.
Consequently, newly formed rings with the carbonyl group outside the smaller ring are
termed exo. In Table I, calculated parameters are presented for all combinations. The lowest
barriers (AH%,q) are present in the exo-1,5-HAT and exo-1,6-HAT for the cyclisation. The
endo-1,5-HAT process is more stable than both endo-1,6-HAT and endo-1,7-HAT for endo-
type of cyclisation, and very similarly stable to the 1,7-HAT path of exo-type. To our surprise,
the barrier for the endo-1,4-HAT reaction is lower than the exo-1,4-HAT reaction. The forma-
tion of the B-lactam ring by 1,4-HAT endo-type of cyclisation is two orders of magnitude

o
.Cl
N
TCICA
O °C, r.t. overnight

1-Cl

endo exo
1,4-HAT 1,5-HAT 1,6-HAT 1,7-HAT 1,4-HAT 1,5-HAT 1,6-HAT 1,7-HAT

0o o
© N
N N
N N N o N7 O N
11 10 9 8 " 10770 Jo KN, e

Scheme 5. N-chlorination of laurolactam and tentative products after 1-hour irradiation
with 370 nm lamp.
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Table 1. Calculated reaction parameters in the 1,n-HAT rearrangement reactions between amidyl N-centered
and C-centered radicals®

exo endo
1,n-HAT
AH,, 565 (k] mol™) AH*,5 (KJ mol™) AH, 55 (k] mol™) AH%,54 (KJ mol™)
-38.38 61.41 -36.89 45.38
1,4-HAT
azetidine {-lactam
-37.86 25.26 -33.37 32.13
1,5-HAT
pyrrolidne/azolidine v-lactam
-41.31 2540 —40.28 35.04
1,6-HAT
piperidine d-lactam
-41.90 33.13 -41.27 34.56
1,7-HAT
azepine e-lactam

2The bottom row describes the formed ring in the subsequent reaction with the base.

&

o

Fig. 1. Transition-state structures for endo-1,4-HAT and exo-1,4-HAT

faster than the formation of azetidine by the exo-1,4-HAT, as seen from the calculated rate
constants for endo- (ko1 4-par = 6-899 x 10* s™) and exo- (ko1 417 = 1.069 x 10? s7!) pathways
of 4-membered ring cyclisations (transition-state structures are shown in Fig. 1). The
stabilities of all products are similar and provide a strong thermodynamic force (reaction
enthalpy, AH,, ) towards products.

Next, EPR experiments were performed as described in the method section. After
spectra deconvolution, only two different radicals are observed. The major observed radi-
cal is the adduct of chlorine radical onto the N-tert-butyl-a-phenylnitrone (PBN), C1-PBN,
with hyperfine splitting constant (hfc) Ay =12.36 G, A;=0.75 G and A; =6.22 G, with aline
width of 0.22. Another radical is a C-centered radical adduct of PBN, C-PBN, with a differ-
ence in g-value of —0.0013 from CI-PBN, and hfc A\ =13.44 G, Ay = 1.76 G. After decompo-
sition, some residual signals remain with some weak and broad components which are
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Fig. 2. EPR spectra of spin-trapped radical intermediates generated with a 370 nm irradiation of 1-CL
The experimental spectrum is in blue, while red, green, and orange correspond to simulated spectra
for Crad-PBN, CI-PBN, and total simulated spectra, respectively.

similar to the N-PBN adduct radical observed in our previous work (15). Yet the residue
signal is extremely weak, making it difficult to achieve a satisfactory deconvolution. Since
the reactions happen very quickly, the rearrangement of N-centered radical to the
C-centered radicals occurs faster than the spin-trapping reaction of PBN.

Finally, NMR experiments were performed to identify the reaction products. The big-
gest obstacle encountered in the NMR experiments was the relative insolubility of the
compound 1-Cl and its products in CDCI, solvent. As the reaction progressed, precipita-
tion was formed in the NMR tube, making prolonged spectra acquisition unfeasible. To
address this issue, the photoreaction was quenched with 0.1 mol L' NaOH (added in
excess), washed with water, and then 30 mg of the product mixture was resuspended in
DMSO-d, for NMR spectroscopy. In Fig. 3, APT-®C NMR spectra are shown, along with an
enlarged portion of the spectra displaying signals of carbon atoms with an odd number of
attached H-atoms. In the spectra, nine such signals can be observed, with a dubious signal
at 62.05 ppm. If we disregard that signal, eight different signals actually correspond to the
eight different products predicted via calculations (see Scheme 5).
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Fig. 3. a) APT-®*C NMR spectra of the quenched and washed reaction; b) eight different signals in the
negative region from 57-64 ppm correspond to eight different products.

