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The H-donating activity of phenol and the H-abstraction activity of phenol radicals have been extensively
studied. In this article, the second-order rate constants of 25 hydrogen atom transfer (HAT) reactions
between phenols and PINO and DPPH radicals in acetonitrile at 298 K were studied. Thermo-kinetic
parameters AG™°(XH) were obtained using a kinetic equation [AGxyy = AG™°(XH) + AG™°(Y)]. Bond
dissociation free energies AG°(XH) were calculated by the iBonD HM method, whose details are available
at https://pka.luoszgroup.com/bde_prediction. Intrinsic resistance energies AGxy,x and AG™°(X) were
determined as AG™°(XH) and AG°(XH) were available. AG°(XH), AG5/x, AG*°(XH) and AG™°(X) were
used to assess the H-donating abilities of the studied phenols and the H-abstraction abilities of phenol
radicals in thermodynamics, kinetics and actual HAT reactions. The effect of structures on these four
parameters was discussed. The reliabilities of AG*°(XH) and AG™°(X) were examined. The difference
between the method of determining AGgyx mentioned in this study and the dynamic nuclear magnetic
method mentioned in the literature was studied. Via this study, not only AG°(XH), AGxu,x, AG*°(XH) and
AG™°(X) of phenols could be quantitatively evaluated, but also the structure-activity relationship of
phenols is clearly demonstrated. Moreover, it lays the foundation for designing and synthesizing more
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Introduction X-H+Y - X+YH S

Hydrogen atom transfer (HAT) reactions (eqn (1)) play impor- In this article, the HAT reaction between 25 phenols XH and

tant roles in a variety of chemical and biological processes and
are therefore actively investigated.'® Research on HAT from
a wide variety of substrates, XH (1,4-dihydropyridine,**
alkanes,® amines and amides,”® and phenols®*°), by a number of
radicals, Y (N-oxyl radicals,* C-oxyl radicals," and 2,2-diphenyl-
1-picrylhydrazyl (DPPH')*?), has drawn intense attention from
chemists. In particular, phenols can not only act as hydrogen
atom donors (H-donors) in HAT reactions with free radicals® but
also act as hydrogen atom acceptors (H-acceptors) to oxidize
many antioxidants™ such as 5,6-isopropylidene ascorbate
(iAscH ).
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phthalimide-N-oxyl radical (PINO") and DPPH" was researched;
parent structures and marks of phenols and radicals examined
in this work are shown in Scheme 1. The time-resolved kinetic
studies in CH3CN of the HAT reactions of activated phenols
including natural phenols (2,6-dimethyl-, 2,6-di-tert-butyl-4-
substituted™*® and 4-substituted phenols)” (1H-18H),
hydrogen-bonded phenols*® (19H-23H) including (+)-catechin
(22H) and caffeic acid (23H), 2,2,5,7,8-pentamethylchroman-6-
ol (PMC, 24H)" and a-tocopherol (a-TocOH, 25H)* with radi-
cals were carried out.

In previous works,*?>* four physical parameters of H-donor
XH, bond dissociation free energy AG°(XH), kinetic intrinsic
resistance energy AGzuyx, thermo-kinetic parameter AG™ °(XH)
and AG™ °(X), have been used to evaluate the H-donating and H-
abstraction activities of XH and the corresponding radical X in
thermodynamics, kinetics and actual HAT reactions, respec-
tively. AG°(XH) is the thermodynamic factor and usually used to
assess the potential H-donating capacity of XH and H-
abstraction capacity of X. AGyx is the activation free energy
of the self-exchange HAT reaction for XH (XH + X — X + XH). It
is the kinetic resistance of the HAT reaction as the thermody-
namic driving force is zero, which means the kinetic intrinsic
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Scheme 1 Parent structures and marks of phenols and radicals examined in this work.

resistance barrier of XH in HAT reaction. It is also called
intrinsic resistance energy. The thermo-kinetic parameter AG™ °©
is proposed by a new kinetic model in previous works***® and
consists of both the thermodynamic force and kinetic intrinsic
barrier and can be used not only to describe the actual H-
donating ability of XH and the H-abstraction ability of X in
a chemical reaction during a certain reaction time but also to
predict the rate of the HAT reaction (eqn (1)) by kinetic eqn (2).
The definitions of AG™° are listed in eqn (3) and (4). In this
work, AG°(XH), AG%yx, AG™°(XH) and AG™°(X) were investi-
gated to study the H-donating abilities of phenols XH in Scheme
1 and the H-abstraction abilities of the corresponding phenol
radicals X.

