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Abstract

Curcumin is a well known natural product having some health benefits. In the present
study, within the constraints of density functional theory (at the level of B3LYP/6-
31G(d,p)), some configurational isomers of curcumin and their keto-enol tautomers have
been investigated. Some quantum chemical, QSAR and spectral data of them have been

obtained and discussed.

1. Introduction

Curcumin is a natural product which aids in the management of oxidative and
inflammatory conditions, metabolic syndrome, arthritis, anxiety, and hyperlipidemia. It is
found in Turmeric which is a rhizomatous herbaceous perennial plant (Curcuma longa)
of the ginger family [1, 2]. Curcumin may also help in the management of exercise-
induced inflammation and muscle soreness, thus enhancing recovery and performance in
active people [3, 4]. Its anticancer potential was investigated [5-9]. In addition, a
relatively low dose of the complex can provide health benefits for people that do not
have diagnosed health conditions [3, 4, 10, 11]. Most of these benefits can be attributed
to its antioxidant and anti-inflammatory effects. Ingesting curcumin by itself does not

lead to the associated health benefits due to its poor bioavailability [3, 12, 13].
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Some Curcumin-like molecules have also been investigated [14, 15]. Curcumin (1,7-
bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), also called diferuloyl-
methane, is the main natural polyphenol found in the rhizome of Curcuma longa
(turmeric) and in others Curcuma spp. [5]. Curcuma longa has been traditionally used in
Asian countries as a medical herb due to its antioxidant, anti-inflammatory [16],
antimutagenic, antimicrobial [17], and anticancer properties [2, 18]. Priyadarsini et al.
studied the role of phenolic O-H and methylene hydrogen on the free radical reactions

and antioxidant activity of curcumin [19].
2. Method of Calculation

Structure optimizations leading to energy minima were initially achieved by using
MM2 method which was followed by semi-empirical PM3 self-consistent fields
molecular orbital (SCF MO) method [20, 21] at the restricted level [22, 23]. Subsequent
optimizations were achieved at Hartree-Fock level by using various basis sets. Then, the
optimizations were managed within the framework of density functional theory (DFT)
using B3LYP functional [24, 25] at the level of 6-31G(d,p). The exchange term of
B3LYP consists of hybrid Hartree-Fock and local spin density (LSD) exchange functions
with Becke’s gradient correlation to LSD exchange [25, 26]. The correlation term of
B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [27]
and Lee, Yang, Parr (LYP) correlation correction functional [28]. The present vibrational
analyses have been also done at the same level of calculations which had been performed
for the optimizations. The total electronic energies (E) are corrected for the zero point
vibrational energy (ZPE) to yield Ec values. The normal mode analysis for each structure
yielded no imaginary frequencies for the 3N-6 vibrational degrees of freedom, where N
is the number of atoms in the system. Thus, the structure of each molecule corresponds
to at least a local minimum on the potential energy surface. All these calculations were
done by using the Spartan 06 package program [29].
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3. Results and Discussion

3.1. Diketo isomers of curcumin

The molecule, in the literature known as curcumin whose structure shown above,
possesses two olefinic double bonds having trans configuration and two keto groups
(B-dicarbonyl system) along its backbone. Presently, firstly configurational isomers of
curcumin, based on the cisness and transness of these double bonds are considered.
Curcumin itself is labeled as curcumin trans-trans and its configurational isomers as cis-
trans curcumin and cis-cis curcumin. Presently the configurational varieties of the
isomers are labelled as cis or trans rather than E and Z assignments for the sake of easier

visualization. Figure 1 shows the optimized structures of these isomers as well as

b

4
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trans-trans cis-trans

Curcumin
cis-cis

Figure 1. Optimized diketo structures of present concern.

the direction of the dipole moment vectors. As seen in the figure, the trans-trans and cis-
trans isomers have more or less straight structures whereas the cis-cis isomer is curled
one. Table 1 shows some properties of these isomeric structures. The trans-trans form
(curcumin itself) has the highest dipole moment among the all, whereas the cis-trans
possesses the lowest. On the other hand, all these diketo isomers have the same Log P
values, comparable polarizabilities and ovality values however those values for the cis-
cis isomer are the smallest ones.
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Table 1. Some properties of the diketo isomers of curcumin.

Structure Dipole Area Volume Ovality LogP Polarizability
moment (A% (A%
(debye)
cis-cis 3.08 391.43 374.78 1.56 4.23 70.84
cis-trans 1.87 399.51 375.80 1.59 4.23 70.96
trans-trans 6.23 407.17 377.13 1.61 4.23 71.10

Figure 2 shows the calculated IR spectra of these isomers. The phenolic O-H

stretchings in these structures occur at about 3700 em ', In the cis-cis and trans-trans

cases distinct stretchings are obtained for the O-H groups present. The C=O stretchings

happen between 1700-1750 em .

