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Abstract

In the present computational study, conversion of oxybiotin to biotin by means of oxygen 
to sulfur replacement has been investigated within the restrictions of density functional 
theory at the level of B3LYP/6-31++G(d,p). Both of the molecules have not only 
exothermic heat of formations but also favorable Gibbs free energy of formation values at 
the standard state. They are electronically stable. Various quantum chemical data 
accompanying the perturbation considered have been collected and discussed including 
UV-VIS spectra. The oxygen to sulfur replacement highly affects not only the 
distribution of molecular orbital energy levels but also the energies of the molecular 
orbitals in such a way that going from oxybiotin to biotin the HOMO energy level raises 
up but the LUMO decreases. The both occur at unequal extents thus biotin exhibits some 
bathochromic effect compared to oxybiotin.

1. Introduction

Oxybiotin is another active analogue of such an important molecule biotin. It is 
proved that oxybiotin has biotin like activity for many species such as bacteria, yeast, rats 
and chicken [1-5]. 

Oxybiotin is an oxygenated analogue of biotin in which the sulfur atom is replaced 
by oxygen. Its structural relationship to biotin and its ability to replace biotin as an 
essential metabolite for various species of microorganisms and higher animals was 
discussed in the literature [6]. Hoffman achieved the first total synthesis of oxybiotin in 
its dl-form [7]. Later, Ohrui et al., reported the total synthesis of optically active (+)-
oxybiotin [8]. Reddy et al., described a versatile route for the stereo selective synthesis of 
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oxybiotin [9]. A short enantio selective synthesis of (+)-oxybiotin was published by 
Shelke et al. [10].

 It became of particular interest to determine whether oxybiotin possesses intrinsic 
activity or whether its biological potency is due to its conversion into biotin. The 
evidence in the literature is conflicting on this point. Hofmann and Winnick [11], 
employing a differential assay procedure based upon the selective destruction of biotin 
activity by dilute potassium permanganate, have demonstrated that Saccharomyces 
cerevisiae and Rhizobium trifolii utilize oxybiotin as such and do not convert it into 
biotin. On the other hand, Rubin et al. [12] have presented data from balance studies on S. 
cerevisiae, which indicates that O-heterobiotin was converted into biotin or some other 
compound which possessed more activity for S. cerevisiae than did oxybiotin.

 On the other hand, biotin is a water-soluble vitamin and serves as a coenzyme for 
some carboxylases in humans [13]. It has been the focus of interests in many publications 
experimentally as well as theoretically [13-20].

 In the present study, perturbations on oxybiotin leading to biotin have been 
considered within the constraints of density functional theory (DFT).

2. Method of Calculations

 Presently, all the initial structure optimizations of the structures leading to energy 
minima have been achieved by using MM2 approach which is followed by semi 
empirical PM3 (self consistent fields) molecular orbital method [21-23]. Then, the 
structure optimizations have been achieved within the framework of Hartree-Fock and 
finally by using density functional theory (DFT) at the level of B3LYP/6-31++G(d,p) 
[24,25]. It is noteworthy that 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 [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]. In the present study, also normal mode analysis for each 
structure was done and yielded no imaginary frequencies for the 3N–6 vibrational degrees 
of freedom, where N is the number of atoms in the system. This search has indicated that 
the structure of each molecule considered corresponds to at least a local minimum on the 
potential energy surface. Furthermore, all the bond lengths have been thoroughly 
searched in order to find out whether any bond cleavages occurred or not during the 



Perturbations on Oxybiotin Leading to Biotin. A DFT Treatment

Earthline J. Chem. Sci. Vol. 11 No. 1 (2024), 147-161

149

structure optimization process. All these computations were performed by using 
SPARTAN 06 [29].

3. Results and Discussion

Structurally, biotin differs from oxybiotin only by the presence of sulfur atom in 
biotin instead of oxygen atom in 5-membered ring of oxybiotin. In general, it is a centric 
perturbation. The main perturbation is the replacement of oxygen atom with sulfur in the 
skeleton of oxybiotin which causes some subsequent perturbations, e.g., variation of bond 
lengths, dipole moments etc. They are all implicitly related changes. Although, oxybiotin 
and biotin may have many tautomeric forms, presently the most probable ones are 
considered.

