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Role of substituents in the Hofmann–Löﬄer–
Freytag reaction. A quantum-chemical case
study on nicotine synthesis†‡
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The Hofmann–Löﬄer–Freytag (HLF) reaction can be successfully used to synthesize saturated heterocyclic 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
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nitrogen protecting groups, such as Ac, TFAc, and Boc. The said protecting groups show superior nitrogen
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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
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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 synthetically attractive fashion. It was originally discovered in synthetic 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-(1methyl-2-pyrrolidinyl)pyridine) reported in 1909 by Kober and
Löﬄer5b using the HLF procedure starts from 3-(4-(methylamino)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
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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 successfully 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 substituent. 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 parameters involved in the rate-determining intramolecular HAT
step are the stability of the starting N-centered radicals,12 the
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Scheme 1 Reaction proﬁle for the rearrangement of 3-(4-(methylamino)butyl)pyridine N-centered radical (L2) 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.

Fig. 1

Synthetic strategies for the synthesis of nicotine.

stability of the newly formed C-centered radicals,13 and the
kinetics of the reaction.14 Apart from obtaining the thermodynamic and kinetic profile of the original HLF reaction, a
detailed study of substituent eﬀects on the stability of C- and
N-centered radicals may thus aid the development of a more
direct stereoselective synthesis of (S)-nicotine. For this latter
reaction to be favorable, a destabilized N-centered radical
which is then transformed into a more stable C-centered
radical is required. One approach to refine the HLF reaction
thus requires the identification of a destabilizing (and thus activating) N-substituent R1 and its combination with a radical stabilizing R2 substituent at the δ-C-atom that can be easily
removed in the next synthetic step (Fig. 1d). The obtained stabilization energy data can be used as a guideline for the precursor
and synthetic pathway optimization to allow for a well-planned
and eﬀective HLF reaction with minimal chemical waste.

Results and discussion
We start here with the HAT step of the original Kober and
Löﬄer reaction system (L2).5 As seen in Scheme 1, this reac-
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tion involves rearrangement from the global minimum on
the reactant side (L2-N-rad) to a pre-reactive conformer
(RIC-L2) that is ΔH298 = +4.6 kJ mol−1 less stable. The distance between migrating H-atom and N-atom is 248 ppm at
this point. From there, the transition state TS-L2 is reached
with an overall barrier of ΔH‡298 = +54.2 kJ mol−1. This structure is characterized by a six-membered ring arrangement
with N–H and C–H distances of 132 ppm and 131 ppm,
and a C–H–N angle of 156°. On the product side, the first
local minimum encountered is PIC-L2 at ΔH298 = −18.3 kJ
mol−1, which then rearranges to the most stable conformer
L2-C-rad with an overall enthalpy of reaction of ΔH298 =
−23.4 kJ mol−1.
Scheme 2 shows the reaction profile for chiral system M11
used by Del Castillo and Muñiz. In the transition state TS-M11
the C–H and N–H distances now amount to 128 ppm and
138 ppm, respectively, while the C–H–N angle value is 152°.
This is closely similar to the L2 system discussed above. To
obtain an exothermic 1,5-HAT reaction (ΔH298 = −34.3 kJ
mol−1; ΔH‡298 = +37.9 kJ mol−1), both the N-atom and the δ-Catom must be substituted. This limits the usability of HLF
strategies for activating unsubstituted C-atoms.
The focus of this work is an in-depth study of the HLF reaction for the synthesis of heterocyclic nitrogen containing fivemembered rings with pharmaceutical properties, such as nicotine and its derivatives. The main goal is to elucidate the sub-
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= 450.1 ± 0.1 kJ mol−1)15a as formally expressed in eqn (3)
and (4):
BDEðC xx –HÞ ¼ BDEð1H=1Þ þ RSEðC x Þ

ð3Þ

BDEðN x –HÞ ¼ BDEð15H=15Þ þ RSEðN x Þ

ð4Þ

The role of substituents on the stability of C-centered radicals 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 αΔH rxn;298

