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Antioxidant activity of 3-hydroxyphenol, 2,2*-biphenol, 4,4'-biphenol and 2,2',6,6'-
biphenyltetrol: theoretical and experimental studies
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A set of selected phenolic compounds (phenol, 3-hydroxyphenol (resorcinol), 2,2'-biphenol, 4,4'-biphenol and
2,2',6,6'-biphenyltetrol) is designed in order to study the structure — antioxidant activity relationship for the compounds
with one benzene ring and two C-C bridged benzene rings. The corresponding “dimeric” structures (biphenols and
biphenyltetrol) of phenol and resorcinol are handpicked in order to study the influence of the number and mutual
position of the substituents (OH group(s) in the aromatic ring) on the antioxidant activity. A combination of theoretical
and experimental approaches is applied. Chain-breaking antioxidant activities of compounds under study are
determined from the main Kinetic parameters of bulk lipid autoxidation. Full geometry optimization of neutral
molecules and their corresponding phenoxyl radicals for all compounds under study are obtained by using DFT
(B3LYP/6-31+G**) calculations. Good correlation between experimental and predicted activity is achieved.
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INTRODUCTION

Phenols, (ArOH), a major group of antioxidant
phytochemicals, are of great importance due to
their biological and free radical scavenging
activities. They are found in all plants as secondary
metabolites produced during the normal cycle of
the plant and overproduced under biotic and abiotic
stress conditions [1,2]. Generally, phenols are able
to control the oxidation of organic compounds by
transferring H atom from the phenol OH group(s)
to the chain-carrying radicals (ROOs).

In this paper, our study focused on the
relationship between antioxidant structure and
activity of: phenol (PhOH), 3-hydroxyphenol
(resorcinol, Res), 2,2'-biphenol (o-DHB), 4,4'-
biphenol (p-DHB) and 2,2',6,6'-biphenyltetrol
(DRes) (Figure 1). Biphenols and biphenyltetrol are
Cy-symmetrical C-C bridged dimers of phenol and
resorcinol, respectively. A  combination of
theoretical (Density Functional Theory, DFT,
calculations) and experimental approaches (bulk
lipid autoxidation) is applied.

EXPERIMENTAL AND COMPUTATIONAL
DETAILS
Experimental details

All *H NMR and *C NMR spectra were
recorded on spectrometer Varian Mercury Plus
operating at 399.93 MHz and 100.57 MHz,
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respectively.
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Figure 1. Structures of the studied phenolic compounds.

Chemical shifts are given in ppm (3) and
coupling constants in Hertz; multiplicities are
indicated by s (singlet), d (doublet), t (triplet).
CDCls and acetone-ds, were used as solvents as
indicated below. Shifts are given in ppm relative to
the remaining protons of the deuterated solvents
used as internal standard (*H, *3C). All reagents
were of commercial quality and used as purchased
from various producers (Sigma-Aldrich, Merck).
Flash chromatography was carried out with silica
gel 60 (230-400 mesh, Kiesgel, EM Reagents)
eluting with appropriate solution in the stated v:v
proportions. Analytical thin-layer chromatography
(TLC) was performed with 0.25 mm thick silica gel
plates (Polygram® Sil G/UV2s4, Macherey-Nagel).
The purity of all new compounds was judged to be
>98% by *H-NMR spectral determination. Res and
biphenyls o-DHB and p-DHB were purchased from
Sigma-Aldrich. DRes was prepared as previously
described by us [3]. The solvents were used without

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 247


mailto:sea@orgchm.bas.bg
mailto:vessy.kancheva@abv.bg

additional purification or drying, unless otherwise
noted. The melting points of the newly synthesized
compounds are uncorrected.

DRes was obtained in three steps starting from
resorcinol dimethyl protected compound 1,

1. BuLi

2. |2 |

Q HsCO ‘ OCH; BBry
H3CO OCH; — = HsCO OCH; —= HsCO O OCH; — »
3

1 2

guenching of radical with iodine, followed by
coupling reaction in presence of Cu(0) and
demethylation by  BBrs in  anhydrous
dichloromethane (Scheme 1) [3].