AGEay = AG*(XH) + AG*°(Y) @)
AG*°(XH) = 1/2[AG%ux + AG(XH)] 3)
AG*(Y) = 12[AGEy — AGY(YH))] (4)

Results and discussion

Determination of the “AG°(XH), AGxyx, AG™ °(XH), and
AG™°(X)” values of phenols XH and phenol radicals X

The kinetic studies of the HAT reactions from O-H bonds of
phenols to the PINO and DPPH radicals are listed in ESL{'™%%”
The second-order rate constants k, and activation free energies

AG%yy of HAT reactions, which were obtained using the Eyring

3296 | RSC Adv, 2023, 13, 3295-3305

equation [k, = (kgT/h)exp(—AG™ [RT)], are listed in Table S1.T As
the thermo-kinetic parameters of the PINO radical [AG™°(PINO) =
—34.94 kcal mol '] and DPPH radical [AG”°(DPPH) =
—29.67 kecal mol '] were already available in our previous work,
the thermo-kinetic parameters of phenols AG™°(XH) = AGy —
AG™°(Y) can be determined using eqn (2). According to the defi-
nition of AG”™°(XH), as long as the bond dissociation free energies
AG°(XH) of XH are available, the intrinsic resistance energies
AG%yx can be obtained by eqn (3). In this work, the bond disso-
ciation energies (BDE) of O-H bonds of phenols in acetonitrile
were calculated by the iBonD HM method developed by Luo and
Zhang in 2020, whose details are available at https://
pka.luoszgroup.com/bde_prediction.?®**® 1t is a holistic BDE
prediction model (HM) based on the iBonD experimental
dataset.** Many methods such as quantum chemistry (QC),
molecular dynamics (MD), and Monte Carlo (MC) simulation
methods reported in the literature for the theoretical calculation
of BDE were used to calculate the reaction sites and hydrogen
dissociation energy of HTPB propellant antioxidants.*® The
iBonD HM model has provided so far the best accuracy in
prediction non-aqueous BDE and is equally applied for aqueous
and micro-BDE prediction. AG°(XH) can be obtained by subtract-
ing 4.9 kcal mol™ from the BDE values.®®> Subsequently,
AG%x can be obtained using eqn (3). At the same time, AG™ °(X)
of phenol radicals can be determined as long as AG%yx and
AG°(XH) of XH are available according to eqn (4). These four
physical parameters of the studied phenols and phenol radicals
are listed in Table 1.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 AGP(XH), AGgyx, AG”°(XH), and AG™°(X) of XH in HAT reactions in CHzCN at 298 K
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kecal mol*
XH Structure AG°(XH)* AGyx" AGT°(XH)" AG™°(X)?
OH
Bu Bu
1H 72.70 17.88 45.29 —27.41
OCH,
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Bu 'Bu
2H 75.30 18.25 46.78 —28.52
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3H 76.70 18.03 47.37 —29.33
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CN
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7H O O 76.50 6.34 41.42 —35.08
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11H 79.20 17.94 48.57 —30.63
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OH
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12H 79.00 14.04 46.52 —32.48
Br
OH
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13H 79.60 19.97 49.79 —29.81
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Table 1 (Contd.)
keal mol™*
XH Structure AG(XH)* AGHyx” AG”°(XH)" AG™°(X)!
OH
H3C CH3
14H 79.40 7.97 43.68 —35.72
HN.__CHs
bl
(o]
OH
15H @ 81.90 17.03 49.46 —32.44
OH
16H © 78.70 13.62 46.16 —32.54
OCHj
OH
17H © 83.00 14.49 48.74 —34.26
CHs
OH
18H © 81.10 17.14 49.12 —31.98
Bu
o’H’r\O
19H ©) 75.60 10.23 42.92 —32.68
OCHj
o’H'r\O
20H ©/ 76.20 8.84 42.52 —33.68
OH
OH
21H @VO 75.90 11.66 43.78 —32.12
OCHj3
OH
HO o @
22H OH 76.60 14.32 45.46 —31.14
OH
OH
OH
HO.
23H @\A 75.20 16.17 45.68 —29.52
Z COOH
CHs
HO
24H 72.70 9.17 40.93 —31.77
HsC (¢}
CH3
CH3
HO
25H HiC o N Cretas 74.30 12.59 43.45 —30.85
CHs

