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Abstract: Syntheses of coumarins, which are a structurally interesting antioxidant activity, was done
in this article. The modification of 7-hydroxycoumarin by different reaction steps was done to yield
target compounds. Molecular structures were characterized by different spectroscopical techniques
(Fourier transformation infrared and nuclear magnetic resonance). Antioxidant activities were
performed by using various in vitro spectrophometric assays against 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical and hydrogen peroxide (H,O;). All compounds exhibited high efficiency as
antioxidants compared to ascorbic acid. The highest efficiency scavenging activity was found for
compound 3 (91.0 £ 5.0), followed by compounds 2 and 4 (88.0 + 2.00; and 87.0 + 3.00). Ascorbic
acid C was used as a standard drug with a percentage inhibition of 91.00 £ 1.5. The mechanism of the
synthesized compounds as antioxidants was also studied. Hartree-Fock-based quantum chemical
studies have been carried out with the basis set to 3-21G, in order to obtain information about the
three-dimensional (3D) geometries, electronic structure, molecular modeling, and electronic levels,
namely HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular
orbital), to understand the antioxidant activity for the synthesized compounds.
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1. Introduction

Coumarins consisting of fused benzene and x-pyrone rings are present in significant amounts in
plants, and more than 1300 coumarins have been identified from natural sources [1,2]. Derivatives of
coumarins naturally occur as secondary metabolites present in seeds, roots, and leaves of many plant
species [3]. Coumarins have a variety of important biological activities such as anti-inflammatory,
antioxidant [4,5], antiviral [6], antimicrobial [7] and anti-cancer [8]. Coumarins are indicated to increase
central nervous system activity [9,10]. Recently, coumarins have attracted considerable attention for
electronic and photonic applications [11-13] due to their inherent photochemical characteristics,
reasonable stability and solubility in various organic solvents. Many coumarin derivatives have been
commercialized as blue-green lasers for fluorescent labels, fluorescent probes [14-16] and enzymatic
measurements [17]. They exhibit intense fluorescence upon substitution with various functional
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groups at different positions [18,19]. There is an increasing interest in antioxidants, particularly in
those intended to prevent the presumed deleterious effects of free radicals in the human body and to
prevent the deterioration of fats and other constituents of foodstuffs. In both cases, there is a preference
for antioxidants from natural rather than from synthetic sources [20]. As improved antioxidant status
helps to minimize the oxidative damage and thus delay or prevent pathological changes, potential
antioxidant therapy should be included either as natural free-radical-scavenging antioxidant enzymes
or as an agent which is capable of augmenting the activity of antioxidant enzymes [21]. In a study
of scavenging capacity, performed with synthetic coumarins of different substitution patterns, Paya
found that only 7,8-dihydroxylated coumarins were active [22]. Hydroxycoumarins are phenolic
compounds which act as potent metal chelators and free radical scavengers [23-26]. To explore
the medicinal applications of coumarin derivatives, and in continuation of previous studies [27,28],
we focused herein on the design of our approach to increase the antioxidant activity based on a
conjugated system and applied theoretical studies to associate the antioxidant activities with electronic
structures, with a good relationship between H atom abstraction and unpaired electron delocalization.
In order to understand the relationship between the electron delocalization and the reactivity of
the radicals, one can examine the electron distribution in the HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital). The main aim of this work was to optimize
structures of all the studied compounds to explain the structure-antioxidant relationship. We had
also been concerned with the calculation of antioxidant descriptors: dipole moment, ionization
potential (IP), electron affinity (EA), hardness (1), softness (S), and electronegativity () for synthesized
coumarins and also the standard compound (ascorbic acid), in addition to determination of the
preferred mechanism of antioxidants and the calculation of HOMO and LUMO energies and the
band gap. Structure-antioxidant relationships of the synthesized antioxidant and ascorbic acid have
been investigated employing the Hartree-Fock-based quantum chemical method together with the
3-21G basis set. Based on the obtained results we conclude that the N-H group is accountable for
the antioxidant abilities. Quantum chemical calculations confirmed high antioxidant activity of all
synthesized coumarins. Initially we were using 7-hydroxycoumarin as a starting material and all the
synthesized coumarins are shown in Scheme 1.
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Scheme 1. Antioxidant coumarins 1-4.