Thus, we have demonstrated that HLF reaction can be used in the LSF strategies to
produce all types of bicyclic rings from lactam macrocycles, with ring sizes ranging from
4-membered rings, up to 7-membered rings.

CONCLUSIONS

This study successfully demonstrates the potential of the Hofmann-Loffler-Freytag
(HLF) reaction as a viable method for late-stage functionalization (LSF) of macrocyclic
lactams, as shown with laurolactam. The thermodynamically driven HLF reaction, char-
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acterised by radical stability differences, effectively transforms laurolactam into various
bicyclic lactams with ring sizes ranging from 4- to 7-membered rings. These transforma-
tions, investigated with theoretical and experimental approaches, underscore the versa-
tility and efficiency of the HLF reaction in generating structurally diverse and stable prod-
ucts. Amidyl radicals in constrained lactam rings exhibit higher radical stabilization
energy (RSE) values, indicating reduced stability. C-centered radicals, particularly those
adjacent to carbonyl or amine groups, demonstrate enhanced radical stability, with notable
exceptions in highly constrained structures like 2-azetidinone. Computational modelling
reveals the lowest activation barriers for 1,5- and 1,6-HAT exo-type cyclizations with car-
bonyl moiety outside the smaller ring. The unexpected lower barrier for 1,4-HAT endo-type
reactions compared to exo-type counterparts highlights the complexity and potential of
the HLF mechanism in the formation of pharmacologically potent 3-lactam motif. EPR
spectroscopy identifies CI-PBN and C-PBN as primary radical adducts to the spin-trap
N-tert-butyl-a-phenylnitrone (PBN), underpinning rapid N- to C-centered radical rear-
rangement. NMR spectroscopy confirms the formation of eight distinct products, aligning
with computational predictions. The findings affirm the HLF reaction's applicability in
LSF strategies, enabling the production of various bicyclic rings from macrocyclic lactams.
This approach not only broadens the scope of accessible ring structures but also facilitates
the fine-tuning of pharmacological properties, crucial for drug development. Future
research should focus on exploring different macrocyclic substrates, optimising reaction
conditions, and conducting biological evaluations to fully harness the HLF reaction's
potential in drug development.

Abbreviations, acronyms, symbols. — APT, attached proton test; BDE, bond dissociation energy;
EPR, electron paramagnetic resonance; AH* o, activation enthalpy at 298K; AH,, ,qs reaction enthalpy
at 298K; HAT, hydrogen atom transfer; hfc, hyperfine coupling constant; HLF, Hofmann-Loffler-Frey-
tag; LED UV, light-emitting diode in ultraviolet radiation; LSF, late-stage functionalization; NMR,
nuclear magnetic resonance; PBN, N-tert-butyl-a-phenylnitrone; RSE, radical stabilization energy;
TCICA, trichloroisocyanuric acid.
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Research in our scientific group was conducted with an aim to thoroughly investigate the
mechanism of the HLF reaction. Within the framework of this research, three scientific articles
were published (82,95,96).

As part of article 1 (82), a method for the in situ generation and trapping of radical intermediates
using the PBN spin trap and investigation of the resulting adducts via EPR spectroscopy was
developed. The method involves irradiation inside the cavity of the EPR and monitoring of the
kinetics of the accumulations and decays of various spin adducts over time. These
measurements were done on four different systems that were prepared in a two-step synthesis
as part of article 1. The analyzed systems were two bromine and two chlorine derivatives,
namely, N-bromo-N-hexyl-4-methylbenzenesulfonamide, N-bromo-N-(heptan-2-yl)-4-
methylbenzenesulfonamide, N-chloro-N-hexyl-4-methylbenzenesulfonamide, and N-chloro-N-
(heptan-2-yl)-4-methylbenzenesulfonamide. The first step in the preparation of these systems
involves introduction of a Tosyl activating group onto the nitrogen atom of an amine compound
(97). The second step includes chlorination or bromination of the nitrogen atom. The two
chlorine derivatives were prepared with relative ease in high yields as stable products following
the procedure by De Luca (44). On the other hand, the two bromine derivatives were prepared
using the newly developed methodology described in article 1 and have been shown to be
unstable with respect to light or/and temperature. It has been reported in the literature (11,25,98)
that N-bromo derivates are unstable when compared to N-chloro derivatives and, therefore, not
as suitable substrates for the HLF reaction. However, there are reports (81) that both N-chloro
and N-bromo derivatives are comparable in term of the yields of the cyclized products obtained
or even in some cases, better yields of the cyclized products were obtained with N-bromo
derivatives. Interestingly, iodine derivatives were not prepared, due to problems in the isolation
of the N-iodine derivatives.