“ AG°(XH) values are obtained by the iBonD HM method in this work. ” AGx values are derived from eqn (3). © AG™°(XH) values are derived from

eqn (2).  AG™°(X) values are derived from eqn (4).
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Potential H-donating capacities of phenols AG°(XH)

As well known, the bond dissociation free energies AG°(XH) of
O-H bonds in phenols are the thermodynamics parameters,
and can be used to assess the potential H-donating capacities of
O-H bonds with different structures. The bigger the AG°(XH)
value is, the weaker the potential H-donating capacity of XH is.
In order to discover the relationship of AG°(XH) on the struc-
tures of XH, the direct vision dependence of AG°(XH) on the
structures of XH is shown in Scheme 2. From Scheme 2, it is
clear that the AG°(XH) values of these phenols in CH;CN at 298
K range from 72.70 kcal mol " for PMC (24H) and 2,6-di-tert-
butyl-4-methoxyphenol (1H) to 83.00 kcal mol™* for 2-methyl-
phenol (17H), and the structures of XH have great effect on the
AG°(XH) values.

For 2,6-di-tert-butylphenol  series (1H-7H), 2,6-di-
methylphenol series (8H-14H) and 4-substituted phenols
(15H-18H), combined with the electronic effect of substituents
on AG°(XH), the order of AG°(XH) of three types of phenols is
2,6-di-tert-butylphenol series > 2,6-di-methylphenol series > 4-
substituted phenols. In the same series, for example, 2,6-di-tert-
butylphenol series (1H-7H), with the different electronic effects
of substituents at position 4, the AG°(XH) values of O-H bonds
increase from the electron-donating groups to the electron-
withdrawing groups (OCH; > CH3;CONH > CH; > ‘Bu > H >
CN), and the H-donating capacities decrease gradually. In order
to obtain the electronic effects of the substituents at position 4,
the changes in bond dissociation free energy AAG® between H-
substituted phenols (4H, 10H and 15H) and other substituents
in the 2,6-di-tert-butylphenol series, 2,6-di-methylphenol series

View Article Online
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and 4-substituted phenols respectively, are compared in Table
2. As can be seen from Table 2, in these three different phenol
series, the AAG® values caused by the electronic effect of the
substituent at position 4 are not the same. Therefore, the elec-
tronic effect of the substituent at position 4 of phenol cannot be
obtained simply by comparing the changes in AG°(XH). Since
AG°(XH) represents the homolytic bond dissociation free

Table 2 Energy changes AAG® caused by the introduction of —R
substituents at position 4 in 2,6-di-tert-butylphenol, 2,6-di-methyl-
phenol series and 4-substituted phenols in CHzCN at 298 K

AAG®® (kcal mol™)

_H _H
(o] (o]
'Bu\|i>/‘5u H;C\©/CH3
R R

_H

:

-R
OCH, 5.30 6.40 3.20
CH,;CONH 4.70 0.10 1.00”
CH, 2.70 2.30 —1.10
Bu 1.30 0.90° 0.80
H 0.00 0.00 0.00
cl 0.50° 0.30 —3.50°
Br 1.30° 0.50 —1.80°
CN —1.50 —0.10 —5.90°

