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Antioxidant Properties of Butylated Phenol with Oxadiazole and Hydrazone moiety at ortho position supported by
DFT Study
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Density Functional Theory Antioxidant Properties

Two series of 1,3,4-oxadiazole derivatives at the sixth position of the 2,4-di-tert-butylphenol group were synthesized. The antioxidant
properties were evaluated by DPPH and FRAP assays. Compound 3 showed significant antioxidant activity, while its alkyl derivatives
exhibited decreased antioxidant activity in both assays. The preferential antioxidant mechanism of the reactive antioxidant molecules
prepared from the further reaction of compound 3 to produce compounds 4 and 6 was investigated using density functional theory.
Calculating their comprehensive reactivity descriptors was used to assess their antioxidant reactivity. According to the calculated
descriptors, compounds 4c and 6d are the most reactive antioxidants within their own group compared to the other derivative moieties.
The results are identical to ascorbic acid’s, indicating that they have similar activity. The experimental data and the calculated descriptors
are in good agreement. The nature of the substituents and their positions have a significant impact on the derivatives’ antioxidant
capabilities.

Keywords— di-tert-butyl phenol (DTBP), antioxidant, 1,3,4-oxadiazole, hydrazones, losing HNCO, DFT, BDE, IP
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1 Supporting Information 1: Chemistry
1.1 Spectra

As characterisation experiments, a one-dimensional (1D) NMR experiments were performed on the synthesised compounds in solutions
at ~ 25°C to identify the relevant signals. All chemical shifts are expressed in units of parts per million (ppm) with respect to TMS
(O=ppm).
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Figure 1 'H NMR of 3
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Figure 2 13C NMR of 3
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Figure 3 'H NMR of 4a
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Figure 4 13C NMR of 4a
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Figure 5 'H NMR of 4b
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Figure 6 3C NMR of 4b
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Figure 7 'H NMR of 4c
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Figure 8 13C NMR of 4c
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Figure 9 HSQC NMR of 4c
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Figure 11 3C NMR of 5a
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Figure 14 HMBC NMR of 5b

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

160

170

180

190

200

210

F1 Chemical Shift (ppm)



® ™
NN CONONM—— NN o~
o OOV OMNMNOOMANN <N
- — ONNNNNNNN - -
< PR R EES J
] N
20015 S, NN
B 1 NG N
;1:3 3 \\ ‘/
£ ] 7( ﬂ
8 ]
N 0'0107: 1.95 2.02 0.98 1.01
g ] [ Ry T [E
5 E "s00 775 750 | 725 "7.00
z B Chemical Shift (ppm)
0.005+ | |
] |
] ﬂ f ‘ H ‘J
0 - S - - JU\A
1.88 1.00 1.952.020.98 1.01 18.37
[ [ N —
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\
13 12 11 10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
Figure 15 *H NMR of 5¢c
0.10? OH Br
z ] Sn-NH
g 4
Qo ] (0]
E 4
= 0.05 |
(0]
N ] |
© ] |
13 . ! |
S ] |
R Co o ‘J u \ \
R — ot T ) | \ it
| | | Lol == AN
N N A O G G G G G w WN
~ [} (609 AW WWNNDN - o = ©
N N an = OO N N o0 oo
w e W = O NNWABAND o WN
o w oo = NWwooo~NO,m
e e LS SRS MRS RRRMSSaesaases
176 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 32

Figure 16 3C NMR of 5c

Chemical Shift (ppm)



142
~ 128
\1.23

R

18.46
[S—
L e T R B s L L2 o
12 11 10 9 8 7 6 5 4 3 2 1
Chemical Shift (oppm)
Figure 17 *H NMR of 5d
1 - ) ONON O D
] < © VN T O ®
0.100- g 8 538X A& OH cl
\ \ SN M
0.075 o)
- ] [ \ \\H I
Qo 140 135 130 125
£ O'OS(F, Chemical Shift (ppm) “
g I
5 ‘ C !
|
20025 l ! !
s ]
2
0 etna W el " .
L Ll docrdS s G B
o g AWWWNNNN RO3©
S SO0 O©ONOO o) 00 ) N
w N roobrNDAW®D® NN o
® N SO NONO O
T T T T T e e e
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Chemical Shift (opm)