2. Results and Discussion

2.1. Antioxidant Activity

Synthesized coumarins 1-4 were screened for in vitro scavenging activity utilizing DPPH and
hydrogen peroxide. These tested coumarins showed high scavenging activity (Figures 1 and 2).
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2.1.1. DPPH Scavenging Assay

Figure 1 showed that (1-4) demonstrated a strong scavenging activity against DPPH at a very
low concentration of 250 pg/mL. The highest inhibition for all tested compounds was for the highest
concentration which was found at 1000 pg/mL (Figure 1). The highest efficiency scavenging activity
was for compound 3 (91.0 + 5.0), followed by compounds 2 and 4 (88.0 & 2.00 and 87.0 & 3.00).
Ascorbic acid was used as a standard drug with a percentage inhibition of 91.00 £ 1.5. The
hydrogen-donating activity, measured utilizing DPPH as the hydrogen acceptor, demonstrated that a
strong association could be found between the concentration of the coumarin molecule and the rate

of inhibition [29,30]. Using the hydrogen peroxide test, coumarins 1-4 demonstrated their ability to
diminish the stable radical.
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Figure 1. Percentage inhibition of DPPH scavenging activity of synthesized compounds (1-4) in
comparison to Vitamin C. n = 3. Error bars indicate standard deviation.

2.1.2. HyO; Scavenging Assay

Hydrogen peroxide can be highly reactive when crossing the cell membrane and form the
hydroxyl radical. Figure 2 showed that compounds (1-4) demonstrated a strong scavenging activity
against hydrogen peroxide at a very low concentration of 250 pg/mL, where we observed a
concentration-dependent decrease. A very weak inhibitory activity at the lowest concentration
(250 pg/mL) was found in compound 3 (42.0 + 5.00). The highest concentration was found at
1000 pg/mL (Figure 2). The best percentage of scavenging activity was shown by compound 3

(90.0 £ 3.0), followed by compound 2 (89.0 + 1.00). Ascorbic acid was used as a standard drug with a
percentage inhibition of 70.00 + 2.5.
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Figure 2. Percentage inhibition of hydrogen peroxide scavenging activity of synthesized compounds
(1-4) in comparison to Vitamin C. n = 3. Error bars indicate standard deviation.
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2.2. Postulated Mechanisms for Coumarins 1, 2, 3 and 4 as Antioxidants

The suggested antioxidant for antioxidant coumarins, as shown in Figures 3-6 relies on the
hydrogen atoms of the amine group, which were under the influence of resonance and inductive
effects. The resonance and inductive effects facilitate the release of hydrogen, resulting in stability
of the molecule. Coumarins 1-4 have scavenging activities due to the stability of the free radical
intermediates of these compounds. An abstraction of a hydrogen atom from the amine group may
occur easily [31]. The presence of thiadiazoles, triazole and lactone rings enhances the antioxidant
activity. The steric hindrance enhances the antioxidant activity [32,33].
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Figure 4. The reaction scheme between DPPH free radicals and compound 2.
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Figure 6. The reaction scheme between DPPH free radicals and compound 4.

2.3. Molecular Modeling Studies

To understand the antioxidant activity with the electronic levels, namely HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital), for antioxidants 1-4, HF
(Hartree-Fock)-based quantum chemical studies were carried out with the basis set 3-21G. The
energies EHOMO and ELUMO in electron volt values were showed in Figure 7. The compounds with
higher antioxidant activity can be confirmed according to the values of EHOMO and ELUMO. In our
work we were using the methods of DPPH and peroxide. These methods showed clearly that the
scavenging activities of compounds 2 and 3 were higher than those of compounds 1 and 4 and ascorbic
acid because of the electron-withdrawing of thionyl, carbonyl and the resonance effect. Theoretically, it
was concluded that EHOMO is a good indicator of scavenging activities and the scavenging activities
do not depend on ELUMO. The varieties in activities of compounds 1-4, as antioxidants were shown
in the calculated EHOMO values, are mostly attributed to pi-electron delocalization, which leads
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to stability of the free radicals gained after proton abstraction so that pi-electrons delocalized in
compounds 1-4 also occur in the corresponding radical. The electron density of HOMO could be
fully considered to realize the relationship between the delocalizing electrons and the activities of free
radicals [34].

