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Abstract

Fuscin, a natural product having various functionalities, may exhibit 1,3- and 1,5-proton
tautomerism, as well as valence tautomerism via its 1,5-proton tautomer. All those
possible forms are investigated within the realm of density functional theory with the
constraints of B3LYP/6-311+G(d,p) level. NICS(0) calculation has been performed for
the valence tautomer which possesses a benzenoid ring. The tautomers are found to be
stable structures but the valence tautomer is the least likely one. Some QSAR, quantum

chemical and spectral properties are obtained and discussed.

1. Introduction

Fuscin is an orange-colored compound. Easily reduced by hydrosulfite or other
reducing agents to the colorless dihydrofuscin, C;5HgO5 . Its systematic name is (4S)-5-
Hydroxy-4,8,8-trimethyl-9,10-dihydro-2H,4H-pyrano[4,3-f]chromene-2,6(8H)-dione. It
is one of the dipyrrylmethene pigments [1]. In the literature studies on fuscin goes back
to many decades ago. Barton and Hendrickson studied the constitution and synthesis of
fuscin [2]. Fuscin and some analogous compounds exist in certain microorganisms [3-7].

Catabolism of fuscin was studied by Hammerbeck [8]. Fate of bilirubin depending
upon conjugation and other factors including fuscin pigments was investigated by
Gilbertsen and Watson [9].

In recent years the scientific interest on fuscin has been renewed due to anti-HIV
properties of fuscin and other fuscin pigments [9-12]. Fuscin is known to compete
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effectively with macrophage inflammatory protein (MIP)-1ae for binding to human
CCRS, an important anti HIV target that interferes with HIV entry into cells. In addition,
it shows inhibitory effect on respiration and oxidative phosphorylation in ox-neck muscle

mitochondria.

Fuscin

()

In the present study, various tautomers of fuscin are investigated quantum chemically
within the restrictions of density functional theory (DFT).

2. Method of Calculation

In the present study, the initial structural optimizations of all the structures leading to
energy minima have been achieved by using MM2 method followed by semi-empirical
PM3 self-consistent fields molecular orbital (SCF MO) method [13, 14] at the restricted
level [15, 16]. Subsequent optimizations were achieved at Hartree-Fock level using
various basis sets. Then, the structural optimizations were managed within the
framework of density functional theory (DFT) [17, 18] at the level of B3LYP/6-
311+G(d,p) [16, 19]. 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 [18, 20]. The correlation term of B3LYP consists of the Vosko, Wilk, Nusair
(VWN3) local correlation functional [21] and Lee, Yang, Parr (LYP) correlation
correction functional [22]. Also, the vibrational analyses have been done. The total
electronic energies are corrected for the zero point vibrational energy (ZPE). 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. This
indicates that 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 [23].

For NICS data, the absolute NMR shielding values [24] were calculated by
employing the Gauge-Independent Atomic Orbital method [25] with the restricted closed
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shell formalism at the level of B3LYP/6-311+G(d,p). The NICS values were collected by
calculating absolute NMR shielding values at the ring centers, NICS (0). The NICS (0)
calculations of the present systems were performed by the use of the Gaussian 03

package program [26].
3. Results and Discussion

Fuscin molecule (FO) possesses, pyran ring, a lactone moiety, and keto and enol
groups. The presence of enol group may be responsible for a keto-enol tautomerism. Due
to the structural organization of the carbon-carbon double bonds in its structure, not only
1,3-type (F1,3) but also 1,5-type (F1,5) proton tautomerisation is possible in fuscin
molecule. More interesting probability is the valence tautomer (valence isomer) of 1,5-
tautomer of fuscin which should have a four membered cyclic peroxide system (FP).

Tautomers of the present concern are shown in Figure 1. Note that F1,3 and F1,5 are
proton tautomers whereas FP is the valence tautomer of F1,5. It is noteworthy that FP

contains an aromatic ring.

Figure 1. Tautomers of the present concern.
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Degenerate interconversions can be considered a special case of rearrangements
called valence isomerization or valence tautomerisation [27-39]. A general scheme is
proposed for the interconversions of six-membered oxygen-containing heterocycles
(pyrylium salts, pyrans, and pyrones) and their open-chain forms, having selected
pyrylium salts as compounds of the key type [39]. The latest data concerning the
mechanism of a number of the above transformations are examined. It is shown that ring
opening is one of the most characteristic manifestations of the reactivity of six-

membered oxygen-containing heterocycles [39].

