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omparison of antioxidant abilities
of five bioactive molecules with C–H and O–H
bonds in thermodynamics and kinetics†

Yan-Hua Fu, *a Zhen Wang,a Kai Wang, a Guang-Bin Shen *b

and Xiao-Qing Zhu*c

In this work, the antioxidant abilities of NADH coenzyme analogue BNAH, F420 reduction prototype

analogue F420H, vitamin C analogue iAscH−, caffeic acid, and (+)-catechin in acetonitrile in chemical

reactions were studied and discussed. Three physical parameters of the antioxidant XH, homolytic bond

dissociation free energy DG
�
(XH), self-exchange HAT reaction activation free energy DGs

XH/X, and

thermo-kinetic parameter DGs�
(XH), were used to evaluate the antioxidant ability of XH in

thermodynamics, kinetics, and thermo-kinetics. By comparing DG
�
(XH), DGs

XH/X and DGs�
(XH) of these

five bioactive antioxidants to release hydrogen atoms, it is easy to find that iAscH− is the best hydrogen

atom donor both thermodynamically and kinetically among these antioxidants. Caffeic acid is the worst

hydrogen atom donor thermodynamically, and F420H is the worst hydrogen atom donor kinetically. In

addition, the thermodynamic hydride donating abilities of BNAH, F420H, and iAscH− were also

discussed, and the order of thermodynamic hydride donating abilities was BNAH > F420H > iAscH−. Four

HAT reactions BNAH/DPPHc, (+)-catechin/DPPHc, F420H/DPPHc, and caffeic acid/DPPHc in acetonitrile at

298 K were studied by the stopped-flow method. The actual order of H-donating abilities of these four

antioxidants in the HAT reactions is consistent with the order predicted by thermo-kinetic parameters. It

is feasible to predict accurately the antioxidant abilities of antioxidants using thermo-kinetic parameters.
Introduction

Nicotinamide coenzyme (NADH)1–3 and F420 coenzyme4–7 are
the two extremely important natural redox cofactors, which
exist extensively in vivo as effective hydride and electron sources
taking part in a wide range of biochemical processes. They have
similar functions and structures but perform unique functions,
respectively.8,9 The active centres of NADH and F420 coenzyme
are shown in Scheme 1. In this work, 1-benzyl-1,4-dihydro-
nicotinamide (BNAH) and reductive F420 coenzyme (F420H)
were investigated as the models of each coenzyme and used as
the comparative research objects using thermodynamic and
kinetic methods. The properties of the two coenzymes were
studied and compared as hydrogen/hydride donors with C–H
gineering, Anyang Institute of Technology,

80031@ayit.edu.cn

cal University, Jining, Shandong, 272000,

y, Tianjin, 300071, China

(ESI) available: Syntheses of BNAH,
spectra are provided. The calculation
�
(XH) for caffeic acid and (+)-catechin

decay curves of four HAT reactions
H/DPPHc, and caffeic acid/DPPHc in
ttps://doi.org/10.1039/d2ra04839f

the Royal Society of Chemistry
bonds. In addition to these two coenzyme analogues, another
three organic bioactive molecules, vitamin C (iAscH−),10 caffeic
acid,11 and (+)-catechin,12,13 were also studied as hydrogen atom
donors with O–H bonds. These three bioactive molecules were
widely used as antioxidants in the study of free radical activity,
chemical mechanism study, etc.14 Two coenzyme derivatives
with C–H bonds (BNAH and F420H) and three organic bioactive
molecules with O–H bonds (iAscH−, caffeic acid, and
Scheme 1 Structures of NADH, F420, and the active centres.
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Scheme 2 Structures of the antioxidants studied in this work.
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(+)-catechin) (Scheme 2) were studied as antioxidants in
hydrogen atom transfer (HAT) reaction (XH + Y / X + YH).
Results and discussion

The evaluation and comparison of the antioxidant abilities of
these ve bioactive molecules were discussed carefully. Three
physical parameters of these antioxidants were used to compare
the antioxidant abilities using thermodynamic and kinetic
methods in acetonitrile, which are the bond dissociation free
energy [DG