Compound 1

Compound 2

Compound 3

Compound 4

Figure 7. Highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital of
compounds 1-4.

Antioxidants 1-4 with the highest occupied molecular orbital are delocalized over the whole
molecule, which harmonizes the orbital holding unshared electrons. Spin densities of the free radicals
that had been created from antioxidants 1-4 were compared. High delocalization means the easier
creation of free radicals. The spin density appears to be slightly more delocalized for the radicals issued
from compounds 2 and 3 than from antioxidants 1 and 4. The HOMO (highest occupied molecular
orbital) energies of target antioxidants 1-4, in addition to the ascorbic acid, are computed as —8.504 eV,
—10.102 eV, —8.753 eV, —8.532 eV and —10.772 eV, respectively, while the LUMO energies for target
antioxidants 1-4 and ascorbic acid are computed as —4.332 eV, —4.132 eV, —4.532 eV, —4.776 eV and
—1.115 eV, respectively. The energy gaps for antioxidants 1-4 as well as ascorbic acid were respectively
as follows: 4.172 eV, 5.790eV, 4.221eV, 3.756eV and 9.655 eV, and this might be due to shifted absorption
toward the blue spectrum. The electron delocalizing for thionyl and carbonyl for compounds 2 and 3,
respectively, reveal the variation between HOMO and LUMO of antioxidants 1-4. The comparison
of potential for antioxidants 1-4 and ascorbic acid as antioxidants according to the band gaps and
showed that the highest band gap was for ascorbic acid (control) and then compounds 2 and 3, and
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this is highly compatible with experimental results seen in Figures 1 and 2. Dipole moment values
of antioxidants 14 in addition to ascorbic acid demonstrate that all of them are polar molecules and
are soluble in polar solvents. IP (ionization potential) affords the understanding of initial energy for
releasing an electron from the molecules [35] which means an inverse relation for the antioxidant and
IP (Equation (1)).

IP = —Enomo (1)

EA (electron affinity) is the amount of energy launched when an electron is absorbed by a molecule
(Equation (2)). Higher EA leads to easily absorbed electrons, in other words a positive relation with
the antioxidant.

EA = —Erumo )

The n (hardness) is charge transfer resistance and S (softness) is the measure of the capacity of an
atom to receive electron (Equations (3) and (4)).

1
n=-; (Eromo— Erumo) 3)

2
5— 4
(Eromo — Erumo) @)

The p (electronegativity) is defined as the capacity to attract electrons (Equation (5)) in the
chemical bond:

1
w=-5 (Enomo+ Erumo) 5)

Table 1 describes the potential values of the above parameters. These parameters can be supported
by the good antioxidant potential. The experimental and calculated theoretical parameters were
compared with each other. The calculated data were compared with the experimental values using
HF with the basis set of 3-21G. The correlation between experimental and calculated data was found
to be good. In addition, HOMO and LUMO analysis of the title molecule were calculated using
corresponding methods with the 3-21G basis set. The calculated HOMO-LUMO energies were used to
calculate some properties of the title molecule.

Table 1. Electronic properties of antioxidants 1-4 were obtained by using HF method with the 3-21G

basis set.
Parameters Compound1 Compound2 Compound4 Compound3 Ascorbic Acid
Dipole moment Depy 4.665 7117 6.613 5.229 9.549
Ionization potential (IP) eV 8.504 10.102 8.753 8.532 10.772
Electron affinity (EA) eV 4.332 4.132 4.532 4776 1.115
Hardness () 2.86 2.895 2.110 1.378 4.827
Softness (S) 0.239 0.172 0.236 0.266 0.207
Electro negativity(u) 6.418 7117 6.142 6.518 5.9435
EHOMO —8.504 —10.102 —8.753 —8.532 —10.772
ELUMO —4.332 —4.132 —4.532 —4.776 —1.115
Band gap = Eomo — ELumo 4172 5.790 4221 3.756 9.655