The deriving force for the formation of valence tautomer (FP) could be the
aromatization of the middle ring of F1,5. The performed NICS(0) calculations for
benzene and FP ( a closed shell structure) indicate that FP is highly aromatic (benzene:
-8.019, FP: -12.816).

Although 4-membered peroxide ring is expected to add some instability to the
system, the accompanying aromatic ring formation should contribute to the stability of it.
A plausible path for the conversion of F1,5 to FP is shown in Figure 2. Table 1 shows
some properties of the tautomers considered where abbreviation FBR stands for the

biradical specie shown in Figure 2.

(o
- CH3

CHj
H,C

e F1,5

CH3;

CH,

FP

Figure 2. A plausible path for the conversion.
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Table 1. Some properties of the structures.

Structure Area Volume Ovality Dipole LogP Polarizability
A2 As moment

FO 280.28 267.48 1.40 5.41 -0.39 62.27

F1,3 279.92 267.84 1.39 6.02 0.80 62.24

F1,5 281.33 268.22 1.40 6.95 0.41 62.46

FP 277.98 266.08 1.39 5.33 -1.65 61.90

Dipole moment in debye units.

Figure 3 shows the optimized structures of the tautomers as well as the directions of
the dipole moment vectors. In all the structures, the dipole moment vector originates
from somewhere on the dimethyl substituted pyran ring.

F1,5 FP

Figure 3. Optimized structures of the molecules considered. 6-311+G(d,p).

Figure 4 shows the electrostatic potential charges (ESP) on the atoms of the
structures. Note that the ESP charges are obtained by the program based on a numerical
method that generates charges that reproduce the electrostatic potential field from the
entire wavefunction [23].

Earthline J. Chem. Sci. Vol. 4 No. 2 (2020), 243-259
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Figure 4. The ESP charges on atoms of the structures considered (Hydrogens not
shown).

Figure 5 shows the electrostatic potential maps of the tautomers considered. Note
that in the figure red and blue regions stand for electronegative and electropositive
potential regions, respectively. As seen in the figure the lactone moiety is red in all the
tautomers. The bluish region in F1,3 is concentrated on the proton shifted whereas in
F1,5 it is highly spread over the backbone. The red/reddish regions stand for proton

acceptor sites suitable for hydrogen bond formations.

Table 2 displays some energies of the structures considered where E, ZPE and E¢
stand for the total electronic energy, zero point vibrational energy and the corrected total

electronic energy respectively.
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Figure 5. Electrostatic potential maps of the structures considered.

Table 2. Some energies of the isomeric structures.

Structure E ZPE Ec

FO -2514228.92 754.41 -2513474.51
F1,3 -2514180.88 753.41 -2513427.47
F1,5 -2514174.76 751.99 -2513422.77
FP -2513854.00 753.66 -2513100.34

Energies in kJ/mol. 6-311+G(d,p).

According to Ec values, fuscin is the electronically most stable isomer among the all.

The stability order is FO > F1,3 > F1,5 > FP.

Table 3 shows some thermodynamic properties of the structures considered. The data

reveal that they are all exothermic structures having positive entropy values. The order of

Earthline J. Chem. Sci. Vol. 4 No. 2 (2020), 243-259



250 Lemi Tiirker

heat of formation values is FO <F1,3 <F1,5 <FP. A similar trend is obtained for the
Gibbs free energy of formation values, hence fuscin is the most likely whereas the
peroxide (FP) is the least likely isomer. Although, the peroxide contains an aromatic
ring, the 4-membered ring should add an appreciable amount of ring strain beside the

lone pair-lone pair repulsion energy originating from the peroxide oxygens.

Table 3. Some thermodynamic properties of the structures.

Structure H S° (J/mol®) G°

FO -2513454.11 510.15 -2513606.21
F1,3 -2513407.10 509.24 -2513558.93
F1,5 -2513402.18 511.33 -2513554.63
FP -2513080.52 506.04 -2513231.40

Energies in kJ/mol.

Table 4 shows the HOMO, LUMO energies and the interfrontier molecular orbital
energy gap (Ag) values of the structures considered. The order of HOMO energies is
F1,3 <F0<FI1,5<FP. The LUMO energy order is the sequence of FI1,5<F0<
F1,3<FP. As the result of those orders Ae values display the order of
FP>F1,3>F0>F1,5. The electronic variations as a result of tautomeric structural
changes lower the HOMO energy of fuscin in F1,3 but raises in F1,5, whereas the
LUMO energy of FO is raised in F1,3 but lowered in F1,5.

