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Nitrogen-containing heterocycles are an important class of antioxidants, and their reactivity and

selectivity in hydrogen atom reactions have attracted significant interest from chemists. In this work,

the kinetics of hydrogen atom transfer reactions from C(sp3)–H bonds of 28 nitrogen-containing

heterocycles, oxygen-containing heterocycles, alicyclic amines and cycloalkanes, which were denoted

as XH, to the CumOc radical, were investigated. The characteristic physical parameter of the substrate,

i.e., the thermo–kinetic parameter DGso(XH), was determined using the kinetic equation [DGs
XH/Y =

DGso(XH) + DGso(Y)] to quantitatively evaluate the H-donating ability of XH. The effects of the

substrate structure, substituent attached to the nitrogen atom, and ring size on the H-donating ability

were discussed carefully. By comparing the H-donating abilities of cycloalkanes, alicyclic amines and

nitrogen/oxygen-containing heterocycles, the influence of the introduction of N, O, or carbonyl

groups in the carbon ring on the H-donating ability of C(sp3)–H bond was determined. The electronic,

steric and stereo-electronic effects of the groups were also discussed. Herein, we not only

quantitatively determined the H-donating ability of the substrate, but also provided ideas for the

synthesis of new antioxidants.
Introduction

Lactams and other nitrogen-containing heterocyclic
compounds such as imidazolidinones, oxazolidinones, and
imides are important structural units in a large number of
natural products and pharmaceuticals.1–4 In recent years, the
selectivity and reactivity of these nitrogen-containing heterocy-
cles as hydrogen atom donors (H-donor), XH, in hydrogen atom
transfer reactions (HAT, X–H + Y / X + Y–H) have attracted
signicant attention from a large number of researchers,
gradually becoming a research hotspot.5–12 Accordingly, it is
necessary to develop methods to evaluate the H-donating ability
of these nitrogen-containing heterocyclic compounds as H-
donors using their characteristic physical parameters. Also, it
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is important to quantitatively study the H-donating abilities and
compare the antioxidant activities of antioxidants.

In a previous work, a physical parameter, i.e., the thermo–
kinetic parameter DGso, was used to quantitatively evaluate the
H-donating ability of H-donors or the H-accepting ability of H-
acceptors in the HAT reaction.13 The H-donating abilities of
C(sp3)–H bonds in dihydronicotinamide adenine dinucleotide
(NADH) derivatives, reductive F420 coenzyme (F420H) derivatives,
activated alkanes, amines and amides (Chart 1),13,14 O–H bonds in
vitamin C/E, caffeic acid, (+)-catechin and other bioactive mole-
cules, and phenols (Chart 2),15 and C(sp2)–H bonds in aldehydes
(Chart 3)16 have been quantitatively evaluated by the thermo–
kinetic parameter DGso(XH). The H-accepting abilities of three
regular types of oxygen radicals including the N–Oc radical, C–Oc
radical, and C–O–Oc radical and one type of nitrogen radical, 2,2-
diphenyl-1-picrylhydrazyl (DPPHc), were investigated using
DGso(X) (Chart 4).17 In addition, this parameter is also widely
used in the hydride transfer reaction18 and electron transfer
reaction,19 and is being studied in the proton transfer reaction and
Lewis acid–base coupling reaction. It is proposed using a kinetic
equation (eqn (1)), which is based on the classical transition state
model of chemical reaction, and considers that the fracture and
formation of the chemical bonds of reactants in the process of
chemical reaction follow the Morse free energy curve variation
law.18 In eqn (1), DGs

XH/Y is the activation free energy of the HAT
reaction X–H + Y/ X + Y–H and DGso(XH) and DGso(Y) are the
thermo–kinetic parameters of XH and Y, respectively.
RSC Adv., 2023, 13, 16023–16033 | 16023

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra02211k&domain=pdf&date_stamp=2023-05-27
http://orcid.org/0000-0001-9321-0805
http://orcid.org/0000-0003-0449-7301
https://doi.org/10.1039/d3ra02211k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02211k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013023


Chart 1 H-donating abilities of C(sp3)–H bonds in NADH derivatives, F420H derivatives, activated alkanes, amines and amides examined in
previous works.

