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Theoretical Study on the Antioxidant Activity of Curcumin
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The computational results for curcumin at the B3LY P/6-31G(d,p) level show that the enol form of curcumin is
more stable than the diketo form because of an intramolecular hydrogen bond, which extends the conjugation effect
in the enol chain, formed in the enol structure. Cis-diketone form can not be obtained, presumably due to the strong
repulsion between the carbonyl dipoles aligned in paralel. According to the phenolic O—H bond dissociation en-
thalpy, curcumin in its most stable form can be suggested to be a relatively good antioxidant. In order to avoid
overcoming H-bond interaction and to improve the antioxidant activity of curcumin, a catechol moiety was incor-
porated into curcumin for designing a novel antioxidant. It is found that the designed molecule is much more effi-
cient to scavenge radical than curcumin, comparable to vitamin E. Moreover, the ionization potential of the de-
signed molecule is similar to that of curcumin, indicating that the designed molecule can not display the prooxidant

effect.
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Introduction

Free radicals play important roles in causing many
diseases, deteriorating foods, and degrading chemical
materials. Hence in recent years, there has been growing
interest in selecting efficient antioxidants with low tox-
icity to reduce the damage of radicals.*® Furthermore,
rational design strategies based on structure-activity
relationship have been proposed to direct the synthesis
and selection of novel antioxidants.*> This might be
helpful to further the study in this field and accelerate
the selection of antioxidants.

Due to the deficiency of synthesized antioxidants
such as high side-effect and high price, much attention
has been paid to the selection and modification of natu-
ral antioxidant contained in plants, such as curcumin.
Curcumin is one of the most widely used food colori n%
additive, which is obtained from the spice turmeric.
Owing to high biological activities including antioxidant
activity, cancer preventive activity, and antiangiogenesis
activity, etc.,7'9 curcumin-related compounds are ex-
pected to be developed as drugs or antioxidants. The
antioxidant mechanism of curcumin in biological and
chemical systems has been extensively investigated ex-
perimentally’®*3 and theoretically,***® and is believed to
relate to a H-atom abstraction process from the phenolic
groups.™®™ The structure of curcumin consisting of two
orthmethoxylated phenols and a [(-diketone form of
heptadienone link is schemed in Figure 1. We can see
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that it is very unfavorable for the H-abstraction reaction
from the phenolic groups in curcumin owning to the
existence of intramolecular hydrogen bond. In order to
solve this problem, we incorporate a catechol moiety
into curcumin and design a novel antioxidant. It is pru-
dent to use a catechol moiety, in which the potentiality
of catechol moiety used in rational design of antioxi-
dants had been investigated by density functional theory
(DFT) method B3LY P on the basis set of 6-31G(d,p).*°

In this paper, three aspects have been focused on.
First, the structure of curcumin is optimized at density
functional level to investigate the stable form. Secondly,
the O—H bond dissociation enthalpy (BDE) is used to
predict antioxidant activity and explain experimental
results. Finally, a new compound is rationally designed
based on the structure of curcumin.

Calculation methods

Considering the accuracy and conveniency of DFT
method, B3LY P function on the basis set of 6-31G(d,p)
was employed to optimize the different structures of
curcumin. Since the geometry of curcumin is experi-
mentally determined in low-dielectric solution, the op-
timization is performed in the presence of a solvent us-
ing the Polarized Continuum (overlapping spheres)
model (PCM) of Tomas and coworkers.}”*® The har-
monic frequency calculations are performed at the same
level to verify whether they are minima with al red
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Figurel Structuresof curcumin and relevant antioxidants.

frequencies. A combined approach (RO) B3LY P/6-311
+G (2d,2p)//AMY/AM 1, which was developed recently
by DiLabio et al.,” can be successfully applied to esti-
mate the O—H BDEs for phenolic antioxidants.**%?
The calculation procedures are as follows. First, mo-
lecular mechanics method MM X% was used to optimize
the molecular structures. Second, semiempirical quan-
tum chemical method AM1% was employed to perform
a full geometry optimization and the determination of
vibrational frequencies (scaled by a factor of 0.973 for
AM1 ZPEs"). Finally, single-point energy computations
were completed at the B3LYP/6-311+G (2d,2p) level
of DFT theory?*® for the closed-shell systems, but for
open-shell ones, ROB3LY P method was used.

