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Es sei noch erwiihnt, dass Nitroso-p-naphtol ein ausserst empfind- 
liches Reagens auf Eisenoxydul ist (vergl. die Eigenschaften des Ferro- 
nitroso-fl-naphtols) ; z. B. giebt das  Charlottenburger Leitungswasser, 
welches durchschnittlich 3 mg Eisen als Bicarbonat im Liter gelost 
enthalt, mit wiisseriger Nitrosonaphtollosung eine schBn griine Farbung. 

Zur Zeit sind wir damit beschaftigt, das Verhalteii des Nitroso-p- 
naphtols gegen eiiiige andere Metalle nLher zu untersuchen. 

Be r I i t i ,  Technische Hochschule. 

537. A. W. Hofmann: Nachtragliches iiber die Einwirkung 
des Broms in alkalischer Liisung auf Amide. 

[Aus dcm Berlirier Univ. -Laborat. I. No. DCXIV.] 
[Seehste Mittheilung.] 1) 

(Eingegangen ani 20. August.) 

Die Darstellung primiirer aliphatischer Monamine nach dent von 
mir vor einigen Jahren angegebenen Verfahren - Behandlung der 
S&ureamide mit Brom in  alkalischer Liisung - ist i n  letzter Zrit ink 
hiesigen Laboratorium mehrfach Gegenstand von Versuchen gewrsen. 
Hr. E r i c h  L u t z  hat die gedachtr Methode auf das Amid d r r  Myristin- 
s lure  angewendet und zuiiiichst das Amin der Tredecanreihe dargestellt, 
dieses aber durch alkalische Hrornliisung nach einer noch jungst erst 
bevchriebenen Reaction 2, in das zngehiirige Nitril iibergefiihrt, welches, 
in Amid verwandelt, Amin, Nitril, Amid und Slur(? der Dodecanreihe 
geliefert hat. Hr. P a u l  E h e s t l d t  hat die Untersuchung an der Stelle 
aufgenomnien, an welcher Hr. L II t z den Versuch abbrach; indem er, 
von dem Amid der Laurinslure ausgehend, durch das Amin, Nitril 
und Amid der Undecanreihe hindurch zu dem Amin der Decanreihe 
gelangte, um dieses schliesslich bis zur Nonoxylsaure abzubauen. Die 
genannten Reobachter werden demnlchst uber ihre Versuche Mit- 
theilung machen. 

I) Die friiheren Mittheilungen anlangend, vergl. diese Berichte XIV. 2725, 

2, Hofmann,  diese Berichte XVIII, 1920. 
XV, 407, 752, 762, XVII, 1406. 

1909.

b) A b s p a l t u n g  v o n  W a s s e r  m i t t e l s  P h o s p h o r -  
s a u r e a n h y d r i d .  

4 g Alkin wurden tropfenweisc in einem Rundk6lbchen mit 20 g Phos- 
phorpentoxyd innig gemischt; dies? Mischung dann ganz allniahlich auf 135 O 

durcli 3 Stunden erhitzt. Nacli dem Erkalten 1ial)en wir in Wasser gelijst, mit Ka- 
tronlauge stark alkalisiert, die Basen mit Fi'asserdampf nbdestilliert und aus dem 
Destillat genau wie unter a) die Basen mittels der Pikrato getrennt. Buch 
hier ergab sich, daB neben grdl3eren Mengen von Piperolidin nur  geringe 
Mengen der ungesattigten Base entstanden waren. 

502. Karl Loffler und Curt  Freytag: 
m e r  eine neue Bildungsweise von It'-alkylierten Pyrrolidinen. 

[Aus den1 Chemisclien Institut der Unirersitst Breslau ] 
(Eingegangen am 12. August 1909.) 

A. W. H o f m a n n ' )  erhielt durch Einwirkung Y O U  Brom in alka- 
lischer Liisung auf Coniin ein Brnniconiin, welches das Brom in der 
Imidgruppe substituiert enthalt. Durch Einwirkung von konzentrierter 
Schwefelsaure bei 160' stellte e r  daraus unter Abspaltung von Brom- 
wasserstoff ein Conicein dar, welches tertiar und gesattigt war. E r  
hielt die Base fur a-Conicein. L e l l n i a n n  stellte fest, dafi diese Base 
nicht mit a-Conicein identisch ist, und nannte sie zur Unterscheidung 
von den iibrigen Coniceinen &-Conicein. Gleichzeitig sprach er die 
Verrnutung aus, da8 den1 &-Conicein folgende Formel zukommen diirfte: 

CHt . CHz . CH. CHa 
CHz . CHa . N - CH? >CH2. 

Die Richtigkeit dieser Anschauung wurde von L o f f l e r  und 
K a i  m ') bewiesen. Beim Erwarmen von a-Piperidylpropionsaure auf 
2000 erhielten sie das Lactim dieser SHure, welches durch Reduktion 
mit Natrium und Alkohol in das DPiperolidina uberging, dem dieselbe 
Zusammensetzung und Konstitution zukommt, wie sie von L e l l n i a n  n 
fur das 8-Coniciin vermutet wurde und in obiger Formel zum Ausdruck 
gelangt. Die Eigenschaften dieser Base stimmten uberein mit einem aus 
inaktiveni Coniin nach der H o f m a n n s c h e n  hlethode gewonnenem in- 
aktiven &Conicein. Dadurch war bewiesen, daB das am Stickstoff 
bromierte Coniin beim Erhitzen mit konzentrierter Schwefelsaure Broni- 
wasserstoff unter SchlieBung eines Pyrrolidinringes abspaltet. 

I) A. M'. Hofmann,  diese Bericlite 18, 9, 105 [IS%]. 
2) Lijffler und Kairn, diesc Bcrichte 42, 91 [1909]. 
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Das Q u e c k s i l b e r s a l z  bildet flimmernde Krystallc, die bei 213-214O 

Die Substanz liefert als tertiire Base durch Addition von Jutlathy1 ein 
J o d a t h y l a t .  dns sehr zerfliel?Jich ist. Es wurde mit Chlorsilber in  das  Chlor- 
athylat iibergefcihrt; bcim Zufiigen von Platinchlorid schied sich dann das 
P l a t i n s a l z  in  Form derber Krystalle, die bei 240-2410 schmolzen. 

schmelzen. 

0.1762 g Slibt.: O.OS3S q Pt. 
[C5H11 N ( C ' 2  H5) C1]2PtClr. 6er. P t  30.62. Gef. Pt 30.53. 

Die waurige Liisuug Jes Chlor i i thy la t s  scheidet mit Goldchlorid einen 
eigelben, flockigen Niederschlag aus, der sich beim Kochen nicht gerade sehr 
leicht liist; beim Erkalton erhalt man das Goldsa lz  als federformig ver- 
wachsene Nadeln, die bei 268O schmelzen. 

0.1444 g Sbst.: 0.0626 g Au.  
[C5HI1 N(CzHg)C1]AuCls. Ber. h u  43.50. Gef. Au 43.36. 

603. Karl Laffler und Samy Kober: 
Uber die Bildung des i-Nicotins aus N-Methyl-;l-pyridyl-butyl- 

amin (Dihydrometanicotin). 
[Aus dcm Chemischen Institut der Universitat Breslau.] 

(Eingegangen am 12. August 1909.) 

I n  vorliegender Arbeit sollte die in der vorangehenden Arbeit 
mit Erfolg durcbgefuhrte Reaktion zur Bildung von Pyrrolidinderivaten 
auf das D i h y d r o m e t a n i c o t i n  angewendet werden, wobei man d a m  
im Sinne folgender Gleichung N i c o t i n  e r n w t e n  konnte: 

c1-r- C H ~  CHs-CHa 
I I 

'-CHz CHn _ _  f"-kH cH2 + H B r  . 
1 I 'N' 
\/ 

N CH3 'j' Br "CHI 

I ler  Versuch lehrte, daB auch in der Tat  aus  dem a m  St icks tof f  
b r o m i e r t  e n  A'-M e t h  y I - b - p y  r i  d y 1 b u t y l - a m  i n  beim Erbitzen mit 
kouzentrierter Schwefelsaure Nicotin gebildet wird. Der rorliegende Fall 
unterscheidet sich von den fruber untersuchten dadurch, dal3 der 
Wasserstoff nicht einer Methylgruppe, sondern einer CHz-Gruppe ent- 
zogen wurde. Demnach erscheint diese Rfethode zur  Herstellung 
N-alkylierter Pyrrolidine allgemein durchfuhrbar zu sein. 

A. W. Hofmann, Ber. Dtsch. Chem. Ges. 1883, 16(1), 558–560
K. Löffler, C. Freytag, Ber. Dtsch. Chem. Ges., 1909, 42(3), 3427–3431
K. Löffler, S. Kober, Ber. Dtsch. Chem. Ges., 1909, 42(3), 3431–3438
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Abstract: The stability of N-centered radicals and
radical cations of potential relevance in C–H amida-
tion reactions has been quantified using highly accu-
rate theoretical methods. Combination with available
C–H bond energies for substrate fragments allows
for the prediction of reaction enthalpies in 1,5-hydro-
gen atom transfer (HAT) steps frequently encoun-
tered in reactions such as the Hofmann–Lçffler–
Freytag (HLF) reaction. Protonation of N-radicals is
found to be essential in classical HLF reactions for
thermochemically feasible HAT steps. The stability
of neutral N-radicals depends strongly on the type of
N-substituent. Among the electron-withdrawing sub-

stituents, the trifluoroacetyl (TFA) group is the least
and the toluenesulfonyl (tosyl) group the most stabi-
lizing. This implies that TFA-aminyl radicals have
the broadest and tosyl-aminyl radicals the smallest
window of synthetic applicability. In how far the in-
tramolecular C–H amidation reactions compete with
hydrogen abstraction from common organic solvents
can be judged based on a comparison of reaction
thermodynamics.