An improvised degassing procedure on a vacuum line instead of a Schlenk line of the solutions
was developed and thoroughly described in article 1. The instability of the N-bromo derivatives
made the degassing procedure of the solutions of these compounds much more challenging.
Effectiveness of the oxygen removal using freeze—pump—thaw cycles with backfill of argon or
nitrogen gas was evidenced by the line widths measured with EPR. Experimental line widths
of less than 0.4 Gauss proved that extremely little or no air was present in the solutions. Within
the framework of article 1, in situ progress of the HLF reaction on the synthesized compounds
was monitored via NMR experiments. These experiments were done with off-site illumination

and constitute first known monitoring of the progress of the HLF reaction via NMR.
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As part of article 1, preliminary experiments, in which PIDA, iodine and N-halo sulfonamide
were used, proved to be unsuccessful. In these experiments, both PIDA, I, and N-halo
sulfonamide were potential sources of free radical species. This proved to be the case as the
obtained EPR spectra were complex in nature and no clear assignment could be made. Although
two distinct radicals were formed in these experiments, both belonging to the oxidation products
of spin-trap PBN. Namely, oxo-PBN was identified as the compound whose EPR signal has the
typical g-factor of 2.0069 characteristic of nitroxide radical and hyperfine coupling of 8.0 G
from nitrogen atom, making it a triplet. This compound was described earlier in the literature
(99) and was observed in larger quantity in other EPR measurements after prolonged irradiation.
Additional radical, with slightly different g-factor (2.0059) was still a nitroxide radical, but with
distinct H-atom and N-atom couplings, making it a triplet of doublets. As part of article 1,
different options were investigated using DFT calculations, but only oxo-PBN adduct had good
enough fit with experimental results. Deconvolution techniques were used to gain insights about
this mixture of radicals. Within these deconvolution procedures, one major premise was
followed — our goal was to deconvolute towards the least number of radicals that successfully
describe experimental spectra. Additionally, deconvolution results were compared with results
from quantum-chemical calculations. Conditional fitting of EPR spectra based on observations
made from EPR experiments without simulations as well as NMR spectra, was done.

In article 1, EPR spectra for compound N-bromo-N-hexylbenzenesulfonamide was disclosed.
Spectrum for this compound provides evidence for a nitrogen radical adduct that is
characterized by large triplet splitting coming from N-atom in PBN with doublet splitting
coming from H-atom of PBN and the third triplet splitting coming from N-atom in from
fragment belonging to the N-chloro-N-hexyl-4-methylbenzenesulfonamide. One signal
corresponding to two indistinguishable PBN adducts of Cs- and Cg-centered radicals, was
observed. This observation was corroborated by DFT calculations as both Cs- and Cg-radical
adducts have similar calculated Afc and g-factors as they are both secondary alkyl C-centered
radicals. In addition, a C,-radical adduct was detected and assigned in accordance with DFT
calculations (Table 2). No bromine radical adduct was observed as this adduct was too unstable

and rapidly decomposed.
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Table 2. Comparison of calculated and simulated EPR parameter for N-bromo-N-
hexylbenzenesulfonamide. Radical adducts are denoted in the table as C>-PBN, Cs-PBN, Cs-
PBN, and N-PBN while g stands for g tensor, an, an: and au are hyperfine coupling values for

each of the adducts, respectively.

N-PBN* Cs-PBN” Cs-PBN* C>-PBN*
EXP CALC EXP CALC EXP CALC EXP CALC
g 2.0064 2.0062 2.0061 2.00595 2.0061 2.00597 2.0064 2.00610
on® 14.14  13.81 13.84  15.09 13.84 14.80 13.80  14.08
an® 3.95 2.89 2.47 2.36 2.47 2.27 7.34 5.46
an? 1.58 1.52

“Radical adducts °g tensor and hyperfine coupling values for each of the adducts, respectively.

The same method was used to deconvolute the spectra of the N-bromo-N-(heptan-2-yl)-4-
methylbenzenesulfonamide, showing a good agreement between the simulated and
experimental spectrum along with a small residual signal. Although bromine radical adduct was
not detected as it decomposed to quickly to form oxo-PBN, which was in this case observed.
Evidence for both nitrogen radical as well as Cs- and Ce-radical adducts was provided. Ca-
radical adduct was not discerned in the spectra.

