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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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106. A. W. Hofmann: Ueber die Einwirkung des Broms in 
alkalisoher Losung auf die Amine. 
[Aus dem Bed. Univ.-Laborat. No. DXVII.] 

(Vorgetragen vom Verfasser.) 

Gelegentlich einiger Arbeiten Giber das Verhalten der Amide zu 
alkalischer Bromlosung , welche der Gesellschaft vor etwa Jahresfrist 
mitgetheilt wurden, sind auch analoge Versuche mit den Aminen zur 
Ausfuhrung gekommen, iiber deren Ergebnisse bereits einige An- 
deutungen gegeben worden sind '). 

Diese Versuche sind im Laufe des zum Schlusse gelangenden 
Wintersemesters wieder aufgenommen worden, und ich habe inich auch 
bei dieser Cntersuchung wie bei der iiber die Amide der thatkraftigen 
und sachkundigen Mitwirkung des Hrn. Dr. F r a n z  M y l i u s  zu er- 
freuen gehabt, dem ich wieder zu besonderem Dank verpflichtet bin. 

Diese Untersuchung, welche sich in fast unliebsamer Weise ausge- 
dehnt hat, ist indessen weit davon entfernt, zu einem Abschlusse ge- 
kommen zu sein. Immerhin scheint es schon heute angezeigt, einige 
der gewonnenen Erfahrungen zu veroffentlichen , indem ich mir yor- 
behalte, was hier in diirftigen Umrisseu geboten wird, spater in aus- 
Ehrlicherer Form darzulegen. 

Versetzt man die salzsaure Losung eines primiiren Monamius der 
aliphatischen Reihe mit alkalischer Bromlosung (am besten 1 Mol. 
primares Monamin, 2 Mol. Brom und entsprechende Menge von Alkali), 
so entstehen nionoalkylirte Bromstickstoffe, welche 2 At. Brom ent- 
halten. Die Reaction wurde zunachst in der Methyl- und Aethyl- 
reihe eingehender studirt, nnd die Verbindungen 

CH3NBr2 und CsHgNBr2 
genauer untersucht. Aber auch die Amine der Propyl- und Butylreihe, 
zwei zur Verfugung stehende Amylamine, das Sextylamin und das  
Octylamin, sind auf ihr Verhalten gegen Brom und Alkali gepriift 
worden; alle haben analoge Abkiimmlinge geliefert. 

L%st man eine alkalische Bromlosung auf ein secundares Amin 
der aliphatischen Reihe einwirken (1 Mol. Brom auf 1 Mol. secundiires 
Amin), so wird, wenn das secundiire Amin zwei Alkylgruppen ent- 
halt, unter Abspaltung von Alkylenbromid, daa primare Alkylamin 
gebildet. Wird aber ein secundares Amin, in welchem ein zwei- 
werthiger Atomcomplex an die Stelle von zwei Wasserstoffatomen des 
Ammoniaks getreten ist, mit Brom behandelt, so entstent ein alkyle- 

') H o f m a n n ,  diese Bcrichte XIV, 2725 nnd XV, 767. 

1881.
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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. 
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Rundkolben erwarmt. Beim Siedepunkt des Benzoylchlorids (ca. 190') 
trat unter Entweichen r o n  Salzsaure-Dampfen Aufschaumen ein. Die 
inzwischen schwarz und dick gewordene Masse wurde 20 Minuten 
lang bei dieser Temperatnr konstant erhalten und nach dent Abkiihlen 
zur Entfernung des iiberschussigen Benzoylchlorids mit 15-proz. Salz- 
saure versetzt. Dabei scheidet sich ein Krystallbrei von Benzoesaure 
ab, der abgesaugt und ntit Salzsaure gewaschen wurde. Das von den 
Krystallen abgesaugte Filtrat mitsamt der Waschflussigkeit wurde 
mehrfach rnit Ather durchgeschiittelt. Die nunmehr von den nicht 
basischen Stoffen (wie Benzoylchlorid und Benzoesaure) befreite Salz- 
saure-Lasung wurde rnit Natronlauge gerade alkalisch gemacht, rnit 
Essigsaure wieder schwach augesluert und schlielilich rnit Ather 
wiederholt ausgeschiittelt, wobei die Benzoylverbinduug in den a t h e r  
geht, wahrend das eventuell unveranderte Nicotin in der essigsauren 
Losung bleibt und so getrennt wird. Erstere wurde n:rch Verjagung 
des Athers als dunkelgelbes, opalisierendes 0 1  erbalten (106 g). 

Dns A'- M e t h y 1- b e  n z o y 1 - 6 -  p y r id y 1- ch 1 o r -  b u t y l a m i n  wurde 
nun rnit alkoholischer ICalilauge (60 g festes Kali in 400 ccni absolutem 
Alkohol) 12 Stunden lang am RuclrfluBkuhler grkocht, wobei unter 
Abspaltung von Salzsaure das N - M  e t  h y l -  b e n  z oy I - p y r i d  yl-pC- b u -  
t y l e n y l a m i n  gebildet wird: 

CHa-CHI CH-CH2 

/'---hHC1 dHs t'\-CH CH2 
i ' I 

' 1 N' -+ I ' K/. . 
LNAC C V ~  C H ~  .\/ N CG"CH3 

CsH5 CsH5 
Nach dem Erkalten wurde die alkoholische Kaliliisung genau 

rnit alkoholischer Salzsaure neutralisiert und das ausgeschiedene Chlor- 
kalium abfiltriert. Beim Verdunsten der alkoholischen Losung blieb 
ein dickes, braunes 0 1  zuriick. Als ein Teil desselben in das Pikrat 
verwandelt und dieses durch Salzsaure zerlegt wurde, schieden sich 
in der atherischen Losung des so gereinigten Produkts kleine Nadeln 
ab, die, aus *4ther umkrystallisiert, den glatten Schmp. 83O zeigten. 

0.1100 g Sbst.: 0.3110 g Cot, 60688 R HaO. 
C I O H I ~ N ~ . C T H ~ O .  Ber. C 76.70, H 6.80. 

Gef. D 77.11, )) 6.99. 

Durch die Keinigung uber das Pikrat wurde somit das von 
P i  LI n e r ') als d l  beschriebene B e n  z o y 1- m e t  a n i c o  t i  n in krystalli- 
sierter Form erhaIten. 

I )  P i n n e r ,  diese Berichte 27, 10% [1894]. 

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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Es erschien uns interessant festzustellen, ob diese Reaktion auch 
bei a l i p h a t i s c h e n  A n i i n e n  vom Typus des Methyl-n-butylamins zu 
N - a l k y l i e r t e n  P y r r o l i d i  n e n  fuhren wurde. Der Versuch bestatigte 
die Vermutung; es gelang uns ,  sowohl beirn Methyl-n-butylamin, als 
auch beim Methyl-isoamylamiu nach Bromierung am Stickstoff u n l  
darauffolgender Abspaltung von Bromwasserstoff mittels konzentrierter 
Schwefelsaure Pyrrolidinderivate zu bilden und zwar im Sinue folgender 
Sc II e ni n t :i : 

HZC- CHn H?C - CHt 
I I  - -f I +HBr HsC CII3 Hzk CHZ 
S N \ \/ 

/\ 
H J C  Br CHI 

H1C - CH. CH3 HzC-CH.CH3 
I t  --f I 1  

HaC CH3 .&C CH2 
N N 
, \ /  

I\ 
H,C Br 

Wie aus nachfolgender Arbeit liervorgeht., gelang u n s  auch 
die Ringschliefiung beim Dihydrometanicotin, wo nach der gleichen 
Methode der Pyrrolidinring des Nicotins gebildet wird. 