3. Materials and Methods

3.1. Synthesis of Compounds 1-4

Compounds (1-4), namely 7-((5-amino-1,3,4-thiadiazol-2-yl)methoxy)coumarin; 5-(((coumarin-
7-yl)oxy)methyl)-1,3,4-thiadiazol-2(3H)-one; 7-((4-phenyl-5-thioxo-4,5-dihydro-1H-1,2,4-triazol-3-
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yl)methoxy)coumarin and 7-((5-(phenylamino)-1,3,4-thiadiazol-2-yl)methoxy)coumarine, were
synthesized according to Al-Amiery 2014 [36].

3.2. Antioxidant Activity

3.2.1. DPPH Free Radical Scavenging Activity

The antioxidant activity of synthesis compounds and the standard was assessed on the basis of
the radical scavenging effect of the Table 1, 1-diphenyl-2-picrylhydrazyl (DPPH) free radical activity by
modified method [37]. The diluted working solutions of the test compound were prepared in methanol.
Ascorbic acid was used as standard in 1-100 pug/mL solution. Then 0.002% of DPPH was prepared in
methanol and 1 mL of this solution was mixed with 1 mL of sample solution and standard solution
separately. These solution mixtures were kept in dark for 30 min and optical density was measured at
517 nm using spectrophotometer. Methanol (1 mL) with DPPH solution (0.002%, 1 mL) was used as
blank [38]. The optical density was recorded and % inhibition was calculated using the formula given
in Equation (6):

o A
DPPHscavenginig effect’o = A — A x 100 (6)

where A° is the absorbance of the control reaction and A is the absorbance in the presence of the
samples or standards.

3.2.2. Hydrogen Peroxide Scavenging Activity

A solution of hydrogen peroxide (40 mM) was prepared in phosphate buffer (pH 7.4). Different
concentrations (250, 500, and 1000 png/mL) of synthesized compounds (or ascorbic acid as control)
were added to a hydrogen peroxide solution (0.6 mL, 40 mM). Absorbance of hydrogen peroxide at
230 nm was determined after 10 min against a blank solution containing phosphate buffer without
hydrogen peroxide [39,40]. Hydrogen peroxide percentage scavenging activity was then calculated

using Equation (7):
o A
HO, scavenginig effect/o = A — A x 100 (7)

where A° is the absorbance of the control reaction and A is the absorbance in the presence of the
samples or standards.

3.3. Quantum Studies

The molecular representation sketch of the reference compound was plotted using ChemBioOffice
2010 software. All the quantum chemical calculations were performed using the HF methodology
with 3-21G basis set.

3.4. Statistical Analysis

The results were expressed as mean + standard deviation and the statistical significance of
differences were determined utilizing one-way analysis of variance (ANOVA) using the SPSS 17.0
statistical software program. Differences were considered significant at p < 0.05. The values are
presented as mean + SD (n = 3).

4. Conclusions

Coumarins were successfully synthesized and characterized by using spectroscopic techniques
(FT-IR and NMR). Antioxidant activities were evaluated by DPPH and hydrogen peroxide assays
and the results indicated that they have good scavenging activities. Compounds 3 and 2 were
found to be an inhibitor of the DPPH and H,O, activities with levels of 91.0 + 5.0, and 88.0 + 2.00,
respectively. Compound 3 was better than the standard reference drug used, and these results were
confirmed by modeling studies. The mechanism of the synthesized compounds as antioxidants was



Molecules 2016, 21, 135 9of 11

also studied. Hartree-Fock-based quantum chemical studies with the basis set 3-21G and molecular
modeling were carried out for the synthesized compounds to understand the antioxidant activity. The
electronic levels, namely HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital), were also studied. We had also been concerned with the calculation of antioxidant
descriptors: dipole moment, ionization potential (IP), electron affinity (EA), hardness (1), softness (S),
and electronegativity (i) for synthesized coumarins and also the standard compound (ascorbic acid).