�
(XH)], self-exchange HAT reaction activation free

energy [DGs
XH/X], and thermo-kinetic parameter [DGs�

(XH)].
XH is the abbreviation of antioxidant, and H represents the
transferred hydrogen atom. The data of these three parameters
for BNAH, F420H, and iAscH− were derived from our previous
work.15–18 The data source14 and calculation process of the
parameters for caffeic acid and (+)-catechin are listed in ESI.†
All data are listed in Table 1.
Scheme 3 Comparison of homolytic bond dissociation free energies of X
iAscH−.

Table 1 Bond dissociation free energy DG
�
(XH), self-exchange HAT rea

DGs�
(XH) as hydrogen atom donor for antioxidant in acetonitrile

Antioxidant C–H

Energya (kcal mol−1) BNAH F420H

DG
�
(XH) 65.80 66.40

DGs
XH/X 22.90 26.99

DGs�
(XH) 44.35 46.70

a The unit is kcal mol−1 DGs�
(XH) is the thermo-kinetic parameter of XH, w

+ DG
�
(XH)]. b The data source14,16 and calculation process of the paramete

27390 | RSC Adv., 2022, 12, 27389–27395
Comparison of the bond dissociation free energiesDG
�
(XH) of

these antioxidants as hydrogen atom donors in acetonitrile

It is well known that the homolytic bond dissociation free
energy DG

�
(XH) is usually used to access the potential H-

donating ability of antioxidants in thermodynamics. The
smaller the value of DG

�
(XH), the stronger the antioxidant

ability for the antioxidant. According to Table 1, the order of
DG

�
(XH) for these ve antioxidants in acetonitrile is caffeic acid

> (+)-catechin > F420H > BNAH > iAscH−, which indicates that
iAscH− is the best hydrogen atom donor among them, ther-
modynamically. In order to facilitate the comparison of anti-
oxidant abilities of these antioxidants, the bond dissociation
free energies of the antioxidants to release hydrogen atoms are
shown in Scheme 3 in descending order.

BNAH and F420H both break the C–H bond at position 4 of
the 1,4-dihydropyridine rings as antioxidants in HAT reactions.
There is not much difference between DG

�
(XH) values
H and heterolytic bond dissociation free energies of BNAH, F420H, and

ction activation free energy DGs
XH/X, and thermo-kinetic parameter

O–H

iAscH− Caffeic acidb (+)-Catechinb

65.40 77.00 76.20
10.81 16.68 17.02
38.11 46.84 46.61

hich is proposed in previous publications,14–16 DGs�
(XH)¼ 1/2[DGs

XH/X
rs for caffeic acid and (+)-catechin were listed in ESI.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(0.60 kcal mol−1) of these two coenzyme derivatives, even
though there is a big difference in the structures. Caffeic acid
and (+)-catechin both break the O–H bond on the phenol rings
as antioxidants in HAT reactions. The difference between
DG

�
(XH) values of these two phenol derivatives (0.80 kcal mol−1)

is not large too. However, the DG
�
(XH) difference to break the

O–H and C–H bonds is quite large. It is 9.80 kcal mol−1 between
the values of DG

�
(XH) for F420 (C–H) and (+)-catechin (O–H),

and is 11.20 kcal mol−1 between BNAH (C–H) and caffeic acid
(O–H). For iAscH−, although it also breaks the O–H bond as an
antioxidant in HAT reactions, the O–H bond is not on the
benzene ring, but the alcohol O–H bond on the enol structure,
so the bond dissociation free energy required to break the O–H
bond is relatively small. The DG

�
(XH) of iAscH− is even

0.40 kcal mol−1 smaller than that of BNAH.
The above discussion shows that the bond dissociation free

energy of antioxidant XH mainly depends on the central struc-
ture and type of the bond broken (C–H or O–H). Antioxidants
with the same type of bond being broken and similar central
structure have similar bond dissociation free energies. The type
of chemical bond broken is crucial to the thermodynamic
hydrogen atom donating ability of antioxidants.