From the comparison of the two EPR spectra of the compounds, in the case of N-bromo-N-
hexylbenzenesulfonamide, no oxo-PBN adduct was observed, however a C, radical adduct was
observed. As for the compound N-bromo-N-(heptan-2-yl)-4-methylbenzenesulfonamide, it is
the opposite, oxo-PBN was observed and C>-PBN was not observed. These EPR measurements
constitute first detection of N- and C- centered radical intermediates generated from N-
bromoamines in the literature.

In article 1, EPR spectra (Figure 2) for compound N-chloro-N-hexyl-4-
methylbenzenesulfonamide was disclosed. Chlorine radical adduct was identified in the spectra.
EPR parameters of this radical adduct correspond to the literature references (100). Nitrogen
radical adduct was detected as well as carbon radical adducts which are both indistinguishable
C-centered alkyl radicals. Oxo-PBN and C:-radical adducts have also been observed. For this
compound, experimental and simulated spectra agree exceptionally well with some residual

signal.
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Figure 2. EPR spectra of spin-trapped radical intermediates generated with 370 nm irradiation
of N-chloro-N-hexyl-4-methylbenzenesulfonamide. The experimental spectrum is in brown
color, purple, red, green, orange, pink and blue correspond to simulated spectra for oxo-PBN,
10-PBN, 8/9-PBN, 7-PBN, CI-PBN, total simulated spectrum and experimental spectrum,

respectively.

Spectra for compound  N-chloro-N-(heptan-2-yl)-4-methylbenzenesulfonamide  were
deconvoluted in the same manner, with an excellent agreement between the experimental and
the simulated spectrum along with some residual signal. The spectra revealed the presence of a
chlorine radical adduct, nitrogen radical adduct, Cs-, Cs- and C-radical adducts. In addition,
the oxo-PBN species was also observed.

As seen from the comparison of the two compounds, the same number and type of PBN spin
adducts were detected. Reproducibility of EPR measurements was achieved between these two
systems. Based on these measurements a mechanism was proposed, i.e., the homolytic cleavage
of an N—CI bond upon which N and Cl radicals are generated. N-radical rearranges to its carbon
radical counterparts. C-centered radical then abstracts a halogen atom from a reactant molecule,
thereby closing the cycle and yielding products. The expected products were observed in NMR
measurements.

In these EPR measurements, different radical precursors in terms of the N-halogen bonds were

used, however, remarkable reproducibility of g tensor and Afc values for both N-centered and
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C-centered radical adducts was obtained across the board. Furthermore, the N- and C-centered
radical adducts in these experiment were detected simultaneously, i.e., while propagating. This
was not observed by Sutcliffe and Ingold (88), although they had a tougher job of detecting N-
and C-centered radicals directly. Therefore, this constitutes the first known detection of traces
in the HLF reaction captured while propagating as there is little or no doubt (88) that at room
temperature N-centered radical rearranges rapidly to its C-centered counterpart. This argument
is also supported by the calculated rate constant of 4 - 10° s! for 1,5-HAT and 2 - 107 s™! for
1,6-HAT for system N-chloro-N-(heptan-2-yl)-4-methylbenzenesulfonamide, while Sutcliffe
and Ingold (88) reported on the estimated rate constants for 1,5-HAT processes of 1 - 10° s
and 4 - 10* s7! for abstraction from a methyl group in alkly and acyl moieties, respectively.

As part of article 1, a methodology for the calculation of EPR parameters was developed.
Molecular dynamics (MD) simulations and conformer generation as well as DFT calculations
for several hundred conformers for each PBN adducts were done. Boltzmann averages of g
tensor and Afc values for all of the obtained conformers for a particular adduct were calculated
using a program that was developed. These calculations were very precise in terms of
explaining what was observed (Table 2).

Methodology was developed for DFT calculations on the thermodynamics and kinetics of the
rearrangement of nitrogen and carbon radicals in the same article. Within this methodology a
program for the calculation of Boltzmann averages was written. Stabilities of different nitrogen
and carbon centered radicals were calculated as well and presented on a scale.

As part of article 2 (96), EPR measurements on model compound N-chloro-4-methyl-N-(5-
phenylpentyl)benzensulfonamide were done.