Table 4. The HOMO, LUMO energies and Ag values of the structures.

Structure HOMO LUMO Ag

FO -660.00 -334.32 325.68
F1,3 -669.26 -318.96 350.30
F1,5 -643.91 -368.15 275.76
FP -627.01 -194.61 432.40

Energies in kJ/mol.

Figure 6 shows some of the molecular orbital energy levels of the structures
considered. Fuscin has almost degenerate HOMO and NHOMO (HOMO-1,
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NEXTHOMO) energy level. On the other hand, F1,3 and FP are characterized with
comparatively narrower LUMO and NLUMO (LUMO+1, NEXTLUMO) referring to FO
and FP.
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Figure 6. Some of the molecular orbital energy levels of the structures considered.

Figure 7 shows the time-dependent density functional (TDDFT) UV-VIS spectra of
the structures considered. As going from FO to F1,5, the spectra exhibit shift to visible
region (bathochromic effect), meantime intensity of the peaks in the visible part
increases. In addition to that the spectrum of F1,5 has two Ay, values in the visible
region. It is due to the presence of two enone chromophore systems and the increased

conjugation as compared to FO and F1,3.

Figure 8 shows the local ionization potential maps of the structures considered. In a
local ionization potential map conventionally red regions on the density surface indicate
areas from which electron removal is relatively easy, meaning that they are subject to
electrophilic attack. On the other hand, regions having blue color represent areas where

Earthline J. Chem. Sci. Vol. 4 No. 2 (2020), 243-259
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ionization is relatively difficult. Hence, 1,5-tautomer having higher HOMO energy level
than fuscin should be relatively more susceptible to electron donation.

Calculated

Calculated

UV Vis Spectrum

Calculated

UV Vis Spectrum

Figure 7. UV-VIS spectra (TDDFT) of the structure considered.
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F1.5

Figure 8. The local ionization potential maps of the structures considered.

Figure 9 shows the LUMO maps of the structures considered. A LUMO map
displays the absolute value of the LUMO on the electron density surface. The blue color
stands for the maximum value of the LUMO and the color red, the minimum value.
Hence, a nucleophile attacks on the atom having the blue/bluish color [23]. Hence, the
1,5-tautomer having lower LUMO energy level than fuscin is expected to be more
susceptible to nucleophilic attack. In those systems the regions of nucleophilic attack
coincides with carbonyl groups. The disappearance of C=C bond of fuscin, conjugated
with the lactone moiety, caused that part of the system in the 1,5 tautomer red (see
Figure 9) thus makes the lactone carbonyl out of consideration whereas in fuscin

conjugate addition to lactone carbonyl is also possible.

Earthline J. Chem. Sci. Vol. 4 No. 2 (2020), 243-259
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Fl5 FP

Figure 9. The LUMO maps of the structures considered.

Yoganathan et al. [12] reported HIV entry inhibitory activity of two new compounds,
10-methoxydihydrofuscin and fuscinarin, and a known fungal metabolite fuscin, isolated
from the soil-derived mitosporic fungus Oidiodendron griseum. The greater activity of
fuscin with respect to methoxydihydrofuscin and fuscinarin may be attributed to the
presence of multiple reactive sites of the isochromene-5,9-dione unit in fuscin. Fuscin
may exhibit proton tautomerism as indicated above whereas in 10-methoxydihydrofuscin
and fuscinarin tautomerism should destroy the aromatic sextet of the middle ring. Thus,
the tautomerism is not favored in those compounds. Note that the tautomerism increases
the number of reactive sites too. Also, it highly affects the partition of the substance in
aqueous and lipid phases. Hence, the greater activity of fuscin respect to the others
mentioned above is expected. The tautomers F1,3 and F1,5 energetically following
fuscin should also contribute the overall HIV entry inhibitory activity of fuscin.
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4. Conclusion

Within the restrictions of density functional theory at the performed level of
calculations, fuscin and its tautomers have been investigated in vacuum conditions. They
are all stable and favorable but among the all, fuscin is the most and the valence tautomer
is the least stable one, although the later one possesses an aromatic ring. Fuscin and its
proton tautomers absorb both in UV and visible regions but the 1,5 tautomer exhibits
remarkable bathochromic shift. The 1,5-proton tautomer having higher HOMO but lower
LUMO energy levels as compared to fuscin is expected to be more susceptible to
electrophilic and nucleophilic attacks than fuscin on the relative bases which might

highly contribute the overall biological affects of fuscin.
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