BNAH, F420H, and iAscH− are not only good hydrogen atom
donors, but also important hydride transporters in vivo. NAD
coenzyme is hydrogenase as its main function,19 while F420
coenzyme can perform both dehydrogenase and hydrogenase
functions in vivo.20,21 In Scheme 3, the heterolytic bond disso-
ciation free energies DG

�
(H−X) of BNAH, F420H, and iAscH− in

acetonitrile are also listed, which are 59.30 kcal mol−1 (BNAH),
71.10 kcal mol−1 (F420H), and 75.70 kcal mol−1 (iAscH−),
respectively. The order of DG

�
(H−X) is iAscH− > F420H > BNAH,

which indicates that BNAH is the best hydride donor among
them thermodynamically. By comparing the bond dissociation
free energy of BNAH as a hydride and hydrogen atom donor, it is
Scheme 4 Structures of BNAH and iAscH− after homolytic and
heterolytic cleavages.

Scheme 5 Comparison of intrinsic kinetic barriers of XH in HAT reactio

© 2022 The Author(s). Published by the Royal Society of Chemistry
clear that for BNAH, it is much easier (7.50 kcal mol−1) to
release hydride than a hydrogen atom. For F420H, it is easier
(4.70 kcal mol−1) to release a hydrogen atom than hydride. This
is because the stable structure of pyridine positive ions is
formed aer the release of hydride ions for BNAH and F420H,
and the electron decient unstable structure of 1,4-dihy-
dropyridine radicals is formed aer the release of hydrogen
atoms, as shown in Scheme 4. For iAscH−, however, the oppo-
site phenomenon is found. It is much easier (10.30 kcal mol−1)
to release a hydrogen atom than hydride, which indicates that
iAscH− is a good hydrogen atom donor but a bad hydride donor
thermodynamically. The reason for the large difference between
homolytic and heterolytic bond dissociation free energies of
O–H bond for iAscH− may be that the structures are quite
different aer homolytic and heterolytic cleavages (Scheme 4). It
is not easy to take away an extra electron from the electron
decient system of a-b unsaturated ketone in iAsc−c, so
donating a hydride is much harder than only donating
a hydrogen atom.
Comparison of the intrinsic kinetic barriers DGs
XH/X of these

antioxidants as hydrogen atom donors in acetonitrile

For the self-exchange HAT transfer reaction of antioxidant XH
(XH + X / X + XH), the thermodynamic driving force of the
reaction is zero, and the activation free energy of the self-
exchange HAT reaction (DGs

XH/X) can be regarded as the
intrinsic kinetic barrier of XH as hydrogen atom donor in HAT
reaction. The bigger the value of DGs

XH/X, the bigger the
intrinsic kinetic barrier of XH in HAT reaction. This parameter
is related to the spatial structure of the HAT reaction site of the
antioxidant, the solvent effect in the reaction process and other
kinetic factors, and it belongs to the characteristic kinetic
parameter of the antioxidant. According to Table 1, the order of
DGs

XH/X for these ve antioxidants in acetonitrile is F420H >
BNAH > caffeic acid > (+)-catechin > iAscH−, which indicates
that iAscH− is the best hydrogen atom donor among them
kinetically. The hydrogen atom donating abilities of antioxi-
dants with C–H reaction sites (F420H > BNAH) are weaker than
the antioxidants with phenol O–H reaction sites [caffeic acid >
(+)-catechin] in kinetics, which are not consistent with the
phenomena in thermodynamics. In order to facilitate the
comparison of the antioxidant abilities of antioxidants, the
intrinsic kinetic barriers of antioxidants to release hydrogen
atoms are shown in Scheme 5 in descending order.
n.

