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Abstract: One of the main problems in modern society is related to improper and insufficient nutrition, as a result of which various diseases 

develop, the treatment of which requires additional intake of vitamins in the form of nutritional supplements. Fat-soluble vitamins have 

important biological activities, but their application is limited due to their low solubility and stability. One way to improve their properties is 

to incorporate them into complexes with host molecules, such as cyclodextrins, the most commonly used host molecules in the 

pharmaceutical industry. The theoretical study presented here aims at delianating the interactions of vitamin K3 and its analog phthiocol 

with β-CD drug delivery system. To achieve this goal, 1:1 complexes of different forms of vitamin K with β-CD were modeled. The influence 

of various factors on the thermodynamics of interactions of the guest molecules with the macrocycle (host molecule) was evaluated. 
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1. Introduction

The importance of certain foods in maintaining health has been 

known since ancient times, long before vitamins were discovered. 

During the Age of Discovery on long voyages sailors stayed 

without access to fresh fruits and vegetables and suffered from a 

mysterious disease related to vitamin C deficiency. Thus, scientists 

discovered that food contains important compounds that can prevent 

or cure certain diseases. Such compounds are vitamins and 

minerals. They are micronutrients, natural food components, most 

of which cannot be synthesized in the human body. Vitamins are an 

important class of organic molecules that are essential for the 

normal functioning of life processes in living organisms. Because of 

their low solubility and stability, fat-soluble vitamins possessing 

beneficial biological activities have limited applications [1]. 

Formation of inclusion complexes with CD can increase solubility 

and bioavailability in aqueous media [2]. 

Cyclodextrins (CDs) are one of the most important host 

molecules in supramolecular chemistry. They have a cone-shaped 

structure with a hydrophobic cavity and a hydrophilic outer surface. 

Their cavity can be of different diameters, and the hydroxyl groups 

on the outer rims can be derivatized [2]. These features offer many 

possibilities for different applications [3]. Guest molecules of 

appropriate size can be incorporated into their cavity through 

various types of non-covalent interactions [4]. 

The primary hydroxyl groups of cyclodextrins are located at the 

narrow edge, and the secondary hydroxyl groups are located at the 

wide edge. These hydroxyl groups may form hydrogen bonds with 

water molecules and other polar molecules [5]. Although β-CD has 

the lowest water solubility of the cyclodextrins, it and its derivatives 

are the most commonly used host molecules to form host-guest 

complexes with drugs due to their size-appropriate internal cavity 

[6]. In order to improve the solubility of CDs, their hydroxyl groups 

can be chemically modified [2]. The binding strength of the guest-

CD complex is influenced by the chemical properties of the guest 

molecule, such as charge (neutral, cationic, anionic), the types of 

intermolecular interactions (H-bond, van der Waals, dipole-dipole), 

as well as the size/the shape of the guest molecule. The contribution 

of each of these factors to the complexation process varies 

depending on the class/type of guest molecules. 

Vitamin K exists in two natural forms, phylloquinone (K1) (in 

plants) and menaquinone (K2) (in gut bacteria and plants), with 

different numbers of isoprenoid units. In phylloquinone, the three 

isoprenoid units are hydrogenated. К3 (menadione, 2-methyl-1,4-

naphthoquinone) is a synthetic water-soluble derivative of vitamin 

K and does not contain an isoprenoid chain and is not recommended 

for clinical use [7]. It is capable of conversion to the active form 

(hydroquinone) and can be absorbed in the absence of bile acids, 

passing directly from the intestinal mucosal cells into the hepatic 

portal circulation [8]. In recent years, vitamin K3, (2-methyl-1,4-

naphthoquinone) has been used in combination with vitamin C in 

the treatment of prostate cancer [9]. Menadione is used as a source 

of vitamin K in the treatment of deficiency. It is a precursor of 

vitamin K2, which can be converted in the liver to active 

menaquinones by chemical alkylation reactions [10]. Phthiocol (2-

hydroxy-3-methyl-1,4-naphthoquinone) is a compound whose 

biological activity is similar to that of vitamin K [11]. It can be 

synthesized in the laboratory by epoxidation with hydrogen 

peroxide followed by hydrolysis of vitamin K3 [12]. 

2. Computational Methodology 

Theoretical calculations were performed using the software 

package for quantum chemical calculations Gaussian 09 [13]. The 

geometries of all studied molecules and complexes were optimized 

at M062X/6-31G(d,p) level. Frequency calculations for each 

optimized structure (molecule/complex) were performed at 

M062X/6-31G(d,p) level of theory. No imaginary frequency was 

found for the lowest energy configurations of any of the optimized 

entities. The effect of the increased sophistication of the employed 

basis set on the calculated energies was assessed by employing 

single point calculations (using the optimized M062X/6-31G(d,p) 

geometries) and the electronic energies Eel (in the gas phase and in 

water) at the higher M062X/6-31+G(d,p) level of theory were 

evaluated. The influence of the solvent on the thermodynamics of 

the investigated processes was evaluated using the SMD [14] 

method in solvent water (ε≈78). The differences ∆Eel, ∆Eth, and ∆S 

between products and reactants were used to calculate the Gibbs 

energy of complexation ∆G in the gas phase (denoted by superscript 

1) at room temperature (298.15 K and 1 atm pressure), according to 

the expressions: 

∆𝐻 = ∆𝐸𝑒𝑙 + ∆𝐸𝑡ℎ + 𝑃∆𝑉                            (1) 

∆𝐺1 =  ∆𝐻 − 𝑇∆𝑆                                   (2) 

In equation (1), ∆H is enthalpy, ∆Eel is electronic energy and 

∆Eth is thermal energy. All energies are in kcal mol-1. P∆V is a work 

term that takes into account the difference in the number of the 

moles of the reactant(s) and moles of the product(s) and its value 

equals “-0.59” for ∆n=1. The Gibbs energy in the gas phase, ∆G1, is 

calculated using equation (2). The free energy of complex formation 

in a medium characterized by a dielectric constant ε=78, ∆G78, is 

obtained by equation (3): 

∆𝐺78 = ∆𝐺1 + ∆𝐺𝑠𝑜𝑙𝑣
78  (𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠)  −  ∆𝐺𝑠𝑜𝑙𝑣

78  (𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠)  (3) 
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The change in Gibbs energy during a reaction provides useful 

information about the reaction's energetics and spontaneity: 

reactions with a negative ∆G release energy, which means that they 

can proceed without an energy input (are spontaneous or 

exergonic). 