Chart 2 H-donating abilities of O–H bonds in vitamin C/E, caffeic acid, (+)-catechin and other bioactive molecules, and phenols examined in
previous works.

Chart 3 H-donating abilities of C(sp2)–H bonds in aldehydes examined in previous works.

Chart 4 H-accepting abilities of free radicals examined in previous works.
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DGs
XH/Y = DGso(XH) + DGso(Y) (1)

Herein, the H-donating abilities of 28 nitrogen-containing
heterocycles, oxygen-containing heterocycles, alicyclic amines
and cycloalkanes, XH, in HAT reactions were studied using
DGso(XH). The parent structures and types of H-donors exam-
ined in this work are shown in Scheme 1. HAT reactions
between XH with the cumyloxyl radical [PhC(CH3)2Oc, CumOc]
in acetonitrile (MeCN) at 298 K were constructed, and the
kinetics of these HAT reactions were investigated.5–10 The effect
of substrate structure, the insertion of heteroatoms, the ring
size, and the substituent attached to the nitrogen atom on the
H-donating abilities of these substrates was discussed in detail.
Results and discussion

Determination of DGso(XH) values of the studied H-donors XH.
According to previous research, the HAT reactions between
CumOc and nitrogen-containing heterocycles predominantly
occur from the endocyclic a-C(sp3)–H bonds that are a to
nitrogen.5–10 The reaction sites of these substrates are shown in
Scheme 1, where the hydrogen atoms involved in the HAT
reactions are labelled red. The results of the kinetic studies for
the HAT reactions from the ɑ-C(sp3)–H bonds of the studied H-
donors to the CumOc radical in acetonitrile at 298 K are listed in
the ESI.† The activation free energies, DGs

XH/Y, of the HAT
reactions, which were obtained using the Eyring equation [k2 =
(kBT/h)exp(−DGs/RT)], are listed in Table S1.† Given that the
Scheme 1 Parent structures and types of nitrogen-containing heterocy

© 2023 The Author(s). Published by the Royal Society of Chemistry
thermo–kinetic parameter of CumOc [DGso(CumOc) =

−41.63 kcal mol−1] is already available in our previous work,17

the DGso(XH) of the ɑ-C(sp3)–H bonds in these 28 H-donors
were determined using eqn (1) [DGso(XH) = DGXH/CumOcs −
DGso(CumOc)]; (Table 1).
Visual comparison of DGso(XH) values of ɑ-C(sp3)–H bonds
in 28 nitrogen-containing heterocycles and other H-donors

A visual comparison of the DGso(XH) values of the ɑ-C(sp3)–H
bonds in 28 nitrogen-containing heterocycles and other H-
donors in acetonitrile at 298 K is shown in Scheme 2. As dis-
cussed in our previous reports,13–16 DGso(XH) can be used as the
characteristic physical parameter of XH to quantitatively eval-
uate its H-donating ability. The smaller the DGso(XH) value of
XH, the stronger its H-donating ability. According to Scheme 2,
the DGso(XH) values of the studied substrates range from
47.78 kcal mol−1 for 1-methylpyrrolidine (22H) to
52.80 kcal mol−1 for ethylene carbonate (20H). For these
nitrogen-containing heterocycles, their H-donating abilities
follow the order of alicyclic amines (21H–24H) > 2-imidazoli-
dinones (14H–15H) > lactams (1H–13H). The H-donating abili-
ties of two 2-oxazolidinones (16H–17H) are at the downstream
level of the studied lactams. It can be seen that the H-donating
abilities of alicyclic amines are the strongest among these
nitrogen-containing heterocycles, and the introduction of
amide [–C(N–R)]O], carbonyl (–C]O) or ester [–C(O)]O)]
groups in the ɑ-site of the nitrogen atom on the ring reduces the
H-donating ability of the alicyclic amine. In addition, it can be
seen that the H-donating abilities of cycloalkanes (25H–28H)
cles and other H-donors examined in this work.