For the calculation of the ionization potentia (1P),
we used another method (B3LY P/6-31G(d)//AM1T/AM1),
which was shown to be capable of obtaining the IPs of
polysubstituted aromatics accurately.?”?® All quantum
calculations were accomplished using program Gaus-
sian 98.%
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Results and discussion

Stable structure of curcumin in the presence of a
solvent

Curcumin has two isomers, [B-diketone form and
enol form. For -diketone form, it may exist as cis- or
trans-diketone (see Figure 1). The *H and *C NMR
spectra as well as the infrared spectra indicated that
curcumin-related compounds existed entirely in the enol
form in low-dielectric solution (e.g. chlorobenzene).In
order to investigate the structure of curcumin, three pos-
sible conformers of curcumin were optimized at the
B3LYP/6-31G(d,p) level using the PCM model. The
stationary points were positively identified as minima
point by evaluation of the frequencies. No matter how
endeavor, the cis-diketone structure was not found and
only trans-diketone structure was obtained, presumably
due to the strong repulsion between the carbonyl dipoles
aligned in paralel. From the calculated results, we find
that the energy of enol form is 6.79X4.184 kJmol
lower than that of trans-diketone form,* similar to the
calculated value in the gas suggesting that the enol
form predominates the structural nature of curcumin.
This result is in good agreement with the earlier study
that curcumin’s structure was known as diarylheptanoid
at first.®* The optimized 3D structure of curcumin in
enol form is shown in Figure 2. The computed results
aso indicate that the enol form of curcumin is more
stable than the diketone structure resulting from string
internal H-bond formed in enol, which can effectively
extended the conjugation along the enol chain.
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Figure2 3D structure of curcuminin enol form.

Using BDE data to predict reactivity

From the structure of curcumin, it is not surprising
that it acts as an antioxidant, and its antioxidant activity
can be characterized by the O—H bond dissociation
enthalpy (BDE) to certain extent.** Calculated O—H
BDEs of curcumin and relevant antioxidants (Figure 1)
are listed in Table 1, together with the experimental an-
tioxidant activity.® The enol form of curcumin has three
O—H bonds, two phenolic O—H bonds and one O—H
bond in enal groups, and two phenolic O—H BDES are
similar to each other. However, the O—H bond in enol
group is very strong, reflected from the considerably
high O—H BDE of 104.6<4.184 kJmol. The phenolic
O—H BDE of curcumin in trans-diketone form is ca. 2
X4.184 kJmol higher than that of curcumin in enol
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Table1l Bond dissociation enthalpies (BDES) of curcumin and relevant antioxidants
Cucumin
Antioxidant Half-curcumin  Ferulicacid 3,4-Dihydroxycinnamic acid Designed molecule
trans-Diketoneform  Enol form
TE? —1263.96219 —1263.97013 —652.24884 —688.18165 —648.87461 —1224.65205
TER" —1263.31821 —1263.32898 —651.60515 —687.35063 —648.24054 —1224.02005
EC,°© 0.407377 0.380162 0.212844 0.190051 0.174294 0.350960
ECR¢ 0.391807 0.364102 0.198852 0.176016 0.160338 0.337381
BDE°® 82.32 80?2482 560 f 83.10 84.88 77.09 76.01
Activity " 0.371 nd' nd' 0.666 0.281 nd'