Dernnach scheint diese Methode allgemeiner Natnr zu sein und 
eine einfache Bildung N-alkylierter Pyrrolidine darzustellen. Sie sol1 
in dieser Richtung noch weiter verfolgt werden. 

Es erscbeint u n s  weiter interessant, die Bildung von Piperidin- 
derivaten , also die SchlieWung zum Secbsring, nach dieser Methode 
z u  versuchen, d. h. wir wollen feststellen, ob das N-gebromte Methyl- 
/I-amylamin unter Abspaltung YOU Brornwasserstoff in das N-Met.byl- 
piperidin ubergeht. Wenn dies der Fall sein sollte, ware es weiter 
interessant Gas n-Butyl-n-arnylamin in dieser IIinsicht zu untersuchen, 
da sich dann sowohl der Fiinf- als auch Srchsring bilden kiinnte, also 
gewissermaoen beide Ringbildungen in Konkurrenz treten durften, und 
man event. ein direktes hlaB uber die leichtere Bildung des Fiinf- oder 
Sechsringes erhielte. Die Priifung dieser Fragen sol1 durchgefuhrt 
werden. 

E x  p e r i  m e n t e l l  e s. 
Zur Dnrstellung des N-hlethylpyrrolidins mufiten wir uns zunachst 

das M e t h y l - n - b u t y l - a m i n  darstellen. Dieses ist bereits von F r a n -  
c h i m o n  t ') auf andere Weise erhalten und beschrieben worden, so 

I )  F r a n c h m o i n t  und H. v a n  E r p ,  Rec. trav.chim. Pays-bas. 14, 317-326. 

1909.



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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FULL PAPERS asc.wiley-vch.de radical 5 (see above) which propagates the chain reaction
by intermolecular Br abstraction from 2 to form 3. The
positional selectivity derives from the exceptional favorable
stereoelectronics of the transition state for 1,5-H migration.2a,5,6
N-Trifluoroacetyl-5-bromoisoleucine methyl ester (3) is an

excellent starting material for the synthesis of a wide variety
of R-amino acid derivatives. For instance, treatment of 3 with
3 equiv of diisopropylethylamine in THF at 23 °C for 8 h
results in the formation of N-trifluoroacetyl (S,S)-3-methyl-
proline methyl ester 6 in 90% yield whereas sequential
treatment of 3 with CS2 and NaOMe in THF at 23 °C for 6
h and K2CO3 in MeOH at 0 °C for 12 h produces N-trifluoro-
5-mercaptoisoleucine methyl ester 7, an interesting homo-
logue of cysteine, in 90% overall yield. In addition, 3 could

be converted efficiently into N-trifluoroacetyl-5-hydroxy-
isoleucine methyl ester 8 and then into N-trifluoroacetyl-
(S,S)-3-methyl glutamic acid methyl ester 9, as shown in
Scheme 1. Also shown in Scheme 1 is the transformation of

3 into N-trifluoroacetyl-5-aminoisoleucine methyl ester via
the iodide 10 in 81% overall yield.
The transformations shown in Scheme 2 illustrate the

application of iodide 10 to the synthesis of higher homo-
logues of isoleucine in which the carbon chain has been
extended from the C(5) position as the point of attachment.

Very good yields of C-C coupling products were obtained
from the reaction of the 5-iodoisoleucine derivative 10 with
Me-, n-Bu-, and t-Bu-cuprate reagents. These carbon-
extended higher homologues of isoleucine have considerable
potential as probes for research in chemical biology.7
We have converted N-trifluoroacetylnorleucine methyl

ester (14) to the 5-bromo and 5-iodo derivatives (15 and 16)
in a manner completely analogous to that for the synthesis
of 3 from 1, as shown in Scheme 3. Using the iodo derivative

16, we prepared the corresponding alcohol 17 by hydrolysis,
and the n-butyl (18) and tert-butyl (19) homologues were

(4) Kollonitsch, J.; Rosegay, A.; Doldouras, G. J. Am. Chem. Soc. 1964,
86, 1857-1858.
(5) Corey, E. J.; Hertler, W. R. J. Am. Chem. Soc. 1958, 80, 2903-

2904.
(6) The N‚‚‚H‚‚‚C angle for the six-membered transition state corre-

sponding to 4 f 5 of approximately 115° is intermediate between the
optimum for anionic N-‚‚‚H-C proton abstraction (ca. 180°) and nitrenium
N+‚‚‚H-C hydride abstraction (ca. 90°), in accord with expectations based
on orbital interactions.

Scheme 1. Synthesis of 5-Functionalized Isoleucine
Derivatives

Scheme 2. Synthesis of
5-Alkylated-N-trifluoroacetylisoleucine Methyl Esters

Scheme 3. Transformations of N-Trifluoroacetyl Norleucine
Methyl Ester
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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-
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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: 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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cals selected here are either those derived from fre-
quently used organic solvents or those representative
for structural fragments in hydrocarbon substrates.

Benzene (34H) and toluene (44H) are among the
most often used solvents for radical reactions. Howev-
er, in terms of C–H bond energies these two solvents
differ largely in that hydrogen abstraction from ben-
zene is endothermic for all N-centered radicals col-
lected in Table 1, while the corresponding reactions
with toluene are all exothermic. The stability of radi-
cals derived from chlorinated solvents such as di-
chloromethane (40H) or chloroform (41H) is smaller
than that of the toluene-derived benzyl radical. The

C-centered radical 38 obtained through hydrogen ab-
straction from 1,2-dichloroethane (DCE, 38H) is even
less stable than 40 or 41 with RSE(38)=ˇ27.3 kJ/
mol, while the opposite is observed for radicals ob-
tained from the more polar solvents acetonitrile
(39H), N,N-dimethylformamide (DMF, 42H), or tetra-
hydrofuran (THF, 43H).