RSC Adv., 2023, 13, 16023–16033 | 16025
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Table 1 DGso(XH) of nitrogen-containing heterocycles and other H-donors in MeCN at 298 K

XH Structure DGso(XH)a (kcal mol−1) XH Structure DGso(XH)a (kcal mol−1)

1H 51.50 2H 50.41

3H 50.00 4H 49.99

5H 50.39 6H 50.10

7H 50.51 8H 50.29

9H 50.11 10H 50.96

11H 50.36 12H 51.15

13H 50.82 14H 49.58

15H 48.84 16H 50.96

17H 50.48 18H 52.26

19H 49.83 20H 52.80

21H 48.04 22H 47.78

23H 48.13 24H 48.05

16026 | RSC Adv., 2023, 13, 16023–16033 © 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 2
:3

7:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02211k


Table 1 (Contd. )

XH Structure DGso(XH)a (kcal mol−1) XH Structure DGso(XH)a (kcal mol−1)

25H 50.92 26H 50.84

27H 50.43 28H 50.20

a DGso(XH) values are derived from eqn (1), with units of kcal mol−1.

Scheme 2 Visual comparison of DGso(XH) of ɑ-C(sp3)–H bonds in 28 nitrogen-containing heterocycles and other H-donors in MeCN at 298 K,
with units of kcal mol−1.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 16023–16033 | 16027
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are about 2 kcal mol−1 weaker than that of the alicyclic amines
and are at the middle and downstream level of the investigated
lactams. The H-donating ability of tetramethylurea (19H) is
between the studied lactams and 2-imidazolidinones,
belonging to the medium ability of H-donor. It is worth noting
that ethylene carbonate (20H) has the weakest H-donating
ability, followed by N-methylsuccinimide (18H). By comparing
the H-donating abilities of 14H, 16H and 20H, it can be found
that the introduction of an N atom on the ring increases the H-
donating ability of the compound, while the introduction of an
O atom decreases the H-donating ability of the compound.
Effect of substrate structure on H-donating ability

As can be seen in Scheme 2, the structure of the substrate has
a great inuence on its H-donating ability. Thus, to study the
effect of the substrate structure on its H-donating ability, the
thermo–kinetic parameters DGso(XH) of the studied ve-
membered-ring compounds are listed in Scheme 3. Except for
N-methylsuccinimide (18H), the reaction sites of the substrates
in the HAT reactions are the endocyclic a-C(sp3)–H bonds, given
that there is no endocyclic a-C(sp3)–H in 18H. The H-donating
abilities of these ve-membered-ring compounds follow the
order of pyrrolidine (21H) > 2-imidazolidinone (14H) > cyclo-
pentane (25H) > 2-pyrrolidone (2H) > 2-oxazolidinone (16H) > N-
methylsuccinimide (18H) > ethylene carbonate (20H). The scale
of DGso(XH) is 4.76 kcal mol−1. This large range indicates that
the substrate structure has a great inuence on the H-donating
ability.

According to Scheme 3, it is again proven that the intro-
duction of an N atom in the ve-membered-ring increases the
Scheme 3 Effect of substrate structure on DGso(XH) of ɑ-C(sp3)–H bo
of kcal mol−1.