The spectra for compound N-chloro-4-methyl-N-(5-phenylpentyl)benzensulfonamide were
recorded in three different solvents, toluene, n-heptane and acetonitrile. Recorded spectrum in
toluene exhibited an exceptional agreement with the simulated spectrum with some residual
signal (Figure 3). Chlorine radical adduct and nitrogen radical adducts were first identified in
the spectra. Two distinct C-centered radicals were detected, one alkyl radical that was assigned
to be a Cs-centered radical, and the other Cs-centered benzyl radical along with a Cs-radical

adduct.
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Figure 3. EPR spectra of spin-trapped radical intermediates generated with 370 nm irradiation
of N-chloro-4-methyl-N-(5-phenylpentyl)benzensulfonamide. The simulated spectra of each
radical adduct species are denoted on the spectra as Co-PBN, Cs-PBN, CI-PBN, Cs-PBN, and
N-PBN. Total simulated spectrum is labelled as Sim, while experimental spectrum is labelled

Exp, with residual signals provided as Exp — N-PBN, Exp — N-PBN — CI-PBN, and Exp — Sim.
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Spectrum in acetonitrile was deconvoluted in the same manner, in agreement with the simulated
spectrum, along with some residual signal. All of the same types and the same number of radical
adducts were detected. This was the case in n-heptane as well.

Reproducibility of EPR measurements was achieved. Based on our EPR results, we proposed
homolytic cleavage of an N—Cl bond upon which N- and Cl radicals were generated. N-radical
rearranged to its carbon radical counterparts. C-radical then abstracted a bromine atom from a
reactant molecule thereby closing the cycle and yielding products.

In article 2, NMR analysis of the product mixture after off-site irradiation of N-chloro-4-methyl-
N-(5-phenylpentyl)benzensulfonamide in toluene revealed formation of four distinct products.
It was established that these four products were parent amine, imine, and Cs- and Cs-chlorinated
products (Figure 4). From additional NMR experiments in deuterated benzene and deuterated
acetonitrile, the same mixture of products, albeit in different ratios, was obtained. It was
established that parent amine and imine are disproportionation product of a self-reaction (32,33)
and it was hypothesized that this is the reason why many chemists in their synthetic work block

the Ca-position (74,77,101).
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Figure 4. NMR spectra before and after off-site irradiation in toluene. The black and red spectra
correspond to the N-chloro-4-methyl-N-(5-phenylpentyl)benzensulfonamide and reaction
mixture of N-H, Cs-Cl, Cs-Cl, and Co=N, respectively.

As part of article 2, LFP measurements were conducted on N-chloro-4-methyl-N-(5-
phenylpentyl)benzensulfonamide in acetonitrile through which the transient species generated
after laser excitation were directly detected (Figure 5). It was established that a nitrogen
centered radical as well as a benzyl radical were detected and their lifetimes estimated. This
constituted the first detection of nitrogen centered radical and its rearranged carbon radical

counterpart from N-halo amines in the context of the HLF reaction.
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Figure 5. Superimposed time profiles at 290, 330 and 450 nm after laser excitation of 0.3 mM

Tos-N-Cl-(CH2)s-Ph in acetonitrile saturated with Na. Eass =22 mJ, Azes = 0.27.

In the framework of article 2, a computational methodology was developed in order to calculate
the UV spectra of all possible radical species and to confirm what was detected via LFP
measurements. It was established that the calculated UV spectrum explain the observed ones.
These computational results were visualized and presented using a web-based implementation
of a software (102).

Extensive DFT calculations were done in article 2 on the propagation cycle in which trace
compounds detected via EPR and LFP measurements were observed. It was established that the
calculated lifetimes are in good agreement with the experimentally determined ones and that
the definition of the barrier from the global minimum describes experimental results much
better for the second step, namely XAT. On the other hand, definition of the barrier from the
pre-reactive minimum fits much better with the experimental results for the first, HAT step.
Furthermore, it was determined that there is no thermodynamic preference for the formation of
the Cs-Cl product over Cs-Cl product.

Based on these calculations and the observed regioselectivity of the chlorinated product mixture

in the NMR measurements, a hypothesis was proposed that explains the observed
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regioselectivity and the rate limiting step of the HLF reaction. The argument was that the
formation of the two products occurs via two distinct and well-established radical chain
reactions to which Bodenstein approximation, long-chain approximation, and approximation
regarding chain-carrier concentrations apply. The Bodenstein approximation (103,104) states
that “The net rate of formation of an intermediate that is and remains at trace level is negligible
compared with its contributing formation and decay rates.” Approximation that both radical
chain reactions, 1,5-HAT and 1,6-HAT, have the same steady state concentration of the aminyl
radicals. When this approximation was applied in the kinetic modelling done in article 2 on the
HLF reaction, equations 7-17 were derived. From eqn. 5 follows that the rates of the
propagation steps comprising a propagation cycle are the same and are equal to the overall rate
of the cycle. It was argued that this is the case for the two propagation cycles leading to two
distinct products, i.e., Cs—Cl and C¢—Cl (Figure 6 and 7) and the following argument was made.
The obtained mathematical expression state that the HLF reaction follows pseudo-first order
kinetics with regard to the second step and that the rate of the cycle can, therefore, be controlled
by the second step. This implies that the regioselectivity of the HLF reaction is determined by
the first step and that the second step is rate limiting. Finally, this was supported by the
experimental and computational results from which it was deduced that the different rate

constants strongly imply the quite large steady-state concentration of the C-centered radicals.