Acknowledgments: This study was supported by Universiti Kebangsaan Malaysia under the DIP-2012-02 Grant.

Author Contributions: A.B.M. and A.AH.K conceived and designed the experiments; YK.A. and D.L.A.
performed the experiments; A.A.A. and K.FA. analyzed the data; A.BM. and A.AHXK. contributed
reagents/materials/analysis tools; A.A.A. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Hoult, J.R.; Paya, M. Pharmacological and biochemical actions of simple coumarins: Natural products with
therapeutic potential. Gen. Pharmacol. 1996, 27, 713-722. [CrossRef]

Al-Amiery, A.A.; Al-Majedy, Y.K.; Kadhum, A.A.H.; Mohamad, A.B. Hydrogen. Peroxide Scavenging
Activity of Novel Coumarins Synthesized Using Different Approaches. PLoS ONE 2015, 10, e0132175.
[CrossRef]

Lin, M.H.; Chou, Y.S,; Tsai, Y.J.; Chou, D.S. Antioxidantroperties of 5,7-dihydroxy coumarin derivatives
in vitro cell free and cell-containing system. J. Exp. Clin. Med. 2011, 3, 126-131. [CrossRef]

Al-Amiery, A.A.; Al-Majedy, Y.K.; Kadhum, A.A.H.; Mohamad, A.B. Novel macromolecules derived from
coumarin: Synthesis and antioxidant activity. Sci. Rep. 2015, 5, 11825. [CrossRef] [PubMed]

Egan, D.; O’Kennedy, R.; Moran, E.; Cox, D.; Prosser, E.; Thornes, R.D. The pharmacology, metabolism,
analysis, and applications of coumarin and coumarin-related compounds. Drug Metab. Rev. 1990, 22, 503-529.
[CrossRef] [PubMed]

Zavrénik, D.; Muratovié, S.; Makuc, D.; Plavec, J.; Cetina, M.; Nagl, A.; Clercq, E.D.; Balzarini, ].; Mintas, M.
Benzylidene-bis-(4-hydroxycoumarin) and benzopyrano-coumarin derivatives: Synthesis, "H/*C-NMR
conformational and X-ray crystal structure studies and in vitro antiviral activity evaluations. Molecules 2011,
19, 6023-6040. [CrossRef] [PubMed]

Cravotto, G.; Tagliapietra, S.; Capello, R.; Palmisano, G.; Curini, M.; Boccalini, M. Long-Chain
3-Acyl-4-hydroxycoumarins: Structure and Antibacterial Activity. Arch. Pharm. 2006, 339, 129-132.
[CrossRef] [PubMed]

Naser, T.; Bondock, S.; Youns, M. Anticancer activity of new coumarin substituted hydrazide-hydrazone
derivative. Eur. J. Med. Chem. 2014, 76, 299-305. [CrossRef] [PubMed]

Skalicka-Wozniak, K.; Orhan, E.; Cordell, G.; Nabavi, S.; Budzyriska, B. Implication of coumarins towards
central nervous system disorders. Pharmacol. Res. 2016, 103, 188-203. [CrossRef] [PubMed]

Chen, Y.; Chen, Y.; Wang, S.; Xu, X; Liu, X.; Yu, M.; Zhao, S.; Liu, S.; Qiu, Y.; Zhang, T.; et al. Synthesis and
Biological Investigation of Coumarin Piperazine (Piperidine) Derivatives as Potential Multireceptor Atypical
Antipsychotics. J. Med. Chem. 2013, 56, 4671-4690. [CrossRef] [PubMed]

Liang, C.; Jiang, H.; Zhou, Z.; Lei, D.; Xue, Y.; Yao, Q. Ultrasound-promoted greener synthesis of novel
trifurcate 3-substituted-chroman-2,4-dione derivatives and their drug-likeness evaluation. Molecules 2012,
17,14146-14158. [CrossRef] [PubMed]

Phadtare, B.; Jarag, K.; Shankarling, G. Greener protocol for one pot synthesis of coumarin styryl dyes.
Dyes Pigments 2013, 97, 105-112. [CrossRef]