Figure 18 3C NMR of 5d

11



S ODNANND T O 0O o =)
o OO T MAN ™ AR
- NNNNNNNNN o — -
Ly N
E DN~ oo T O o™
- E N © © Y ON
S 043 NN NN NNONN N
< f S ~ - A
-— = |
T E I I I I
N E 2.03 1.11 1.10 213
© E [ S— [— S
E 0.2 I P T A e
o El 8.0 7
z E Chemical Shift (ppm)
0.1 3 I
E | | I
E | N t H
0 3 'S =
0.88 2.031.111.102.13 3.00 18.04
(o] [ = e [ =l
L I s L 2 A I B B B B
7 6 5
Chemical Shift (oppm)
Figure 19 *H NMR of 6a
(L?‘) DN NNW T O D (2] — O
S $ROOEIAN ® <@
-~ NNNNNNNNN o — -
S = S
E| o~ oo wn < o O
- [oNe} © © < < ON «—
%0_45 NN NN NN NN N
I N1 ~ =
S a1 e I | o
3 2.03 711 110 213
T E — [ |
E 02+ LA AL AL AR AL A AL AL A AR A AP LA AL
o 3 8.2 8.1 8.0 79 78 77 76 75 7.4 7.3 72 71
z E Chemical Shift (ppm)
0.1E I I
i I
0.88 2031.111.102.13 3.0 18.04
O W W4 [ |
T $ I A S 4 3 T

Figure 20 3C NMR of 6a

6
Chemical Shift (opm)



7.29, 22.09
" 1.41,29.79
— 7.62, 34.64
—] —\[!\— 2.38,22.08, 0
7.44,3552 13,316
— 7.29, 120.33
7.62,128.75, h 7.29, 128.75
!lii/ 1.41,13%7.79 ‘
7.97,142.9 2.38,142.9
E— & 7.45,155.3 b
7.98,163.48 g9/ 1.3,142.9
— ® % 762 1553
7.62, 165.22
I[IIII{IIIY[YIIY{N{IY[NIII‘IIII[IIYI‘IIII[IIII{IYII[IYII‘
10 8 6 4 2 0

F2 Chemical Shift (ppm)

Figure 21 HMBC NMR of 6a

20

40

60

80

100

120

140

160

180

200

F1 Chemical Shift (ppm)



3 D DHO = —© N IO = NS I~ S
o SOOI ANOQ < S ® QS
- CONNNNNNN ) - - = S
GRS Ay
. 1.00
3 ] |
S ]
§0.75j
el ]
a ]
ﬁ0.50j
13 ]
(]
Z 0.25 | !
] | I | | I
0 ] Jr
0.96 1.97 2.00 2.02 3.02 18.71
= = = = =l
L e
1 10 9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
Figure 22 'H NMR of 6b
1.00-
] -N
] on NN /
0.75+ o o |
] \
= ]
2 0.50
Q 4
E 4
> ]
8 4
5 0.25 ‘ [ [
E ] N ! Lo { | | J
2 ] L |
. N | L )
N | | I~ | - | I~ \ TR
- a N - _ A A aaa N ~N N~ (4] WWWN
oo o > oW NN N2> O RN 5 as IO
HPowON B - XN @ oo~ N NN o NN RS
o N o » Cw oom N So~N & Sooo
aedRE = B wN BANON N
PP T T e T e e e
168 160 152 144 13 128 120 112 104

Figure 23 13C NMR of 6b

Chemical Shift (ppm)

14



3 O M= O DO 0 oo
o 0 © © LW v AL
- NNNNNNNN - -
— N N
0.4
E © <t M—OdD ©LW
. e N Qoo I
= 1 ~NN NNNN NN
2 03 N Sl
= ] \ |
o 3 I I
g, T
£ 1
o |
z 1
0.1 g0 79 78 77 7% 75 74
E | Chemical Shift (ppm)
0.96 2.06 3.00 1.00 18.00
= =l 4 i [
“1‘1””“”‘1‘0“““”"HH‘HH‘HH‘HH“HWHH‘HH‘HH_HWHH‘HH‘HH‘HH_H“HH‘HH_HW

Chemical Shift (ppm)
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Figure 26 'H NMR of 6d
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1.2 The Mass and Loss of HNCO
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Scheme 1 Proposed pathway of losing HNCO from the 1,3,4-oxadiazole

One interesting fragmentation pattern was the loss of isocyanic acid from 2,5 di-substituted 1,3,4-oxadiazole. The fragmentation
pattern has been mentioned in the literature and has been explained as being initiated through Me++H.X However, in our study, we
observed that the pattern was initiated from Me+, which can be attributed to proton transfer in Me+. This transfer can occur through
the rearrangement of molecular ions and migration. The mechanism of losing HNCO is proposed in Scheme[l] The next fragment was
also detected {Seheme-2), and EIM spectra are tabulated in Table[I} (Please see Figures[28][30]for the respective EIM spectra.