16028 | RSC Adv., 2023, 13, 16023–16033
H-donating ability of the compound by 2.88 kcal mol−1, which
can be obtained by comparing 21H and 25H. In the case of the
stereo-electronic effect, HAT is the most rapid when the C(sp3)–
H bond being broken can be conjugated with p electrons or
lone pair electrons. Thus, the H-donating ability of pyrrolidine
(21H) is stronger than that of cyclopentane (25H) given that the
C(sp3)–H bond of pyrrolidine being broken can be eclipsed with
the a nitrogen lone pair electrons. However, the introduction of
the carbonyl group (–C]O) decreases the H-donating ability by
2.37 kcal mol−1, which can be obtained by comparing 2H and
21H. Specically, the introduction of an ester group [–C(O)]O)]
decreases the H-donating ability by 2.92 kcal mol−1, which can
be obtained by comparing 16H and 21H. The replacement of the
nitrogen atom with an oxygen atom decreases the H-donating
ability by 3.22 kcal mol−1, which can be obtained by
comparing 20H and 14H. According to the above-mentioned
analysis, the inuence of the introduction of a nitrogen atom,
carbonyl and ester groups in the ve-membered rings on the H-
donating abilities can be determined quantitatively. Simulta-
neously, it can be seen that the introduction of a carbonyl group
on the ring reduces the H-donating ability, and the introduction
of an oxygen atom on the ring further reduces the H-donating
ability, given that the two electron-withdrawing groups, i.e.,
carbonyl and ester groups, reduce the electron density of the
reaction center at the transition state when the substrates react
with the electrophilic HAT reagent CumOc, which reduces the
stability of the transition state. The introduction of an oxygen
atom on the ring further reduces the electron density of the
reaction center, and thus the ethylene carbonate (20H) has the
weakest H-donating ability among these ve-membered-ring
substrates.
nds in five-membered-ring compounds in MeCN at 298 K, with units

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02211k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 2
:3

7:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Moreover, the introduction of a methyl group to the nitrogen
atom also enhances the H-donating ability, which can be
explained by the electron-donating effect of the methyl group.
Although the introduction of a methyl group increases the steric
hindrance of the reaction, the electronic effect caused by its
introduction can completely offset the increase in steric
hindrance. The increase in H-donating ability DDGso induced
by the methyl group on the nitrogen atom in different series is
also different, as shown in Scheme 3. It can be found that the
lower the electron density of the reaction center in the transi-
tion state, the more obvious the H-donating ability of C(sp3)–H
increased by the introduction of a methyl group, as the
substrates react with the electrophilic HAT reagent CumOc. The
increased values of H-donating ability DDGso caused by the
introduction of a methyl group to the nitrogen atom in each
ve-membered-ring series follow the order of 2-oxazolidinones
(DDGso = 0.48 kcal mol−1) > 2-pyrrolidones (0.41 kcal mol−1) >
2-imidazolidinones (0.74/2 = 0.37 kcal mol−1) > pyrrolidines
(0.26 kcal mol−1).
Effect of substituent attached to nitrogen atom on H-donating
ability

The substituent attached to the nitrogen atom also affects the
H-donating ability of the ɑ-C(sp3)–H bonds in XH. As shows in
Scheme 4, the DGso(XH) values of the six N-substituted 2-pyr-
rolidone series is listed in order. The scale of DGso(XH) is
0.52 kcal mol−1. The H-donating abilities of these six substrates
follow the order of –C2H5 > –CH3 > –Cy > –CH2Ph > –H > –Ph. It
can be seen that when the substituent attached to the nitrogen
Scheme 4 Effect of substituent attached to nitrogen atom on DGso(XH
units of kcal mol−1.

Scheme 5 Electron-donating effect of substituents (alkyl and cycloalkyl g
the electrophilic HAT reagent CumOc.