Elnagdi, M.; Abdallah, S.; Ghoneim, K.; Ebied, E.; Kassab, K. Synthesis of Some Coumarin Derivatives as
Potential Laser Dyes. J. Chem. Res. 1997, 44-45. [CrossRef]

Garcia-Belto, O.; Mena, N.; Friedrich, L.C.; Neto-Ferreira, J.C.; Vargas, V.; Quina, FH.; Nuez, M.T,;
Cassels, BK. Design and synthesis of a new coumarin-based fluorescent probe selective for Cu®*.
Tetrahedron Lett. 2012, 53, 5280-5283. [CrossRef]


http://dx.doi.org/10.1016/0306-3623(95)02112-4
http://dx.doi.org/10.1371/journal.pone.0132175
http://dx.doi.org/10.1016/j.jecm.2011.04.006
http://dx.doi.org/10.1038/srep11825
http://www.ncbi.nlm.nih.gov/pubmed/26134661
http://dx.doi.org/10.3109/03602539008991449
http://www.ncbi.nlm.nih.gov/pubmed/2078993
http://dx.doi.org/10.3390/molecules16076023
http://www.ncbi.nlm.nih.gov/pubmed/21772234
http://dx.doi.org/10.1002/ardp.200500127
http://www.ncbi.nlm.nih.gov/pubmed/16511806
http://dx.doi.org/10.1016/j.ejmech.2014.02.026
http://www.ncbi.nlm.nih.gov/pubmed/24607878
http://dx.doi.org/10.1016/j.phrs.2015.11.023
http://www.ncbi.nlm.nih.gov/pubmed/26657416
http://dx.doi.org/10.1021/jm400408r
http://www.ncbi.nlm.nih.gov/pubmed/23675993
http://dx.doi.org/10.3390/molecules171214146
http://www.ncbi.nlm.nih.gov/pubmed/23192190
http://dx.doi.org/10.1016/j.dyepig.2012.12.001
http://dx.doi.org/10.1039/a603731c
http://dx.doi.org/10.1016/j.tetlet.2012.07.082

Molecules 2016, 21, 135 10 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Garcia-Belto, O.; Mena, N.; Yaez, O.; Caballero, ].; Vargas, V.; Nuez, M.T.; Cassels, B.K. Design, synthesis and
cellular dynamics studies in membranes of a new coumarin-based fluorescent probe selective for Fe?*. Eur. .
Med. Chem. 2013, 67, 60-63. [CrossRef] [PubMed]

Garcia-Belto, O.; Cassels, B.K.; Pérez, C.; Mena, N.; Nuez, M.T.; Martnez, N.P,; Pavez, P; Aliaga, M.E.
Coumarin-based fluorescent probes for dual recognition of copper(Il) and iron(IIl) ions and their application
in bio-imaging. Sensors 2014, 14, 1358-1371. [CrossRef] [PubMed]

Moylan, C.R. Molecular hyperpolarize abilities of coumarin dyes. J. Phys. Chem. 1994, 98, 13513-13516.
[CrossRef]

Li, N.; Xiang, Y.; Tong, A. Highly sensitive and selective “turn-on” fluorescent chemodosimeter for Cu?t in
water via Cu?*-promoted hydrolysis of lactone moiety incoumarin. Chem. Commun. 2010, 46, 3363-3365.
[CrossRef] [PubMed]

Al-Amiery, A.A.; Al-Majedy, Y.K.; Abdulreazak, H.; Abood, H. Synthesis, characterization, theoretical
crystal structure, and antibacterial activities of some transition metal complexes of the thiosemicarbazone.
Bioinorg. Chem. Appl. 2011, 2011, 1-6. [CrossRef] [PubMed]

Abdalla, A.E.; Roozen, ].P. Effect of plant extracts on the oxidative stability of sunflower oil and emulsion.
Food Chem. 1999, 64, 323-329. [CrossRef]

Bast, A.; Haenen, G.R.; Doelman, C.J. Oxidants and antioxidants: State of the art. Am. J. Med. 1999, 30, 2-13.
[CrossRef]