Oxygen and sulfur, which are two elements of the same group of the periodic table, 
occur in many biologically important molecules. Oxybiotin and biotin are just two of 
them. They are interesting because they are derived from the same analogous carbon 
structure by means of certain centric perturbations [30]. Note that theoretically the 
replacement of oxygen atom of 5-membered ring of oxybiotin by sulfur atom engender 
biotin structure. 

In the ground state the electronic configurations of oxygen and sulfur are 1s22s22p4 
and 1s22s22p63s23p4, respectively. Their atomic radii are 0.74 and 1.04 Å, respectively. 
Thus, oxygen to sulfur replacement firstly affects the size of the considered ring, thus 
perturbs certain bond angles and bond lengths primarily. As a result, the degree of certain 
lone-pair, lone-pair or σ-orbitals- lone-pair intermixing interactions may change which 
must have certain influence on the molecular orbital properties of the systems under 
consideration.

On the other hand, the Pauling electro negativities of oxygen and sulfur are 3.5 and 
2.5, respectively [31].

Figure 1 shows the optimized structures of oxybiotin and biotin as well as direction 
of the dipole moment vectors.

Figure 2 shows the calculated bond lengths of the structures considered. As seen in 
the figure, bond lengths of biotin are generally longer than the respective ones in 
oxybiotin, however magnitudes of the changes are small. On the other hand, replacement 
of C-O bonds by C-S bonds is the only main factor dictating variations in apparent 
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differences between these molecules beside the electronegativity difference of oxygen 
and sulfur.

Figure 1. Optimized structures of oxybiotin and biotin.

Figure 2. Calculated bond lengths (Å) of the structures considered.
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Figure 3 shows numbering of atoms in oxybiotin and biotin and Table 1 lists some 
bond angles in their structures.

Figure 3. Numbering of atoms in oxybiotin and biotin (hydrogens not shown).

Due to the larger size of sulfur atom, one may expect a larger C-S-C angle than C-O-
C. However, as seen in the table it is only 94.50. In the present case, the calculated C-S 
bonds are 1.836 Å and 1.866 Å in contrast to C-O bonds in oxybiotin which are 1.42 Å 
and 1.44 Å. The 5-membered ring in biotin possesses somewhat deformed envelope 
conformation. Compounds containing divalent sulfur are analogous of the corresponding 
oxygen derivatives. Their bond angles are however substantially narrowed. In thioethers 
it is approximately varies between 97-99 [31]. Whereas in dimethyl ether and ethyl 
methyl ether the C-O-C angle is about 111. Note that in CH3SCH3 the sulfur atom is 
tetrahedrally hybridized, that is two orbitals of the atom form σ-bonds and two are 
occupied by lone pairs [31].

Table 1. Some bond angles in oxybiotin and biotin.
Angle Oxybiotin Biotin

N1C1N2 106.57 106.54
C1N2C4 111.72 110.73
N2C4C3 100.65 100.04
C4C3N1 102.34 101.09
C3N1C1 111.10 110.31
C4C2X1 106.76 107.65
C2X1C5 111.35 94.50
X1C5C3 106.29 106.96
C5C3C4 102.33 107.93
C3C4C2 104.12 110.34

X1: O (Oxybiotin), S (Biotin). Angles in degrees.
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Figure 4 shows the electrostatic potential (ESP) charges on atoms of oxybiotin and 
biotin. It is to be noted 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 [29].

The data in Figure 4 reveal that in biotin structure the charges on atoms of the lactam 
ring are smaller in absolute value than the respective charges of oxybiotin. As for the 
other ring atoms, the sulfur has much smaller (in absolute value) charge than the oxygen 
atom as expected from their electro negativities. The charges on the adjacent carbon 
atoms in each ring are not symmetrical. The carbon bearing the substituent has positive 
charge in both of the molecules although in the biotin case it is much smaller. The other 
carbon atom, adjacent to the oxygen or sulfur is negatively charged but in biotin case it is 
more negative than the case of oxybiotin. This effect occurs in both of the structures, 
namely one of the C-X bonds is longer than the other C-X bond in the ring, irrespective 
of whether X is oxygen or sulfur. At first sight it seems mainly due to the effect of side 
chain attached to the ring.