“ AAG® values are given by AG°(R=H) minus AG°(R). ° AG°(XH)
determined by the iBonD HM method in this work are listed in Table S2.
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Scheme 2 Visual comparison of AG°(XH) among the 25 phenols of O—H bonds in CHzCN at 298 K, the unit is kcal mol ™.
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Scheme 3 Energy changes AAG® for 2,6-disubstituted-4-methox-
yphenol series and 2,6-disubstituted-4-methylphenol in CHzCN at
298 K, the unit is kcal mol™.

energy of the O-H bond in phenol, the electronic effects of
substituent at position 4 on AG°(XH) of different phenol series
are not uniform.

Similarly, by comparing the two series of 2,6-disubstituted-4-
methoxyphenol and 2,6-disubstituted-4-methylphenol, it can be
seen that the AAG® values obtained by the substitution of
positions 2 and 6 with CH; and ‘Bu are not the same in these
two series. For different structures of 2,6-disubstituted phenols,
the AAG® values caused by the substitution of position 4 from
CH; to OCHj; are also different, as shown in Scheme 3. When
there are groups in the o-position of phenol that can form
intramolecular hydrogen bonds with the phenolic hydroxyl
group, the AG°(XH) values decrease and are concentrated
between 75-77 kecal mol ™, such as 19H-20H and 22H-23H.

3
19H 10.23 21H 11.66
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Kinetic H-donating abilities of phenols AGZyx

The intrinsic resistance energies AG%yx of O-H bonds in
phenols are the kinetic parameters and used to characterize the
kinetic resistance caused by the steric effect of the compound
itself, which can generally be used to evaluate the kinetic H-
donating abilities of O-H bonds with different structures. The
bigger the AGyx value is, the weaker the kinetic H-donating
ability of XH is. In order to discover the dependence of AGzy
x on the structures of XH, the direct vision dependence of AGgy,
x on the structures of XH is shown in Scheme 4. From Scheme 4,
it is clear that the AGyyx values of 25 XH in CH;CN at 298 K
range from 6.34 kcal mol ™" for 6, 6-methylenebis(2-(tert-butyl)-
4-methylphenol) (7H) to 19.97 kcal mol™" for 2,6-dimethyl-4-
cyanophenol (13H), and the order of AGzyx is different from
the order of AG°(XH).

From Scheme 4, it can be seen that the order of AG;y/x is 2,6-
di-tert-butylphenol series > 2,6-di-methylphenol series = 4-
substituted phenols, as the steric effect of ‘Bu is bigger than that
of CHj. For the 2,6-di-tert-butylphenol series, the AGx values
are concentrated between 18 and 19 kcal mol ", indicating that
the steric hindrance of different substituents at position 4 have
little influence on the reaction centre O-H. However, for 2,6-di-
methylphenol series, the AGsyx values are scattered, ranging
from 8.79 to 19.79 keal mol ™", indicating that the hindrance of
different substituents at position 4 has great influence on the
reaction centre. Compared with the 2,6-di-tert-butyl phenol
series, the different phenomenon also shows that the steric
effect of tert-butyl group is far greater than that of the methyl
group, so the steric effect of other groups at position 4 can be
basically ignored in 2,6-di-ter¢-butyl phenol series, while the
steric effect of methyl group is not prominent compared with

16H 13.62 17H 14.49 15H 17.03 18H 17.14 W

........................... | r g | | on
: OH oOH i OH OH
iBu O O Byt ‘Bu\ﬁjBu ‘Bu\©/‘au ‘Bu\©/‘Bu ‘Bu\©/‘8u ‘Bu\©/‘8u
; HN._CHsy
: CHs, CHy & B CN OCH. I CH,
7H6.34 H 3H 18.03 4H18.11 5H 18.28 1H 18.70 6H 19.04 2H 1917
/ \ AGxHix
1 1 ] 1 1 1 ] ] 1 1 ] 1 1
6 7 8 IE 10 11 12 1 15 16 17 18 19 20
OH /////J) K / /

CH

3
24H9.17 25H 12.59

OH
22H 14.02

ZcooH

23H 16.17

Scheme 4 Visual comparison of AGgiyx among the 25 phenols of O—H bonds in CHzCN at 298 K, the unit is kcal mol ™.
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other groups, so the AGZyx values of 2,6-dimethyl phenol series
are relatively dispersed.