Paya, M.; Goodwin, P.A.; de Las Heras, B.; Hoult, J.R. Superoxide scavenging activity in leucocytes and
absence of cellular toxicity of a series of coumarins. Biochem. Pharmacol. 1994, 48, 445-451. [CrossRef]
Symeonidis, T.; Chamilos, M.; Hadjipavlou-Litina, D.J.; Kallitsakis, M.; Litinas, K.E. Synthesis of
hydroxycoumarins and hydroxybenzo[f]- or [iJcoumarins as lipid peroxidation inhibitors. Bioorg. Med.
Chem. Lett. 2009, 19, 1139-1142. [CrossRef] [PubMed]

Fylaktakidou, K.C.; Hadjipavlou-Litina, D.J.; Litinas, K.; Nicolaides, D.N. Natural and synthetic coumarin
derivatives with anti-inflammatory/antioxidant activities. Curr. Pharm. Des. 2004, 10, 3813-3833. [CrossRef]
[PubMed]

Kostova, I. Synthetic and natural coumarins as antioxidants. Mini Rev. Med. Chem. 2006, 6, 365-374.
[CrossRef] [PubMed]

Tabart, J.; Kevers, C.; Pincelmail, J.; Defraigne, ].O.; Dommes, ]. Comparative antioxidant capacities of
phenolic compounds measured by various tests. Food Chem. 2009, 113, 1226-1233. [CrossRef]

Kadhum, A.A.H.; Mohamad, A.B.; Al-Amiery, A.A_; Takriff, M.S. Antimicrobial and antioxidant activities of
new metal complexes derived from 3-aminocoumarin. Molecules 2011, 16, 6969—-6984. [CrossRef] [PubMed]
Al-Amiery, A.A.; Al-Bayati, RILH.; Saour, K.Y.; Radi, M.F. Cytotoxicity, antioxidant and antimicrobial
activities of novel 2-quinolone derivatives derived from coumarins. Res. Chem. Intermed. 2011, 38, 559-569.
[CrossRef]

Al-Amiery, A Al-Majedy, Y,; Ibrahim, H.; Al-Tamimi, A. Antioxidant,
antimicrobial, and theoretical studies of the thiosemicarbazone derivative Schiff base
2-(2-imino-1-methylimidazolidin-4-ylidene)hydrazinecarbothioamide (IMHC). Org. Med. Chem. Lett. 2012, 2,
1-7. [CrossRef] [PubMed]

Kadhum, A.A.H.; Al-Amiery, A.A.; Musa, A.Y.; Mohamad, A. The antioxidant activity of new coumarin
derivatives. Int. . Mol. Sci. 2012, 12, 5747-5761. [CrossRef] [PubMed]

Al-Amiery, A.; Kadhum, A.; Obayes, H.; Mohamad, A. Synthesis and Antioxidant Activities of Novel
5-Chlorocurcumin, Complemented by Semiempirical Calculations. Bioinorg. Chem. Appl. 2013, 2013, 1-7.
[CrossRef] [PubMed]

Gocer, H.; Gulcin, I. Caffeic acid phenethyl ester (CAPE): Correlation of structure and antioxidant properties.
Int. J. Food Sci. Nutr. 2011, 62, 821-825. [CrossRef] [PubMed]

Widjaja, A.; Yeh, H.; Ju, H. Enzymatic synthesis of caffeic acid phenethyl ester. J. Chin. Inst. Chem. Eng. 2008,
39, 413-418. [CrossRef]

Chen, Y.; Wang, M.; Rosen, T.; Ho, C. 2,2-Diphenyl-1-picrylhydrazyl radical-scavenging active components
from Polygonum multiflorum Thunb. J. Agric. Food Chem. 1999, 47, 2226-2228. [CrossRef] [PubMed]
Chang, R. Chemistry, 7th ed.; McGraw-Hill: New York, NY, USA, 2001; Volume 253.