Keywords: amination; C–H activation; radical stabil-
ity; remote functionalization

Introduction

The search for metal-free C–H bond amidation reac-
tions has recently led to a resurgence in studies of
what may broadly be seen as variants of the Hof-
mann–Lçffler–Freytag (HLF) reaction.[1–4] Starting
from secondary amine substrates these reactions are
believed to involve formation of N-haloamines as
direct precursors of the respective N-centered radi-
cals, generation of which is promoted by photochemi-
cal or thermal activation. As illustrated in Scheme 1

for the example of N-bromo-2-propylpiperidine (1),
the strongly acidic reaction conditions used in the
classical HLF reaction lead, through thermal or pho-
tochemical activation, from bromoaminium ion 2 to
transient amine radical cation 3. Kinetically preferred
1,5-hydrogen atom transfer (1,5-HAT) then leads to
formation of C-centered radical 4, whose halogen
atom abstraction from the (protonated) N-haloamine
substrate 1 closes the radical chain and generates the
haloalkylamine product 5. The final cyclization to 5-
membered ring pyrrolidine 6 then follows a classic
SN2 mechanism and often requires basic reaction con-
ditions. That a similar sequence can be developed
under neutral conditions has been demonstrated by
Corey et al. for the example shown in Scheme 2.[5a]

Building on earlier work by Barton et al. on lactone
syntheses,[5b] trifluoroacetamide 7 is in this case first
transformed quantitatively to bromoamide 8.

Photochemical activation of this precursor is in this
case believed to generate amidyl radical 9, followed
by a 1,5-HAT step to generate substrate radical 10.
The radical chain is again completed by bromine ab-
straction from (neutral) precursor 8 to yield bromide
11. Base-induced cyclization then yields the final pro-
line derivative 12. More recently variants of the HLF
reaction integrate precursor synthesis, (photochemi-

Scheme 1. Essential mechanistic steps in the classical HLF
reaction of bromopiperidine 1 under acidic conditions.
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Corey

cal) C–H bond activation and cyclization reaction into
one synthetic step. In many of these cases loosely re-
ferred to as “Suarez modification”[6–10] hypervalent
iodine reagents such as diacetoxyiodobenzene
(DAIB) are used as oxidants, often in combination
with I2 as the co-catalyst/co-oxidant.[3,11,12] Efforts to
optimize the synthetic utility of this modification have
shown that the reaction outcome depends critically on
the actual nature of the oxidant(s), the reaction condi-
tions (choice of solvent, reaction temperature, mode
of initiation) and the substrate substitution pat-
tern.[1,13–18]

A typical example involves tosylamide 13, whose
photochemically driven reaction with I2/DAIB yields
pyrrolidine 18 in 67% yield.[13] As in the other var-
iants shown in Scheme 1 and Scheme 2 these transfor-
mations are believed to involve the initial formation
of N-halo derivatives such 14, their photochemical ac-
tivation to N-centered radicals 15, C–H bond activa-
tion through 1,5-hydrogen atom transfer, and final
trapping of the substrate radical through halogen
transfer (Scheme 3). Cyclization of iodide 17 to prod-
uct 18 may then follow a base-induced or alternative
pathway. All three HLF variants shown in Scheme 1,
Scheme 2, and Scheme 3 involve C–H bond activation
through neutral or cationic aminyl radicals, and the
success of the overall HLF scheme thus depends on
the efficiency of this reaction step. While C–H bond
energies are well known and documented in the liter-

ature for a wide variety of hydrocarbons, this is not so
for N–H bond energies in amines, amides, and their
protonated counterparts. The thermodynamic driving
force behind the 1,5-HAT steps shown in Scheme 1
can therefore not be estimated using existing bond
dissociation energy (BDE) data. In an effort to pro-
vide an appropriate dataset for the design and imple-
mentation of novel HLF reaction schemes, we have
now calculated the required N–H bond dissociation
energies and associated stability values of N-centered
radicals.

Results

The stabilities of aminyl radicals relative to the un-
substituted aminyl radical CNH2 (19) have been calcu-
lated as the reaction enthalpies at 298.15 K for the hy-
drogen transfer reaction shown in Eq. (1). In the fol-
lowing these will be referred to as radical stabilization
energies (RSEs) of the respective N-centered radical
R. Addition of the RSE values calculated according
to Eq. (1) to the experimentally known N–H bond
dissociation energy in ammonia of BDE(H2N–H)=
++ 450.1⌃0.24 kJ/mol[19] yields the N–H bond dissocia-
tion energy (BDE) values in the respective amine and
amide parent compounds.

Thermochemical calculations have been performed
using the same hierarchy of theoretical methods as

Scheme 2. Essential mechanistic steps in the “Corey modification” using N-bromoisoleucine derivative 8 as an example.

Scheme 3. Essential mechanistic steps in the “Suarez modification” using sulfonamide 13 as an example.
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ABSTRACT

A useful process for the position-selective remote bromination of N-trifluoroacetyl-r-amino esters is illustrated for the isoleucine case. The
5-bromoisoleucine derivative shown above can be used for the synthesis of many modified amino acids, as described herein.

This paper describes an efficient methodology for the
synthesis of useful chiral substances from the readily
available R-amino acids isoleucine, norleucine, and leucine.
Although isoleucine is unique among the 20 genetically
coded amino acids in having both a branched carbon chain
and two stereocenters, it has not been used as a platform for
generating more complex R-amino acids by the selective
introduction of new substituents. We envisaged that such
R-amino acids with enhanced molecular complexity could
be of value in a variety of research applications, including
the discovery of new bioactive substances.
The approach that we have taken is based on the use of

the R-amino function to effect hydrogen atom abstraction
selectively from C(5) of isoleucine to allow subsequent
attachment of a reactive group. Specifically, N-trifluoro-
acetylisoleucine methyl ester (1) was converted to the
N-bromo derivative 2 (>97%) using acetyl hypobromite1 in
CCl4 at 23 °C for 1 h (flask protected from light). When

this solution was exposed to light from a sunlamp at 23 °C,
a free radical chain reaction of the Hofmann-Löffler-

Freytag type2,3 occurred rapidly (1 h) to give the 5-bromo
derivative 3 in 90% isolated yield. The structure of 3
followed unambiguously from 1H NMR, 13C NMR, infrared,
and mass spectral data. No products isomeric with 3 could
be detected by careful chromatographic and spectral analysis.
The high yield and positional selectivity of the conversion
of 1 f 3 stand in contrast to an early study in which the
reaction of various R-amino acids in 90% sulfuric acid with
chlorine was found to yield mixtures of !- and γ-chlorinated
products.4 We believe that the electron-withdrawing ability

of the CF3CO group renders the intermediate amide radical
4 especially reactive in H atom abstraction to form δ-carbon

(1) Duhamel, L.; Plé, G.; Angibaud, P.; Desmurs, J. R. Synth. Commun.
1993, 23, 2423-2433.
(2) (a) Corey, E. J.; Hertler, W. R. J. Am. Chem. Soc. 1960, 82, 1657-

1668. (b) Hofmann, A. W. Chem. Ber. 1883, 16, 558-560 and 586-591.
(c) Löffler, K.; Freytag, C. Chem. Ber. 1909, 42, 3421-3426 and 3427-
3434. (d) Coleman, G. H.; Goheen, G. E. J. Am. Chem. Soc. 1938, 60,
730-730. (e) Coleman, G. H.; Nichols, G.; Martens, T. F. Organic
Syntheses; John Wiley: New York, 1955; Coll. Vol. 3, pp 159-162.
(3) For reviews, see: (a) Cekovic, Z. J. Serb. Chem. Soc. 2005, 70, 287-

318. (b) Neale, R. S. Synthesis 1971, 1-15. (c) Minisci, F. Synthesis 1973,
1-24. (d) Wolff, M. E. Chem. ReV. 1963, 63, 55-64.
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Suárez

cal) C–H bond activation and cyclization reaction into
one synthetic step. In many of these cases loosely re-
ferred to as “Suarez modification”[6–10] hypervalent
iodine reagents such as diacetoxyiodobenzene
(DAIB) are used as oxidants, often in combination
with I2 as the co-catalyst/co-oxidant.[3,11,12] Efforts to
optimize the synthetic utility of this modification have
shown that the reaction outcome depends critically on
the actual nature of the oxidant(s), the reaction condi-
tions (choice of solvent, reaction temperature, mode
of initiation) and the substrate substitution pat-
tern.[1,13–18]

A typical example involves tosylamide 13, whose
photochemically driven reaction with I2/DAIB yields
pyrrolidine 18 in 67% yield.[13] As in the other var-
iants shown in Scheme 1 and Scheme 2 these transfor-
mations are believed to involve the initial formation
of N-halo derivatives such 14, their photochemical ac-
tivation to N-centered radicals 15, C–H bond activa-
tion through 1,5-hydrogen atom transfer, and final
trapping of the substrate radical through halogen
transfer (Scheme 3). Cyclization of iodide 17 to prod-
uct 18 may then follow a base-induced or alternative
pathway. All three HLF variants shown in Scheme 1,
Scheme 2, and Scheme 3 involve C–H bond activation
through neutral or cationic aminyl radicals, and the
success of the overall HLF scheme thus depends on
the efficiency of this reaction step. While C–H bond
energies are well known and documented in the liter-

ature for a wide variety of hydrocarbons, this is not so
for N–H bond energies in amines, amides, and their
protonated counterparts. The thermodynamic driving
force behind the 1,5-HAT steps shown in Scheme 1
can therefore not be estimated using existing bond
dissociation energy (BDE) data. In an effort to pro-
vide an appropriate dataset for the design and imple-
mentation of novel HLF reaction schemes, we have
now calculated the required N–H bond dissociation
energies and associated stability values of N-centered
radicals.