Figure 4. The ESP charges on atoms of oxybiotin and biotin (hydrogens not shown).

Table 2 lists the dipole moment components of the molecules considered. As seen in 
Table 2, the greatest perturbation (in absolute value) occurs in X-component of the dipole 
moment which apparently affects the direction of the dipole moment vector (see 
Figure 4).

Table 2. The dipole moment components of the molecules considered.
Molecule X Y Z
Oxybiotin -4.608124 -4.105711 4.429157

Biotin -4.382906 -4.086664 4.263185
Δ 0.225218 0.019047 -0.16597

In Debye units. Δ (relative to oxybiotin).
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Some properties of the molecules considered are shown in Table 3. Where hardness 
is defined as [29],

Hardness = -( εHOMO - εLUMO)/2

where εHOMO and εLUMO are the molecular orbital energies of the highest occupied 
(HOMO) and the lowest unoccupied (LUMO) molecular orbital energies (Frontier 
molecular orbital energies), respectively. Whereas, the polarizability is defined according 
to the multivariable formula [29]. 

Polarizability = 0.08*V - 13.0353*h + 0.979920*h2 + 41.3791

where V and h are the Van der Waals volume and hardness, respectively.

Table 3. Some properties of the molecules considered.

Molecule Dipole 
moment

Eaq Solvation 
Energy 

Hardness Log 
P

Polarizability

Oxybiotin 7.60 -2103576.93 -82.06 307.525 -0.84 57.90

Biotin 7.35 -2951554.30 -82.46 266.41 -0.12 58.88

Point group of all is C1. Energies in kJ/mol. Dipole moments in debye units. 
Polarizabilities in 10-30 m3 units.

Log P values of oxybiotin and biotin are quite different from each other. Note that 
hydrophilic compounds (having low octanol/water partition coefficients) are found 
primarily in aqueous regions.

The chemical function descriptors (CFD) oxybiotin and biotin are shown in Figure 5. 

Figure 5. The chemical function descriptors (CFD) of oxybiotin and biotin (Green: HBA; 
Purplish: HBA, HBD and +ionizable; Bluish: Hydrophobe).
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In the figure different colors stand for different descriptors. Note that CFDs are attributes 
given to a molecule in order to characterize or anticipate its chemical behavior. Note that 
HBA and HBD mean hydrogen bond acceptors and donors, respectively. As seen in the 
figure, oxygen to sulfur perturbation in the structure of oxybiotin imports the property of 
hydrophobic character in the 5-membered ring of biotin (see Figure 5).

Table 4 shows some thermo chemical values of the molecules considered. As seen in 
the table, both of the molecules are characterized with exothermic heat of formation 
values and both have thermo chemically favorable Gibbs energy of formation values at 
the standard state.

Table 4. Some thermo chemical values of oxybiotin and biotin.

Molecule Hº Sº (J/molº) Gº

Oxybiotin -2102773.302 464.82 -2102911.89

Biotin -2950764.248 472.67 -2950905.16

Energies in kJ/mol.

Table 5 shows some energies of oxybiotin and biotin where E, ZPE and EC stand for 
the total electronic energy, zero point vibrational energy and the corrected total electronic 
energy, respectively. As the data reveal, both of the structures are electronically stable.

Table 5. Some energies of oxybiotin and biotin.

Molecule E ZPE EC

Oxybiotin -2103494.86 705.21 -2102789.65

Biotin -2951471.83 698.14 -2950773.69

Energies in kJ/mol.

Figure 6 shows some of the molecular orbital energy levels of the species considered. 
As seen in the figure, oxygen to sulfur replacement highly affects the distribution of 
molecular orbital energy levels. The centric perturbation also affects the energies of the 
molecular orbitals.
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Figure 6. Some of the molecular orbital energy levels of the species considered.

Table 6 tabulates the HOMO, LUMO energies and the interfrontier molecular orbital 
energy gap (Δε=εLUMO-εHOMO) values of oxybiotin and biotin. The data reveal that the 
perturbation is mainly effective on the HOMO energies and the energy of biotin has been 
raised up relative to oxybiotin whereas the LUMO energy has been lowered down 
somewhat.