Propagation

Cs-Cl N-Cl
Figure 6. Propagation cycle leading to the formation of the Cs—Cl product.
Tyg1 = AgN — A_41Cs eqn 7.
Ty = Ag2Cs eqn 8.
x = (rX)init + AalN - CS (A—al + /1a2) + (rX)trm =0 eqn 9.

N

IR

Cs [A“%:"“] eqn 10.

79



=
t

1= Ty = ApCs eqn 11.

Propagation

bl

z
e

Ce-Cl N-Cl
Figure 7. Propagation cycle leading to the formation of the Cs—Cl product.

1 = lblN - A—b1C6 cqn 12.

T2 = Ap2Ce eqn 13.

Tx = ("inie + Ap1N — Ce(Apy + Ap2) + (Fderm = 0 eqn 14.
~ Abz + A-p1

N = (Cq [—lbl ] eqn 15.

Tpr = Ty = ApCe eqn 16.

Ce [laz ;‘i—m] ~ (C, [Abz ;b/l—m] eqn 17.

Following this work, the synthesis of macrocycles was pursued in article 3(95). Within this
article, a methodology was developed that modelled all transition states and all products of the
rearrangement reactions of azacyclotridecan-2-one.

Within the context of article 3, EPR experiments were performed. Spectra were deconvoluted
and only two different radicals were observed. The major observed radical was the adduct of
chlorine radical adduct. Another radical was a C-centered radical adduct. After decomposition,
some residual signals remained with some weak and broad components which are similar to the
N-PBN adduct radical observed in article 1.

Finally, NMR experiments were performed to identify the reaction products. In the spectra,

eight distinct products were identified.
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All experiments done in article 3 combined, established that the thermodynamically driven HLF
reaction, characterized by radical stability differences, transformed laurolactam into various
bicyclic lactams with ring sizes ranging from 4- to 7-membered rings. Amidyl radicals in such
constrained lactam rings exhibited a higher RSE values (Figure 8) as compared to unconstrained
system (N-methylacetamide), indicating reduced stability, according to the DFT computations.
C-centered radicals, particularly those adjacent to carbonyl or amine groups, demonstrated
enhanced radical stability. Computational modelling revealed the lowest activation barriers for
1,5- and 1,6-HAT exo-type cyclizations with carbonyl moiety outside the smaller ring. It was
calculated that 1,4-HAT endo-type reactions proceed with a lower barrier when compared to
exo-type counterparts.

RSE N-rad
kd/mol

H @)
r-- -58.8 )\Nk
H

Figure 8. RSE values for selected N-centered radicals and C-centered radicals in selected

heterocyclic and acyclic systems.
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7. CONCLUSIONS
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This doctoral thesis presents extensive research of the mechanism of the HLF reaction.
Contribution to the fundamental understating of the HLF reaction was given through the three
articles discussed herewith.

The EPR measurements constitute the first detection of N- and C-centered radical intermediates
generated from N-bromo amines and they constitute the first known detection of traces of the
HLF reaction while propagating. Our LFP measurements constitute the first successful
detection of nitrogen centered radical and its rearranged carbon radical counterpart from N-halo
amines in the context of the HLF reaction.

Using NMR, LFP and EPR spectroscopy in combination with DFT calculations, the reaction
profile of the HLF reaction was monitored and all significant intermediate radicals and products
were identified. Results show that there is no thermodynamic preference for the formation of
Ces-functionalized product over Cs-functionalized product, and that the observed
regioselectivity was due to the major product being a kinetic product. An alternative hypothesis
is that the observed regioselectivity favoring 1,5-HAT products can be attributed to an

additional rearrangement reaction exclusive to the C, radical. Through another 1,5-HAT step,

the Ce radical is transformed into the most stable C» radical. The existence of C; radical is
experimentally proven not only through EPR spectroscopy but also via synthetic reactions and
side products formed, notably imine and aldehyde. NMR analysis of the product mixtures
revealed formation of four distinct products. It was established that these four products were
parent amine, imine and Cs and Cs chlorinated products. The parent amine and imine are
disproportionation product of a self-reaction, and it was hypothesized that this is the reason that
many chemists in their synthetic work block the C; position.