Scheme 2 Reaction proﬁle for the rearrangement of (S)-4-methoxy-Ntosyl-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.

stituent eﬀects on the stability of C- and N-centered radicals
involved in the reaction. The next aim was to observe the interplay 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 evaluated 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 completely analogous way through eqn (2).
•
•
CH3 þ H‐CR3 ! CH4 þ CR3

RSEðCx Þ ¼ ΔHrx;298

ð1Þ

•
•
NH2 þ H‐NR2 ! NH3 þ NR2

RSEðNx Þ ¼ ΔHrx;298

ð2Þ

1

15

Cx "H

Nx "H

1H

15H

Cx

Nx

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)
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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 reactions 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, respectively. 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) analysis18 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 reaction: HAT and proton-coupled electron transfer (PCET). In a
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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.

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

Organic & Biomolecular Chemistry
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 governing mechanism for all reactions studied here (see
Scheme 1).
The eﬀects of C-substitution on intermolecular HAT reactions 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 precursor) 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 activation enthalpies ΔH‡298 for this process. A good linear correlation (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

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.

Org. Biomol. Chem.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Organic & Biomolecular Chemistry

Paper

Published on 21 December 2020. Downloaded by University of Zagreb on 1/18/2021 12:43:55 PM.

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.

1
2
3
4
5
6
7
8
9
10
11
12
12-Bz
13
14
14+

0.0
−16.6
−29.3
−38.3
−37.8
−44.6
−17.1
−27.4
−32.5
−35.7
−62.3
−51.1
−51.2
−57.4
−71.2
−75.8

439.3
422.7
410.0
401.0
401.5
394.7
422.2
411.9
406.8
403.6
377.0
388.2
388.1
381.9
368.1
363.5

BDE (C–H)exp.

ΔHrxn,298

ΔH‡298

439.3 ± 0.4 (ref. 15a)
420.5 ± 1.3 (ref. 15a)
410.5 ± 2.9 (ref. 15a)
400.4 ± 2.9 (ref. 15a)
402.1 (ref. 15a)
389.1a
426.8 ± 4.2 (ref. 15a)

22.5
5.9
−6.8
−15.8
−15.3
−22.1
5.5
−4.9
−10.0
−13.2
−39.8
−28.6
−28.7
−34.9
−48.7
−53.3

67.4
56.7
46.5
38.8
42.8
36.5
53.3
45.9
42.2
43.0
34.8
37.0
28.1
34.7
33.7
20.1

404.6b
401.7 ± 9.2 (ref. 15a)
386.2 ± 7.1 (ref. 15a)
388.7 (ref. 15a)

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.

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.

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.

15
16
17
18
19
20
21
22
23
24
25
26
27
27+
28
28+

0.0
−33.2
−57.6
15.9
4.4
0.4
−1.1
−4.5
−6.4
−31.7
−69.0
−71.9
−25.9
−20.0
−49.4
−35.2

450.1
416.9
392.5
465.9
454.5
450.5
448.9
445.6
443.7
418.4
381.0
378.2
424.2
430.1
400.7
414.9

BDE (N–H)exp.

ΔHrxn,298

ΔH‡298

450.08 ± 0.1 (ref. 15a)
425.1 ± 8.4 (ref. 15a)

27.3
−5.9
−30.3
43.2
31.7
27.7
26.2
22.8
20.9
−4.4
−41.7
−44.6
1.4
7.3
−22.1
−7.9

64.0
50.8
38.4
65.8
63.6
63.6
61.5
62.8
57.4
41.2
39.4
37.4
51.5
47.7
54.2
55.4

In kJ mol−1. Calculated at B2PLYP level of theory.

Radical stabilities for the systems studied here follow wellknown 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 carrying an α-keto substituent. The trifluoromethoxy substituent

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 position of the identity reaction of ethane with the ethyl radical, where the red bar indicates the barrier for this process.
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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 intramolecular 1,5-HAT step in systems L1–L6 (B2PLYP results).

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 intermediate 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 corresponds to the C-centered fragment formed in the racemic synthesis of nicotine. Under the strongly acidic reaction con-

Org. Biomol. Chem.