HO OH
HO l OH

DRes

Scheme 1. Synthesis of DRes.

2

-lodo-1,3-dimethoxybenzene (2). To a solution
of 1,3-dimethoxybenzene 1 (25 g, 180 mmol) in dry
diethyl ether (150 mL) was slowly added
butyllithium (1125 mL of 1.6 M solution in
hexanes, 180 mmol) under nitrogen at r.t. The
reaction was stirred at r.t for 30 h and then cooled
to -35°C. lodine (45.7 g, 180 mmol) was added and
the reaction was stirred for 24 h at 20°C and then
poured into 10% chloridric acid (60 mL). The
aqueous phase was separated and extracted with
ethyl acetate (2 x 60 mL) and the combined organic
extracts washed with saturated aqueous sodium
thiosulfate (60 mL), brine (60 mL), dried over
sodium sulfate, filtered and concentrated in vacuo.
The product was purified by crystallization (diethyl
ether) to give 2 (34 g, 71%) as a white solid; mp
105 -106 °C (Lit.104 °C) [4]; *H NMR (CDCls): &
3.80 (s, 6H), 6.43 (d, J = 8.4, 2H), 7.17 (t, J = 8.4,
1H); 3C NMR (CDClIs): § 56.6, 76.3, 103.9, 129.8,
159.5; Anal. Calcd for C;H,10,: C, 36.39; H, 3.44;

Found: C, 36.40; H, 3.46.

2,2°,6,6 -Tetramethoxybiphenyl  (3). In a
crucible was placed a mixture of 16 g of 2-iodo-
1,3-dimethoxybenzene 2 and 30 g of copper bronze.
The mixture was covered with a layer (15 g) of
copper bronze. The crucible was heated in an oven
at 200°C for 2 h. After cooling, the reaction mixture
was extracted in a Soxhlet apparatus with acetone.
The product was purified by recrystallization from
acetone to give 3 as white solid (6.6 g, 85%); mp
175-176 °C (Lit.175-176 °C) [5]; 'H NMR
(CDCls): & 3.75 (s, 12H), 6.68 (d, J = 8 Hz, 4H),
7.32 (t, J = 8 Hz, 2H); 3C NMR (CDCls): & 56.1,
104.4, 112.5, 128.7, 158.4; Anal. Calcd for
Ci6H1804: C, 70.06; H, 6.61. Found: C, 70.09; H,
6.62.

2,2°,6,6 -Tetrahydroxybiphenyl (DRes).
2,2’,6,6’-Tetramethoxybiphenyl 3 (4.7 g, 16.7
mmol) was dissolved in dry dichloromethane (110
mL) and cooled to -78 °C. A solution of boron
tribromide (6.3 mL, 66.9 mmol) in dichlorom
ethane (23 mL) was added dropwise under
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nitrogen. The solution was allowed to reach room
temperature during 5 h. Water was carefully added
to the reaction mixture. The solution was extracted
several times with diethyl ether. The combined
organic solutions were dried and evaporated. The
residue was crystallized from ethanol to obtain
2,2°,6,6 -tetrahydroxybiphenyl DRes (2.84 g, 78%;
mp 193-194 °C (Lit. 191-192 °C) [6]; 'H NMR
(acetone-dg): 6 6.47 (d, J =8 Hz, 4H), 7.02 (t, J =8
Hz, 2H); **C NMR (acetone-ds): & 107.28, 129.04,
156.52, 205.51; Anal. Calcd for CiH1004: C,
66.05; H, 4.62. Found: C, 66.08; H, 4.65.