Al-Amiery, A.; Musa, A.; Kadhum, A.; Mohamad, A. The Use of Umbelliferone in the Synthesis of New
Heterocyclic Compounds. Molecules 2011, 16, 6833—-6843. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ejmech.2013.06.022
http://www.ncbi.nlm.nih.gov/pubmed/23835483
http://dx.doi.org/10.3390/s140101358
http://www.ncbi.nlm.nih.gov/pubmed/24419164
http://dx.doi.org/10.1021/j100102a014
http://dx.doi.org/10.1039/c001408g
http://www.ncbi.nlm.nih.gov/pubmed/20442902
http://dx.doi.org/10.1155/2011/483101
http://www.ncbi.nlm.nih.gov/pubmed/21804771
http://dx.doi.org/10.1016/S0308-8146(98)00112-5
http://dx.doi.org/10.1016/0002-9343(91)90278-6
http://dx.doi.org/10.1016/0006-2952(94)90273-9
http://dx.doi.org/10.1016/j.bmcl.2008.12.098
http://www.ncbi.nlm.nih.gov/pubmed/19150597
http://dx.doi.org/10.2174/1381612043382710
http://www.ncbi.nlm.nih.gov/pubmed/15579073
http://dx.doi.org/10.2174/138955706776361457
http://www.ncbi.nlm.nih.gov/pubmed/16613573
http://dx.doi.org/10.1016/j.foodchem.2008.08.013
http://dx.doi.org/10.3390/molecules16086969
http://www.ncbi.nlm.nih.gov/pubmed/21844844
http://dx.doi.org/10.1007/s11164-011-0371-2
http://dx.doi.org/10.1186/2191-2858-2-4
http://www.ncbi.nlm.nih.gov/pubmed/22373542
http://dx.doi.org/10.3390/ijms12095747
http://www.ncbi.nlm.nih.gov/pubmed/22016624
http://dx.doi.org/10.1155/2013/354982
http://www.ncbi.nlm.nih.gov/pubmed/24170994
http://dx.doi.org/10.3109/09637486.2011.585963
http://www.ncbi.nlm.nih.gov/pubmed/21631390
http://dx.doi.org/10.1016/j.jcice.2008.05.003
http://dx.doi.org/10.1021/jf990092f
http://www.ncbi.nlm.nih.gov/pubmed/10794614
http://dx.doi.org/10.3390/molecules16086833
http://www.ncbi.nlm.nih.gov/pubmed/21832973

Molecules 2016, 21, 135 11 of 11

37. Braca, A.; Sortino, C.; Politi, M.; Morelli, I.; Mendez, J. Anti-oxidant activity of flavonoids from Licania
licaniaeflora. J. Ethnopharmacol. 2002, 79, 379-381. [CrossRef]

38. Bors, W,; Saran, M.; Elstner, E.F. Screening for plant anti-oxidants. In Modern Methods of Plant Analysis-Plant
Toxin Analysis-New Series; Linskens, H.E, Jackson, J.E,, Eds.; Springer: Berlin, Germany, 1997; Volume 13,
pp- 277-295.

39. Duh, P; Ty, Y,; Yen, G. Antioxidant Activity of Water Extract of Harng Jyur (Chrysanthemum morifolium
Ramat). LWT Food Sci. Technol. 1999, 32, 269-277. [CrossRef]

40. TIlhami, G.I; Haci, A.A.; Mehmet, C. Determination of in Vitro Antioxidant and Radical Scavenging Activities
of Propofol. Chem. Pharmacol. Bull. 2005, 53, 281-285.

Sample Availability: Samples of the compounds 1-4 are available from the authors.

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/S0378-8741(01)00413-5
http://dx.doi.org/10.1006/fstl.1999.0548
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results and Discussion 
	Antioxidant Activity 
	DPPH Scavenging Assay 
	H2O2 Scavenging Assay 

	Postulated Mechanisms for Coumarins 1, 2, 3 and 4 as Antioxidants 
	Molecular Modeling Studies 

	Materials and Methods 
	Synthesis of Compounds 1–4 
	Antioxidant Activity 
	DPPH Free Radical Scavenging Activity 
	Hydrogen Peroxide Scavenging Activity 

	Quantum Studies 
	Statistical Analysis 

	Conclusions 