Results

The stabilities of aminyl radicals relative to the un-
substituted aminyl radical CNH2 (19) have been calcu-
lated as the reaction enthalpies at 298.15 K for the hy-
drogen transfer reaction shown in Eq. (1). In the fol-
lowing these will be referred to as radical stabilization
energies (RSEs) of the respective N-centered radical
R. Addition of the RSE values calculated according
to Eq. (1) to the experimentally known N–H bond
dissociation energy in ammonia of BDE(H2N–H)=
++ 450.1⌃0.24 kJ/mol[19] yields the N–H bond dissocia-
tion energy (BDE) values in the respective amine and
amide parent compounds.

Thermochemical calculations have been performed
using the same hierarchy of theoretical methods as

Scheme 2. Essential mechanistic steps in the “Corey modification” using N-bromoisoleucine derivative 8 as an example.

Scheme 3. Essential mechanistic steps in the “Suarez modification” using sulfonamide 13 as an example.
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Abstract: Iodine reagents have been identified as economically
and ecologically benign alternatives to transition metals,
although their application as molecular catalysts in challenging
CˇH oxidation reactions has remained elusive. An attractive
iodine oxidation catalysis is now shown to promote the
convenient conversion of carbon–hydrogen bonds into
carbon–nitrogen bonds with unprecedented complete selectiv-
ity. The reaction proceeds by two interlocked catalytic cycles
comprising a radical chain reaction, which is initiated by visible
light as energy source. This unorthodox synthetic strategy for
the direct oxidative amination of alkyl groups has no
biosynthetic precedence and provides an efficient and straight-
forward access to a general class of saturated nitrogenated
heterocycles.

Nitrogen–halogen bonds have a long history in the synthesis
of pyrrolidines and related heterocyclic structures through the
amination reaction of a distant carbon–hydrogen bond.[1] For
such approaches with preformed chlorinated and brominated
amines, the transformation is known as the Hofmann–Lçffler
reaction (Scheme 1, top). Despite the great attractiveness of
such an approach for the synthesis of aminated five-mem-
bered-ring compounds, the required rather harsh conditions
have prevented wider application.[1a,b] Modifications of the
common protocol include the in situ formation of the
corresponding N-iodinated amides through the combined
use of molecular iodine and a large excess of commonly
available iodine(III) reagents[2, 3] with the requirement of an
external light source (Scheme 1, bottom). These reactions
usually start from compounds having electron-acceptor-sub-
stituted nitrogen groups and were employed largely in steroid
and carbohydrate chemistry.[3]

Although a significantly more desirable process from
a synthetic standpoint, a variant catalytic in iodine has not yet
been realized. Such a conceptually novel reaction is of
fundamental interest, since it would amount to a catalytic
remote CˇH amination of nonfunctionalized hydrocarbons
based on an iodine derivative as a benign non-metallic
catalyst. Molecular catalysis based on iodine[4] has recently
been considered an attractive, mechanistically distinct alter-
native to the far more common transition-metal catalysis,
although truly efficient protocols for CˇN bond formation
remain to be developed.[5]

The required principle for such a reaction was explored
for the representative compound 1a (Table 1). Overstoichio-
metric oxidation conditions[3] could be employed; however,
changing to catalytic amounts of iodine shut down the
reaction (entries 1 and 2). This problem could be overcome
by changing the carboxylate component of the hypervalent
iodine reagent from acetate to pivalate. With this oxidant it
was possible to reduce the iodine amount to a catalytic
20 mol%, while the results remained similar to those
obtained in the stoichiometric reaction (entry 3 vs. 4). Still,
a significant excess of iodine(III) reagent was required
(entry 5). Further modification of the iodine(III) reagent to
PhI(mCBA)2 (mCBA = 3-chlorobenzoate) provided quanti-
tative yields of 2a, even when a single equivalent of this
oxidant was used (entries 6 and 7). The amount of the iodine
catalyst could be successively lowered to 2.5 mol%, without
loss in yield, and still 95% yield was obtained at a catalyst
loading of 1 mol%. Reasonable conversion was still achieved
at 0.5 mol %, while the amination no longer proceeds upon
further decrease of iodine to 0.1 mol% (entries 8–12). The
optimized conditions call for only a single equivalent of
terminal oxidant, which demonstrates the effectiveness of the
new reaction. Usually, iodine-catalyzed reactions require an
excess of terminal oxidants.[4,6] Moreover, it is noteworthy
that the catalytic use of iodine provides a significantly cleaner
reaction outcome in the oxidation of 1a than a comparable
protocol using the overstoichiometric reagent combination I2/
3PhI(OAc)2,[3f] which forms product mixtures.[7]

Scheme 1. Hofmann–Lçffler reactions: classical reaction conditions
(top) and Suµrez modification (bottom).
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ABSTRACT: Conditions for an attractive and productive protocol
for the position-selective intramolecular C−H amination of aliphatic
groups (Hofmann−Löffler reaction) are reported employing
sulfonimides as nitrogen sources. N-Iodosuccinimide is the only
required promoter for this transformation, which is conveniently
initiated by visible light. The overall transformation provides
pyrrolidines under mild and selective conditions as demonstrated
for 17 different substrates.

The intramolecular C−H amination of aliphatic groups has
recently attracted significant interest from the synthetic

community. Major work has focused on the identification of
suitable transition-metal catalysts to provide the aforemen-
tioned transformation.1 Directed evolution of metalloproteins
has recently emerged as a complementary approach.2 An
alternative consists of the use of small organocatalysts3 as
nonmetallic promoters, which, due to their capability to avoid
metal contamination, is of major importance to fields such as
biological and medicinal synthesis.
From a historical perspective, the halide-mediated C−N

bond formation at nonactivated hydrocarbons was discovered
over a century ago and is well established as the Hofmann−
Löffler reaction.4 The general conditions call for preformation
of a halogenated amine, which upon irradiation in the presence
of strong acid promotes C−H halogenation, which is usually
followed by base-mediated pyrrolidine formation. A useful
modification providing significantly milder reaction conditions
was introduced by Suaŕez,5 who reported that Hofmann−
Löffler-type cyclization reactions can be conducted in the
presence of a mixture of molecular iodine and a hypervalent
iodine reagent of the general structure ArI(O2CR)2.

6 This
protocol was employed by Fan, who demonstrated its
compatibility with sulfonamides as nitrogen sources.7

We have recently demonstrated that this reaction can be
conducted with catalytic amounts of iodine and the use of a
single equivalent of hypervalent iodine(III) as the terminal
oxidant.8 This accomplishment has demonstrated that iodine
catalysis is indeed feasible within the borders of the Hofmann−
Löffler reaction, provided that the iodine concentration is
maintained at a sufficient level to perpetuate the two
intertwined catalytic cycles. However, the permanent require-
ment of using a hypervalent iodine reagent as a terminal
oxidant9 has triggered interest in whether the reaction could
also be conducted with just a single amount of halide reagent as

a stoichiometric promoter. Such a reaction would serve as an
important addition to the existing protocols for Hofmann−
Löffler reactions.
Our investigation on a halide-mediated Hofmann−Löffler

transformation commenced from the corresponding N-
chlorinated compound 1. In agreement with a recent literature
report,10 we observed the expected chemoselective chlorination
of the benzylic position, which proceeded readily even in the
absence of the photocatalyst that was previously deemed
indispensable (Scheme 1). Still, the requirement of an

individual treatment of 2 with base rendered the reaction less
attractive from a synthetic point of view. In addition, attempts
to develop an in situ formation of 1 using N-chlorosuccinimide
as chlorinating agent resulted in no conversion.11 In order to
arrive at a direct pyrrolidine formation, we turned to the use of
N−Br derivatives (Table 1).
We initially investigated the application of our earlier KBr/

NaClO2 protocol from intramolecular diamination of alkenes.12

For the two selected starting materials 5a and 5b, no
conversion could be obtained under these conditions (entries
1 and 2). In contrast, use of conventional brominating reagents
such as N-bromosuccinimide (3) and N-bromophthalimide (4)
led to a clean pyrrolidine formation. Initially, substrate 5a could
be cyclized to 6a in 40% yield using a single equivalent of 3
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Scheme 1. Chloride-Mediated Intramolecular C−H
Functionalization
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Löffler reaction.4 The general conditions call for preformation
of a halogenated amine, which upon irradiation in the presence
of strong acid promotes C−H halogenation, which is usually
followed by base-mediated pyrrolidine formation. A useful
modification providing significantly milder reaction conditions
was introduced by Suaŕez,5 who reported that Hofmann−
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report,10 we observed the expected chemoselective chlorination
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indispensable (Scheme 1). Still, the requirement of an

individual treatment of 2 with base rendered the reaction less
attractive from a synthetic point of view. In addition, attempts
to develop an in situ formation of 1 using N-chlorosuccinimide
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arrive at a direct pyrrolidine formation, we turned to the use of
N−Br derivatives (Table 1).
We initially investigated the application of our earlier KBr/
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For the two selected starting materials 5a and 5b, no
conversion could be obtained under these conditions (entries
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ABSTRACT: An iodine-mediated Hofmann−Löffler reaction has been developed that enables the first enantioselective
synthesis of nicotine based on this synthetic methodology. The effect of the free pyridine core on the involved electrophilic
iodine reagents was explored in detail. The final synthesis proceeds under moderate reaction conditions that tolerate the free
pyridine core. The same synthetic sequence is also applicable to a number of derivatives with higher substituted pyridine cores,
including bipyridine derivatives.