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
L1+
L2
L2+
L3
L4
L5
L6

−33.8
−40.5
−58.4
−71.7
−26.1
−2.0
2.0
15.4

−71.0
−89.4
−71.1
−89.0
−66.7
−63.5
−75.2
−73.7

416.3
409.6
391.7
378.4
424.0
448.1
452.0
465.5

368.3
349.9
368.3
350.3
372.7
375.8
364.1
365.6

−47.9
−59.6
−23.4
−28.0
−43.0
−82.9
−87.2
−99.3

45.7
46.0
54.2
54.0
30.1
18.5
16.2
4.8

In kJ mol−1. Calculated at the B2PLYP level of theory.
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δ-position relative to the N-atom reaction center in the unsuccessful 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
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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

Paper

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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Chart 2 we again find a good linear correlation (R2 = 0.92)
between ΔHrxn,298 and ΔH‡298 , whose intercept (E0 = 51.6 kJ
mol−1) is quite similar to that found for the H-transfer reaction
in Chart 1, but with a slightly smaller slope (α = 0.36). As seen
in Chart 2, ethyl radical 2 readily reacts with alkyl stabilized
amines such as methylamine (16H) and dimethylamine (17H)
in an exothermic fashion. Similarly, N-methylaniline (26H),
N-methylmethanesulfinamide (25H) and N-methyl-p-toluenesulfonamide (24H) are readily converted to their respective radicals. In contrast, H-abstraction is unfavorable from all amidetype N–H bonds as present in N-methyl-trifluoroacetylamide
(N-TFAc, 18H), N-methyl-formamide (19H), N-methyl-acetylamide (N-Ac, 20H), tert-butyl-N-methylcarbamate (N-Boc, 21H),
methyl-N-methylcarbamate (22H), and N-methyl-benzamide
(23H). When substituted by these common protection groups,
the N-atom is in fact activated for generation of unstable
N-centered radicals. Those radicals (18–23) are thus conditioned to abstract a hydrogen atom exothermically from the
primary C-atom of ethane. The use of amidyl radicals in intermolecular C–H functionalization reactions has been demonstrated recently in the chlorination of an unactivated C-atom
of (+)-sclareolide.20 Interestingly, carbonyl substituents that
stabilize C-centered radicals are also the ones that destabilize
N-centered radicals. Addition of a 3-pyridyl substituent to the
α-C atom of alkylaminyl radicals is destabilizing as can be
seen from the values obtained for radicals 27 and 28. The electron-withdrawing nature of this substituent is larger in its protonated than in its neutral form as can be seen for the stabilities of radicals 27+/27 and 28+/28 (Table 2).
To conclude this part, for a successful intermolecular HLF
reaction, a stabilized C-centered radical is preferred, and
those are routinely found with carbonyl and aromatic ring
substituents in close proximity. On the other side, a destabi-

lized (thus activated) N-centered radical is needed for an
exothermic reaction. Those are available with carbonyl substituents including amino protecting groups such as Ac, TFAc,
and Boc.

Intramolecular HLF reaction
The course of intramolecular HLF reactions can be predicted
in an approximate fashion using the stability data described
above for the respective radical fragments. In the following,
this will be demonstrated for the racemic nicotine synthesis
shown in Fig. 1a, a suitable starting point being 3-(4-(amino)
butyl)pyridine and its associated N-centered radical L1 shown
in Chart 3b. The C-centered radical that is formed in the 1,5HAT step is the most stable one considered in the previous
section (species 14/14+), but its formation is associated with a
loss of stereo-information. For comparison, the stability data
for the respective N-centered fragment radicals are collected in
Chart 3a. As seen in Chart 3 (and the associated Table 3), all
investigated N-atom substituents provide an energetically
favorable (exothermic) reaction. From this list, system L2 used
by Löﬄer is the least exothermic, due to the stabilizing eﬀects
of two alkyl substituents at the stage of the reactant N-radical,
as is also seen in system 17. Using the common amino protecting groups Boc (L4), Ac (L5), and TFAc (L6) the reaction
becomes notably more exothermic, the most reactive system
being L6 with ΔHrxn,298 = −99.3 kJ mol−1 and ΔH‡298 = 4.8 kJ
mol−1. This is fully in line with the previously discussed activation of N-centered radicals (especially 18). As for the fragment systems discussed before, activation enthalpies correlate
linearly (R2 = 0.85) with reaction enthalpies, the resulting
intrinsic barrier now being larger at E0 = +69.9 kJ mol−1. This