For 6,6 -methylenebis(2-(tert-butyl)-4-methylphenol) (7H),
apparently, the steric hindrance of the compound is large, but
because there are two reaction sites in the compound, and the
two benzene rings are connected by the methylene group, the
actual steric hindrance of the reaction centre is not large, and
its kinetic H-donating ability is the strongest among these
phenols. Compared with PMC (24H), the steric effect of the
long-chain alkyl group at the far end of the reaction centre in o-
tocopherol (25H) leads to an increase in AGyyx by
3.42 keal mol . At the same time, it can be seen from Scheme 2
that this long-chain alkyl group increases the AG°(XH) value of
O-H bond by 1.60 kcal mol .
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In addition to the method of determining the intrinsic
resistance energy AGyyx mentioned in this paper, a dynamic
nuclear magnetic method is also mentioned in the literature,
which is obtained from AG%yx by measuring the reaction rate
of the pseudo-self-exchange HAT reaction.*® The self-exchange
rate constant for ‘BusPhOH was determined by studying the
pseudo-self-exchange reaction of ‘BuzPhO" + 2,6-di-tert-butyl-4-
methylphenol.**® In Table 3, the AG%yx values determined by
eqn (3) in this work and by pseudo-self-exchange HAT reaction
2,6-'Bu,-4-CH;Ph/'BuzPhO" using dynamic "H NMR are listed.
There is a certain deviation (2.36 kcal mol ') between the
AGsyx values measured by the two methods. The possible
reasons may be that there is a deviation between the pseudo-
self-exchange HAT reaction and the real self-exchange HAT

Table 3 Comparison of the AGyxyx values determined in this work and literature

Self-exchange HAT reaction

AGsyx (keal mol™)

o OH
[ t [ t
CH3CN Bu\<>/Bu Bu\©/8u
— T = +
'Bu 'Bu

1ealin ot

'Bu 'Bu

OH o o OH

Bu 'Bu Bu 'Bu CH.CN 'Bu 'Bu 'Bu 'Bu
+ e +

By 'Bu

% AG3yx value is calculated by eqn (3): AG™°(XH) = 1/2[AGzyx + AG°(XH)]. ?

4-CH;Ph/'BusPhO" in ref. 33a.

18.03¢

15.67°

AGsyx value is determined by pseudo-self-exchange reaction 2,6-'Bu,-

H OH OH OH OH
[j (?( OUSENGEEN® O
OCH; OCH, OCH; CHs
20H 42 52 19H 42.92 21H 43.78 16H 46.16 17H48.74 18H 49.12 15H 49.46
OH OH OH b OH OH OH OH
Bu ‘Bu 'BU\<>/'BU Bu \©/(BU tBu\(;/‘Bu 'Bu\©/'8u tBu\|<>/'l3u
CHs CHs OCHs o CHj Bu CN
7H 41.42 1H 45.70 6H 46.17 2H 47.23 3H 47.37\ 4H 48.05 5H 48.89
1 1 1 1 1 1 ] ] 1 | AG™(XH)
40 Py 42 M 45 46 / \49 so
— OH - / \\
OH HsC CHs OH OH OH
HaC CHs HaC CHs HSC\©/CH3 HaC CH; HsC CHs §H3c CHs
HN\n/CH3 :
OCH; o CHs cl H CN
8H 43.62 14H 44.10 9H 45.37 10H 46.65 12H 46.93 11H4857 ©_ . 13H49.79_ _:
........ TGRS : o
HO : HO
: : OH
: : CigH
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Scheme 5 Visual comparison of AG™°(XH) among the 25 phenols of O-
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reaction. The AGygyx values of 2,6-di-tert-butylphenol
substituted at position 4 obtained by this method are all equal,
which cannot reflect the influence of the substituent at position
4 on the AGyyx. There is also an error in the reaction rate
measured by dynamic 'H NMR. However, the AGZyx value
determined by eqn (3) in this work was calculated by the cross-
HAT reaction method. The accuracy of the reaction rate
constant ky (AG%yy) measurement and the accuracy of the
bond dissociation free energy [AG°(XH)] will affect the accuracy
of the AG%y/x value. All the above-mentioned factors may lead to
a difference in the AGyyyx values obtained by the two methods.