Chain-breaking antioxidant activity

Triacylglycerols of commercially available
sunflower oil (TGSO) were cleaned from pro- and
antioxidants by adsorption chromatography and
stored under nitrogen at temperature 20 °C. Fatty
acid composition of the lipid substrate was
determined by GC analysis of the methyl esters:
16:0 (6.7%); 18:0 (3.6%); 18:1 (25.1%); 18:2
(63.7%); 20:0 (0.2%); 22:0 (0.7%); the numbers x:y
indicate, respectively, the number of carbon atoms
and double bonds in the fatty acid. Lipid samples
containing various inhibitors were prepared directly
before use. Aliquots of the antioxidant solutions in
purified acetone were added to the lipid sample.
Solvents were removed under a nitrogen flow.
Lipid autoxidation was carried out in a thermostatic
bath at (80+0.2) °C by blowing air through the
samples in special vessels. The oxidation process
was monitored by withdrawing samples at
measured time intervals and subjecting them to
iodometric determination of the primary products
(lipid hydroxyperoxides, LOOH) concentration, i.e.
the peroxide value (PV). All compounds were
subjected to lipid autoxidation at 80 °C at two
concentrations, 0.1 and 1.0 mM, respectively. All
kinetic data are expressed as the average of two
independent measurements which were processed
using the computer program Origin 6.1 and
Microsoft Excel 2010. The basic kinetic scheme of
lipid autoxidation is published elsewhere [7].
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Determination of the main kinetic parameters of
the studied compounds [8-10]

Protection factor (PF) is a measure for the
antioxidant efficiency i.e. PF = IPa/IPc and means
how many times the oxidation stability of lipid
substrate increased in presence of an antioxidant.
IPc and IPa are the induction periods of control
sample and in presence of an inhibitor.

Inhibition degree (ID) is a measure of the
antioxidant reactivity, e.g. how many times the
antioxidant shortens the oxidation chain length, i.e.
ID = Rc/Ra. The initial oxidation rates Rc in the
absence and Ra in the presence of antioxidant were
found from the tangents at the initial phase of the
kinetic curves of hydroperoxides accumulation.

Antioxidant capacity (Rm) is a measure of the
consumption of the antioxidant during the induction
period.

Radical scavenging activity: the capacity of
studied compounds to scavenge free radicals was
estimated by DPPH radical test in acetone solution.
Experimental details are previously presented [11].
The main Kinetic parameters of the process are
radical ~ scavenging activity (%RSA) and
stoichiometric coefficient (n) that shows how many
radicals are trapped by one molecule of
antioxidants. All these Kkinetic parameters are
determined and compared.

Computational details

Unrestricted open-shell approach (Becke three-
parameter hybrid functional B3LYP [12] and 6-
31+G(d,p) [13,14] basis set) was used to optimize
the geometry of compounds studied and their
radicals without symmetry constraints with the
default convergence criteria using the Gaussian 09
program [15]. Frequency calculations for each
optimized structure are performed at the same level
of theory. No imaginary frequency is found for the
lowest energy configurations of any of the
optimized structures. Unscaled thermal corrections
to enthalpy are added to the total energy values.
The BDEs for the generation of the respective
radicals from the parent compounds are calculated
by the formula

BDE = Hag(AO") + Ex(H") - Haes(AOH) (1)
where Hi95(AO") and H.gs(AOH) are enthalpies
calculated at 298 K for radical species, AO® and
neutral molecule AOH, respectively, and Er(H")

(calculated total energy of H) is -313.93 kcal mol
1

Solvation effects are accounted for by
employing the polarizable continuum model [16]
(PCM) as implemented in the Gaussian 09 suite of
programs: all structures are optimized in acetone
surrounding environment. PyMOL molecular
graphics system was used for generation of the
molecular graphics images [17].

RESULTS AND DISCUSSION
Chain-breaking antioxidant activity

Figure 2 (a-d) presents the kinetics of TGSO
autoxidation at 80°C in absence and in presence of
Res and DRes at concentrations 0.1 mM and 1.0
mM. The main Kinetic parameters determined are
shown in Table 1.

Res manifested no antioxidant effect (PF) at
lower concentration (0.1 mM) where a small pro-
oxidant effect appears. At higher concentration (1.0
mM) Res showed the same activity as the control
lipid (TGSO) sample, however ID increased 2-fold
and Rm 10-fold growing the concentration. These
data suggest a significant role of the side reactions
with participation of Res. The lack of antioxidant
activity was expected because of the meta positions
of phenol OH groups and more difficult H-atom
abstraction from Res to the lipid peroxide radicals.