© 2023 The Author(s). Published by the Royal Society of Chemistry
atom is alkyl, cycloalkyl or benzyl group, the H-donating ability
of 2-pyrrolidone is enhanced, whereas when the substituent
attached to the nitrogen atom is a phenyl group, the H-donating
ability is weakened. Given that the alkyl, cycloalkyl and benzyl
groups are electron-donating substituents, they are more
conducive to the stability of the transition state (see Scheme 5)
when the substrate reacts with the electrophilic HAT reagent
CumOc, and thus these substituents enhance the H-donating
abilities of the substrates. The phenyl group is conjugated
with the lone pair electrons of the nitrogen atom and exhibits
an electron-withdrawing conjugation effect, and thus it is not
conducive to the stability of the transition state, weaking the H-
donating ability of 7H.
Effect of ring size on H-donating ability

The effect of the ring size on the H-donating ability of the ɑ-
C(sp3)–H bond in lactams and cycloalkanes is also discussed. As
can be seen in Scheme 6, in the cycloalkane series, the H-
donating ability increases with an increase in the carbon ring
size. Comparing cycloalkanes and lactams with the same ring
size, it is interesting to nd that the H-donating abilities of the
ve-membered and six-membered cycloalkanes are weaker than
that of the corresponding lactams, while the seven-membered
and eight-membered cycloalkanes are stronger than that of
the corresponding lactams. Meanwhile, in the N–H lactam
series, the H-donating ability does not increase with an increase
in the ring size like in the cycloalkane series, but follows the
order of four-membered ring (1H) < eight-membered ring (12H)
< seven-membered ring (10H) < ve-membered ring (2H) < six-
) of ɑ-C(sp3)–H bonds in 2-pyrrolidone series in MeCN at 298 K, with

roups) on the stability of transition state when the substrate reacts with

RSC Adv., 2023, 13, 16023–16033 | 16029
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Scheme 6 Effect of ring-size on DGso(XH) of ɑ-C(sp3)–H bonds in lactams and cycloalkanes in MeCN at 298 K, with units of kcal mol−1.
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membered ring (8H). However, the H-donating abilities of the
N-methyl lactam series increase with a decrease in the ring size.

To explore the reasons for the effect of ring size on H-
donating ability in the different series, the thermodynamic
bond dissociation free energy DGo(XH), kinetic intrinsic resis-
tance energy DGs

XH/X and thermo–kinetic parameter DGso(XH)
of these three series are listed in Table 2. According to the
denition of DGso(XH), it consists of 1/2 the sum of DGo(XH)
and DGs

XH/X.13–16 In this work, DGo(XH) was calculated using the
iBonD HM method15c,16,20–22 to evaluate the thermodynamic H-
donating potential of the substrate. DGs

XH/X was determined
using the denition DGso(XH) {DGso(XH) = 1/2[DGs

XH/X +
DGo(XH)]} and employed to evaluate the kinetic H-donating
ability of the substrate.13–16

The DGo(XH) and DGs
XH/X values of the ɑ-C(sp3)–H bonds in

the lactams and cycloalkanes in MeCN at 298 K are shown in
Scheme 7. According to Scheme 7, it can be seen that the
reduction of DGo(XH) from cyclopentane (25H) to 2-pyrrolidone
(2H) (4.30 kcal mol−1) and from cyclohexane (26H) to 2-piper-
idinone (8H) (8.50 kcal mol−1) caused by the introduction of an
amide group fully offsets the increase in DGs

XH/

X (3.28 kcal mol−1, 7.41 kcal mol−1, respectively), which means
that the thermodynamic advantage caused by the introduction
of an amide group can fully compensate for the kinetic disad-
vantage. Therefore, 2-pyrrolidone and 2-piperidinone have
stronger H-donating abilities than that of cyclopentane and
cyclohexane. However, from cycloheptane (27H) to 2-azepanone
(10H) and from cyclooctane (28H) to 2-azocanone (12H), the
reduction in DGo(XH) caused by the introduction of an amide
group (1.20 kcal mol−1, 0.90 kcal mol−1, respectively) is not
16030 | RSC Adv., 2023, 13, 16023–16033
enough to offset the increase in DGs
XH/X (2.27 kcal mol−1,

