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Pyrrolidine vs. piperidine in Hofmann-Löffler-Freytag reaction.

A thermodynamic perspective on rearrangement reactions
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METHODS

• IQmol, GaussView & Gaussian 16

• geometry optimisation, frequency and IRC @B3LYP/6-31G(d)

• every reaction is modelled as separate

• conformation analysis: XTB-GFN2

• single point energies @B2-PLYP-D3/G3MP2Large

• Cluster Isabella @SRCE

• Cluster SW @SW.PHARMA.HR
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CONCLUSIONS

• pyrrolidine (1,5-HAT) and piperidine (1,6-HAT) 

pathways are kinetically and thermodyanamically 
indistinguishable


• location of the most stable radical in the molecule

• molecular fragments can be used in prediction

• C6 radical may rearrange to more stable C2 radical 

via 1,5-HAT

• probable reason for pyrrolidine regioselectivity

• radical stabilities play crucial role in determination of 

products

INTRODUCTION:

Hofmann-Löffler-Freytag (HLF) reaction has 
seen a resurgence in interest due to shift 
from metal-based catalysis to organo-
catalysis. Recent one-pot approach requires 
hypervalent iodine compound with source of 
iodine (I2 or NaI) for generating radical 
precursor, that can under UV irradiation form 
N-centered radical. Rearrangement to a 
more stable C-centered radical via 6-
membered ring transition state is well 
described and produces predominately 
pyrrol idine, whi le trace amounts of 
piperidine is formed via 7-membered ring 
transition state. Regioselective synthesis of 
piperidine is usually done when C5 position 
is blocked, or when C6 position provides 
greater thermodynamic driving force.
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167.4º1,5-HAT 
ΔH‡298 	 	 40.4 kJ/mol  
ΔHrx,298		 -9.3 kJ/mol

1,6-HAT 
ΔH‡298 	 	 40.4 kJ/mol 
ΔHrx,298		 -8.7 kJ/mol
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ABSTRACT: A route to selective piperidine formation through
intramolecular catalytic Csp

3−H amination is described. This hydro-
carbon amination reaction employs a homogeneous iodine catalyst
derived from halogen coordination between molecular iodine and a
terminal oxidant. It relies on visible light initiation and proceeds within
two catalytic cycles that comprise a radical C−H functionalization and an
iodine-catalyzed C−N bond formation. Under these conditions, the
commonly observed preference for pyrrolidine synthesis based on
halogenated nitrogen intermediates within the Hofmann−Löffler domain
is effectively altered in favor of a free-radical-promoted piperidine
formation. The protocol is demonstrated for a total of 30 applications.
KEYWORDS: amination, C−H functionalization, halogen bonding, iodine, light initiation

Intramolecular amination of remote aliphatic C−H bonds is
of particular conceptual interest, because it streamlines

existing protocols for the preparation of saturated N-hetero-
cycles.1 These compounds are usually accessible by classic
radical chemistry,2 in which modified Hofmann−Löffler
reactions have demonstrated a unique potential.3 We recently
initiated exploration into iodine-catalyzed Hofmann−Löffler
reactions4 that provide the expected access to pyrrolidines from
position-selective C−H functionalization based on intra-
molecular 1,5-H abstraction3,5 through a nitrogen centered
radical pathway (Figure 1, top).
In contrast, the related C−H amination strategy toward the

piperidine core is significantly more challenging as the required
1,6-H abstraction from nitrogen-centered radicals is kinetically
disfavored.6 Consequently, a C−H amination strategy regarding
piperidines has remained elusive.7 Piperidines represent

important structural subunits in molecules of pharmaceutical,
biological, and medicinal interest, and they exercise important
pharmacophoric properties.8 In fact, a recent analysis on the
occurrence of nitrogen heterocycles in U.S. Food and Drug
Administration (FDA)-approved pharmaceuticals identified the
piperidine core as the most frequent member.9 As a result,
piperidine synthesis within intramolecular amination of remote
C−H bonds would constitute an important synthetic advance.
Here, we report on conditions for such a selective synthesis for
the first time (Figure 1, bottom).
To override the given “innate” preference for pyrrolidine

formation, we decided to pursue conditions that would
preferentially generate free radicals outside the amidyl radical
manifold involved in the Hofmann−Löffler pathway.3 Within
such a scenario, free-radical hydrogen-atom abstraction should
address the weakest C−H bond and could be predicted by the
introduction of carefully preorganized substitution.10,11

We previously reported that iodinated reagents such as NIS
1b effectively provide intermediates for exclusive Hofmann−
Löffler reactions.12 As a consequence of this observation, and to
prevent potential background reactions, we turned to less-
reactive bromine-based reagents. Catalytic amounts of molec-
ular iodine13 were pursued to generate low amounts of free
radicals as the reaction carriers and, thus, minimize potential
side reactions. These halide reagent combinations provide the
desired gateway to the elusive piperidine formation. Table 1
provides insight in the optimization of catalytic reaction
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Figure 1. Position-selective intramolecular C−H amination for
pyrrolidine and piperidine synthesis.
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RADICAL STABILISATION ENERGIES
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ADDITIONAL 
REACTION 
to C2-position

REVERSE 1,5-HAT 
ΔH‡298 	 	 57.4 kJ/mol 
ΔHrx,298		 -22.5 kJ/mol

N-triflouroacetyl-hexylamine

∆H‡298 ∆Hrx,298

kJ/mol kJ/mol
1,5-HAT 36.6 -37.9

1,6-HAT 38.0 -30.3
REVERSE  
1,5-HAT 57.6 -15.5

N-tosyl-(5-phenyl)hexylamine

∆H‡298 ∆Hrx,298

kJ/mol kJ/mol
1,5-HAT 58.9 -13.3

1,6-HAT 40.0 -44.2
REVERSE  
1,5-HAT 88.1 25.0