RSC Adv., 2022, 12, 27389–27395 | 27391
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As the reaction sites (O–H) on caffeic acid and (+)-catechin
are relatively bare, the steric hindrance of HAT reactions is
small. There is not much difference between DGs

XH/X values
(0.34 kcal mol−1) of caffeic acid and (+)-catechin. For BNAH and
F420H, the amide groups increase the steric hindrance of the
reaction sites (C–H), resulting in higher activation free energies
of self-exchange HAT reactions. Although the active sites in the
HAT reaction are both C–H in BNAH and F420H, the difference
between DGs

XH/X values is 4.09 kcal mol−1, which is bigger than
the difference between DGs

XH/X values (0.34 kcal mol−1) of
caffeic acid and (+)-catechin. This is because of the different
structures between BNAH and F420H. Especially for F420H,
except for the amide group, the tricycle molecular framework
has a great inuence on the steric hindrance of the reaction site.
It results from the fact that F420H has the biggest kinetic
intrinsic barrier in the HAT reaction. The DGs

XH/X difference
between O–H broken and C–H broken is very large. It is
10.31 kcal mol−1 between the value of DGs

XH/X for F420H and
(+)-catechin.

The small molecular structure and the exposure of the
reaction site (O–H) lead to the smallest kinetic resistance of
iAscH− in the HAT reaction. The value of DGs

XH/X for iAscH
− is

10.81 kcal mol−1, even 5.87 kcal mol−1 less than that of
(+)-catechin. It is 16.18 kcal mol−1 less than that of F420H,
which has the largest DGs

XH/X.
According to the above analysis, it can be seen that the

kinetic H-donating ability mainly depends on the steric
hindrance of the hydrogen supply centre of the antioxidant XH
and the overall structure of the compound. The difference in
kinetic internal resistances of these ve antioxidants in HAT
reaction is greater than the difference in bond dissociation free
energies. According to DGs

XH/X and DG
�
(HX) of these ve

antioxidants, the order of hydrogen atom donating abilities
kinetically is not in line with their order thermodynamically,
which indicates that the antioxidant ability cannot be deter-
mined only by thermodynamic parameters. Among these ve
antioxidants, only iAscH− is a good hydrogen atom donor both
thermodynamically and kinetically.
Comparison of the thermo-kinetic parameters DGs�
(XH) of

these antioxidants as hydrogen atom donors in acetonitrile

In our previous work,15–18 the thermo-kinetic parameter DGs�
is

proposed to evaluate the actual ability of a compound in
a chemical reaction during a certain reaction time, such as the
Scheme 6 Comparison of thermo-kinetic parameters of XH as hydroge

27392 | RSC Adv., 2022, 12, 27389–27395
DGs�
(XH) of antioxidant can be used to evaluate the actual

antioxidant ability, and the DGs�
(X) of free radical can be used

to evaluate the actual H-abstraction ability. DGs�
(XH) is dened

as 1/2[DGs
XH/X + DG

�
(XH)], which consists of both bond

dissociation free energy DG
�
(XH) of antioxidant and self-

exchange HAT activation free energy DGs
XH/X. The higher the

value of the thermo-kinetic parameter DGs�
(XH), the weaker

the antioxidant ability of the antioxidant. From Table 1, the
thermo-kinetic parameters DGs�

(XH) of these antioxidants in
acetonitrile are in the order of caffeic acid > F420H > (+)-cate-
chin > BNAH > iAscH−. The thermo-kinetic parameters
DGs�

(XH) of antioxidants to release hydrogen atoms are shown
in Scheme 6 in descending order.

The order of thermo-kinetic parameters of these antioxidants
as hydrogen atom donors in acetonitrile is the comprehensive
result of thermodynamic and kinetic intrinsic barrier analysis,
which is no longer simply dependent on the types of C–H and
O–H bonds broken. The thermo-kinetic parameter of the anti-
oxidant is derived from the actual HAT reaction rate, and it can
truly reect the hydrogen atom donating ability of antioxidants.
From Scheme 6, the thermo-kinetic parameters of caffeic acid
and (+)-catechin are very close [46.84 kcal mol−1 for caffeic acid,
46.61 kcal mol−1 for (+)-catechin], since their bond dissociation
free energies and self-exchange HAT activation free energies are
both close to each other. For F420H, although the DG