4.70 kcal mol−1, respectively), which means that the thermo-
dynamic advantage caused by the introduction of an amide
group cannot fully compensate for the kinetic disadvantage.
Therefore, 2-azepanone and 2-azocanone have weaker H-
donating abilities than cycloheptane and cyclooctane. The
thermo–kinetic parameter DGso(XH) of azetidinone (1H) is
51.50 kcal mol−1. The DGso(1H) value is the largest among the
lactam series, which means azetidinone has the weakest H-
donating ability. According to Scheme 7, 1H has the biggest
DGo(XH) value (91.40 kcal mol−1) and smallest DGs

XH/

X (11.60 kcal mol−1) among the lactam series. Although 1H has
the smallest intrinsic resistance energy due to its small struc-
ture, its C(sp3)–H bond is the most difficult to break the ther-
modynamics. This means that 1H has the strongest kinetic H-
donating ability and the weakest thermodynamic H-donating
potential. Because its kinetic H-donating advantage
(4.03 kcal mol−1) is not enough to make up for its thermody-
namic H-donating disadvantage (6.40 kcal mol−1), its actual H-
donating ability in the HAT reaction is ultimately the weakest
among the lactam series.

In the N–H lactam series, the DGo(XH) values follow the
order of 2-azetidinone (1H) > 2-azocanone (12H) > 2-azepanone
(10H) > 2-pyrrolidone (2H) > 2-piperidinone (8H). The scale of
DGo(XH) is 6.30 kcal mol−1. The DGs

XH/X values follow the order
of 2-azetidinone (1H) < 2-azocanone (12H) < 2-azepanone (10H)
< 2-pyrrolidone (2H) < 2-piperidinone (8H). The scale of DGs

XH/

X is 3.88 kcal mol−1. The order of the thermodynamic H-
donating potentials of these lactams is opposite to the order
of their kinetic H-donating abilities. However, the increasing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 DGso(XH), DGo(XH) and DGs
XH/X of ɑ-C(sp3)–H bonds in lactams and cycloalkanes in MeCN at 298 K

XH Structure DGso(XH)a (kcal mol−1) DGo(XH)b (kcal mol−1) DGs
XH/X

c (kcal mol−1)

1H 51.50 91.40 11.60

2H 50.41 86.30 14.52

3H 50.00 85.70 14.30

8H 50.29 85.10 15.48

9H 50.11 85.00 15.22

10H 50.96 87.90 14.02

11H 50.36 85.10 15.63

12H 51.15 88.40 13.91

13H 50.82 89.30 12.33

25H 50.92 90.60 11.24

26H 50.84 93.60 8.07

27H 50.43 89.10 11.75

28H 50.20 91.20 9.21

a DGso(XH) values are derived from eqn (1). b DGo(XH) values are obtained by the iBonD HM method in this work.15c,16,20–22 c DGs
XH/X values are

derived from DGso(XH) = 1/2[DGs
XH/X + DGo(XH)].

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 16023–16033 | 16031
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Scheme 7 (a) DGo(XH) and (b) DGs
XH/X values of ɑ-C(sp3)–H bonds in lactams and cycloalkanes in MeCN at 298 K, with units of kcal mol−1.
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slope of thermodynamic H-donating potential is larger than the
decreasing slope of kinetic H-donating ability. Therefore, the
order of H-donating abilities of this series in HAT reactions is
consistent with the order of the thermodynamic H-donating
potentials.

In the N-methyl lactam series, the DGo(XH) values follow the
order of 1-methyl-2-azocanone (13H) > 1-methyl-2-pyrrolidone
(3H) > 1-methyl-2-azepanone (11H) > 1-methyl-2-piperidinone
(9H). The DGs