Table 4 RSE, ΔHrxn,298, and ΔH‡298 values for all systems shown in Chart 4

Species

R1

R2

RSE (N-rad)

RSE (C-rad)

BDE (N–H)calc.

BDE (C–H)calc.

ΔHrxn,298

ΔH‡298

M1
M1+
M2
M2+
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14

–H
–H
–CH3
–CH3
–CH3
–CH3
–CH3
–CH3
–Tos
–Boc
–COCH3
–COCF3
–Tos
–COCH3
–COCH3
–COCF3

–H
–H
–H
–H
–Cγ(vO)–
–OCH3
–COCH3
–COCF3
–H
–H
–H
–H
–OCH3
–Cγ(vO)–
–COCH3
–COCF3

−25.8
−21.2
−50.6
−42.9
−41.2
−56.7
−62.7
−55.9
−40.5
−8.4
−2.6
9.6
–35.9
−8.2
−7.4
−19.0

−11.1
−17.8
−10.4
−17.1
−47.4
−54.1
−74.7
−75.3
−19.2
−20.1
−21.1
−23.4
−59.5
−35.7
−54.1
−75.9

424.3
428.9
399.5
407.2
408.9
393.4
387.4
394.2
409.6
441.7
447.5
459.7
414.2
441.9
442.7
431.1

428.2
421.5
428.9
422.2
391.9
385.2
364.6
364.1
420.1
419.2
418.2
415.9
379.8
403.6
385.3
363.4

4.0
−7.3
29.1
14.6
−16.9
−8.1
−22.7
−30.1
10.6
−22.4
−29.2
−43.7
−34.3
−20.2
−52.4
−53.3

59.8
47.0
71.3
59.5
55.6
45.3
50.1
39.0
46.7
41.8
31.9
21.6
37.9
53.9
41.6
34.6

In kJ mol−1. Calculated at the B2PLYP level of theory.
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may best be understood as the additional energetic eﬀort
required to move from an acyclic to a cyclic transition state.
In the stereoselective syntheses outlined in Fig. 1b–d, the
chiral center is not involved in the 1,5-HAT step, and the
stereochemical information is thus conserved. This reaction
was initially attempted in 1909 with substrate M2 shown in its
N-centered radical form in Chart 4. The 1,5-HAT step is in this
case endothermic by ΔHrxn,298 = 29.1 kJ mol−1 and faces a comparatively high barrier of ΔH‡298 = 71.3 kJ mol−1 (data in
Chart 4 and Table 4).

Paper
If system M1 had been used instead (see Chart 4), carrying
an amino instead of a methylamino group, the reaction would
have been only slightly endothermic at ΔHrxn,298 = 4.0 kJ mol−1
with a barrier of ΔH‡298 = 59.8 kJ mol−1. This is well predicted
using the fragment approach presented before. Systems 27 and
28 represent the N-centered radicals formed in M1 and M2,
respectively, while the ethyl radical (2) is a good representation
for a primary C-centered radical. The reaction of the
N-centered radical 28 with ethane 2H to give the ethyl radical 2
is significantly endothermic (ΔHrxn,298 = 22.1 kJ mol−1 and