Assuming that n-propyl radical 35 with RSE(35)=
ˇ12.5 kJ/mol and isopropyl radical 37 with RSE(37)=
ˇ23.7 kJ/mol are suitable prototypes for primary and
secondary substrate radicals generated through intra-
molecular hydrogen abstraction, it is remarkable to
see that all solvent-derived radicals (except phenyl

Table 2. Radical stabilization energies (RSE) calculated according to Eq. (2) for the C-centered radicals shown in Figure 2
together with BDE(C–H) values in the respective closed-shell parent systems (in kJ/mol).[a]

R RSE (ROB2-PLYP)[b] RSE (G3(MP2)-RAD) RSE (G3B3) BDE (calcd.) BDE (exp.)[c]

34 ++36.9[d] ++42.0[d] ++ 473.4 ++ 472.2⌃2.2
33 0.0 0.0 0.0 ++ 439.3 ++ 439.3⌃0.4
35 ˇ15.5 ˇ12.2 ˇ12.5 ++ 426.8 ++ 422.2⌃2.1
36 ˇ13.5[e] ˇ13.8[e] ++ 424.2 ++ 420.5⌃1.3
37 ˇ23.0[e] ˇ23.7[e] ++ 415.6 ++ 410.5⌃2.9
38 ˇ33.7 ˇ26.0 ˇ27.3 ++ 412.0 –
39 ˇ36.5 ˇ32.5[e] ˇ33.6 ++ 405.6 ++ 405.8⌃4.2
40 ˇ38.6 ˇ32.2[e] ˇ34.2 ++ 405.1 ++ 407.1⌃4.2
42 ˇ48.9 ˇ43.4 ˇ44.1 ++ 395.2 –
41 ˇ51.6 ˇ42.5[e] ˇ44.4 ++ 397.0 ++ 392.5⌃2.5
43 ˇ50.9 ˇ43.5 ˇ44.9 ++ 394.4 ++ 385.3⌃6.7
44 ˇ61.0[e] ˇ55.1[e] [ˇ61.2][e,f] ++ 384.2 [++ 378.1] ++ 375.7⌃2.5[g]

45 ˇ71.3 ˇ68.3[e] ˇ62.7 ++ 376.6
[a] Ordered by RSE values calculated at G3B3 level.
[b] ROB2-PLYP/G3MP2large//UB3LYP/6-31G(d) results.
[c] Taken from ref.[19]

[d] Taken from ref.[26]

[e] Taken from ref.[27]

[f] W1 result.
[g] Taken from ref.[28]

Figure 2. Radical stabilization energies (RSEs) and bond dissociation energies (BDEs) for selected C-centered radicals (in
kJ/mol).
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before ranging from (U)B3LYP/6-31G(d)[20,21] as an
entry-level hybrid DFT method, the double hybrid

ROB2-PLYP[22] method, and the highly accurate
G3(MP2)-RAD[23] and G3B3[24] compound schemes.
Only the latter (most accurate) results will be dis-
cussed in the following, if not noted otherwise.

The least stable N-centered radicals studied here
are aminyl radicals combining a trifluoroacetyl and an
alkyl substituent. The stability values show little de-
pendence on the choice of alkyl group and range
from with RSE(20.1)= ++18.8 kJ/mol for R= isopro-
pyl to RSE(20.6)= ++14.6 kJ/mol for R=n-butyl
(Figure 1, Table 1). Replacement of the TFA group
by the acetyl (as in 22) or the Boc group (as in 21)

Figure 1. Radical stabilization energies (RSEs) and bond dissociation energies (BDEs) for selected N-centered radicals (in
kJ/mol).
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Other acyl groups are less effective in this respect as
can be seen from the less positive RSE values for
acetyl- and Boc-substituted aminyl radicals in
Figure 1.

Replacing the trifluoroacetyl by the Boc-protecting
group in radical 9, for example, reduces the 1,5-HAT
reaction enthalpy to DH298(7b)=ˇ25.0 kJ/mol
(Scheme 5b). Exploring this latter example in prac-
tice, Corey et al. indeed noted significantly lower
yields of product as compared to the trifluoroacetyl
system.[5] Despite the fact that reaction yields and 1,5-
HAT reaction enthalpy show a common trend in this
case, the actual reaction outcome will also be influ-
enced by other factors such as the conformational
preferences of substituents of different size as well as
polar effects in the 1,5-HAT transition states.

Continuing this type of analysis for the HLF
“Suarez modification” for the example of sulfonamide
13, we note that the sulfonamide radical 15 involved
in this transformation is significantly more stable than
the amide radicals discussed in Scheme 5. Sulfona-
mide radical 26.3 with RSE(26.3) =ˇ28.8 kJ/mol may
be considered to be the most appropriate model here
as indicted by the grey shaded substructure. That the
1,5-HAT step leading to substrate radical 16 is exo-
thermic with DH298(6a)=ˇ44.7 kJ/mol is thus mainly
due to the stability of the benzylic radical formed
(Scheme 6)! Modification of the system such that
a less stable secondary aliphatic product radical is
generated as in the 1,5-HAT step interconverting rad-
icals 46 and 47, the driving force is significantly re-
duced to only DH298(6b)=ˇ5.7 kJ/mol. This frag-
ment-based estimate is remarkably close to the value
DH298(6b) =ˇ5.9 kJ/mol obtained at G3(MP2)-RAD
level for the complete systems 46/47. That intramolec-
ular HAT reactions with such small endothermicities

may have to compete with intermolecular HAT reac-
tions with solvent molecules is easily demonstrated by
calculating the respective reaction enthalpies. Already
for 1,2-dichloroethane (DCE) as an often used sol-
vent for the I2/DAIB combination the intermolecular
HAT reaction is more exothermic at DH298(6b/38)=
ˇ9.3 kJ/mol. For dichloromethane (DCM) a closely
similar exothermicity of DH298(6b/40)=ˇ16.2 kJ/mol
is obtained, while the reactions become much more
exothermic for solvents with weaker C–H bonds such
as for THF [DH298(6b/43)=ˇ26.9 kJ/mol] or for tolu-
ene [DH298(6b/44)=ˇ43.2 kJ/mol].

The competition between intra- and intermolecular
HAT steps may, at least in part, be responsible for
significant solvent effects observed for reactions in-
volving sulfonamide radicals.[14,15,32] One example con-
cerns the cyclization of N-hexylsulfonamide 48 to 2-
ethylpyrrolidine derivative 49 (Scheme 7). This cycli-
zation, which is believed to involve formation of sul-
fonamide radical 46 and its transformation to radical
47 through the 1,5-HAT step shown in Scheme 6, pro-
ceeds with good yield in 1,2-dichloroethane as the sol-
vent at room temperature. Somewhat lower yields are
obtained in dichloromethane, while the reaction
ceases to work in THF or toluene. The outcome of
this cyclization thus parallels the exothermicity of the

Scheme 5. Thermochemical profile for 1,5-HAT steps in the
“Corey modified” HLF reaction involving amide 7 and
a Boc-protected substrate analogue.

Scheme 6. Thermochemical profiles for hydrogen atom
transfer (HAT) steps involving sulfonamide radicals.
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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
Published: January 23, 2019

Figure 1. Retrosynthetic C−N bond disconnection for the pyrrolidine
core of nicotine (X = Br, I) and iodine−pyridine interactions.
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Back to basics 
Nicotine re-synthesis

comprises a radical-chain reaction, in which an N-iodinated
substrate participates, any loss in rate will affect the turnover
and may ultimately shut down the reaction.
Initial exploratory attempts to realize a C−N bond

formation at a nonactivated aliphatic position were indeed
challenging.12 These observations are considered to be the
consequence of a reduced reactivity in the presence of the
coordinative pyridine moiety.
To realize a synthesis without the requirement for masking

the pyridine function, temporary introduction of a methoxy
substitution was envisioned to facilitate a more favorable C−N
bond formation due to the reduced C−H bond strength of the
target methylene position. The resulting hemiaminal structure
would then be susceptible to reductive removal of the methoxy
group, providing the final pyrrolidine core. This strategy
proved successful when explored in an initial racemic synthesis
(Scheme 1).