Within the general quest to streamline amination
chemistry, the direct conversion of C−H bonds into

C−N bonds has encountered paramount interest from the
synthetic community.1,2 The Hofmann−Löffler reaction
represents a unique radical-based methodology to form
nitrogenated saturated heterocycles such as pyrrolidines from
the corresponding acyclic N-halogenated precursors.3−5 For
the cases of nonsymmetrical heterocycles, retrosynthetic
analysis of a given target compound provides two alternative
C−N bond disconnections. Nicotine is a natural alkaloid
occurring naturally in the leaves of the tobacco plant and, to a
lesser extent, from other members of the nightshade plant
family. Nicotine (1) has excitatory or debilitating effects on
ganglia of the vegetative nervous system. Its pathophysiological
importance is largely related to causes deriving from smoking
excesses.6

Using the concept of C−H amination, the example of a
nicotine synthesis in 1909 represents the early proof of
principle in natural product synthesis for the venerable
Hofmann−Löffler reaction.7 Löffler and Kober disclosed
their synthesis of nicotine within an intramolecular C−H
amination reaction at the benzylic methylene group α to
pyridine (Figure 1). Already in their pioneering report, the
authors mentioned the alternative retrosynthetic approach of
C−N bond formation at the primary C−H position. While this
approach requires the C−H functionalization at a less
favorable methyl position, it carries the advantage of an
enantioselective approach since it departs from a precursor
with an established stereogenic center. Apparently lacking the
synthetic access to the required starting material,7 this
approach remained unrealized. We decided to explore such
an enantioselective synthesis of nicotine8 using iodine-based
Hofmann−Löffler variants. This underlying concept is based

on the superior reactivity of N−I bonds at the outset of the C−
H functionalization. Although of immediate synthetic logic at
first sight, the anticipated C−H amination is of great challenge.
Obviously, prior to NH iodination as the initial step of the
transformation, the electrophilic iodine reagent should be
prone to competitive pyridine coordination, which could be
inhibitory. Such a behavior has been widely documented, and
Barluenga’s reagent [Py2I]BF4 provides major testimony to this
end.9,10 For iodine(III) reagents as terminal oxidants, the same
coordination has been observed.11

Under the typical conditions of iodine-promoted Hofmann−
Löffler reactions, the formation of N−I species such as A or B
can be expected to inhibit the catalytic reaction or at least to
slow it down significantly. Since the catalytic reaction variant

Received: December 7, 2018
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Figure 1. Retrosynthetic C−N bond disconnection for the pyrrolidine
core of nicotine (X = Br, I) and iodine−pyridine interactions.
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Abstract: Iodine reagents have been identified as economically
and ecologically benign alternatives to transition metals,
although their application as molecular catalysts in challenging
CˇH oxidation reactions has remained elusive. An attractive
iodine oxidation catalysis is now shown to promote the
convenient conversion of carbon–hydrogen bonds into
carbon–nitrogen bonds with unprecedented complete selectiv-
ity. The reaction proceeds by two interlocked catalytic cycles
comprising a radical chain reaction, which is initiated by visible
light as energy source. This unorthodox synthetic strategy for
the direct oxidative amination of alkyl groups has no
biosynthetic precedence and provides an efficient and straight-
forward access to a general class of saturated nitrogenated
heterocycles.

Nitrogen–halogen bonds have a long history in the synthesis
of pyrrolidines and related heterocyclic structures through the
amination reaction of a distant carbon–hydrogen bond.[1] For
such approaches with preformed chlorinated and brominated
amines, the transformation is known as the Hofmann–Lçffler
reaction (Scheme 1, top). Despite the great attractiveness of
such an approach for the synthesis of aminated five-mem-
bered-ring compounds, the required rather harsh conditions
have prevented wider application.[1a,b] Modifications of the
common protocol include the in situ formation of the
corresponding N-iodinated amides through the combined
use of molecular iodine and a large excess of commonly
available iodine(III) reagents[2, 3] with the requirement of an
external light source (Scheme 1, bottom). These reactions
usually start from compounds having electron-acceptor-sub-
stituted nitrogen groups and were employed largely in steroid
and carbohydrate chemistry.[3]

Although a significantly more desirable process from
a synthetic standpoint, a variant catalytic in iodine has not yet
been realized. Such a conceptually novel reaction is of
fundamental interest, since it would amount to a catalytic
remote CˇH amination of nonfunctionalized hydrocarbons
based on an iodine derivative as a benign non-metallic
catalyst. Molecular catalysis based on iodine[4] has recently
been considered an attractive, mechanistically distinct alter-
native to the far more common transition-metal catalysis,
although truly efficient protocols for CˇN bond formation
remain to be developed.[5]

The required principle for such a reaction was explored
for the representative compound 1a (Table 1). Overstoichio-
metric oxidation conditions[3] could be employed; however,
changing to catalytic amounts of iodine shut down the
reaction (entries 1 and 2). This problem could be overcome
by changing the carboxylate component of the hypervalent
iodine reagent from acetate to pivalate. With this oxidant it
was possible to reduce the iodine amount to a catalytic
20 mol%, while the results remained similar to those
obtained in the stoichiometric reaction (entry 3 vs. 4). Still,
a significant excess of iodine(III) reagent was required
(entry 5). Further modification of the iodine(III) reagent to
PhI(mCBA)2 (mCBA = 3-chlorobenzoate) provided quanti-
tative yields of 2a, even when a single equivalent of this
oxidant was used (entries 6 and 7). The amount of the iodine
catalyst could be successively lowered to 2.5 mol%, without
loss in yield, and still 95% yield was obtained at a catalyst
loading of 1 mol%. Reasonable conversion was still achieved
at 0.5 mol %, while the amination no longer proceeds upon
further decrease of iodine to 0.1 mol% (entries 8–12). The
optimized conditions call for only a single equivalent of
terminal oxidant, which demonstrates the effectiveness of the
new reaction. Usually, iodine-catalyzed reactions require an
excess of terminal oxidants.[4,6] Moreover, it is noteworthy
that the catalytic use of iodine provides a significantly cleaner
reaction outcome in the oxidation of 1a than a comparable
protocol using the overstoichiometric reagent combination I2/
3PhI(OAc)2,[3f] which forms product mixtures.[7]

Scheme 1. Hofmann–Lçffler reactions: classical reaction conditions
(top) and Suµrez modification (bottom).
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Catalytic b C–H amination via an imidate radical
relay†

Leah M. Stateman, Ethan A. Wappes, Kohki M. Nakafuku, Kara M. Edwards
and David A. Nagib *

The first catalytic strategy to harness imidate radicals for C–H functionalization has been developed. This

iodine-catalyzed approach enables b C–H amination of alcohols by an imidate-mediated radical relay. In

contrast to our first-generation, (super)stoichiometric protocol, this catalytic method enables faster and

more efficient reactivity. Furthermore, lower oxidant concentration affords broader functional group

tolerance, including alkenes, alkynes, alcohols, carbonyls, and heteroarenes. Mechanistic experiments

interrogating the electronic nature of the key 1,5 H-atom transfer event are included, as well as probes

for chemo-, regio-, and stereo-selectivity.

Introduction
At the frontier of organic synthesis, the selective replacement of
an unbiased C–H bond with a more valuable chemical motif
remains a vital challenge.1 Specically, incorporation of
a nitrogen atom by C–H amination is an especially important
goal in medicinal chemistry.2,3 Among recent advances toward
directed sp3 C–H functionalization of abundant alcohol deriv-
atives,4 there remain few methods to synthesize b amino alco-
hols (a privileged motif in medicine)5 by C–H amination.6 To
complement state-of-the-art, metal-catalyzed nitrenoid and C–H
insertion pathways for remote C–H amination,7 we sought to
employ a radical-based approach that entails d selective,
hydrogen atom transfer (HAT).8,9 Despite recent advances in
d C–H amination viaHAT,10 there remain few catalytic examples
of this transformation.11 Having recently disclosed the rst
method for directed b C–H amination of alcohols by a comple-
mentary imidate radical relay,12,13 we sought to develop an
improved, catalytic strategy (Fig. 1).

In our radical relay chaperone strategy, alcohols are readily
converted to imidates by addition to nitriles (Fig. 1a). Upon
combination with stoichiometric oxidant (NaI, PhI(OAc)2; 3
equiv. each), a transient sp2 N-centered radical14,15 is generated
that undergoes selective 1,5-HAT to afford a C-centered radical –
b to the imidate. Subsequent radical trapping and acidic
hydrolysis yields b amino alcohols in a rapid, selective, and
efficient fashion. With the hopes of expanding the synthetic
utility of this new strategy, we proposed development of a cata-
lytic variant (Fig. 1b). To complement our rst-generation,

photo-mediated method, we hypothesized the key, radical-
generating iodine atom, which is not incorporated in the
product, could be continually recycled and ultimately employed
in a catalytic fashion.