IR Spectrum (1/cm)

4000 3500 3000 2500 2000
; ; - =
3
® .
3 Curcumin
g cis-cis
IR Spectrum
4000 3500 3000 2500 2000 1500 1000 500
B g B
2
g
] .
B Curcumin
cis-trans
IR Spectrum
4000 2500 1500 500

2500 2000

|

Curcumin
trans-trans

pa1e|n3ey

1000

Figure 2. Calculated IR spectra of the diketo isomers of curcumin.
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Table 2 shows some energies of the diketo isomers of curcumin where E, ZPE and
E( stand for the total electronic energy, zero point vibrational energy and the corrected

total electronic energy, respectively. Based on the Ec values the electronic stability order
of these isomers is trans-trans (curcumin) > cis-trans > cis-cis. This order occurs
because various structural and electronic effects collectively operate. In these huge
molecules various attractive and/or repulsive forces should be present. Note that the keto
groups present are electron attractors mesomerically and inductively. The phenolic OH
groups and OCHj3 groups are mesomerically donate electrons but the oxygen atom of
them is inductively electron attractor. All these conjugative effects combined with the
conformational varieties of the groups determine the various properties tabulated in
Tables 1 and 2.

Table 2. Some energies of the diketo isomers of curcumin considered.

Structure E ZPE Ec

cis-cis -3317536.71 973.57 -3316563.14
cis-trans -3317560.38 973.94 -3316586.44
trans-trans -3317570.70 972.16 -3316598.54

Energies in kJ/mol.

Figure 3 displays some molecular orbital energy levels of the diketo isomers. All
have closely spaced HOMO and next HOMO (NHOMO) energy levels. As for LUMO
and next LUMO (NLUMO) levels, they are closely spaced in the cis-cis isomer but

gradually they are further and further spaced in the cis-trans and trans-trans isomers.

Table 3 tabulates the HOMO, LUMO energies and the interfrontier molecular orbital
(FMO) energy gaps (Ag) for these isomers. The order of the HOMO energies is cis-
cis < trans-trans < cis-trans whereas the LUMO energy order is trans-trans < cis-
trans < cis-cis. Note that generally electron attractors lower both the HOMO and LUMO
energy levels in contrast to electron donors which raise up both the HOMO and LUMO
energy levels (of course at unequal extents) [30]. Consequently the Ae values follow the
order of trans-trans < cis-trans < cis-cis as the order of LUMO energies. This order
results in some bathochromic effect in the calculated UV-Vis spectra which are shown in

Figure 4.
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Figure 3. Some molecular orbital energies of the diketo isomers of curcumin.

Table 3. The HOMO, LUMO energies and the FMO energy gaps (A¢) of the diketo

structures considered.

Structure HOMO LUMO Ag

cis-cis -548.07 -166.73 381.34
cis-trans -537.75 -171.85 365.90
trans-trans -545.86 -192.03 353.83

Energies in kJ/mol.
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Figure 4. Calculated UV - Vis spectra of the diketo isomers of curcumin.

3.2. The 1,3-keto-enol tautomers

Curcumin and its diketo isomers considered above are B-dicarbonyl structures. The
methylenic hydrogens in between the keto groups of those structures are capable of
undergoing 1-3-type proton tautomerism. So various enols may arise which are isomeric
and also isomeric with the diketo structures mentioned before. The enolization process
considered increases the extended conjugation in these structures. The enolic -OH in
these structures might be on the opposite side of the remaining carbonyl group (enol-1
series) or on the same side (enol-2 series) so that hydrogen bonding is possible. In the
case of cis-trans tautomers, lower case letters ¢ and t at the end of their labels (such as
cis-trans-enol-1c or cis-trans-enol-1t) stand for position of the enolic OH group whether
it is on the same side of the structure with the cis or trans olefinic moiety (see Figure 5).

Figure 5 shows the optimized structures of the enol forms of the tautomers and their
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Figure 5. Optimized structures of the tautomers considered.
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direction of the dipole moment vectors as well. Table 4 shows some properties of the
enols considered. The data indicate that in the case of cis-cis and trans-trans forms, the
enol-1 series have higher dipole moment values than their enol-2 counterparts, contrary
to the cis-trans-enol series for which the enol-2 series possess higher dipole moments
than their enol-1 series. Note that the enol-2 series can form hydrogen bonding via six-
membered ring formation which affects the charge distribution highly different than the

enol-1 series.

Also note that through the enolization process some of these tautomers, having the
same olefinic configuration, are interconvertible to each other, such as cis-cis-enol-1 and

cis-cis-enol-2.

Table 4. Some properties of the tautomers of concern.

Structure Dipole Area Volume Ovality LogP  Polarizability
moment ( 2;2) ( jp)
(debye)
cis-cis-enol-1 7.52 395.32 374.98 1.57 3.43 70.98
cis-cis-enol-2 3.98 394.48 374.22 1.57 343 70.97
trans-trans-enol-1 4.08 404.01 376.52 1.60 343 71.14
trans-trans-enol-2 2.62 403.09 375.40 1.60 3.43 71.05
cis-trans-enol-1c 1.51 398.49 375.11 1.58 3.43 71.01
cis-trans-enol-2c 4.66 396.75 374.20 1.58 3.43 70.94
cis-trans-enol-1t 4.03 398.14 374.68 1.58 343 70.98
cis-trans-enol-2t 4.24 396.46 374.12 1.58 343 70.94

Table 5 shows the E, ZPE and E¢ values of the tautomers considered. The data
reveal that in all the cases, enol-2 series are more stable than that of enol-1 series of
tautomers. The trans-trans-enol-2 is the most and cis-cis-enol-1 is the least stable ones.
On the other hand, comparison of the data in Tables 2 and 5 indicate that some of the
enol structures are more stable than all of the keto forms considered. For instance, trans-

trans-enol-2 is more stable than its diketo form trans-trans which is curcumin itself.