Formation of 3-pyridinyl N-tosylaldimine 3a from pyridine-
3-carboxaldehyde 2 was followed by 1,2-alkylation with the
required Grignard reagent 4. The resulting amide 5a
underwent clean C−H amination at the anticipated methylene
position using a reagent combination of molecular iodine and
iodine(III) compound PhI(O2CAr)2 [Ar = 3-Cl-C6H4],

5a

which forms electrophilic iodine(I) reagent I-O2CAr.
13 The

fact that 0.4 equiv of molecular iodine provide full conversion
indicates that a certain turnover of iodine can be achieved
despite the presence of the pyridine group. However, use of
lower iodine concentrations led to drastically reduced yields of
6a. The formed hemiaminal derivative 6a was submitted to an
acidic detosylation followed by imine reduction to provide the
target pyrrolidine 7a. N-Methylation by the Eschweiler−Clarke
reaction yielded nicotine in 32% overall yield.
Based on the developed successful sequence, an enantiose-

lective route could be devised subsequently (Scheme 2). This
approach used Ellman’s tert-butanesulfinylamide 814 as the
chiral nonracemic auxiliary. Thus, condensation of various
pyridinyl carboxaldehydes 2a−d with 8 provided the
corresponding aldimines 9a−d in very good yields.15,16

Addition of the Grignard 4 provided the corresponding C−
C bond formation in high yields and with very high
diastereoselectivity. Since the incompatibility of the tert-
butanesulfinyl handle with radical conditions had been
reported,17 this group was removed by acidic cleavage followed
by tosylation of the intermediary primary amine. The desired
enantiomerically pure tosylamides (R)-5a−d were obtained in
76−92% yield over the two steps. For acetylene derivative 5b,
deprotection of the TMS group was observed at this stage.
Compounds 5a−d then underwent clean Hofmann−Löffler
cyclization to hemiaminal derivatives (R)-6a−d under the
conditions from Scheme 1. At this stage, the anticipated
configuration of the newly formed stereogenic center at the
benzylic position was unambiguously assured by X-ray single-
crystal analysis of derivative 6d and determined to be (R).

Scheme 1. Exploratory Synthesis of (±)-Nicotine via the
Hofmann−Löffler Reaction

Scheme 2. Enantioselective Synthesis of (−)-Nicotine 1 and Derivatives 11b−d via the Iodine-Mediated Hofmann−Löffler
Reaction
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PCET mechanism a 4-electron/3-center proton-abstraction
transition state is present, and a nonbonding-type orbital
along the N–H–C axis is doubly occupied in the transition

state. In a HAT mechanism, in contrast, the aforementioned
orbital is a SOMO orbital, with a node at the hydrogen atom
making it a 3-electron/3-center transition state.19 By careful
analysis, the HAT mechanism has been confirmed as the gov-
erning mechanism for all reactions studied here (see
Scheme 1).

The effects of C-substitution on intermolecular HAT reac-
tions were investigated using the methylaminyl radical (16) as
a probe. This radical has a calculated RSE value of −30.4 kJ
mol−1 compared to the parent aminyl radical 15 (BDE(15H) =
450.1 ± 0.1 kJ mol−1),15a which leads to a predicted N–H BDE
value in the methylamine parent system of BDE(16H) =
419.7 kJ mol−1. The currently available experimental N–H BDE
value for 16H is slightly larger than this value at BDE(16H) =
425.1 ± 8.4 kJ mol−1, but is also characterized by comparatively
larger error. The structural similarity of N-methylamine to the
amino groups present in the systems of interest (nicotine pre-
cursor) makes methylaminyl radical (16) the more appropriate
probe for gauging the reaction parameters as compared to the
unsubstituted aminly radical (15). In Chart 1 we compare the
reaction enthalpies ΔHrxn, for hydrogen abstraction from
selected substrate models by radical 16 with the respective acti-
vation enthalpies ΔH‡

298 for this process. A good linear corre-
lation (R2 = 0.88) can be observed between these enthalpy
values as predicted by the BEP principle with an intercept of
E0 = +50.8 kJ mol−1 and a slope parameter of α = 0.47 (using
B2PLYP energies). Variations in reaction enthalpy are here
directly related to the stability values of the respective product

Scheme 3 Reaction profile of methane (1H) with aminyl radical (15).
Energies are calculated at the B2PLYP level of theory. RIC and PIC
denote local minima on the reactant and product side, respectively.
SOMO molecular orbitals of RIC, TS, and PIC are depicted. qN and qC
are the respective NPA charges on N- and C-atoms, calculated at the
B3LYP level of theory.

Chart 1 Reaction enthalpies (ΔHrxn,298) and activation enthalpies (ΔH‡
298) for the reaction of methylaminyl radical 16 with selected hydrocarbon

precursors (B2PLYP results). The resulting C-centered radicals are shown together with their associated RSE and BDE values. The grey band denotes
the position of the identity reaction of N-methylamine with the N-methylaminyl radical, where the blue bar indicates the ΔH‡

298 of the reaction.
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Role of substituents in the Hofmann–Löffler–
Freytag reaction. A quantum-chemical case
study on nicotine synthesis†‡

Sofia Shkunnikova,a Hendrik Zipse b and Davor Šakić *a

The Hofmann–Löffler–Freytag (HLF) reaction can be successfully used to synthesize saturated hetero-

cyclic nitrogen-containing nature-derived pharmaceuticals such as nicotine and its derivatives. In this

study the rate-determining hydrogen atom transfer (HAT) step in nicotine synthesis has been analyzed

using quantum chemical methods. Through quantification of substituent effects in the HAT step of the

reaction on both nitrogen and carbon atoms, optimized synthetic strategies are outlined for the racemic

as well as the stereoselective synthesis of nicotine. This latter process can be achieved using common

nitrogen protecting groups, such as Ac, TFAc, and Boc. The said protecting groups show superior nitrogen

radical activation as compared to the commonly used Tosyl group. Computational results indicate that

the 1,5-HAT step is in this case likely to work even for the reaction with primary unactivated carbon

centers.