DRes also demonstrated pro-oxidant effect at
lower concentration and no effect at higher
concentration. Its antioxidant reactivity (ID) shows
low values at both concentrations, however the
antioxidant capacity (Rm) grows significantly (10-
fold) at higher concentration.

Protection factor of 0-DHB increased 2.4-fold at
higher concentration, however inhibition degree
does not change, and the main rate of antioxidant
consumption (Rm) increased 4.6-fold (Figure 3 and
Table 1). These data confirm the participation of o-
DHB in side reactions, leading to a decrease in its
antioxidant capacity. Effect of the positions of
phenolic OH groups was studied for o-DHB and p-
DHB. A comparison of o-DHB and p-DHB
demonstrates 2-fold higher antioxidant efficiency
(PF) and reactivity (ID) for o-DHB at lower
concentration (0.1 mM). Rm does not demonstrate
significant differences between o-DHB and p-
DHB.
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Figure 2. Kinetics of TGSO autoxidation at

0.1 mM and 1.0 mM of Res and DRes.
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Table 1. The main kinetic parameters, characterizing TGSO autoxidation at 80°C in presence of 0.1 mM and 1.0

mM of the tested compounds.
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Compd. conc. LPA' _PF E/I?slo : !D II\?/IIE 10°%, _RRm 10 Activity
Res? 0.1 1.3+40.2 | 0.6 29104 1.2 2.1+0.2 7.24 prooxidant

1.0 23+03 | 1.1 1.54+0.2 2.3 12.1+1.2 80.7 no activity
DRes? 0.1 1.3+0.2 | 0.7 4.71£0.5 0.7 2.1+0.2 4.5 prooxidant

1.0 17402 |08 3.3+0.5 1.0 16.3+1.5 | 494 no activity
0-DHB® 0.1 25402 |25 4.610.6 1.8 1.1+£0.2 24 weak

1.0 6.0£0.5 | 6.0 4.2+0.3 2.0 4.6+0.3 10.9 moderate
p-DHB® 0.1 11401 |11 7.5+2.0 1.1 2.510.2 3.3 no activity

Control sample: 21Pc=(2.040.3) h, Rc =3.4x10% M/s.; PIPc=(1.040.2) h, Rc=8.3x10% M/s
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Figure 3. Kinetics of TGSO autoxidation at 80° C in
absence © and in presence of

0.1 mM of 0-DHB and p-DHB.
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Figure 2 and Table 1 present the kinetic data of
TGSO in presence of Res and DRes. Res and DRes
at low concentration (0.1 mM) demonstrate similar
pro-oxidant activity (PF), however ID and Rm
values for DRes are lower in comparison to the
values for Res (almost 2-fold).

At higher concentration (1.0 mM) DRes is less
active than Res (PF), 2-fold lower for DRes for
Rm. Interestingly, the increase of the number of
phenol OH-groups in ortho positions to the C-C
single bond (DRes) does not lead to a proportional
increase in the antioxidant activity in comparison to
the dimer with two phenol OH groups (o-DHB).
This result may be is due to the orthogonal position
of the two aromatic rings in DRes that excludes a
hypothetical conjugation between the two aromatic
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rings. In fact the kinetic parameters for DRes are
comparable with these for Res (having two phenol-
OH groups in meta-position).