Compound  M*" %  Base peak 100% -HNCO % Next step %
6a 364.2 52 349.1 (-CHje) 321.1 32 307.1(-CH,) 20
6b 380.2 52  366.1 (-CHge) 337.1 35 323.1 (-=CH,) 19
6¢ 428.1 50 413.1 (-CHge) 387.0 41 371.0(-CH,) 20
6d 384.1 40 369.1 (-CHge) 341.1 32 327.1(-CH,) 15

Table 1 The El mass for the oxadiazoles and the loss of HNCO value in the next step
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2 Supporting Information 2: Theoretical and Computational details

2.1 Optimisation of the Range-Separation Parameter.

optimal range-separation value,
w = 0.28 bohr1
el

0.12 |-

0.08

J, Hartree
s g

0.06 | 5, :
. '

3

» . —e— 4c

S rd —~— s
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w, bohr-1

Figure 31 Functions defined in2 used for optimisation of the range-separation parameter,  for the selected synthesised compounds.

Certain default values for the range separation parameter were established in®¥ are used like universal constants in common
quantum chemical programs.® The value 0.28 bohr! was determined by a least-squares fit to empirical data for first- to third-row
3
atoms.

2.2 Radical Scavenging Pathways

Three main mechanisms have been proposed to explain the radical scavenging ability of phenolic antioxidants. Therefore, free radicals
can be deactivated by antioxidants according to the following mechanisms.

1. Hydrogen atom transfer (HAT, eq[I) from antioxidant molecules (ArOH) to radicals (R*)

ArOH +R® — ArO® + RH (@D)
2. Two-step reaction: single-electron transfer followed by proton transfer (SET-PT, eq[2))
ArOH+R® — ArOH*" +R™ — RH + ArO* 2
3. Two-step reaction: sequential proton loss electron transfer (SPLET, eq 3-5)
ArOH — ArO~ +H™; 3)
ArO~ +R*® — ArO°R™; @
R™+H" — RH (5)

These mechanisms can occur at different periods, at various rates, and with varied priorities. The numerical parameters for BDE, IP,
and PDE mechanisms can be computed using theoretical techniques. In the equations below, these parameters are stated.

1.
BDE = Hj,o + Hy;"Haro (6)

2.
IP =Hpon"" + He'Haron )

3.
PDE = H}, + Hyy- “Hpyone+ (8)

where H denotes the molecular enthalpy of various species. The BDE parameter (eq 6) can be used to indicate the reactivity of ArOH
in the HAT route; the lower the BDE value, the higher the anticipated activity. IP and PDE from ArOH** define the SET-PET mechanism.
Antioxidants with lower IP and PDE levels are considered to be more active.
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Figure 32 Cartesian coordinates for compound 3.
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-0.30386245
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1.74703341
0.89902423

-1.48369624
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2.3 Proposed resonance structures of FRAP mechanism

The acidic medium (pH 3.6) is required to facilitate Fe3* complex solubility, yet the condition also results in lower ionisation potential,
which promotes the single electron transfer mechanism, as opposed to the hydrogen atom transfer mechanism in DPPH assay (Figure
.9. The activation of the thiol group is caused by electron transfer followed by proton removal from the hydroxyl group.? This
reaction allows one mole of compound 3 to reduce two moles of Fe3*, resulting in a compound 3 with a high FRAP value and potent

antioxidant capability.
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Figure 33 Cartesian coordinates for compound 4c.
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Compound 5a
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Figure 34 Electronic energies for compound 5a.
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Figure 35 Electronic energies for compound 6a.
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Figure 36 Electronic energies for compound 6d.
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Figure 37 Electronic energies for compounds (a) 3; (b) 4c; (c) 5
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Figure 38 Single Electron Transfer (SET) Mechanism of Compound 3.
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