Introduction
The functionalization of unactivated C–H bonds is a challenge
in synthetic chemistry that is actively being addressed by a large
number of current studies.1 Among the reactions in the
“toolbox of C–H functionalization”2 and “radical migration
strategies”3 is the Hofmann–Löffler–Freytag (HLF) reaction,4

which combines remote C(sp3)–H bond activation at otherwise
unfunctionalized positions with C–N bond formation in a syn-
thetically attractive fashion. It was originally discovered in syn-
thetic studies of novel N-haloamines, which upon treatment
with hot acid led to a five-membered heterocyclic ring closure.
The procedure was subsequently used by Löffler and Freytag5 in
the synthesis of different N-heterocycles, but a full mechanistic
understanding was only developed much later through the work
of Wawzonek6 and Corey.7 The synthesis of nicotine ((S)-3-(1-
methyl-2-pyrrolidinyl)pyridine) reported in 1909 by Kober and
Löffler5b using the HLF procedure starts from 3-(4-(methyl-
amino)butyl)pyridine (A) (Fig. 1a), which was first transformed
into its N-bromo derivative (B). This latter compound then
served as percursor for N-centered radical C, whose formation is

followed by 1,5-hydrogen atom transfer (HAT) and trapping of
the resulting C-centered radical D through bromine abstraction
from the next precursor molecule. Base-induced cyclization
then gives a racemic mixture of nicotine (rac-F). Unfortunately,
the stereoselective synthesis from (S)-3-(1-methylaminobutyl)
pyridine ((S)-G) was unsuccessful in 1909 (Fig. 1b), possibly due
to the instability of the resulting primary C-centered radical
obtained after the 1,5-HAT step.

More recent synthetic efforts have led to the development of
various reaction conditions for a successful HLF reaction
without the use of the highly acidic and forcing conditions
employed in the original procedure.8 Renewed interest in
stereoselective nicotine synthesis in the broader scope of
streamlined amination reactions was rekindled by Del Castillo
and Muñiz.9 A stereoselective nicotine synthesis was success-
fully developed, first for a substituted system. The N-centered
radical was in this case destabilized and thus activated towards
HAT reactions using a tosyl protecting group (Fig. 1c).10

Additional activation of the primary δ-C-atom was achieved by
addition of a radical-stabilizing methoxy substituent. After ring
closure, the tosyl protecting group was removed under acidic
conditions, followed by reductive removal of the methoxy sub-
stituent. In the final step, the N-methyl group was added to the
pyrrolidine ring under Eschweiler–Clarke conditions. Quantum
chemical calculations can be used to get insight into the
optimal reaction conditions for obtaining the desired synthetic
products with good yield and fewer synthetic steps.11 The para-
meters involved in the rate-determining intramolecular HAT
step are the stability of the starting N-centered radicals,12 the

†Dedicated to the memory of Kilian Muñiz.
‡Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0ob02187c

aUniversity of Zagreb, Faculty of Pharmacy and Biochemistry, Ante Kovačića 1,
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in synthetic chemistry that is actively being addressed by a large
number of current studies.1 Among the reactions in the
“toolbox of C–H functionalization”2 and “radical migration
strategies”3 is the Hofmann–Löffler–Freytag (HLF) reaction,4

which combines remote C(sp3)–H bond activation at otherwise
unfunctionalized positions with C–N bond formation in a syn-
thetically attractive fashion. It was originally discovered in syn-
thetic studies of novel N-haloamines, which upon treatment
with hot acid led to a five-membered heterocyclic ring closure.
The procedure was subsequently used by Löffler and Freytag5 in
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understanding was only developed much later through the work
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Löffler5b using the HLF procedure starts from 3-(4-(methyl-
amino)butyl)pyridine (A) (Fig. 1a), which was first transformed
into its N-bromo derivative (B). This latter compound then
served as percursor for N-centered radical C, whose formation is

followed by 1,5-hydrogen atom transfer (HAT) and trapping of
the resulting C-centered radical D through bromine abstraction
from the next precursor molecule. Base-induced cyclization
then gives a racemic mixture of nicotine (rac-F). Unfortunately,
the stereoselective synthesis from (S)-3-(1-methylaminobutyl)
pyridine ((S)-G) was unsuccessful in 1909 (Fig. 1b), possibly due
to the instability of the resulting primary C-centered radical
obtained after the 1,5-HAT step.

More recent synthetic efforts have led to the development of
various reaction conditions for a successful HLF reaction
without the use of the highly acidic and forcing conditions
employed in the original procedure.8 Renewed interest in
stereoselective nicotine synthesis in the broader scope of
streamlined amination reactions was rekindled by Del Castillo
and Muñiz.9 A stereoselective nicotine synthesis was success-
fully developed, first for a substituted system. The N-centered
radical was in this case destabilized and thus activated towards
HAT reactions using a tosyl protecting group (Fig. 1c).10

Additional activation of the primary δ-C-atom was achieved by
addition of a radical-stabilizing methoxy substituent. After ring
closure, the tosyl protecting group was removed under acidic
conditions, followed by reductive removal of the methoxy sub-
stituent. In the final step, the N-methyl group was added to the
pyrrolidine ring under Eschweiler–Clarke conditions. Quantum
chemical calculations can be used to get insight into the
optimal reaction conditions for obtaining the desired synthetic
products with good yield and fewer synthetic steps.11 The para-
meters involved in the rate-determining intramolecular HAT
step are the stability of the starting N-centered radicals,12 the
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Enantioselective Synthesis of Nicotine via an Iodine-Mediated
Hofmann−Lo ̈ffler Reaction
Estefanía Del Castillo† and Kilian Muñiz*,†,‡

†Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of Science and Technology, Av. Països Catalans 16,
43007 Tarragona, Spain
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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
Published: January 23, 2019

Figure 1. Retrosynthetic C−N bond disconnection for the pyrrolidine
core of nicotine (X = Br, I) and iodine−pyridine interactions.
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stituent effects on the stability of C- and N-centered radicals
involved in the reaction. The next aim was to observe the inter-
play of both effects on the synthetic pathway. To cover the
former, intermolecular HLF reactions with model systems will
be analyzed. As for the latter, an intramolecular HLF reaction
will be evaluated using quantified substituent effects obtained
before.

The stabilities of C- and N-centered radicals can be evalu-
ated by direct comparison of bond dissociation energies
(BDEs)15 or by radical stabilization energies (RSEs). For
C-centered radicals this latter quantity equates to the reaction
enthalpy for the isodesmic H-transfer reaction shown in eqn
(1), where hydrogen abstraction from substrate Cx–H by methyl
radical (1) leads to methane (1H) and the substrate radical Cx.
The stability of N-centered radicals can be defined in a comple-
tely analogous way through eqn (2).