Earthline J. Chem. Sci. Vol. 4 No. 2 (2020), 183-197
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Table 5. Some energies of the tautomeric structures considered.

Structure E 7ZPE Ec

cis-cis-enol-1 -3317508.07 974.65 -3316533.42
cis-cis-enol-2 -3317553.71 975.46 -3316578.25
trans-trans-enol-1 -3317541.60 973.38 -3316568.22
trans-trans-enol-2 -3317600.87 972.68 -3316628.19
cis-trans-enol-1c -3317552.84 976.00 -3316576.84
cis-trans-enol-2c -3317595.69 975.67 -3316620.02
cis-trans-enol-1t -3317554.53 976.45 -3316578.08
cis-trans-enol-2t -3317595.87 975.39 -3316620.48

Energies in kJ/mol.

Table 6 includes some stretching frequencies of the groups present in the tautomers

considered. One noticeable point in the data is that O-H stretching frequency of the enols

of series-2 occurs at lower frequencies as compared to their enol-1 counterparts. This is

due to the possible hydrogen bonding in the series-2 enols.

Table 6. Some calculated IR stretchings frequencies of the tautomers considered.

Structure C=0 H-O (enolic) H-O (phenolic)
cis-cis-enol-1 1717, 1674 3802 3764, 3758
cis-cis-enol-2 1658, 1655 2838 3826, 3756
trans-trans-enol-1 1726,1669 3813 3822, 3765
trans-trans-enol-2 1705,1609 2769 3823, 3760
cis-trans-enol-1c 1667,1651 3768 3763, 3760
cis-trans-enol-2c 1670, 1612 2784 3763, 3758
cis-trans-enol-1t 1704, 1684 3682 3763, 3752
cis-trans-enol-2t 1644, 1619 2813 3762, 3762

Frequencies in cm™.
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Table 7 shows Ap.x values of the tautomers. The tautomers mostly have two Apax

values and mostly they are in the UV region.

Table 7 . Calculated A, values (nm) of the tautomers considered.

Structure

cis-cis-enol-1 399.00, 302.07
cis-cis-enol-2 419.63, 316.54
trans-trans-enol-1 401.90, 308.82
trans-trans-enol-2 398.23, 311.25
cis-trans-enol-1¢ 397.74, 303.36
cis-trans-enol-2c 410.23, 362.83, 297.61
cis-trans-enol-1t 399.48, 300.58
cis-trans-enol-2t 398.23,311.25

Table 8 shows the HOMO, LUMO energies and Ae values of the tautomers. The

HOMO energies of series-2 enols are lower than series-1 counterparts in each case. The

Table 8. The HOMO, LUMO energies and the FMO energy gaps (Ag) of the tautomeric
structures considered.

Structure HOMO LUMO Ag

cis-cis-enol-1 -507.14 -174.90 332.24
cis-cis-enol-2 -517.90 -208.77 309.13
trans-trans-enol-1 -514.72 -196.50 318.22
trans-trans-enol-2 -516.52 -199.43 317.09
cis-trans-enol-1c -517.09 -194.10 322.99
cis-trans-enol-2c -525.63 -203.64 321.99
cis-trans-enol-1t -516.17 -192.41 323.76
cis-trans-enol-2t -518.92 -199.35 319.57

Energies in kJ/mol.
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same trend is also true for the LUMO energies. This is the outcome of the hydrogen
bonding in series-2 structures. As the carbonyl group bonds to the hydrogen atom of the
enol, it becomes more powerful electron attractor. Then both the HOMO and LUMO
energy levels are lowered. This effect operates on the HOMO and LUMO at unequal
extents. Consequently, Ae values of series-2 enols are less than the corresponding values

of series-1 enols.

Although, the enolization somewhat increases the extended conjugation towards the
carbonyl group not involved in the tautomerism, the perturbational effects are not so
pronounced or appreciably reflected to narrow the interfrontier molecular orbital energy
gaps of the enols considered. Thus, Ae values of the enols exhibit not a great narrowing

of FMO energy gaps as compared to the parent diketo isomers (see Tables 3 and 8).
4. Conclusion

The present treatment has revealed that trans-trans isomer (curcumin itself) is more
stable than the other configurational isomers, cis-trans and cis-cis. QSAR properties of
the diketo isomers are very comparable although dipole moments are quite different.
Curcumin is electronically less stable than its enol form trans-trans-enol-2. Similarly,
cis-trans-enol-2c and cis-trans-enol-2t are more stable than their respective diketo forms.
All these enols of enol-2 series are capable of forming intramolecular hydrogen bonding

with the nearby keto group.
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