Kinetic modelling on the HLF reaction provided strong evidence that we have two distinct and
well-established radical chain reactions to which Bodenstein approximation along with long-
chain approximation and approximation regarding chain-carrier concentrations apply. These
two radical chain reactions leading to two distinct products have the steady state concentration
of the nitrogen centered radical in common. Furthermore, mathematical expressions were
obtained stating that the HLF reaction follows pseudo-first order kinetics with regard to the
second step and that, therefore, the rate of the cycle is determined by the second step. This
implies that the regioselectivity of the HLF reaction is determined by the second step and that
the second step is rate limiting. This was additionally supported by the experimental and
computational results from which we deduced that different rate constants imply the large

steady-state concentration of the C-centered radicals. Additionally, it was proposed that by
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adding halogen sources, typically used as chlorinating agents, or other traps may interfere with
the XAT step of the propagation cycle, promoting earlier termination of a reaction cycle.

Finally, HLF reaction was shown to be a viable method for late-stage functionalization of
laurolactams. It was demonstrated that a laurolactam is transformed into various bicyclic
lactams with ring sizes ranging from 4- to 7-membered rings. Amidyl radicals in these
constrained lactam rings exhibited higher RSE values, indicating reduced stability. C-centered
radicals, particularly those adjacent to carbonyl or amine groups, demonstrated enhanced
radical stability, with notable exceptions in highly constrained structures like 2-azetidinone.
Computational modelling revealed the lowest activation barriers are observed for the 1,5- and
1,6-HAT exo-type cyclization reactions with carbonyl moiety outside the smaller ring. It was
calculated that 1,4-HAT endo-type reactions proceed with a lower barrier when compared to

exo-type counterparts.
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SUMMARY

The main goal of this doctoral thesis was to investigate the rearrangement reactions in which nitrogen centered radicals
participate. Specific goals of this thesis were to investigate nitrogen centered radicals in the context of the Hofmann—
Loffler-Freytag (HLF) reaction, namely, to explain the regioselectivity, investigate the propagation cycle, determine the
rate limiting step, utilize the reaction for the generation of pharmaceutically relevant compounds, and compute stabilities
of nitrogen centered radical. In this thesis, N-chloro derivatives as radical precursors were synthesized using existing
methods, and new method was developed for the synthesis of N-bromo derivatives. A methodology was developed for
the in-situ generation and trapping of nitrogen centered radicals and its carbon counterparts using the phenylbutylnitrone
(PBN) spin trap and subsequent investigation of the resulting adducts via electron paramagnetic resonance (EPR)
spectroscopy. Laser flash photolysis (LFP) method was used to directly detect the transient species generated after laser
excitation. Nuclear magnetic resonance (NMR) methods were employed in order to analyze complex product mixtures.
Quantum-chemical methodology was developed and employed to obtain a quantitative description of the thermodynamic
and kinetic properties of the HLF reaction. Additionally, kinetic modelling was done. Using LFP, NMR, and EPR
spectroscopy, in combination with density functional theory (DFT) calculations and kinetic modelling, the HLF reaction
profile was monitored and all significant intermediate radicals and products were identified in this light-induced radical
generation and subsequent chain reaction. It was observed that the major regioselective product of the HLF reaction is
kinetically controlled in the hydrogen atom transfer (HAT) step, when different radical stabilities of intermediates are
present. Thermodynamic preference for the formation of one product over the other is lost due to the second step of the
cycle being highly exothermic, and both C-Cl functionalized product having similar energies. When both radical
intermediates have similar stability, the observed regioselectivity can be attributed to a rearrangement reaction exclusive
to the Ce-radical where it rearranges to a more stable Cr-radical. When positions are non-equal, NMR analysis of the
product mixture revealed the presence of four major products. These four products are amine, imine, C¢- and Cs-
chlorinated products. Amine and imine are products of a “self-reaction” of nitrogen radicals (termination) and is the
probable reason why many synthetic chemists block the C,-position in their synthetic works and why the HLF reaction
proceeds only in certain solvents in high yields. Kinetic modelling of the HLF reaction showed that its kinetics are
pseudo first order with respect to the second step. Thus, it is proposed that the rate limiting step of the HLF reaction is
the halogen atom transfer (XAT) step. Additionally, it was proposed that by adding halogen sources, typically used as
chlorinating agents the propagation cycle can be terminated. Finally, it was demonstrated that the HLF reaction is a
viable method for late-stage functionalization (LSF) in the synthesis of pharmaceuticals. We used HLF reaction as a
route for preparing bicyclic rings from N-chlorinated macrocyclic lactams. Interplay of different experimental and
theoretical techniques have provided a deeper insight into the fundamental aspects of the HLF reaction, and results will
be used for better utilization in future synthesis.
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STABILNOST I PREGRADIVANJE N-RADIKALA RELEVANTNIH ZA SINTEZE
BIOAKTIVNIH SPOJEVA