Actual H-donating activities of phenols AG™ °(XH)

According to the definition of thermo-kinetic parameter
AG™°(XH) (eqn (3)), it consists of both the thermodynamic
parameter AG°(XH) and the kinetic parameter AGZy,
x- Therefore, it is a comprehensive parameter that can well
characterize the H-donating activity of the compound in HAT
reactions. The bigger the value of AG™°(XH) is, the weaker the
actual H-donating activity of XH is. Considering the above-
mentioned thermodynamic and kinetic analyses, the struc-
ture-activity relationship of thermo-kinetic parameters is
shown in Scheme 5. The AG”°(XH) values range from
40.93 kecal mol™* for PMC (24H) to 49.79 kcal mol " for 2,6-
dimethyl-4-cyanophenol (13H). The scale of AG”°(XH) is
8.85 keal mol ™!, from which it can be seen that the structures of
phenols have a great influence on their actual H-donating
activities.

From Scheme 5, the actual H-donating activities of 2,6-di-
tert-butyl-4-substituted phenols and 2,6-dimethyl-4-substituted
phenols are in the same orders for the substituent at 4 position.

Although phenols 20, 22, and 23 have two phenolic OH
groups (see Scheme 6), the labeled OH groups will react first,
because they have a smaller bond dissociation free energy
AAG°(XH) than that of the other OH groups. Therefore, we focus
on the more reactive hydrogen atom of the molecule. The
AG°(XH) values of phenolic OH groups in phenols 20, 22, and 23
are listed in the following Scheme 6, which were obtained by the
iBonD HM method. After the departure of the target hydrogen
atom, the phenol radical forms an intramolecular hydrogen

76.90 unit: kcal/mol

OH 75.20
HO.
" ° ) OH j@\/\
=
OH 76.60 HO COOH

76.70 OH OH 76.00
20H 22H 23H
A =
HO > cooH 0 COOH
23H 23

Scheme 6 Visual comparison of AG°(XH) among the three phenols of
O-H bonds that have 2 phenolic OH groups in CHzCN at 298 K, and
the effect of the structure of phenol 23 for the abstraction of H.
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bond with the adjacent hydroxyl group or N atom. For example,
phenol 23 is caffeic acid. After the target hydrogen atom leaves,
the oxygen radical forms an intramolecular hydrogen bond with
the adjacent OH groups, which stabilizes the radical to a certain
extent, as shown in Scheme 6.

The thermo-kinetic parameter AG”°(XH) can be used not
only to compare the H-donating activities of different phenols
qualitatively and quantitatively, but also to provide data support
for the accurate selection of appropriate antioxidants in scien-
tific research and chemical production. Alkyl peroxyl radicals
(ROO’) such as CumOO’ [PhC(CH;),00"] are important oxygen-
centred radicals that are involved in a variety of chemical and
biological processes.” In order to reduce the free radical
CumOO°, we need to choose suitable antioxidants XH. In
general, the selection of antioxidants should satisfy the
following principles: first, the thermodynamic feasibility is
satisfied; second, the rate constant of HAT reaction is easy to
measure (k,'s magnitude is among 10-10°> M~ s™'). As AG°(-
CumOO’) = —81.90 kcal mol™' and AG”°(CumOO’) =
—33.72 keal mol " were available in our previous work,? the
value of AG™°(XH) for antioxidants should be within the scope
of 44.35-49.80 kcal mol . The calculation process is provided
in ESIt according to eqn (2). Considering the thermodynamic
feasibility and the rate constant of the HAT reaction, 2,6-di-tert-
butyl-4-substituted phenols (1H-6H) and 2,6-dimethyl-4-
substituted phenols (9H-13H) except for 4-CH; and 4-
NHCOCHj3;, (+)-catechin (22H) and caffeic acid (23H) can be
selected as antioxidants for the reduction of CumOO".