In an alternate, thermally initiated sequence, we envisioned
a substoichiometric quantity of I2 may undergo ligand substi-
tution with PhI(OAc)2 (1 equiv. only) to generate AcOI. In the
presence of an alcohol-derived imidate (A), selective formation
of a weak N–I bond (B)16,17 would enable thermal homolysis to
an N-centered radical (C). This transient species (typically
accessed by photolysis)18 should undergo regio-selective 1,5-
HAT to yield b radical (D). Rapid radical recombination (or
chain-propagation with AcOI or N–I) would yield b alkyl iodide
(E). In the presence of PhI(OAc)2 as a terminal oxidant, we
proposed oxazoline (F) formation may accompany regeneration
of the AcOI catalyst by one of two mechanisms: (1) iodide
displacement by the imidate, and re-oxidation of I! to I+,19 or (2)
alkyl hypervalent iodane formation, and amination via an I(III)/
I(I) pathway.20 Importantly, we proposed thermal initiation of
this catalytic cycle under low concentrations of I2 (or AcOI) may
improve reaction efficiency and chemoselectivity by precluding
byproduct-forming pathways associated with photolysis of these
promiscuous oxidants.21

Results and discussion
In accord with our design, we were pleased to nd the catalytic
b C–H amination of imidate 1 by HAT is indeed possible with
5 mol% I2 and 1.2 equiv. PhI(OAc)2, affording 2 in 95% yield
(Table 1). Crucially, this thermal protocol requires polar, aprotic
solvents (e.g. DMF, MeCN), whereas other solvents (e.g. CH2Cl2,
PhMe) afford inferior yields (entries 1–4). Although rigorous
degassing is not essential, an N2 atmosphere was found to be
superior to an aerobic one (entry 5). Although alkali iodide salts
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(e.g. NaI, CsI) are competent sources of iodine for this reaction,
they are less efficient than more soluble I2 reagent (entries 6
and 7). Finally, photolysis (entry 8) or non-photolytic initiation
at room temperature (entry 9) afford reactivity, albeit with less
efficiency than standard thermal initiation at 50 !C.

Interestingly, we noted this catalytic reaction is completed at
a signicantly faster rate than the rst-generation, photo-
initiated conditions. As shown in Fig. 2, our previous condi-
tions, which are super-stoichiometric in NaI and PhI(OAc)2,
required several hours for reaction completion (purple line).
Conversely, 80% yield is observed in 30 minutes with 5–10% I2
(red and blue lines) or even in as little as 10 minutes with 20% I2
(green line). Although a mere 1% I2 provides full conversion in 6
hours, we found these longer reaction times to be less practical
than the 1–2 hours needed for 5% catalyst loading. Given that
less soluble sources of iodide (e.g. NaI, CsI) do not afford
product as rapidly or efficiently (likely due to slower, incomplete
generation of I2), we presume greater solubility of I2 affords
a higher initial concentration of the active oxidant, AcOI. Taken
together, these data suggest the faster rates shown in Fig. 2 are
consistent with a higher initial concentration of reactive AcOI,
as proposed in the mechanism shown in Fig. 1. Moreover, less
terminal oxidant, and thermal (vs. photolytic) initiation, may be
responsible for ensuring AcOI-based, two-electron reactivity is
more selective for the desired reaction pathway.

Synthetic scope

In order to explore the synthetic utility of our new thermally
initiated, I2-catalyzed protocol, we subjected a series of imidates
to these b C–H amination conditions (5% I2, 1.2 equiv.
PhI(OAc)2, DMF, 50 !C). Upon reaction completion, acidic
hydrolysis of the resulting oxazoline with aq. HCl yielded the
respective b amino alcohol. As shown in Fig. 3, a wide range of
imidates undergo the radical relay mechanism via these cata-
lytic conditions. For trichloroacetimidates (derived from
combination of alcohols and Cl3C–CN), a range of electronically
diverse 2-phenylethanol derivatives could be selectively ami-
nated at the b position. These benzylic C–H aminations (3–10)
are amenable to both electronically rich and decient

Table 1 Development of a catalytic C–H amination of imidates

Entry Changes from standard conditions Yield (%)

1 None 95
2 CH2Cl2 instead of DMF 31
3 PhMe instead of DMF 33
4 MeCN instead of DMF 94
5 Air atmosphere instead of N2 61
6 NaI instead of I2 67
7 CsI instead of I2 76
8 2 " 23 W CFL 50
9 Dark, room temperature 40

Fig. 2 Comparison of the catalytic C–H amination of imidates with
the previous stoichiometric version.

Fig. 1 Radical relay strategy for b C–H amination of alcohols: (a)
catalytic vs stoichiometric. (b) Iodine-catalyzed mechanism.

2694 | Chem. Sci., 2019, 10, 2693–2699 This journal is © The Royal Society of Chemistry 2019
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Practical, metal-free remote heteroarylation of
amides via unactivated C(sp3)–H bond
functionalization†

Nana Tang,‡a Xinxin Wu‡a and Chen Zhu *ab

Development of practical methods for the production of multi-functionalized amides is one of the most

important topics in both synthetic chemistry and drug discovery. Disclosed herein is a new, efficient,

site-selective heteroarylation of amides via C(sp3)–H bond functionalization. Amidyl radicals are directly

generated from the amide N–H bonds under mild conditions, which trigger the subsequent 1,5-HAT

process. A wide scope of aliphatic amides including carboxamides, sulfonamides, and phosphoramides

are readily modified at remote C(sp3)–H bonds by installing diverse heteroaryl groups. Borne out of

pragmatic consideration, this protocol can be used for the late-stage functionalization of amides.

Introduction
As a class of paramount chemical structures, amides consisting
of carboxamides, sulfonamides, and phosphoramides are
ubiquitous in natural and synthetic products (Scheme 1a). They
constitute the basic framework of proteins in the form of
peptides in life systems, and are engaged as key candidates for
structure design in drug development. An analysis reveals that
amide formation is one of the most frequently occurring reac-
tions used in current medicinal chemistry.1 Generally, amides
are readily obtained from the condensation of amines with
carboxylic/sulfonic/phosphoric acids and derivatives (Scheme
1b, path a). Alternatively, direct installation of the target func-
tional group at the aliphatic chain of amides via C(sp3)–H bond
functionalization provides an ingenious and powerful access to
the multi-functionalized amides (Scheme 1b, path b),2 in
particular when the complex alkylamine precursors are inac-
cessible for the condensation approach.

Inspired by the classic Hofmann–Löffler–Freytag (HLF)
reaction,3 recently the regioselective functionalization of
amides via C(sp3)–H functionalization enabled by hydrogen
atom transfer (HAT) has gained intense interest.4 Due to the
high bond-dissociation free energy (BDFE) of N–H bonds (107–
110 kcal mol!1),5 it is a formidable challenge to directly
generate amidyl radicals from N–H bonds. Therefore, amides

are usually elaborated to other surrogates that deliver amidyl
radicals under mild conditions.6,7 Elegant modications of HLF
reaction from Suárez8 and others9,10 convert the amide N–H
bonds to amidyl radicals by homolysis of the in situ formed N–I
species. But those reactions are limited to the cyclization to
afford the pyrrolidine derivatives (Scheme 1c). The recent
breakthroughs in the radical Michael addition achieved by
Knowles,11 Rovis,12 and Meggers13 signicantly increase the
atom- and step-economy of the amide-directed C(sp3)–H func-
tionalization (Scheme 1d). Despite the notable progress, the
production of amidyl radicals direct from amide N–H bonds
and applications in the intermolecular transformation of
C(sp3)–H bonds still remains scarce.

Heteroarenes are extensively found in biologically active
compounds, including almost half of the top 200 pharmaceu-
ticals by prescriptions.14 It is of great synthetic value to intro-
duce various heteroaryl groups to amides by C–H
functionalization. To the best of our knowledge, only two
examples from Zhu7g and Nagib,7l respectively, reported the
remote C–H heteroarylation of amides. The preformed N–F
derivative of amides were employed as starting materials. Both
reports focused on the C–H arylation, while only a few examples
on heteroarylation were involved. Inspired by our recent
achievements in the alcohol-directed C(sp3)–H hetero-
arylation,15 we herein report a novel, metal-free regioselective
heteroarylation of amides via C(sp3)–H bond functionalization
(Scheme 1e). A broad range of heteroarenes as well as amides
including carboxamides, sulfonamides, and phosphoramides
are tolerated in the reaction. Amidyl radicals are readily
generated from the amide N–H bonds under mild conditions,
manifesting the step-economy of the protocol. The metal-free
conditions avoid the metal contamination of products, boost-
ing the potential use in medicinal chemistry. Furthermore, the
method features the use of inexpensive reagent and easy

aKey Laboratory of Organic Synthesis of Jiangsu Province, College of Chemistry,
Chemical Engineering and Materials Science, Soochow University, 199 Ren-Ai Road,
Suzhou, Jiangsu 215123, China. E-mail: chzhu@suda.edu.cn
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Halogen-Bond-Induced Consecutive Csp
3−H Aminations via

Hydrogen Atom Transfer Relay Strategy
Fan Wu, Jeewani P. Ariyarathna, Navdeep Kaur, Nur-E Alom, Maureen L. Kennell, Omar H. Bassiouni,
and Wei Li*
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ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The utilization of a halogen bond in a number of
chemical fields is well-known. Surprisingly, the incorporation of
this useful noncovalent interaction in chemical reaction engineer-
ing is rare. We disclose here an uncommon use of halogen bonding
to induce intermolecular Csp

3−H amination while enabling a
hydrogen atom transfer relay strategy to access privileged
pyrrolidine structures directly from alkanes. Mechanistic studies
support the presence of multiple halogen bond interactions at distinct reaction stages.