�
(XH) value

is about 10 kcal mol−1 smaller than caffeic acid and (+)-catechin,
theDGs

XH/X value is about 10 kcal mol−1 bigger than caffeic acid
and (+)-catechin. Combining these two results, the thermo-
kinetic parameter of F420H (46.70 kcal mol−1) is close to caf-
feic acid and (+)-catechin. For BNAH and iAscH−, although the
difference in DG

�
(XH) between BNAH and iAscH− is only

0.4 kcal mol−1, the difference in DGs
XH/X is 12.24 kcal mol−1,

resulting in the thermo-kinetic parameter of iAscH− being
6.24 kcal mol−1 smaller than that of BNAH. Therefore, the actual
antioxidant ability of iAscH− is much bigger than BNAH. For
example, for the HAT reactions BNAH/tBu3PhO

c and
iAscH−/tBu3PhO

c, the rate of the HAT reaction between BNAH
and tBu3PhO

c (kH is 8.85� 101 M−1 s−1) is much slower than that
of iAscH− and tBu3PhO

c (kH is 3.39� 106 M−1 s−1).15 As discussed
above, iAscH− is the best antioxidant both thermodynamically
and kinetically, which is also conrmed by the value of the
thermo-kinetic parameter DGs�

(XH).
In order to verify whether the order of thermo-kinetic

parameters of these ve antioxidants is accurate, the
following experiments were conducted. 2,2-diphenyl-1-
n atom donors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Diagnoses of chemical properties for these five antioxidants

Compound

Diagnoses of the characteristic properties

Thermodynamics Kinetics Thermo-kinetic

BNAH Quite strong hydrogen atom donor Quite weak hydrogen atom donor Quite strong hydrogen atom donor
Strong hydride donor

F420H Mild hydrogen atom donor Weak hydrogen atom donor Quite weak hydrogen atom donor
Mild hydride donor

iAscH− Strong hydrogen atom donor Strong hydrogen atom donor Strong hydrogen atom donor
Weak hydride donor

Caffeic acid Weak hydrogen atom donor Quite strong hydrogen atom donor Weak hydrogen atom donor
(+)-Catechin Quite weak hydrogen atom donor Mild hydrogen atom donor Mild hydrogen atom donor

Table 2 Second-order rate constants kH (M−1 s−1) for the HAT reactions XH/DPPHc measured at 298 K in acetonitrile

HAT Reaction kH (M−1 s−1)

1.07 � 102

2.35

2.02

1.60
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picrylhydrazyl (DPPHc) is a relatively stable neutral radical and
is frequently used as reactive oxygen species (ROS) model to
evaluate the radical-scavenging activity of antioxidants.22 It was
chosen as the hydrogen atom acceptor, and the second-order
rate constants kH (M−1 s−1) of the competitive HAT reactions
BNAH/DPPHc, (+)-catechin/DPPHc, F420H/DPPHc, and caffeic
acid/DPPHc were researched using the stopped-ow technique
by monitoring the absorbance decay of DPPHc at 518 nm using
pseudo-rst-order kinetic model. The kinetic absorbance decay
curves of these four HAT reactions are shown in ESI.† The
results of kH are listed in Table 2. For the same free radical, the
actual order of hydrogen atom donating abilities of the four
antioxidants in the HAT reactions is consistent with the order
predicted by thermo-kinetic parameters. This phenomenon
indicates that it is feasible and accurate to predict the antioxi-
dant abilities of antioxidants using thermo-kinetic parameters.