Radical scavenging activity

The results presented in Table 2 show a weak
radical scavenging activity of studied compounds
towards DPPH radical. A possible explanation is
formation of inactive (to scavenge free radicals)

complexes between the solute and acetone
molecules.
Table 2. Radical scavenging activity towards DPPH radical in acetone solution.
Concentration, uM
25 39
Compound Reaction time, min RSA, % n RSA, % n
DRes 2 min (fast kinetics) 3.21 0.13 4.42 0.11
20 min (total kinetics) 17.49 0.70 23.03 0.57
o-DHB 2 min (fast kinetics) 0.21 0.01 0.9 0.02
20 min (total kinetics) 2.33 0.10 4.28 0.10
p-DHB 2 min (fast kinetics) 0.70 0.03 0.63 0.02
20 min (total kinetics) 1.48 0.06 1.50 0.04

DFT calculations

The geometries of the parent compounds and
possible phenoxyl radical species are optimized at
UB3LYP/6-31+G(d,p) level. The optimized
geometries only of the thermodynamically
preferred rotamers of the parent compounds are
presented in Figure 4. The calculated enthalpies,
Hags, for the parent compounds and radical species
(radicals and biradicals) are given in Table 3. The
BDEs derived from the respective enthalpy values
are also listed in Table 3 and presented in Figure 4.
The values in gas phase and in acetone are
compared.

Phenol and resorcinol: in the gas phase they are
characterized by consistently high BDE values for
PhOH (r) and Res (r) radical species generation
(81.76 kcal/mol and 82.77 kcal/mol, respectively);
the biradical generation from Res (r) is
characterized with lower BDE value — 81.54
kcal/mol. In acetone medium the BDEs for PhOH
(r) and Res (r) decrease, while that for the Res (br)
generation increases.

Biphenols: the Ar-Ar dihedral angles in the
parent biphenols 0-DHB (with H bond between the
OH groups) and p-DHB are 50° and 40°,
respectively. In the radical species the Ar-Ar
dihedral angles angles decrease (31° and 29°,
respectively), but for the biradicals species an
increase (to 64° and 48°, respectively) is observed.
In the gas phase o- and p-DHB are characterized by
lower BDE values (in comparison to phenol) for
radical species generation (75.31 and 78.61
kcal/mol, respectively), while the BDEs for the
biradical species (br) generation are higher than
those for the first H-atom abstraction (generation of
PhOH (r), o-DHB (r) and p-DHB (r)). In acetone
medium the BDE for 0-DHB (r) increases (ABDE=

1.48 kcal/mol), for o-DHB (br) decreases
noticeably (ABDE= 4.09 kcal/mol). In acetone
medium the BDE for p-DHB (r) decreases (ABDE=
1.79 kcal/mol), while for p-DHB (br) the BDE
changes slightly (ABDE= 0.58 kcal/mol).

Biphenyltetrol (DRes): the benzene rings of
DRes lie in perpendicular planes and the BDE for
the first H-atom abstraction from DRes has almost
the same value (82.72 kcal/mol) as from
“monomeric” Res (82.77 kcal/mol), while for DRes
(r) the angle between the distinct planes of the
benzene rings is ~53°. Two possible biradicals can
be generated from DRes (r): DRes (brl) (formed
after H-atom abstraction from the same ring, with
36° angle between the planes) and DRes (br2)
(formed after H-atom abstraction from the second
ring, 40° angle). The BDEs for the second H-atom
abstraction are lower than for the first one both in
the gas phase and in acetone medium. The second
H-atom abstraction from the second ring is
characterized by lower BDEs in the gas phase and
in acetone medium.

CONCLUSIONS

Although o-DHB manifests a weak/moderate
antioxidant activity it shows higher antioxidant
efficiency than p-DHB. The latest is a result of the
lower BDE (75.31 kcal/mol) than that of p-DHB
(78.61 kcal/mol). There is agreement between the
theoretically predicted and experimentally observed
antioxidant properties for these compounds. Bond
dissociation enthalpies calculated for Res and DRes
are of the same order, i.e. their antioxidant activity
is expected to be similar. There is an excellent
agreement between the theoretically calculated
BDEs and experimental data (Res and DRes show
the same antioxidant efficiency at low
concentration). The discrepancy between the
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theoretical BDE values and experimental results at
higher concentrations can be explained by the side

Table 3. UB3LYP/6-31+G(d,p) calculated enthalpies (Hxes) at 298 K (Hartree) in the gas phase and BDEs

are not accounted for in the calculations.