Nature’s ability to use noncovalent interactions (NCIs) to
regulate crucial biological processes has long inspired

us.1 For example, halogen bond (XB) interactions have been
indicated to play an essential role in the recognition of thyroid
hormones by their cognate proteins (Scheme 1a).2 Over the
past few decades, this seemingly “exotic” interaction has grown
in popularity and has been widely recognized in material and
drug design and in crystal engineering.3 Yet only recently
chemical researchers have started to contemplate how to
synchronize this useful NCI to guide chemical reactions.4

Exciting early works in this area by Bolm, Huber, Takemoto,
Tan, Yeung, and others have mostly centered on the use of
halogen bonding as Lewis acid equivalents or anion
receptors.5−7 Particularly, a series of interesting studies by
Huber and co-workers has laid the mechanistic foundation that
halogen bonding, and not other interactions, is responsible for
the rate acceleration in a number of model reaction settings.7

Distinctively, we sought to use this NCI to engineer
unconventional chemical reactions. A particular process we
are interested in, the use of XB to access reactive radical
species for selective C−H functionalization, remains largely
unexplored.8

The selective replacement of Csp
3−H with Csp

3−N bond, a
ubiquitous motif in medicinal chemistry, is an intensely
pursued research area.9 The current state of the art for
intermolecular Csp

3−H amination is the transition-metal-
catalyzed nitrene insertion or transfer chemistry.10 Another
complementary yet unified strategy that has garnered
significant momentum recently is the radical-based approach
to evoke hydrogen atom transfer (HAT) processes.11 Despite
recent progress in intermolecular C−H amination via HAT,
the use of a versatile and convenient nitrogen source is highly
desirable with limited examples.12 During the progress of our
work, we became aware of an elegant report by the Muñiz
group using PhI(O2CAr)2 as a terminal reagent to accomplish

a similar transformation via the requisite N−I bond formation
(Scheme 1b).13 Herein, we disclose a rare halogen bonding
charge-transfer complex induced nitrogen radical formation
from sulfonamides to initiate a HAT relay process, a strategy
that is not amenable to nitrene-based technology. In turn,
multiple Csp

3−H aminations can take place to convert alkanes
into pyrrolidines, a privileged pharmaceutical motif.
Among the many facets of XB, our work is inspired by the

charge-transfer component postulated by the works of
Mulliken.14 We were curious if this XB character could,
under visible-light-mediated conditions, elicit heteroatom
radical formation with simple nitrogen sources to conduct
hydrogen atom abstraction chemistry (Scheme 1c). In this
case, we sought a simple halogen bond donor that could be
used to engage the Lewis basic sulfonamides in halogen
bonding. Upon visible light irradiation, nitrogen-centered
radical formation could take place via a halogen bonding
charge-transfer complex. Radical abstraction of a suitable
hydrogen atom, followed by iodination and substitution with
sulfonamide, would then install the first C−N bond. We
reasoned that an ensuing nitrogen relay process could occur via
visible-light-mediated Hofmann−Löffler−Freytag (HLF) re-
action.15 This HAT relay process would afford us a unique
route to pyrrolidines as part of our program to assemble
heterocycles from feedstock chemicals.16

Our experiments commenced with finding suitable con-
ditions for the initial benzylamination process. Evaluation of a

Received: January 8, 2020
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Transition metal-free visible light photoredox-
catalyzed remote C(sp3)−H borylation enabled
by 1,5-hydrogen atom transfer
Beiqi Sun1,2, Wenke Li2, Qianyi Liu2, Gaoge Zhang2 & Fanyang Mo 1✉

The borylation of unreactive carbon-hydrogen bonds is a valuable method for transforming

feedstock chemicals into versatile building blocks. Here, we describe a transition metal-free

method for the photoredox-catalyzed borylation of unactivated C(sp3)−H bond, initiated by

1,5-hydrogen atom transfer (HAT). The remote borylation was directed by 1,5-HAT of the

amidyl radical, which was generated by photocatalytic reduction of hydroxamic acid deri-

vatives. The method accommodates substrates with primary, secondary and tertiary C(sp3)

−H bonds, yielding moderate to good product yields (up to 92%) with tolerance for various

functional groups. Mechanistic studies, including radical clock experiments and DFT

calculations, provided detailed insight into the 1,5-HAT borylation process.

https://doi.org/10.1038/s42004-023-00960-z OPEN

1 School of Materials Science and Engineering, Peking University, Yiheyuan Road, Beijing 100871, China. 2 College of Engineering, Peking University, Yiheyuan
Road, Beijing 100871, China. ✉email: fmo@pku.edu.cn
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Radical Stability as a Guideline in C–H Amination Reactions
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Abstract: The stability of N-centered radicals and
radical cations of potential relevance in C–H amida-
tion reactions has been quantified using highly accu-
rate theoretical methods. Combination with available
C–H bond energies for substrate fragments allows
for the prediction of reaction enthalpies in 1,5-hydro-
gen atom transfer (HAT) steps frequently encoun-
tered in reactions such as the Hofmann–Lçffler–
Freytag (HLF) reaction. Protonation of N-radicals is
found to be essential in classical HLF reactions for
thermochemically feasible HAT steps. The stability
of neutral N-radicals depends strongly on the type of
N-substituent. Among the electron-withdrawing sub-

stituents, the trifluoroacetyl (TFA) group is the least
and the toluenesulfonyl (tosyl) group the most stabi-
lizing. This implies that TFA-aminyl radicals have
the broadest and tosyl-aminyl radicals the smallest
window of synthetic applicability. In how far the in-
tramolecular C–H amidation reactions compete with
hydrogen abstraction from common organic solvents
can be judged based on a comparison of reaction
thermodynamics.

Keywords: amination; C–H activation; radical stabil-
ity; remote functionalization

Introduction

The search for metal-free C–H bond amidation reac-
tions has recently led to a resurgence in studies of
what may broadly be seen as variants of the Hof-
mann–Lçffler–Freytag (HLF) reaction.[1–4] Starting
from secondary amine substrates these reactions are
believed to involve formation of N-haloamines as
direct precursors of the respective N-centered radi-
cals, generation of which is promoted by photochemi-
cal or thermal activation. As illustrated in Scheme 1

for the example of N-bromo-2-propylpiperidine (1),
the strongly acidic reaction conditions used in the
classical HLF reaction lead, through thermal or pho-
tochemical activation, from bromoaminium ion 2 to
transient amine radical cation 3. Kinetically preferred
1,5-hydrogen atom transfer (1,5-HAT) then leads to
formation of C-centered radical 4, whose halogen
atom abstraction from the (protonated) N-haloamine
substrate 1 closes the radical chain and generates the
haloalkylamine product 5. The final cyclization to 5-
membered ring pyrrolidine 6 then follows a classic
SN2 mechanism and often requires basic reaction con-
ditions. That a similar sequence can be developed
under neutral conditions has been demonstrated by
Corey et al. for the example shown in Scheme 2.[5a]

Building on earlier work by Barton et al. on lactone
syntheses,[5b] trifluoroacetamide 7 is in this case first
transformed quantitatively to bromoamide 8.

Photochemical activation of this precursor is in this
case believed to generate amidyl radical 9, followed
by a 1,5-HAT step to generate substrate radical 10.
The radical chain is again completed by bromine ab-
straction from (neutral) precursor 8 to yield bromide
11. Base-induced cyclization then yields the final pro-
line derivative 12. More recently variants of the HLF
reaction integrate precursor synthesis, (photochemi-

Scheme 1. Essential mechanistic steps in the classical HLF
reaction of bromopiperidine 1 under acidic conditions.

Adv. Synth. Catal. 2016, 358, 3983 – 3991 ⌫ 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3983
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servation of the evolution of molecular hydrogen (H2). Al-
though the starting material can be deprotonated directly at
the cathode, methanol or residual water are considered the
main source of the base due to the matching of the pKa value
to the acidic NˇH bond of the starting material. Most of the re-
actions to explore the substrate scope were performed in a
two-electrode cell with a loading of 1–2 mmol. However, to
further extend the utility of the electrochemical HLF reaction,
additional scalability tests were conducted (Figure 10).

Thus, benzylic substrate 15 a and menthol-derivative 35 a
were converted into the desired pyrrolidines in 75 and 72 %
yields after 2 and 5 hours, respectively. Almost no differences,
except for a much lower current efficiency, were observed
even in the 50 g scale cyclizations of protected amino acids
such as leucine and isoleucine to the corresponding 4- and 3-
methyl proline carboxylates (Figure 10 S1/S2). To our delight,
desired products 31 b and 33 b were isolated in 68 and 70 %

yield, while unreacted starting material and pyrrolidinin-2-one-
carboxylates accounted for the remaining mass balance. Con-
cerning the amount of electricity used, the solvent and the
chemicals (isoleucine: 2 $ gˇ1, Acros), the production cost of
highly valuable enantiopure methyl N-tosyl-3-methyl-proline
carboxylate (33 b, 705 $ gˇ1, Acros) from the corresponding
protected amino acid can be estimated as only $100 per
1 mol.

A recently launched commercially available electrosynthesiz-
er (by IKA, Figure 4, ES-2.0)[24] was applied to evaluate the re-
producibility of the reaction. Products 7 b, 15 b, and 23 b were
all obtained in similar chemical and faradaic yields. Photovolta-
ic panels were tested as an alternative source of electricity in
the synthesis of 14 b (Figure 4, P1). The reaction outcome did
not change compared to that achieved using the conventional
electrical network. Notably, due to the outdoor ambient tem-
perature, the reaction mixture was heated to 50 8C regardless

Scheme 2. Proposed mechanism for the electrochemical C(sp3)̌ H amination.

Figure 10. Scaling up of the HLF reaction. (S1/S2) Scaling up of the HLF reaction with 15 a, 31 a, 33 a and 35 a in batch reactions (up to 50 g loading); (ES-2.0)
test of reproducibility with an IKA ElectroSynth system; (P1) Employment of a photovoltaic-powered setup.
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previous mechanistic studies that characterized the 1,5-HAT as
the rate-limiting step of the overall process.[15a,15b,16,17]

Figure 4. EPR spectra of nitrogen-centered radicals. a) EPR spectrum after the
N-I homolytic cleavage in 2a. b) EPR spectrum after the N-Br homolytic cleav-
age in 2b. c) Comparation of the two EPR spectra of 3 generated after the
homolyses of the N-I and N-Br intermediates. d) Silent spectrum of the N-Cl
derivative 2c.