@Total electronic energies (hartree) of the parent molecules. ®Total electronic energies (hartree) of the radicals derived from H-abstraction
of the phenolic hydroxyl. ¢Enthalpy correction (hartree) for the parent molecules. “Enthalpy correction (hartree) for the radicals derived
from H-abstraction of the phenolic hydroxyl. ® BDE (in 4.184 k¥mol)=H, | H,—Hp, in which H, is the enthalpy for radicals generated
after H abstraction, Hy, is the enthalpy for hydrogen atom, —0.49764 hartree, and H,the enthalpy for the parent molecule. "For strong
phenolic OH (right side on drawing). ® For enol OH. "Relative antioxidant activity from Ref. 10. ' Not be determined.

form, indicating that curcumin in its most stable form is
a relatively good antioxidant. The O—H BDEs of
curcumin and half-curcumin are similar, consistent with
the two phenolic groups in curcumin independent of
each other.”® Ferulic acid and half-curcumin have simi-
lar structure, but the O—H BDE of the former is 2.56 <
4.184 kJmol higher than that of the latter, suggesting
that the antioxidant activity of the half-curcumin is
higher than that of ferulic acid.

The existing structure-activity relationship®* (SAR)
of antioxidants to scavenge free radicals indicates that
hydrogen bond formed in the antioxidants does not en-
hance the activity, but hydrogen bond formed in the
radical produced after H-abstraction will stabilize the
radical and is favorable to increase the antioxidant ac-
tivity. According to SAR, we can predict that
3,4-dihydroxycinnamic acid should have higher activity
than curcumin and Ferulic acid. The experimental re-
sults show that the order of the relative antioxidant ac-
tivity is 3,4-dihydroxycinnamic acid > curcumin >
Ferulic acid. Our calculations show that the order of the
caculated O—H BDEs is 3,4-dihydroxycinnamic acid
<Zcurcumin<<Ferulic acid, which is in good accordance
with the experimental result. But the O—H BDE of
3,4-dihydroxycinnamic acid is much lower than that of
ferulic acid, whichis ca. 8X4.184 kJymol. The low O—
H BDE of 3,4-dihydroxycinnamic acid ascribes to the
two effect of ortho hydrogen of catechol, intramolecular
hydrogen bond effect and the ortho hydroxy! electronic
effect that had been investigated by DFT method on the
basis set of 6-31G(d,p). *°

Rational design of curcumin to enhance reactivity

Curcumin in its most stable form is arelatively good
antioxidant with respect to peroxyl radical oxidation,
although inferior to vitamin E (as a-tocopherol) which
has the O—H BDE of 77 4.184 kJmol.** However, in
the process of donating a phenolic H-atom for trapping
free radical, curcumin need overcome intramolecular
hydrogen bond, which decreases the antioxidant activity.
Hence, in order to improve the antioxidant activity and

avoid overcoming hydrogen bond of curcumin, we in-
corporate a catechol moiety into curcumin and design a
novel antioxidant.

The O—H BDE for the hydroxyl group in the
para-position relative to akyl chain of the designed
moleculeis calculated to be 76.01<4.184 kJ/mol, much
lower than that of curcumin, comparable to vitamin E.
This suggests that the designed molecule is much more
efficient to scavenge radical than curcumin. More im-
portantly, the designed molecule-derived radical pos-
sesses second abstractable phenolic hydrogen. And the
corresponding O—H BDE is caculated to be 77.40X
4.184 kJmol,*” which is much lower than that of cur-
cumin. Moreover, we can introduce a catechol moiety
into another phenolic ring, the new antioxidant can do-
nor four abstractable phenolic hydrogens to trap free
radical and is much more efficient than the designed
molecule. Experimental studies of the inhibitory activity
against human immunodeficiency virus showed that
these compounds containing catechol substructure had
much higher activity than curcumin analogues.®

As a good antioxidant, it not only has relatively low
O—H BDE, which facilitates the H-abstraction reaction
between antioxidant and radical, but also has relatively
high ionization potential (IP),>** which decreases the
electron transfer rate between antioxidant and oxygen,
and thus, reduces the pro-oxidative potency of antioxi-
dant. To obtain the information of IP for the designed
molecule, we calculated the IP of this compound, and
the calculated results are listed in Table 2. As seen from
Table 2, the IP of the designed molecule is similar to
that of curcumin, indicating that the designed molecule
can not display the prooxidant effect.