C
•
H3
1

þH‐CR3
Cx"H

! CH4
1H

þC
•
R3
Cx

RSEðCxÞ ¼ ΔHrx;298 ð1Þ

N
•
H2
15

þH‐NR2
Nx"H

! NH3
15H

þN
•
R2
Nx

RSEðNxÞ ¼ ΔHrx;298 ð2Þ

The RSE values can be converted to BDE(X-H) values in the
respective substrates through simple addition to the respective
bond energies in the reference systems such as methane (BDE
(C–H,1H) = 439.3 ± 0.4 kJ mol−1) or ammonia (BDE(N–H,15H)

= 450.1 ± 0.1 kJ mol−1)15a as formally expressed in eqn (3)
and (4):

BDEðCxx–HÞ ¼ BDEð1H=1Þ þ RSEðCxÞ ð3Þ

BDEðNx–HÞ ¼ BDEð15H=15Þ þ RSEðNxÞ ð4Þ

The role of substituents on the stability of C-centered rad-
icals is given by their RSE values and was previously explored
in detail.11,13 The stabilizing or destabilizing substituent
effects are also expected to impact the reaction barriers for
intermolecular hydrogen transfer reactions as commonly
expressed through the Bell–Evans–Polanyi (BEP) principle16 in
eqn (5):

ΔH‡
298 ¼ E0 þ αΔHrxn;298 ð5Þ

where E0 corresponds to the intrinsic activation energy. The
BEP principle is used here in preference to the Marcus
theory17 due to its reliance on enthalpy values, whereas the
Marcus theory is based on Gibbs free energies. From eqn (5) it
is immediately clear that the activation energy for identity reac-
tions is identical to the intrinsic activation energy (ΔH‡

298 = E0)
due to a non-existing driving force (ΔHrxn,298 = 0). The HAT
reaction of methane (1H) with methyl radical (1), for example,
faces a barrier of E0(1,1H) = +67.0 kJ mol−1, while the reaction
of ethane (2H) as the smallest substrate with a primary C-atom
with ethyl radical 2 gives a slightly lower value at E0(2,2H) =
+65.0 kJ mol−1. Intrinsic barriers in the identity HAT reaction
of ammonia (15H/15) and methylamine (16H/16) parent/
radical pairs, are +34.6 kJ mol−1 and +33.3 kJ mol−1, respect-
ively. From these values, an estimate of ∼+51 kJ mol−1 for E0 in
intermolecular HAT reactions between N-centered radicals and
1 or 2 as small hydrocarbons can be obtained as an average
between the values of 1H/1 and 15H/15 or 2H/H and 16H/16.
With this estimate for E0 in hand, we can proceed to modeling
intermolecular H-transfer reactions, first for reference systems
(1/15 and 2/16), and then for different C-centered radicals in
their reaction with methylamine (16H), followed by different
N-centered radicals in their reaction with ethane (2H).

As seen in Scheme 3, the reaction between methane (1H)
and the aminyl radical (15) starts from a local minimum
(RIC1) which is only +0.4 kJ mol−1 less stable in energy than
the separated reactants with a C–H–N distance of 254 pm. In
the transition state (TS1) the reacting C–H bond is elongated
to 136 pm, whereas the newly forming N–H bond is 125 pm
long. The product complex (PIC1) is located −9.5 kJ mol−1

below the entrance channel and is characterized by a 255 ppm
N–H–C distance. This reaction enthalpy is in good agreement
with the available experimental data: using the BDE(C–H)
value for methane of BDE(1/1H) = 439.3 ± 0.4 kJ mol−1 and the
BDE(N–H) value for ammonia of BDE(15/15H) = 450.1 ± 0.1 kJ
mol−1 we obtain a reaction enthalpy of −10.8 kJ mol−1.15

Distortion/interaction (also known as activation-strain) ana-
lysis18 was performed for selected points along the reaction
pathway for a clearer picture of the reaction mechanism (see
ESI‡). Two possible mechanisms can be expected for this reac-
tion: HAT and proton-coupled electron transfer (PCET). In a

Scheme 2 Reaction profile for the rearrangement of (S)-4-methoxy-N-
tosyl-1-(pyridin-3-yl)butan-1-amine N-centered radical (M11) to the
corresponding C-centered radical. Energies are calculated at the
B2PLYP level of theory. RIC and PIC denote local minima on the reactant
and product side, respectively. The SOMO molecular orbital of the TS is
depicted.
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PCET mechanism a 4-electron/3-center proton-abstraction
transition state is present, and a nonbonding-type orbital
along the N–H–C axis is doubly occupied in the transition

state. In a HAT mechanism, in contrast, the aforementioned
orbital is a SOMO orbital, with a node at the hydrogen atom
making it a 3-electron/3-center transition state.19 By careful
analysis, the HAT mechanism has been confirmed as the gov-
erning mechanism for all reactions studied here (see
Scheme 1).

The effects of C-substitution on intermolecular HAT reac-
tions were investigated using the methylaminyl radical (16) as
a probe. This radical has a calculated RSE value of −30.4 kJ
mol−1 compared to the parent aminyl radical 15 (BDE(15H) =
450.1 ± 0.1 kJ mol−1),15a which leads to a predicted N–H BDE
value in the methylamine parent system of BDE(16H) =
419.7 kJ mol−1. The currently available experimental N–H BDE
value for 16H is slightly larger than this value at BDE(16H) =
425.1 ± 8.4 kJ mol−1, but is also characterized by comparatively
larger error. The structural similarity of N-methylamine to the
amino groups present in the systems of interest (nicotine pre-
cursor) makes methylaminyl radical (16) the more appropriate
probe for gauging the reaction parameters as compared to the
unsubstituted aminly radical (15). In Chart 1 we compare the
reaction enthalpies ΔHrxn, for hydrogen abstraction from
selected substrate models by radical 16 with the respective acti-
vation enthalpies ΔH‡

298 for this process. A good linear corre-
lation (R2 = 0.88) can be observed between these enthalpy
values as predicted by the BEP principle with an intercept of
E0 = +50.8 kJ mol−1 and a slope parameter of α = 0.47 (using
B2PLYP energies). Variations in reaction enthalpy are here
directly related to the stability values of the respective product

Scheme 3 Reaction profile of methane (1H) with aminyl radical (15).
Energies are calculated at the B2PLYP level of theory. RIC and PIC
denote local minima on the reactant and product side, respectively.
SOMO molecular orbitals of RIC, TS, and PIC are depicted. qN and qC
are the respective NPA charges on N- and C-atoms, calculated at the
B3LYP level of theory.

Chart 1 Reaction enthalpies (ΔHrxn,298) and activation enthalpies (ΔH‡
298) for the reaction of methylaminyl radical 16 with selected hydrocarbon

precursors (B2PLYP results). The resulting C-centered radicals are shown together with their associated RSE and BDE values. The grey band denotes
the position of the identity reaction of N-methylamine with the N-methylaminyl radical, where the blue bar indicates the ΔH‡

298 of the reaction.
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The Hofmann–Löffler–Freytag (HLF) reaction can be successfully used to synthesize saturated hetero-

cyclic nitrogen-containing nature-derived pharmaceuticals such as nicotine and its derivatives. In this

study the rate-determining hydrogen atom transfer (HAT) step in nicotine synthesis has been analyzed

using quantum chemical methods. Through quantification of substituent effects in the HAT step of the

reaction on both nitrogen and carbon atoms, optimized synthetic strategies are outlined for the racemic

as well as the stereoselective synthesis of nicotine. This latter process can be achieved using common

nitrogen protecting groups, such as Ac, TFAc, and Boc. The said protecting groups show superior nitrogen

radical activation as compared to the commonly used Tosyl group. Computational results indicate that

the 1,5-HAT step is in this case likely to work even for the reaction with primary unactivated carbon

centers.