Analysis of the actual antioxidant abilities of these
antioxidants

In Table 3, the diagnoses of chemical properties as hydrogen
atom donors for these ve antioxidants in terms of thermody-
namics, kinetics, and thermos-kinetics in acetonitrile are listed.
iAscH− is the best hydrogen atom donor among these ve
bioactive antioxidants, both thermodynamically and kinetically.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Since it has the smallest bond dissociation free energy and
smallest self-exchange HAT activation free energy, it has the
strongest actual antioxidant ability in the HAT reaction. Caffeic
acid is a quite strong hydrogen atom donor kinetically, but the
weakest hydrogen atom donor thermodynamically, and the
hydrogen atom donating ability advantage in kinetics cannot
cover the shortage of the hydrogen atom donating ability in
thermodynamics, which results in the weakest antioxidant
ability among these ve antioxidants. For F420, although it is
the weakest hydrogen atom donor kinetically, it is a mild
hydrogen atom donor thermodynamically, and the hydrogen
atom donating ability advantage in thermodynamics can cover
the shortage of the hydrogen atom donating ability in kinetics
to some extent, which results in quite weak actual antioxidant
ability among these ve antioxidants.

For BNAH, F420H, and iAscH−, BNAH is the best hydride
donor, followed by F420H, and iAscH− is the weakest hydride
donor among these three antioxidants thermodynamically.
Conclusions

In this work, the abilities of ve bioactive antioxidants with the
breaking of C–H or O–H bonds and releasing hydrogen atoms in
acetonitrile at 298 K were focused on and researched from the
RSC Adv., 2022, 12, 27389–27395 | 27393
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aspect of thermodynamics, kinetics, and thermo-kinetics. The
following conclusions can be made:

(1) The order of H-donating abilities of these ve antioxi-
dants thermodynamically is caffeic acid > (+)-catechin > F420H
> BNAH > iAscH−. The bond dissociation free energy DG

�
(XH) of

antioxidant XH mainly depends on the central structure and
type of the bond broken (C–H or O–H). The type of the chemical
bond broken is crucial to the thermodynamic H-donating
ability of the antioxidant.

(2) The order of H-donating abilities of these ve antioxi-
dants kinetically is F420H > BNAH > caffeic acid > (+)-catechin >
iAscH−. The kinetic H-donating ability mainly depends on the
steric hindrance of the hydrogen supply centre of the antioxi-
dant XH and the overall structure of the compound.

(3) The order of H-donating abilities of these ve antioxi-
dants in thermo-kinetics is caffeic acid > F420H > (+)-catechin >
BNAH > iAscH−. The second-order rate constants of the four
HAT reactions between XH and DPPHc in acetonitrile at 298 K
were researched by the stopped-ow method. The actual order
of H-donating abilities of the four antioxidants in the HAT
reactions is consistent with the order predicted by thermo-
kinetic parameters. It is feasible and accurate to predict the
antioxidant abilities of antioxidants using thermo-kinetic
parameters.

(4) It is inaccurate to estimate the antioxidant ability only
using the thermodynamic parameter or kinetic parameter of the
antioxidant. It is more accurate to evaluate the antioxidant
ability by thermo-kinetic parameters in chemical reactions.
Experiment section
Materials

All reagents were of commercial quality from freshly opened
containers or were puried before use. Reagent grade acetoni-
trile was reuxed over KMnO4 and K2CO3 for several hours and
was doubly distilled over P2O5 under argon before use.23 All
operations were carried out in an argon-lled glovebox. BNAH,16

F420H (ref. 9) and iAscH− (ref. 10c) were synthesized according
to the conventional synthetic strategies. The typical synthetic
routes of these compounds are provided in ESI.† Caffeic acid,
(+)-catechin, and DPPHc were commercially available.
Kinetic measurements

The kinetics of the HAT reactions, which were thermostated at
298 K under strictly anaerobic conditions in dry acetonitrile,
were conveniently monitored by an Applied Photophysics
SX.18MV-R stopped-ow method.8b The method of kinetic
measurement was pseudo-rst-order method. The concen-
tration of the antioxidant was maintained at more than 20-
fold excess of the oxidant to attain the pseudo-rst-order
condition. The second-order rate constants (k2) were derived
from plots of the pseudo-rst-order rate constants versus the
concentrations of the excessive reactants. In each case, it was
conrmed that the rate constants derived from three to ve
independent measurements agreed within an experimental
error of �5%.
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