Eur. J. Org. Chem. 0000, 0–0 www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4

Following the crucial argument on the convergent formation
of the sulfonamidyl radical 3 from both halogenated precursors
2a,b, the N-Br intermediate 2b was investigated in a subse-
quent experiment under light-initiation. Gratifyingly, the spec-
trum revealed that the identical N-centered radical 3 was
formed in this case (Figure 4b). The spectra of the detected N-
centered radical are in full agreement with the simulated spec-
tra.[22] By overlapping the two experimental spectra of the two
amidyl radicals generated from the respective N-I and N-Br pre-
cursors 2a and 2b, we were pleased to see that they indeed
correspond to the same N-centered radical (Figure 4c).

While the previous N-halo sulfonamides are highly reactive
and therefore of significantly lower stabilities that vary from a
life time of less than 5 minutes in the case of the N-I intermedi-
ate 2a to a half-life time of half an hour for the N-Br intermedi-
ate 2b, the corresponding N-chloro derivative 2c was found to
be stable for two weeks. The stability of this compound can be
experimentally proven as the N-Cl derivative provided only an
EPR silent spectrum, even after prolonged irradiation at 350 nm
(Figure 4d). In general, N-chloro derivatives of this type have
been widely used as starting materials for more robust stoichio-
metric transformations.[23,24] Due to their stability, as proven
above, external factors are required in order to engage them
into reaction, and photoredox catalysis has been suggested as
a useful mode to this end.[19,25]

For compounds 2a,b the reported stoichiometric reactions
proceed to the formation of the pyrrolidine product 4 under
the conditions of photochemical C-X bond cleavage.[22] This
confirms that the detected amidyl radicals are true intermedi-
ates of the overall C-H amination process. It further suggests
that the catalytic reaction conditions can also be employed to
generate stoichiometric reagents for the Hofmann–Löffler reac-
tion.[26]

Moreover, unlike in the cases of the traditional N-haloamines,
the presence of acid does not constitute a requirement for the
amidyl radical formation in the present sulfonamide case. This
explains the high functional group tolerance for the catalytic
Hoffmann–Löffler reaction and makes it a unique tool in hetero-
cycle synthesis.

Conclusions
In conclusion, the important amidyl radical intermediate from
the halogen-catalyzed Hoffmann–Löffler reaction could be de-
tected for the first time by EPR spectroscopy. Its identification
fully corroborates previous experimental and computational
mechanistic conclusions on this reaction.
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Detection of the Elusive Nitrogen-Centered Radicals from
Catalytic Hofmann–Löffler Reactions
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Abstract: The catalytic Hofmann–Löffler reaction represents a
uniquely effective protocol for the formation of pharmaceuti-
cally relevant heterocycles and is based on the reactivity of
N-halogenated amines. Herein, we report stoichiometric experi-
mentation toward the detection of a sulfonamidyl radical as the

Introduction
Nature recurs to heterocycles as main constituents in biomole-
cules.[1] The inherent feature to incorporate given heteroatom-
based functional groups into a ring system of enhanced stabil-
ity greatly facilitates the storage of chemical and biological in-
formation. In the field of aminated molecules, nitrogenated ali-
phatic rings are favorite core structures in molecular assem-
blies,[2] a concept that has been of high recurrence throughout
biomolecular evolution and is equally attractive to compound
design in medicinal and pharmaceutical chemistry.[3–5] As a re-
sult, among the diverse class of three-dimensional heterocyclic
cores, aminated alicyclic rings constitute privileged motifs.[5]

The pyrrolidine core has been recognized as one of the pre-
eminent motifs in the field.[1b,5] There are multiple ways to its
synthesis, in which due to economic and strategic aspects the
direct C(sp3)-H amination stands out.

Apart from recent contributions by transition metal chemis-
try,[6] this transformation is most conveniently carried out using
the venerable Hofmann–Löffler reaction.[7] Under its standard
conditions, a N-halogenated amine is submitted to light or tem-
perature induced C-H amination, in which the key intermediate
has been identified as a nitrogen-centered radical.[8]

In general, nitrogen-centered radicals can be employed for
the above transformations in an effective and more environ-
mentally friendly manner. Though the previous perception of
radicals as non-selective intermediates in synthesis has been
revised, carbon-centered radicals have received significantly
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decisive intermediate in this C-H amination reaction. It can be
observed by EPR after homolytic cleavage of the in situ formed
N-halogen bond under the conditions of the iodine or bromine
catalyzed Hofmann–Löffler reaction.

more attention compared to the nitrogen counterparts.[9] A
general strategy for the generation of amidyl radicals relies on
photochemical or thermal homolysis of a nitrogen–heteroatom
bond, in which the heteroatom is traditionally a halogen.[10] In
the original Hofmann–Löffler reaction, harsh acidic conditions
and elevated temperature are required to cleave the N-X
bond.[11] Wawzonek investigated the course of the cyclization
and found that after irradiation of a N-chloroamine with ultra-
violet light in sulfuric acid, the N-methyl pyrrolidine product
was formed in a higher yield than in the absence of light.[12]

Based on this evidence, a radical chain mechanism was con-
cluded. A subsequent extensive mechanistic study by Corey
confirmed this cleavage to proceed homolytically to the corre-
sponding N-centered radical.[13] A subsequent 1,5-hydrogen
atom transfer (1,5-HAT) takes place yielding the carbon-cen-
tered radical. Following a radical chain mechanism, a γ-halogen-
ated amine is formed, which upon basic treatment undergoes
ionic cyclization to the final pyrrolidine (Scheme 1).

Scheme 1. Corey-mechanism for the original Hofmann–Löffler reaction.

Owing to these mechanistic studies, the Hofmann–Löffler re-
action is a well-understood transformation that enables hetero-
cycle formation from selective amination at non-activated ali-
phatic C-H bonds.[7,10] In seminal work, Schreiner and Gandel-
mann have recently reported the use of N-iodohydantoins for

Communication

Figure 3. NMR charts for evidences of the in situ formation of the N-I and of the N-Br species. NMR recorded in d4-DCE at t < 10 min. Conditions: a) 1
(1 equiv.), I2 (1 equiv.) and PhI(O2CAr)2 [Ar = 3-Cl-C6H4] (1 equiv.) b) 1 (1 equiv.), NBu4Br (1 equiv.) and mCPBA (2 equiv.). Blue circles: signals corresponding
to 1. Pink triangles: signals corresponding to N-I intermediate 2a. Brown squares: signals corresponding to N-Br intermediate 2b. Full peak assignment is
provided in the Supporting Information.[22]

and the N-brominated precursors 2a and 2b, respectively. In
fact, both compounds must give rise to the identical intermedi-
ate 3 (Scheme 2).

EPR measurements were performed under the conditions
that had been applied for the in situ generation and detection
of the two N-halogenated intermediates 2a,b from Figure 3.
Employing visible light irradiation, we first recorded the EPR
spectrum of the N-centered radical formed from the N-I inter-
mediate 2a (Figure 4a). A single clean signal was obtained,
which perfectly matches with the predicted N-centered radical
3. This signal did not give rise to a second signal over time but
decayed in intensity. Obviously, the C-centered radical interme-
diate A could not be detected which is in full agreement with

Eur. J. Org. Chem. 0000, 0–0 www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3

Scheme 2. Mechanistic context of amidyl radical formation: convergent path-
way from the N-iodo and the N-bromo intermediates.
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previous mechanistic studies that characterized the 1,5-HAT as
the rate-limiting step of the overall process.[15a,15b,16,17]

Figure 4. EPR spectra of nitrogen-centered radicals. a) EPR spectrum after the
N-I homolytic cleavage in 2a. b) EPR spectrum after the N-Br homolytic cleav-
age in 2b. c) Comparation of the two EPR spectra of 3 generated after the
homolyses of the N-I and N-Br intermediates. d) Silent spectrum of the N-Cl
derivative 2c.

Eur. J. Org. Chem. 0000, 0–0 www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4

Following the crucial argument on the convergent formation
of the sulfonamidyl radical 3 from both halogenated precursors
2a,b, the N-Br intermediate 2b was investigated in a subse-
quent experiment under light-initiation. Gratifyingly, the spec-
trum revealed that the identical N-centered radical 3 was
formed in this case (Figure 4b). The spectra of the detected N-
centered radical are in full agreement with the simulated spec-
tra.[22] By overlapping the two experimental spectra of the two
amidyl radicals generated from the respective N-I and N-Br pre-
cursors 2a and 2b, we were pleased to see that they indeed
correspond to the same N-centered radical (Figure 4c).

While the previous N-halo sulfonamides are highly reactive
and therefore of significantly lower stabilities that vary from a
life time of less than 5 minutes in the case of the N-I intermedi-
ate 2a to a half-life time of half an hour for the N-Br intermedi-
ate 2b, the corresponding N-chloro derivative 2c was found to
be stable for two weeks. The stability of this compound can be
experimentally proven as the N-Cl derivative provided only an
EPR silent spectrum, even after prolonged irradiation at 350 nm
(Figure 4d). In general, N-chloro derivatives of this type have
been widely used as starting materials for more robust stoichio-
metric transformations.[23,24] Due to their stability, as proven
above, external factors are required in order to engage them
into reaction, and photoredox catalysis has been suggested as
a useful mode to this end.[19,25]

For compounds 2a,b the reported stoichiometric reactions
proceed to the formation of the pyrrolidine product 4 under
the conditions of photochemical C-X bond cleavage.[22] This
confirms that the detected amidyl radicals are true intermedi-
ates of the overall C-H amination process. It further suggests
that the catalytic reaction conditions can also be employed to
generate stoichiometric reagents for the Hofmann–Löffler reac-
tion.[26]

Moreover, unlike in the cases of the traditional N-haloamines,
the presence of acid does not constitute a requirement for the
amidyl radical formation in the present sulfonamide case. This
explains the high functional group tolerance for the catalytic
Hoffmann–Löffler reaction and makes it a unique tool in hetero-
cycle synthesis.