Chart 5 (a) Stability data for selected fragment radicals. The grey bands denote C-centered radical stabilities for diﬀerent systems, and the black
bar marks the data for radicals 6 and 2. (b) Reaction enthalpies (ΔHrxn,298) and activation enthalpies (ΔH‡298 ) for the intramolecular 1,5-HAT step in
systems M1, M2, and M8–M14 (B2PLYP results).
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ΔH‡298 = 76.3 kJ mol−1), while the reaction of the N-radical 27
with 2H is almost thermoneutral (ΔHrxn,298 = −1.4 kJ mol−1
and ΔH‡298 = 50.1 kJ mol−1). Protonation of the pyridine ring as
in M1+, which can be expected to occur under acidic reaction
conditions, leads to an improved reaction enthalpy (ΔHrxn,298 =
−7.3 kJ mol−1). If Kober and Löﬄer5 had started with a
primary amine substrate instead of the N-methylated variant,
there is a strong possibility that nornicotine ((S)-3-(2-pyrrolidinyl)pyridine) could have been synthesized in a stereoselective
way at the beginning of the 20th century. The reaction enthalpy
also improves from system M2 to M2+, but even after protonation the reaction remains endothermic (ΔHrxn,298 = 14.6 kJ
mol−1). This is echoed again in the fragment system, where
the N-centered radicals with protonated pyridines 27+ and 28+
are less stabilized than their neutral counterparts (27 and 28,
respectively). Even though minor discrepancies between the
fragment approach and modelling the full systems can be
expected, the overall agreement between these two strategies is
good enough to allow rapid predictions with the fragment
approach. For the reaction of methyl-substituted N-radicals to
be energetically favorable, a more stable C-centered radical is
needed. Looking at the data in Chart 1, several options are
available. First, the introduction of a carbonyl group at the
γ-position as in system M3 eﬀectively lowers the barrier by
15.7 kJ mol−1 (ΔH‡298 = 55.6 kJ mol−1) and improves the reaction enthalpy by 46 kJ mol−1 (ΔHrxn,298 = −16.9 kJ mol−1) compared to system M2. The addition of a terminal methoxy group
as in M4 has been used by Muñiz and also leads to a more
stable C-centered radical (ΔHrxn,298 = −8.1 kJ mol−1; ΔH‡298 =
45.3 kJ mol−1). The highest stabilization is achieved with carbonyl groups attached to the δ-C-atom as is the case in M5
(acetyl) and M6 (trifluoroacetyl) substituents on the δ-C-atom
(giving ΔHrxn,298 = −22.7/−30.1 kJ mol−1 and ΔH‡298 = 45.3/
39.0 kJ mol−1, respectively).
For 1,5-HAT reactions generating an unsubstituted (primary)
terminal C-centered radical, an unstable N-centered radical has
to be employed for the reaction to be thermochemically feasible.
As seen in Chart 5, a tosyl substituent as present in M7 does not
activate the N-position strongly enough for an exothermic reaction (ΔHrxn,298 = 10.6 kJ mol−1; ΔH‡298 = 46.7 kJ mol−1). The reaction thermodynamics improve when moving to the Boc (M8), Ac
(M9), and TFAc (M10) functional groups, all of which activate
the respective N-centered radicals enough to generate an
exothermic 1,5-HAT reaction. Again, the TFAc system has the
lowest barrier (ΔH‡298 = 21.6 kJ mol−1) and the highest exothermicity (ΔHrxn,298 = −43.7 kJ mol−1). From a synthetic point of view,
if system M10 were to be used in the synthesis of nicotine, deprotection of the N-atom and subsequent methylation is needed
to obtain nicotine after cyclization of the ring system. This is
less than the number of steps needed in the Muñiz strategy.
The system M11 used by Muñiz, where both the N-atom
and the δ-C-atom are substituted with tosyl and methoxy
groups, respectively, shows an exothermic 1,5-HAT reaction
(ΔHrxn,298 = −34.3 kJ mol−1; ΔH‡298 = 37.9 kJ mol−1), but indeed
requires an additional step for removing the substituent from
δ-C-atom to obtain nicotine as the final product. As shown

Org. Biomol. Chem.