Actual H-abstraction activities of phenol radicals AG™°(X)

Phenols are not only one kind of H-donors, but also phenol
radicals are important free radicals, which play an important
role in the study of the kinetics and mechanism of the HAT
reaction.”* In this part, the actual H-abstraction abilities of
these phenol radicals are discussed using thermo-kinetic
parameters AG”°(X) in detail. According to the definition of
AG”°(X) (eqn (4)), AG*°(X) is composed of one half of the
difference between AGyyx and AG°(XH), and the value is
negative. The higher the negative value of AG”°(X) is, the
stronger the oxidation ability of free radical X is, and the
stronger the actual H-abstraction activity of X is. The visual
comparison of AG”°(X) for these phenol radicals is shown in
Scheme 7. The AG™°(X) values range from —27.00 kcal mol "
for 1 to —35.30 kcal mol ™" for 14.

From Scheme 7, it can be observed that the H-abstraction
activities AG”°(X) of X and the H-donating activities
AG”°(XH) of XH are not in the same order. The phenol mole-
cule has a strong H-donating activity, and its corresponding
phenol radical may not have strong H-abstraction activity. For
2,6-di-tert-butyl-4-substituted phenols, the H-abstraction activ-
ities are in the order of CN > H > ‘Bu > CH; > CH;CONH > OCH3,
which is in the opposite order of H-donating activities of XH.
However, for 2,6-dimethyl-4-substituted phenols, the order of
H-abstraction activities of X and the order of H-donating
activities of XH are no obvious pattern.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Visual comparison of AG*°(X) among the 25 phenols of O—H bonds in CHzCN at 298 K, the unit is kcal mol ™.
013 The AG™°(X) values of phenolic radicals are very important
0.12 for the selection of free radicals and the judgment of reaction
0114 rate in HAT reactions. In our previous work, the thermo-kinetic
3 parameter AG”°(BNAH) = 44.35 kcal mol™" of BNAH, the
0.10 . . .
_§ nicotinamide coenzyme analogue (NADH), has been obtained.*®
2 0.09 In this work, AG™°("BuzPhO’) = —29.33 kcal mol " was ob-
< 0.08- tained. According to eqn (2), as long as AG” °(BNAH) and
007 AG”°(‘BuzPhO’) are available, the activation free energy
’ AGBNAH /BusPhO’ of the HAT reaction between BNAH and ‘Bus-
0.06 1 ] . ] ] . PhO’ can be evaluated. The AGZ i, pro Value is 44.35-29.33
0 5 10 15 20 25 = 15.02 kcal mol~'. In order to verify the accuracy of the

Time /s

Fig.1 Absorbance decay of ‘BusPhO" (1.0 mM) in acetonitrile at Amax =
631 nm following the addition of BNAH (20 mM) in deaerated anhy-
drous acetonitrile at 298 K (black line) and the fit (red line) using the
pseudo-first-order kinetic model.

thermo-kinetic parameters obtained in this paper and verify the
accuracy of the prediction of the HAT reaction rate by using the
thermo-kinetic parameters, the HAT reaction between BNAH
and ‘Bu;PhO’ was studied by a kinetic method. The absorbance
decay of ‘Bu;PhO’ (1.0 mM) in acetonitrile at Ay = 631 nm