Introduction
The functionalization of unactivated C–H bonds is a challenge
in synthetic chemistry that is actively being addressed by a large
number of current studies.1 Among the reactions in the
“toolbox of C–H functionalization”2 and “radical migration
strategies”3 is the Hofmann–Löffler–Freytag (HLF) reaction,4

which combines remote C(sp3)–H bond activation at otherwise
unfunctionalized positions with C–N bond formation in a syn-
thetically attractive fashion. It was originally discovered in syn-
thetic studies of novel N-haloamines, which upon treatment
with hot acid led to a five-membered heterocyclic ring closure.
The procedure was subsequently used by Löffler and Freytag5 in
the synthesis of different N-heterocycles, but a full mechanistic
understanding was only developed much later through the work
of Wawzonek6 and Corey.7 The synthesis of nicotine ((S)-3-(1-
methyl-2-pyrrolidinyl)pyridine) reported in 1909 by Kober and
Löffler5b using the HLF procedure starts from 3-(4-(methyl-
amino)butyl)pyridine (A) (Fig. 1a), which was first transformed
into its N-bromo derivative (B). This latter compound then
served as percursor for N-centered radical C, whose formation is

followed by 1,5-hydrogen atom transfer (HAT) and trapping of
the resulting C-centered radical D through bromine abstraction
from the next precursor molecule. Base-induced cyclization
then gives a racemic mixture of nicotine (rac-F). Unfortunately,
the stereoselective synthesis from (S)-3-(1-methylaminobutyl)
pyridine ((S)-G) was unsuccessful in 1909 (Fig. 1b), possibly due
to the instability of the resulting primary C-centered radical
obtained after the 1,5-HAT step.

More recent synthetic efforts have led to the development of
various reaction conditions for a successful HLF reaction
without the use of the highly acidic and forcing conditions
employed in the original procedure.8 Renewed interest in
stereoselective nicotine synthesis in the broader scope of
streamlined amination reactions was rekindled by Del Castillo
and Muñiz.9 A stereoselective nicotine synthesis was success-
fully developed, first for a substituted system. The N-centered
radical was in this case destabilized and thus activated towards
HAT reactions using a tosyl protecting group (Fig. 1c).10

Additional activation of the primary δ-C-atom was achieved by
addition of a radical-stabilizing methoxy substituent. After ring
closure, the tosyl protecting group was removed under acidic
conditions, followed by reductive removal of the methoxy sub-
stituent. In the final step, the N-methyl group was added to the
pyrrolidine ring under Eschweiler–Clarke conditions. Quantum
chemical calculations can be used to get insight into the
optimal reaction conditions for obtaining the desired synthetic
products with good yield and fewer synthetic steps.11 The para-
meters involved in the rate-determining intramolecular HAT
step are the stability of the starting N-centered radicals,12 the
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Kinetics

radicals, whose RSE values are also shown in Chart 1. The
intrinsic activation energy obtained here is closely similar to
the estimated value of 51 kJ mol−1 derived before. As expected,
the largest barrier is found for H-abstraction from methane
1H, which generates the unsubstituted methyl radical 1.

Radical stabilities for the systems studied here follow well-
known patterns in that the primary C-centered radical 2 is the
least stable alkyl radical, followed by the secondary C-centered
radical 3 and the tertiary C-centered radical 4. The stability of
methoxy substituted radicals 5 and 6 is closely similar to that
of tert-butyl radical (4), which is also true for radical 10 carry-
ing an α-keto substituent. The trifluoromethoxy substituent

Table 1 RSE, BDE, ΔHrxn,298, and ΔH‡
298 values for all systems involved

in the intermolecular HAT reaction with N-methylaminyl radical 16 in
Chart 1

System
RSE
(C-rad)

BDE
(C–H)calc. BDE (C–H)exp. ΔHrxn,298 ΔH‡

298

1 0.0 439.3 439.3 ± 0.4 (ref. 15a) 22.5 67.4
2 −16.6 422.7 420.5 ± 1.3 (ref. 15a) 5.9 56.7
3 −29.3 410.0 410.5 ± 2.9 (ref. 15a) −6.8 46.5
4 −38.3 401.0 400.4 ± 2.9 (ref. 15a) −15.8 38.8
5 −37.8 401.5 402.1 (ref. 15a) −15.3 42.8
6 −44.6 394.7 389.1a −22.1 36.5
7 −17.1 422.2 426.8 ± 4.2 (ref. 15a) 5.5 53.3
8 −27.4 411.9 −4.9 45.9
9 −32.5 406.8 404.6b −10.0 42.2
10 −35.7 403.6 401.7 ± 9.2 (ref. 15a) −13.2 43.0
11 −62.3 377.0 386.2 ± 7.1 (ref. 15a) −39.8 34.8
12 −51.1 388.2 −28.6 37.0
12-Bz −51.2 388.1 388.7 (ref. 15a) −28.7 28.1
13 −57.4 381.9 −34.9 34.7
14 −71.2 368.1 −48.7 33.7
14+ −75.8 363.5 −53.3 20.1

In kJ mol−1. Calculated at the B2PLYP level of theory. a Value for
diethyl ether in ref. 15a. b Value for methyl acetate in ref. 15a.

Chart 2 Reaction enthalpies (ΔHrxn,298) and activation enthalpies (ΔH‡
298) for the reaction of ethyl radical 2 with the selected amine precursors

(B2PLYP results). The resulting N-centered radicals are shown together with their associated RSE and BDE values. The gray band denotes the posi-
tion of the identity reaction of ethane with the ethyl radical, where the red bar indicates the barrier for this process.

Table 2 RSE, BDE, ΔHrxn,298, and ΔH‡
298 values for all systems involved

in the intermolecular HAT reaction with ethyl radical 2 in Chart 2

System
RSE
(N-rad)

BDE
(N–H)calc. BDE (N–H)exp. ΔHrxn,298 ΔH‡

298

15 0.0 450.1 450.08 ± 0.1 (ref. 15a) 27.3 64.0
16 −33.2 416.9 425.1 ± 8.4 (ref. 15a) −5.9 50.8
17 −57.6 392.5 −30.3 38.4
18 15.9 465.9 43.2 65.8
19 4.4 454.5 31.7 63.6
20 0.4 450.5 27.7 63.6
21 −1.1 448.9 26.2 61.5
22 −4.5 445.6 22.8 62.8
23 −6.4 443.7 20.9 57.4
24 −31.7 418.4 −4.4 41.2
25 −69.0 381.0 −41.7 39.4
26 −71.9 378.2 −44.6 37.4
27 −25.9 424.2 1.4 51.5
27+ −20.0 430.1 7.3 47.7
28 −49.4 400.7 −22.1 54.2
28+ −35.2 414.9 −7.9 55.4

In kJ mol−1. Calculated at B2PLYP level of theory.
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cyclic nitrogen-containing nature-derived pharmaceuticals such as nicotine and its derivatives. In this

study the rate-determining hydrogen atom transfer (HAT) step in nicotine synthesis has been analyzed

using quantum chemical methods. Through quantification of substituent effects in the HAT step of the

reaction on both nitrogen and carbon atoms, optimized synthetic strategies are outlined for the racemic

as well as the stereoselective synthesis of nicotine. This latter process can be achieved using common

nitrogen protecting groups, such as Ac, TFAc, and Boc. The said protecting groups show superior nitrogen

radical activation as compared to the commonly used Tosyl group. Computational results indicate that

the 1,5-HAT step is in this case likely to work even for the reaction with primary unactivated carbon

centers.