reactions that take place to a greater extend and that

(kcal/mol).
Structure Hagg BDE
gas phase acetone gas phase acetone
PhOH -307.383018 -307.389653
PhOH (r) -306.752447 -306.760335 81.76 80.97
0-DHB
0-DHB () -612.968012 -612.976369 75.31 76.79
0-DHB (br) -612.323554 -612.338417 90.48 86.39
p-DHB
p-DHB (r) -612.962677 -612.977519 78.61 76.82
p-DHB (br) -612.325169 -612.339322 86.12 86.54
Res
Res (r) -381.971644 -381.984213 82.77 81.20
Res (br) -381.341432 -381.351743 81.54 82.95
DRes
DRes (r) -763.404066 -763.417064 82.72 80.28
DRes (brl) -762.782027 -762.793415 76.41 77.41
DRes (br2) -762.783847 -762.794883 75.27 76.49
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Figure 4. BDEs (in kcal/mol) in gas phase (grey) and in acetone (green).
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AHTHUOKCUJAHTHA AKTUBHOCT HA 3-XUIPOKCU®EHOJI, 2,2"-
BU®EHOJI, 4,4'-bBUOEHOJI U 2,2',6,6'-BUOEHUIITETPOJI: TEOPETUYHO U
EKCIIEPUMEHTAJIHO N3CJIEABAHE

JI. Konesa?!, C. Anrenosal”, M. A. Jlerropu?, JI. ®a66pu?, k. denory?, B. JI. Kpruesal”

Y Unemumym no opeanuuna xumus ¢ Llenmvp no pumoxumus — Bvneapcka akademus na naykume, Cogus 1113,
bvreapus
2 Hayuonanen cveéem 3a Hayuny usciedsanus — Uncmumym no 6uomonexynapua xumus, Caccapu I-07100, Hmanus

ITocTpnuna Ha 15 okromBpu, 2017 r.; kopurupana Ha 3 HoemBpH, 2017 T.
(Pesrome)

WzcnenBana e 3aBUCHMOCTTa CTPYKTypa - aHTHOKCHJAHTHA aKTUBHOCT 3a M30paHH ()EHOJHU CHEIMHEHHS C
enHo O6eHzeHoBo sAapo u ase C-C cBbp3anu OcH3eHOBH sapa ((heHon, 3-xumpokcudeHon (pe3opunon), 2,2'-0udeHo,
4,4-6udenon n 2,2',6,6'-6udpennnrerpon). CrorBeTHUTe "AUMEpHHU" CTPYKTYpu (OndeHonn u OudeHHATETpON) HA
(eHOM M Pe30pLUH ca Taka MoAOpaHH, 4e Ja MOXKE Ja Ce M3CJIe/[Ba BIUIHUETO Ha Opos M B3aMMHOTO IIOJIOXKEHHE Ha
3amecturenute (OH rpyna/u B apoMaTHUsl IPbCTEH) BbPXY aHTHOKCHIAHTHATa aKTHMBHOCT. V3nos3BaHa € KOMOMHAIMS
OT TEOPETUYHH M EKCIEPUMEHTAJIHW MOAXOAHW. AHTHOKCHIAHTHATa aKTHBHOCT Ha W3CJICIABAHHUTE CHEAWHEHHS €
ompesieieHa OT OCHOBHUTE KMHETHYHHUTE ITapaMeTpH Ha JIMIHIHOTO aBTOOKHCIICHHE B XOMOT'€HHa cpefa. Monekynure
Ha BCHYKH H3CJIEABAHM CHEIUHECHUS U TEXHUTE CHOTBETHH (PEHOKCIJIHM PAJAMKAIHM Ca ONTHMHU3HMPAHH HA TEOPETHYHO
auBo B3LYP/6-31+G**. [locturHata e noOpa Koperanus MEXAYy TEOPETHYHO IpelcKa3aHaTa W eKCICPUMEHTAIHO
oTpe/ieNieHaTa aHTHOKCH/IaHTHA AaKTHBHOCT.
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