Organic & Biomolecular Chemistry
before in Chart 4, the Boc, Ac, and TFAc substituents both
stabilize C-centered radicals and destabilize N-centered radicals. When used in both positions, the 1,5-HAT step should
proceed readily. This is observed in systems M12 (R1 =
–COCH3, R2 = –Cγ(O)–) and M13 (R1 = R2 = –COCH3) carrying
acetyl groups, and for system M14 (R1 = R2 = –COCF3) where
TFAc is used as a substituent. For the latter system the reaction
is strongly exothermic (ΔHrxn,298 = −53.3 kJ mol−1) and faces a
low barrier of ΔH‡298 = 34.6 kJ mol−1. Last, it should be noted
that for each group discussed here (C-substitution: M2, M3,
M4, M5 and M6; N-substitution: M1, M2, M7, M8, M9, M10; Cand N-substitution: M11, M12, M13, and M14), the BEP principle provides a valid guideline for predicting the influence of
reaction enthalpy on the 1,5-HAT barrier. In combination they
form a plot with a linear correlation ΔH‡298 = 53.7 +
0.42ΔHrxn,298. Again, this is in good agreement with the estimated values given at the beginning of identity reactions.

Conclusions
In this study, the eﬀects of C- and N-substitution on intra- and
intermolecular HAT reactions related to the synthesis of nicotine have been analyzed. Insight into substituent eﬀects on the
stability of the corresponding C- and N-centered radicals allows
for a quick and eﬀective selection of substituents that will
streamline the synthesis of nicotine and its pharmaceutically
potent derivatives. The original synthesis of racemic nicotine
from the beginning of the 20th century has proven to be
eﬀective and accessible. We have shown that this synthesis can
be made even more practical by using destabilizing substituents
on the nitrogen atom. The stereoselective synthesis of (S)-nicotine in using Löﬄer’s approach was not successful due to the
increased stability of the N-centered radical in the HAT step
compared to the formed C-centered radical. Muñiz has shown
that the synthesis of (S)-nicotine can be achieved by using a stabilizing methoxy-substituent on the carbon atom of interest as
well as a destabilizing tosyl group on the nitrogen atom. That
way, the stability of C- and N-centered radicals was altered for
the reaction to be thermodynamically and kinetically feasible.
We have shown here that there are several combinations of substituents that lead to even more favorable reaction and activation enthalpies for the HAT step in the stereoselective synthesis of (S)-nicotine, including three substituents that are available for the functionalization of a primary C-atom:

Most importantly, the incorporation of an easily removable
amine protecting group (such as Boc in system M8) for N-atom
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activation, instead of Tos, could have cut the process by at
least two synthetic steps, ensuring better recovery and overall
eﬃciency of the reaction. This guideline can be used while
planning the synthesis of other five-membered N-containing
heterocyclic rings, both as a step in the total synthesis or as a
late-stage functionalization step.

Theoretical methods
Optimization calculations were performed at the B3LYP/6-31G
(d)21,22 level of theory. Optimized stationary points were
characterized as a minimum (NImag = 0) or first-order saddle
point (Nimag = 1) using analytical vibrational analysis on the
same level of theory. Intrinsic reaction coordinate (IRC) calculations were performed on the structure of the first-order
saddle point at the same level of theory as the optimization.
Paths were followed in both directions from that point to
obtain local minima on the reactant and product side of the
reaction, and thus provide evidence that this first-order saddle
point is a transition state connecting reactants and products.
Global minima on both sides were obtained by conformer analysis employing semiempirical quantum mechanical methods
CREST23 and GFN2-xTB.24 Structures thus obtained were reoptimized at the B3LYP/6-31G(d) level of theory. Improved energetics were obtained via single point calculation at the
RO-B2PLYP/G3MP2large25 level of theory, with corrections to
enthalpy form frequency calculation at the B3LYP/6-31G(d)
level of theory. Energies reported throughout the text are at
this level, as this type of calculation has earlier shown to be
robust, computationally less expensive, and with acceptable
accuracy as compared to the other benchmark levels.14
Additionally, selected systems have been studied with the
G3B3 composite model26 as described in the ESI.‡ All DFT calculations were carried out using the Gaussian 16 program
package27 on cluster Isabella.28
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