Conclusion

Three possible conformers of curcumin were opti-
mized at the B3LYP/6-31G(d,p) level using the PCM
model. The calculation results show that the enol form
of curcumin is more stable than the diketo form. Thisis
due to the intramolecular hydrogen bond formed in the
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Table 2 lonization potentials (IPs) for curcumin and designed
molecule
Antioxidant Curcumin Designed molecule
TER? —1263.555144 —1224.248700
TE" —1263.306226 —1223.995168
ZPE,° 0.379875 0.350960
ZPE. d 0.376322 0.347314
IP® 154.03 156.80

@ Total electronic energies (hartree) of the parent molecules.
®Total electronic energies (hartree) of the cation radicals derived
from electron-transfer. ©Zero point energies (hartree) of the par-
ent molecules. ¢ Zero point energies (hartree) of the cation radi-
cals derived from electron-transfer. © IP (in 4.184 kJ/mol)=(TE,
+ZPE; X 0.973)—(TE, +ZPE, X 0.973).

enol with the extended conjugation in the enol chain.
Cis-diketo form can not be obtained, presumably due to
the strong repulsion between the carbonyl dipoles
aligned in parale. According to the phenolic O—H
BDE, curcumin in its most stable form can be suggested
to be a relatively good antioxidant. In order to avoid
overcoming H-bond interaction and to improve the an-
tioxidant activity of curcumin, a catechol moiety was
incorporated into curcumin and a novel antioxidant was
designed. It is found that the designed molecule is much
more efficient to scavenge radical than curcumin, com-
parable to vitamin E. Moreover, the IP of the designed
molecule is similar to that of curcumin, indicating that
the designed molecule can not display the prooxidant
effect.

References and notes

1 Scott, G. Bull. Chem. Soc. Jpn. 1988, 61, 165.

2 Haliwel, B.; Aeschbach, R.; Loliger, J; Aruoma, O. I.
Food Chem. Toxicol. 1995, 33, 601.

3 Aruoma, O. |. Free Radic. Biol. Med. 1996, 20, 675.

4  Pratt, D. A.; DiLabio, G. A.; Brigati, G.; Pedulli, G. F.; Va-
gimigli, L. J. Am. Chem. Soc. 2001, 123, 4625.

5 Noguchi, N.; Niki, E. Free Radical. Biol. Med. 2000, 28,
1538.

6 Govindargian, V. S. CRC Crit. Rev. Food Sci. Nutr. 1980, 12,
199.

7 Huang, M. T.; Ferraro, T. In Phenolic Compounds in Food
and Their Effects on Health Il. Antioxidants and Cance
Prevention, ACS Symposium Series 507, Eds.: Houng, M.
T, Ho, C. T.; Lee, C. Y., American Chemica Society,
Washington, DC, 1992, pp. 8—34.

8 Ruby, A. J; Kuttan, G.; Babu, K. D. Cancer Lett. 1995, 94,
79.

9 Sregayan, R. M. N. J. Pharm. Pharmacol. 1994, 46, 1013.

10 Noguchi, N.; Komuo, E.; Niki, E.; Willson, R. L. Yukagaku
1994, 43, 1045.

11 Kopde, S. M.; Priyadarsini, K. I.; Venkatesan, P; Rao, M. N.
A. Biophys. Chem. 1999, 80, 85.

12 Jovanovic, S. V.; Steenken, S.; Boone, C. W.; Simic, M. G.
J. Am. Chem. Soc. 1999, 121, 9677.

13 Barclay, L. R. C.; Vingvigt, M. R.; Mukai, K.; Goto, H.;
Hashimoto, Y.; Tokunaga, A.; Uno, H. Org. Lett. 2000, 2,

14

16

17

18

20

21

22

23

24
25

26
27

28

29

30

31

32

33

35
36
37

38

39

SUN et al.