Gabrijel Zub¢i¢
SAZETAK

Glavni cilj ovog doktorskog rada bio je istraziti reakcije pregradnje u kojima sudjeluju dusikovi radikali. Specifi¢ni
ciljevi ovog rada bili su istraziti duSikove radikale u kontekstu Hofmann-Loffler-Freytagove (HLF) reakcije, tj. iznijeti
hipotezu koja bi objasnila regioselektivnost, istraziti ciklus propagacije, odrediti korak koji odreduje ukupnu brzinu,
iskoristiti reakciju za stvaranje farmaceutski relevantnih spojeva i izracunati stabilnost radikala s dusikovim srediStem.
Sintetizirani su radikalski prekursori, pri ¢emu su koriStene postojece metode za sintezu N-kloro derivata i razvijene
nove metode za sintezu N-bromo derivata. Razvijena je metoda za in situ generiranje i hvatanje dusikovih radikala i
njihovih ugljikovih analoga koristenjem fenilbutilnitronske (PBN) spinske stupice i detekciju nastalih adukata putem
elektronske paramagnetske rezonancije (EPR). Razvijena je metoda laserske pulsne fotolize (LPF) za izravnu detekciju
radikalskih vrsta koje nastaju nakon laserske ekscitacije. Za analizu smjese produkata koriStene su metode nuklearne
magnetske rezonancije (NMR). Kvantno-kemijska metodologija razvijena je kako bi se dobio kvantitativni opis
termodinamickih i kineti¢kih parametara HLF reakcije. KoriStenjem NMR spektroskopije, laserske pulsne fotolize LPF
1 EPR spektroskopije u kombinaciji s izraunima teorije funkcionala gustoce (DFT) i kineti¢kim modeliranjem, prac¢en
je profil HLF reakcije i identificirani su svi znacajni radikalski intermedijeri i produkti HLF reakcije. OpaZzeno je da je
glavni regioselektivni produkt HLF reakcije kineticki kontroliran u koraku prijenosa atoma vodika (HAT), kada su
prisutni radikalski meduprodukti razli¢itih stabilnosti. Termodinamicka sklonost za stvaranje jednog produkta u odnosu
na drugi gubi se u nastavku propagacijskog ciklusa, zbog toga Sto je drugi korak ciklusa vrlo egzoterman, te C-ClI
funkcionalizirani produkti imaju slicnu energiju. Kada oba radikalna meduprodukta imaju sli¢nu stabilnost, uocena
regioselektivnost moZze se pripisati reakceiji pregradnje vezanoj iskljucivo uz Ce radikal. NMR analiza utvrdila je nastanak
Cetiri glavna produkta -amin, imin, Cs 1 Cs klorirani produkti. Amin i imin su produkti “samo-reakcije” dusikovih
radikala (terminacija), pa se na temelju toga pretpostavlja da je to razlog zasto mnogi kemicari blokiraju C, poziciju u
sintetskim protokolima i zasto se HLF reakcija odvija samo u odredenim otapalima s visokim prinosima. Kineticko
modeliranje HLF reakcije pokazalo je da je njezina kinetika pseudo prvog reda u odnosu na drugi reakcijski korak. Stoga
se predlaze da je najsporiji stupanj HLF reakcije prijenos atoma halogena (XAT). Dodatno, predlozeno je da se
dodavanjem izvora halogena, koji se obi¢no koriste kao sredstva za kloriranje, propagacijski ciklus moze prekinuti.
Konac¢no, pokazano je da se HLF reakcija moze upotrijebiti za funkcionalizaciju u kasnoj fazi (LSF) u sintezi
farmaceutika. Upotrijebili smo HLF rekaciju za sintezu biciklickih prstenova iz N-kloriranih makrocikli¢kih laktama.
Medudjelovanje razli¢itih eksperimentalnih i teorijskih tehnika omoguéilo je dublji uvid u temeljne aspekte HLF
reakcije, a rezultati ¢e se koristiti za bolju upotrebu u buduéim sintezama.
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