Conclusions
In conclusion, the important amidyl radical intermediate from
the halogen-catalyzed Hoffmann–Löffler reaction could be de-
tected for the first time by EPR spectroscopy. Its identification
fully corroborates previous experimental and computational
mechanistic conclusions on this reaction.
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based functional groups into a ring system of enhanced stabil-
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formation. In the field of aminated molecules, nitrogenated ali-
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decisive intermediate in this C-H amination reaction. It can be
observed by EPR after homolytic cleavage of the in situ formed
N-halogen bond under the conditions of the iodine or bromine
catalyzed Hofmann–Löffler reaction.

more attention compared to the nitrogen counterparts.[9] A
general strategy for the generation of amidyl radicals relies on
photochemical or thermal homolysis of a nitrogen–heteroatom
bond, in which the heteroatom is traditionally a halogen.[10] In
the original Hofmann–Löffler reaction, harsh acidic conditions
and elevated temperature are required to cleave the N-X
bond.[11] Wawzonek investigated the course of the cyclization
and found that after irradiation of a N-chloroamine with ultra-
violet light in sulfuric acid, the N-methyl pyrrolidine product
was formed in a higher yield than in the absence of light.[12]

Based on this evidence, a radical chain mechanism was con-
cluded. A subsequent extensive mechanistic study by Corey
confirmed this cleavage to proceed homolytically to the corre-
sponding N-centered radical.[13] A subsequent 1,5-hydrogen
atom transfer (1,5-HAT) takes place yielding the carbon-cen-
tered radical. Following a radical chain mechanism, a γ-halogen-
ated amine is formed, which upon basic treatment undergoes
ionic cyclization to the final pyrrolidine (Scheme 1).

Scheme 1. Corey-mechanism for the original Hofmann–Löffler reaction.

Owing to these mechanistic studies, the Hofmann–Löffler re-
action is a well-understood transformation that enables hetero-
cycle formation from selective amination at non-activated ali-
phatic C-H bonds.[7,10] In seminal work, Schreiner and Gandel-
mann have recently reported the use of N-iodohydantoins for

Communication

Figure 3. NMR charts for evidences of the in situ formation of the N-I and of the N-Br species. NMR recorded in d4-DCE at t < 10 min. Conditions: a) 1
(1 equiv.), I2 (1 equiv.) and PhI(O2CAr)2 [Ar = 3-Cl-C6H4] (1 equiv.) b) 1 (1 equiv.), NBu4Br (1 equiv.) and mCPBA (2 equiv.). Blue circles: signals corresponding
to 1. Pink triangles: signals corresponding to N-I intermediate 2a. Brown squares: signals corresponding to N-Br intermediate 2b. Full peak assignment is
provided in the Supporting Information.[22]

and the N-brominated precursors 2a and 2b, respectively. In
fact, both compounds must give rise to the identical intermedi-
ate 3 (Scheme 2).

EPR measurements were performed under the conditions
that had been applied for the in situ generation and detection
of the two N-halogenated intermediates 2a,b from Figure 3.
Employing visible light irradiation, we first recorded the EPR
spectrum of the N-centered radical formed from the N-I inter-
mediate 2a (Figure 4a). A single clean signal was obtained,
which perfectly matches with the predicted N-centered radical
3. This signal did not give rise to a second signal over time but
decayed in intensity. Obviously, the C-centered radical interme-
diate A could not be detected which is in full agreement with

Eur. J. Org. Chem. 0000, 0–0 www.eurjoc.org © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3

Scheme 2. Mechanistic context of amidyl radical formation: convergent path-
way from the N-iodo and the N-bromo intermediates.
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Radicals from Catalytic Hofmann–Löffler Reactions”
Hans-Gert Korth*[a]

Abstract: Missing !-hydrogen hyperfine splittings and incon-
sistent g-factors reveal that the proposed sulfamidyl radical has
not been detected by EPR spectroscopy on photolysis of

In a recent paper in this journal, Bosnidou et al.[1] claimed to
have detected, by photolysis of an in-situ generated N-iodide,
“... the Elusive Nitrogen-Centered Radicals from Catalytic
Hofmann–Löffler-Reactions” by means of EPR spectrometry.
However, their assignment of the recorded three-line EPR spec-
tra to (primarily) the sulfamidyl (sulfonylaminyl) radical 1 (Fig-
ure 1) as the reactive nitrogen-centered radical intermediate
in the Hofmann–Löffler reaction is not in conformity with the
reported spectral properties.

Figure 1. Sulfamidyl radical 1 as proposed in ref.[1] and the derived nitroxide
radical 2.

The EPR spectra of ref.[1] all show simple (overlapping) 1:1:1
three-line signals at g = 2.006–2.008 with 14N hyperfine split-
tings (hfs) in the range 7.3–11 G. Whereas the 14N hfs would be
in agreement with sulfonyl-substituted aminyl radicals,[2a–2c] the
g-factors are inconsistent with this class of nitrogen-centered
radicals. The g-values of aminyl/amidyl radicals are generally
lower, around 2.0044 ± 0.0004.[2a–2c] Values of g ≥ 2.006 rather
strongly point to nitroxide (aminyloxyl) radicals.[2a,2d–2g] How-
ever, neither the proposed sulfamidyl radical 1 nor the derived
sulfonyl nitroxide radical 2 are in agreement with the observed
EPR spectra. The essential point is the missing of a splitting of
the EPR signal by interaction with the two !-H atoms, as evident
from numerous experimental data.[2] In particular, the !-H split-
tings in aminyl/amidyl radicals are characteristically large, in the
40 G range.[2a–2c] This is fully confirmed by (SMD)B3LYP/CBSB7
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N-halogenated sulfonamides. Rather, nitroxide radicals formed
via side reactions have been observed.

density functional theory (DFT) computations, which predict !-
H splittings of about 43.0 G and 6.8 G for the model compounds
3 and 4, with g-values in correspondence with amidyl and
nitroxide radicals, respectively (Table 1). (The related 14N hfs are
quite similar, thus do not allow a clear discrimination between
amidyl and nitroxide radicals). In any case, the missing !-H hfs
clearly rule out structures 1 or 2.

Table 1. Computed and experimental EPR parameters for sulfonyl-substituted
aminyl and nitroxyl radicals.[a]

[a] DFT computations on the UB3LYP/CBSB7 level of theory employing the
SMD solvation model for toluene solution. [b] Experimental data (in benzene)
from ref.;[4] Ts = para-tolylsulfonyl. [c] Experimental data (in toluene) from
Figure 4a and SI, p. S11, of ref.[1]

The missing !-H hfs either point to tertiary carbon substitu-
ents,[3] carbonyl substituents (14N hfs in the range 7–10 G and
g-factors ≥ 2.006 are very typical for α-carbonyl nitroxides), or
non-magnetic heteroatom substituents at N (in addition to the
Ts substituent).[2a,2d–2g] In fact, the major triplet signal in the
EPR spectra of ref.[1] is similar to the reported EPR spectrum of
bis(tosyl)nitroxide (5),[4] which is supported by the computed
EPR parameters of the model compounds bis(phenylsulfonyl)-
nitroxide (6) and bis(phenylsulfonyl)aminyl (7) (Table 1).
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density functional theory (DFT) computations, which predict !-
H splittings of about 43.0 G and 6.8 G for the model compounds
3 and 4, with g-values in correspondence with amidyl and
nitroxide radicals, respectively (Table 1). (The related 14N hfs are
quite similar, thus do not allow a clear discrimination between
amidyl and nitroxide radicals). In any case, the missing !-H hfs
clearly rule out structures 1 or 2.

Table 1. Computed and experimental EPR parameters for sulfonyl-substituted
aminyl and nitroxyl radicals.[a]

[a] DFT computations on the UB3LYP/CBSB7 level of theory employing the
SMD solvation model for toluene solution. [b] Experimental data (in benzene)
from ref.;[4] Ts = para-tolylsulfonyl. [c] Experimental data (in toluene) from
Figure 4a and SI, p. S11, of ref.[1]

The missing !-H hfs either point to tertiary carbon substitu-
ents,[3] carbonyl substituents (14N hfs in the range 7–10 G and
g-factors ≥ 2.006 are very typical for α-carbonyl nitroxides), or
non-magnetic heteroatom substituents at N (in addition to the
Ts substituent).[2a,2d–2g] In fact, the major triplet signal in the
EPR spectra of ref.[1] is similar to the reported EPR spectrum of
bis(tosyl)nitroxide (5),[4] which is supported by the computed
EPR parameters of the model compounds bis(phenylsulfonyl)-
nitroxide (6) and bis(phenylsulfonyl)aminyl (7) (Table 1).
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density functional theory (DFT) computations, which predict !-
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Conclusions

• Reaction is always more complicated then it seems


• Unexpected stable radicals are lurking around


• Sometimes MD at semi-empirical level gives more insight then DFT


• But only trust energies from DFT with well tested and proven method


• Interplay of theory and experiments 
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