Table 4 Comparison of AGZc. and AG;p_ of the HAT reaction BNAH/'‘BusPhO" in acetonitrile at 298 K

HAT reactions

AG™ (kcal mol™1)

o H OH
fkfom ﬁj @CONHZ 'Bufjm
|| +
N
Bz Bu

=8.85x10' M?s 1

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

AGZe. = 15.02 keal mol ™"
AGZ,. = 14.79 keal mol ™"
AAG™ = 0.23 keal mol™*
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following the addition of BNAH (20 mM) in deaerated anhy-
drous acetonitrile at 298 K (black line) and the fit (red line)
using pseudo-first-order kinetic model is shown in Fig. 1. The
comparison of the activation free energies AGZ,. and AG;},_ for
the HAT reaction BNAH/‘Bu;PhO" and the difference between
these two values [AAG™ = AGZ.. — AGZ, ] are listed in Table 4.
The differences (0.23 kcal mol ") between the experimental and
the calculated values of the activation free energies AAG™ are
quite small.

Conclusions

In this article, the H-donating abilities of 25 well-known
phenols and the H-abstraction abilities of the corresponding
phenol radicals have been studied by using the bond dissocia-
tion free energy AG°(XH), kinetic intrinsic resistance energy
AGZ%ux and thermo-kinetic parameters AG™°(XH) and AG™°(X)
in thermodynamics, kinetics and actual HAT reactions. The
AG°(XH) values have been determined by the iBonD HM
method. The AG%yx, AG™ °(XH) and AG™ °(X) values of phenols
and phenol radicals in acetonitrile at 298 K have been deter-
mined according to eqn (2)-(4). The following conclusions
could be drawn:

(1) The order of AG°(XH) of three types of phenols is 2,6-di-
tert-butylphenol series > 2,6-di-methylphenol series > 4-
substituted phenols. The presence of a substituent at position 4
has different effects on AG°(XH) of 2,6-di-tert-butylphenol, 2,6-
dimethyl phenol and 4-substituted phenol series. The bond
dissociation free energy changes AAG® caused by substituent
change at position 4 are also different.

(2) If the group steric effect at positions 2 and 6 of phenol is
large (as ‘Bu), AGux of phenol in the HAT reaction mainly
depends on the group at positions 2 and 6, and the steric effect
at position 4 has a small effect on AGzy/x; however, if the steric
effect at position 2 and 6 is not significant (as CHj;), the
hindrance at position 4 has a large effect on AG%x. The
differences between the method of determining AGZy,
x mentioned in this paper and the dynamic nuclear magnetic
method mentioned in the literature are compared.

(3) The actual H-donating and H-abstraction activities of
phenols and phenol radicals are compared using AG” °(XH) and
AG”°(X). The accuracy of AG™° and the accuracy of the
prediction of the HAT reaction rate by using AG™ ° are verified.

These parameters not only provide data support for the
selection of antioxidants and free radicals in scientific research
and practical production, but also provide new ideas for the
design and synthesis of more efficient antioxidants and free
radicals.

Experiment section
Kinetic measurements

The kinetics of the HAT reactions were conveniently monitored
using an Applied Photophysics SX.18MV-R stopped-flow, which
were thermostated at 298 K under strict anaerobic conditions in
dry acetonitrile. The method of the kinetic measurement was
a pseudo-first-order method. The concentration of the
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antioxidant was maintained at more than 20-fold excess of the
oxidant to attain the pseudo-first-order condition. The second-
order rate constants (k,) were derived from the plots of the
pseudo-first-order rate constants versus the concentrations of
the excessive reactants. In each case, it was confirmed that the
rate constants derived from three to five independent
measurements agreed within an experimental error of £5%.

Thermodynamic measurements

The bond dissociation free energies AG°(XH) are determined by
the iBonD HM prediction methods: light GBM and SPOC
descriptors with RMSE = 1.82, 7* = 0.980 and mean absolute
errors (MAEs) = 1.03 (95 : 5 train test split).>*?*°
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