Introduction
The functionalization of unactivated C–H bonds is a challenge
in synthetic chemistry that is actively being addressed by a large
number of current studies.1 Among the reactions in the
“toolbox of C–H functionalization”2 and “radical migration
strategies”3 is the Hofmann–Löffler–Freytag (HLF) reaction,4

which combines remote C(sp3)–H bond activation at otherwise
unfunctionalized positions with C–N bond formation in a syn-
thetically attractive fashion. It was originally discovered in syn-
thetic studies of novel N-haloamines, which upon treatment
with hot acid led to a five-membered heterocyclic ring closure.
The procedure was subsequently used by Löffler and Freytag5 in
the synthesis of different N-heterocycles, but a full mechanistic
understanding was only developed much later through the work
of Wawzonek6 and Corey.7 The synthesis of nicotine ((S)-3-(1-
methyl-2-pyrrolidinyl)pyridine) reported in 1909 by Kober and
Löffler5b using the HLF procedure starts from 3-(4-(methyl-
amino)butyl)pyridine (A) (Fig. 1a), which was first transformed
into its N-bromo derivative (B). This latter compound then
served as percursor for N-centered radical C, whose formation is

followed by 1,5-hydrogen atom transfer (HAT) and trapping of
the resulting C-centered radical D through bromine abstraction
from the next precursor molecule. Base-induced cyclization
then gives a racemic mixture of nicotine (rac-F). Unfortunately,
the stereoselective synthesis from (S)-3-(1-methylaminobutyl)
pyridine ((S)-G) was unsuccessful in 1909 (Fig. 1b), possibly due
to the instability of the resulting primary C-centered radical
obtained after the 1,5-HAT step.

More recent synthetic efforts have led to the development of
various reaction conditions for a successful HLF reaction
without the use of the highly acidic and forcing conditions
employed in the original procedure.8 Renewed interest in
stereoselective nicotine synthesis in the broader scope of
streamlined amination reactions was rekindled by Del Castillo
and Muñiz.9 A stereoselective nicotine synthesis was success-
fully developed, first for a substituted system. The N-centered
radical was in this case destabilized and thus activated towards
HAT reactions using a tosyl protecting group (Fig. 1c).10

Additional activation of the primary δ-C-atom was achieved by
addition of a radical-stabilizing methoxy substituent. After ring
closure, the tosyl protecting group was removed under acidic
conditions, followed by reductive removal of the methoxy sub-
stituent. In the final step, the N-methyl group was added to the
pyrrolidine ring under Eschweiler–Clarke conditions. Quantum
chemical calculations can be used to get insight into the
optimal reaction conditions for obtaining the desired synthetic
products with good yield and fewer synthetic steps.11 The para-
meters involved in the rate-determining intramolecular HAT
step are the stability of the starting N-centered radicals,12 the
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present in radicals 7 and 8 is, in comparison, somewhat less
stabilizing and thus similarly effective as a methyl group,
while the acyloxy substituent present in radical 9 shows inter-
mediate behavior. More stable C-centered radicals are
obtained when combining an alkyl donor substituent with an
acceptor substituent carrying a carbonyl group (as in radicals
11, 12, and 13), including motifs from common protective
groups (Ac, BOC, and TFAc). The most stable radicals studied
here are those obtained through hydrogen abstraction from
the benzylic position in 3-ethyl-pyridine (14), which corres-
ponds to the C-centered fragment formed in the racemic syn-
thesis of nicotine. Under the strongly acidic reaction con-

Chart 3 (a) Stability data for selected fragment radicals. The grey band denotes C-centered radical stabilities for different compounds, and the
black bar marks the data for radicals 14 and 14+ (see also Chart 1). (b) Reaction enthalpies (ΔHrxn,298) and activation enthalpies (ΔH‡

298) for the intra-
molecular 1,5-HAT step in systems L1–L6 (B2PLYP results).

Table 3 RSE, ΔHrxn,298, and ΔH‡
298 values for all systems shown in Chart 3

Species
RSE
(N-rad)

RSE
(C-rad)

BDE
(N–H)calc.

BDE
(C–H)calc. ΔHrxn,298 ΔH‡

298

L1 −33.8 −71.0 416.3 368.3 −47.9 45.7
L1+ −40.5 −89.4 409.6 349.9 −59.6 46.0
L2 −58.4 −71.1 391.7 368.3 −23.4 54.2
L2+ −71.7 −89.0 378.4 350.3 −28.0 54.0
L3 −26.1 −66.7 424.0 372.7 −43.0 30.1
L4 −2.0 −63.5 448.1 375.8 −82.9 18.5
L5 2.0 −75.2 452.0 364.1 −87.2 16.2
L6 15.4 −73.7 465.5 365.6 −99.3 4.8

In kJ mol−1. Calculated at the B2PLYP level of theory.
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ditions of the traditional HLF reaction the pyridine nitrogen
atom is likely to be protonated. This leads to a slightly more
stable product radical 14+, but a strongly reduced barrier due
to ion/dipole interactions between two substrates (Table 1).

N-Substitution effects were explored in a similar fashion,
now using ethyl radical (2) as the probe. This latter system is
selected to mimic the elusive primary C-centered radical at the

δ-position relative to the N-atom reaction center in the unsuc-
cessful attempt of Kober and Löffler to synthesize nicotine
stereoselectively (see Fig. 1b). The ethyl radical (2) is more
stable than the methyl radical (1) with RSE(2) = −16.6 kJ
mol−1, which is in good agreement with the value derived
from experimental BDE values (−18.8 ± 1.3 kJ mol−1). For the
reactions of radical 2 with selected amine precursors shown in

Chart 4 (a) Stability data for selected fragment radicals. The grey band denotes N-centered radical stabilities for different systems, and the black
bar marks the data for radicals 27, 27+, 28, and 28+ (see also Chart 1). (b) Reaction enthalpies (ΔHrxn,298) and activation enthalpies (ΔH‡

298) for the
intramolecular 1,5-HAT step in systems M1–M6 (B2PLYP results).
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†Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of Science and Technology, Av. Països Catalans 16,
43007 Tarragona, Spain
‡Catalan Institution for Research and Advanced Studies (ICREA), Pg. Lluís Companys 23, 08010 Barcelona, Spain

*S Supporting Information

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

Received: December 7, 2015

Scheme 1. Chloride-Mediated Intramolecular C−H
Functionalization
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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

Received: December 7, 2015

Scheme 1. Chloride-Mediated Intramolecular C−H
Functionalization
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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
Published: January 23, 2019

Figure 1. Retrosynthetic C−N bond disconnection for the pyrrolidine
core of nicotine (X = Br, I) and iodine−pyridine interactions.
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An Iodine-Catalyzed Hofmann–Lçffler Reaction**
Claudio MartÌnez and Kilian MuÇiz*

Dedicated to Professor Antonio Echavarren on the occasion of his 60th birthday

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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