XH/X values follow the order of 1-methyl-2-
azocanone (13H) < 1-methyl-2-pyrrolidone (3H) < 1-methyl-2-
piperidinone (9H) < 1-methyl-2-azepanone (11H). The order of
the thermodynamic H-donating potentials of these lactams is
not consistent with the order of their kinetic H-donating abili-
ties. The thermodynamic H-donating disadvantage of 13H
completely offsets its kinetic H-donating advantage, making its
H-donating ability in the HAT reaction weakest among the N-
methyl lactam series. Although the thermodynamic H-donating
potential and kinetic H-donating ability of 3H are not the
strongest in this series, the H-donating ability of 3H in the HAT
reaction is the strongest, combining the results of thermody-
namics and kinetics. This is why the H-donating abilities of the
N-methyl lactam series increase with a decrease in the ring size.
Conclusions

Herein, the H-donating abilities of 28 nitrogen-containing
heterocycles, oxygen-containing heterocycles, alicyclic amines
and cycloalkanes, which were denoted as XH, in HAT reactions
16032 | RSC Adv., 2023, 13, 16023–16033
were researched by using the characteristic physical parameter
of XH, i.e., the thermo–kinetic parameter DGso(XH). The
following conclusions were drawn.

(1) For these nitrogen-containing heterocycles, their H-
donating abilities follow the order of alicyclic amines (21H–

24H) > 2-imidazolidinones (14H–15H) > lactams (1H–13H). The
H-donating abilities of two 2-oxazolidinones (16H–17H) are at
the downstream level of the studied lactams. The introduction
of a nitrogen atom on the ring increases the H-donating ability
of the substrate, while the introduction of an oxygen atom or
carbonyl group (–C]O) decreases the H-donating ability.

(2) The introduction of a methyl group to the nitrogen atom
enhances the H-donating abilities of these heterocycles. In
addition, when the substituent attached to the nitrogen atom is
an electron-donating group, such as alkyl, cycloalkyl or benzyl
group, the H-donating ability is enhanced, whereas when the
substituent attached to the nitrogen atom is an electron-
withdrawing group, such as a phenyl group, the H-donating
ability is weakened.

(3) In the cycloalkane series, the H-donating ability increases
with an increase in the carbon ring size. In the N–H lactam
series, the H-donating ability does not increase with an increase
in the ring size like in the cycloalkane series, but follows the
order of four-membered ring (1H) < eight-membered ring (12H)
< seven-membered ring (10H) < ve-membered ring (2H) < six-
membered ring (8H). The H-donating abilities of the N-methyl
lactam series increase with a decrease in the ring-size. The
thermodynamic bond dissociation free energy DGo(XH) and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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kinetic intrinsic resistance energy DGs
XH/X were determined to

explain these phenomena.

Experimental
Kinetic measurements

The kinetics of the HAT reactions from the C(sp3)–H bonds of
alkanes and alkane derivatives to CumOc radical in acetonitrile
at 298 K were quoted from the literature.5–10 LFP experiments
were carried out with a laser kinetic spectrometer using the
third harmonic (355 nm) of a Q-switched Nd:YAG laser, deliv-
ering 8 ns pulses. Argon- or nitrogen-saturated acetonitrile
solution of dicumyl peroxide (1.0 M) was employed. The kinetics
of the HAT reactions were conveniently monitored using an
Applied Photophysics SX.18MV-R stopped-ow system (a brief
introduction of the equipment is shown in the ESI†), which was
thermostated at 298 K under strict anaerobic conditions in dry
acetonitrile. The method of the kinetic measurement was
pseudo-rst-order method. The concentration of the substrate
was maintained at more than 20-fold excess of the radical to
attain pseudo-rst-order condition. The second-order rate
constants (k2) were derived from the plots of the pseudo-rst-
order rate constants versus the concentrations of the excessive
reactants. In each case, it was conrmed that the rate constants
derived from three to ve independent measurements agreed
within an experimental error of ±5%.

Thermodynamic measurements

The bond dissociation free energies DGo(XH) were determined
using the iBonD HM prediction methods: Light GBM and SPOC
descriptors with RMSE = 1.82, r2 = 0.980 and Mean Absolute
Errors (MAE) = 1.03 (95 : 5 train test split).15c,16,20–22
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