2841.

Sun, Y. M.; Zhang, H. Y.; Chen, D. Z,; Liu, C. B. Org. Lett.
2002, 4, 2909.

Wright, J. S. THEOCHEM 2002, 591, 207.

Zhang, H. Y.; Sun, Y. M.; Wang, X. L. Chem.-Eur. J. 2003,
9, 502.

Miertus, S.; Scrocco, E.; Tomasi, J. Chem. Phys. 1981, 55,
117.

Cances, M. T.; Mennucci, V.; Tomasi, J. J. Chem. Phys.
1997, 107, 3032.

DiLabio, G. A.; Pratt, D. A.; LoFaro, A. D.; Wright, J. S. J.
Phys. Chem. A 1999, 103, 1653.

DiLabio, G. A.; Wright, J. S. Chem. Phys. Lett. 1998, 297,
181

Wright, J. S.; Johnson, E. R.; DiLabio, G. A. J. Am. Chem.
Soc. 2001, 123, 469.

Gajewski, J. J; Gillbert, K. E.; McKelvey, J. Adv. Mal.
Model. 1990, 2, 65

Dewar, M. J. S,; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J.
P. J. Am. Chem. Soc. 1995, 107, 3902.

Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.
Stevenes, P. J.; Devlin, F. J.; Chabaowski, C. F.; Frisch, M.
J. J. Phys. Chem. 1994, 98, 11623.

Becke, A. D. J. Chem. Phys. 1993, 98, 1372.

DiLabio, G. A.; Pratt, D. A.; Wright, J. S. Chem. Phys. Lett.
1999, 311, 215.

DiLabio, G. A; Pratt, D. A.; Wright, J. S. J. Org. Chem.
2000, 65, 2195.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.;
Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman,
J. B.; Peng, C. Y.; Aydla P Y.; Chen, W.; Wong, M. W.;
Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J.
P; Head-Gordon, M.; Gonzaez, C.; Pople, J. A. Gaussian
98, Revision A.9, Gaussian, Inc., Pittsburgh, PA, 1999.
Total electronic energies of curcumin in trans-diketone and
enol forms calculated at the B3LY P/6-31G(d,p) level using
the PCM model are —1263.61581217 hartree and
— 1263.62663625 hartree, respectively.

Anderson, A. M.; Mitchell, M. S.; Mohan, R. S. J. Chem.
Educ. 2000, 77, 259.

van Acker, S. A. B. E.; Koymans, L. M. H.; Bast, A. Free
Radical. Biol. Med. 1993, 15, 311.

Pratt, D. A.; DiLabio, G. A.; Brigati, G.; Pedulli, G. F,; Va-
gimigli, L. J. Am. Chem. Soc. 2001, 123, 4625.

Wright, J. S.; Johnson, E. R.; DiLabio, G. A. J. Am. Chem.
Soc. 2001, 123, 1173.

Zhang, H. Y. Yukagaku 1998, 75, 1705.

Burton, G. W.; Ingold, K. U. Acc. Chem. Res. 1986, 19, 194.
Total electronic energy of molecular from H-abstraction of
the designed-molecule-derived radical is — 1223.390680
hartree and enthal py correction is 0.328561 hartree.
Mazumder, A.; Neamati, N.; Sunder, S.; Schuiz, J.; Pertz, H.;
Eich, E.; Pommier, Y. J. Med. Chem. 1997, 40, 3057.

Pratt, D. A.; DiLabio, G. A.; Brigati, G.; Pedulli, G. F,; Va-
gimigli, L. J. Am. Chem. Soc. 2001, 123, 4625.

(E0304216 ZHAO, X. J)