Table 6. The HOMO, LUMO energies and Δε values of the species considered.

Molecule εHOMO εLUMO Δε

Oxybiotin -708.38 -93.33 615.05

Biotin -629.70 -96.88 532.82

Energies in kJ/mol.
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The oxygen atom being more electronegative than sulfur attracts electrons more 
strongly and should lower the molecular orbital energy levels but both the oxygen and 
sulfur atoms have lone-pair of electrons which might interfere with σ-orbitals to raise the 
molecular orbital energy levels. These effects should take place at unequal extents, in 
such a way that going from oxybiotin to biotin the HOMO energy level raises up but the 
LUMO decreases at unequal extents. Consequently, the order of interfrontier molecular 
orbital energy gap values (Δε) is biotin < oxybiotin. Thus, in the calculated spectra of the 
molecules, biotin exhibits some bathochromic effect compared to oxybiotin (see 
Figure 7). Figure 7 is the UV-VIS (time-dependent DFT) spectra of the molecules 
considered.

Figure 7. UV-VIS spectra of the species considered.

Figure 8 shows the HOMO and LUMO patterns of oxybiotin and biotin. In each case, 
the HOMO spreads over the ring atoms but in the case of biotin mainly the atomic 
orbitals of ring, containing the sulfur atom contribute in to the HOMO. In both of the 
structures the substituent atoms contribute almost nothing into the HOMO. Note that the 
electronic configurations of sulfur and oxygen atoms are different. Their valence shells 
originate from different period of the periodic table. Whereas in both cases the LUMO 
spreads over the side chain atoms only. No contribution comes from both of the ring 
atoms.
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Figure 8. The HOMO and LUMO patterns of oxybiotin and biotin.

Figure 9 shows the local ionization maps of the molecules considered where 
conventionally red/reddish regions (if any exists) on the density surface indicate areas 
from which electron removal is relatively easy, meaning that they are subject to 
electrophilic attack. The sulfur atom seems to be more favorable site in biotin than the 
oxygen atom in oxybiotin.

Figure 9. The local ionization maps of the molecules considered.

Figure 10 shows the LUMO maps of the species considered. Note that a LUMO map 
displays the absolute value of the LUMO on the electron density surface. The blue color 
(if any exists) stands for the maximum value of the LUMO and the red colored region, 
associates with the minimum value.
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Figure 10. The LUMO maps of the species considered.

The data presented by the figures suggest that in general these quite similar structures 
should not suffer much from oxygen to sulfur perturbation in terms of electrophilic and 
nucleophilic character.

4. Conclusion

 In the present computational study, within the restrictions of DFT study at the level 
of B3LYP/6-31++G(d,p), the perturbational effects arising from oxygen to sulfur 
replacement on oxybiotin to yield biotin structure have been investigated. It puts some 
light on how such a replacement in structure of oxybiotin affects some properties of it. 

 The results indicate that in the vacuum conditions, both oxybiotin and biotin are 
characterized with favorable Gibbs free energy of formation values and they are 
electronically stable. In the structures oxygen and sulfur atoms carry negative partial 
charges. Substituent also exerts some perturbational effect so that in each structure 
α-carbons to oxygen or sulfur atom possess positive and negative partial charges. One of 
the ring carbons at the point of attachment becomes partially negative but the other 
α-carbon acquires negative charge. In general bond lengths of biotin are longer than the 
respective ones of oxybiotin. The greatest perturbation (in absolute value) occurs in 
X-component of the dipole moment which apparently affects the direction of the dipole 
moment vector. The oxygen to sulfur replacement highly affects the distribution of 
molecular orbital energy levels as well as the energies of the molecular orbitals. Going 
from oxybiotin to biotin the HOMO energy level raises up but the LUMO decreases at 
unequal extents so that biotin exhibits some bathochromic effect compared to oxybiotin. 
Over all, oxygen to sulfur perturbation in the structure of oxybiotin imports some 
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hydrophobic character to the sulfur having ring of biotin. However, the perturbations 
should not cause oxybiotin to be significantly different from biotin. In fact oxybiotin has 
biotin like activity for many species.
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