3. Results and Discussion 
3.1. Host system - β-CD 

As mentioned, cyclodextrins CDs have a truncated cone shape. 

Figure 1 shows optimized at the M062X/6-31G(d,p) level geometry 

of the energetically preferred conformer of β-CD host. In this 

conformer, there are intramolecular hydrogen bonds on both rims. 

The narrow rim contains the primary 6-hydroxyl groups of the 

glucose molecules, while the wider ring is formed by the secondary 

2- and 3-hydroxyl groups. The mutual orientation of the hydroxyl 

groups on both rims is opposite. 

 

Fig. 1 Optimized structure of the energetically preferred conformer of β-CD 

host system. 

The complexes with the guest molecules were modeled by 

placing the optimized at the same theoretical level, M062X/6-

31G(d,p), guest molecule in the β-CD cavity. Two possible 

orientations of the guest molecules are considered, labeled (a) and 

(b). 

3.2. K3@β-CD complexes 

For vitamin K3, there are three considered forms – menadione, 

menadione bisulfite (anion) and menadione sodium bisulfite. Their 

optimized structures are shown in Figure 2. For the menadione 

bisulfite form (2-methylnaphthalene-1,4-dione), 2 enantiomers were 

considered – with R- and S-configuration. 

 

Fig. 2 M062X/6-31G(d,p) optimized geometries of three forms of vitamin K3 

– menadione (A), menadione bisulfite (B), and menadione sodium bisulfite 

(C). 

The metal cation (Na+) in menadione sodium bisulfite is located 

between the SO3-group and the more distant exocyclic O-atom (in 

position 4) – the ligand is tridentate. 

Figure 3 shows the optimized complexes of the different K3 

forms. At orientation (a) the complexes are modeled with the 

unsubstituted benzene ring inside the cavity of β-CD and closer to 

the narrow rim, while at orientation (b) closer to the narrow rim is 

the ring with the exocyclic C=O groups at positions 1 and 4. 

 

Fig. 3 M062X/6-31G(d,p) optimized geometries of inclusion complexes of 

different K3 forms– menadione, menadione bisulfite and menadione sodium 

bisulfite in β-CD.  

For the reactions to obtain K3@β-CD complexes (a) and (b), 

the values of ΔG1 are positive (Table 1). According to the data in 

Table 1, all ΔG1 values for the formation reactions of complexes K3 

bisulfite@β-CD and K3 sodium bisulfite@β-CD (a)/(b) are negative 

for the R- and S-enantiomers of the guest molecules. The 

interactions in water environment appear to be favorable 

(characterized by negative ΔG78 values) between K3 bisulfite (R), 

K3 sodium bisulfite (R and S) and β-CD. Orientation (a) of the 

guest molecules results in more stable complexes (except for K3 

busulfite (S)). In this orientation of the K3 guest molecule, one of 

the K3 C=O groups forms H-bond with OH-group from the β-CD 

wide rim. In the orientation (b) of the guest molecule the C=O 

groups are located far from the β-CD rims. 
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Table 1: Thermodynamic data (kcal mol-1) obtained for the complex 

formation reactions between vitamin K3 (different forms) and β-CD in gas 

phase (superscript 1) and in water environment (superscript 78). 

Complex ΔG1 ΔG78 

M062X/6-31+G**//M062X/6-31G** 

K3@β-CD (а) 6.2 -0.9 

K3@β-CD (b) 13.6 4.9 

K3 bisulfite (S)@β-CD (а) -5.9 3.5 

K3 bisulfite (S)@β-CD (b) -7.7 2.3 

K3 bisulfite (R)@β-CD (а) -16.4 -3.7 

K3 bisulfite (R)@β-CD (b) -6.8 -1.5 

K3 sodium bisulfite (S)@β-CD (а) -10.7 -9.2 

K3 sodium bisulfite (S)@β-CD (b) -3.7 -4.8 

K3 sodium bisulfite (R)@β-CD (а) -13.6 -12.6 

K3 sodium bisulfite (R)@β-CD (b) -7.7 -9.7 

 

Complexes (a) and (b) of menadione sodium bisulfite with β-

CD provide a comfortable position of sodium cation near the β-CD 

rims while maintaining interactions with the SO3 group of the guest 

molecule: the values of ΔG1 and ΔG78 are negative. It is known that 

the presence of a metal cation strongly favors the formation of 

complexes with β-CD [15]. 

3.3. Phthiocol@β-CD complexes 

Phthiocol (2-hydroxy-3-methyl-1,4-naphthoquinone, Phth) is an 

analog of menadione with similar biological activity. The presence 

of a hydroxyl group (at position 2) makes it possible for this 

compound to exist in three tautomer forms (Figure 4). Complexes 

with β-CD were modeled with tautomer 1, which is more stable 

than tautomer 2 by 15.2 kcal mol-1. Тautomer 3 is unstable and 

turns into tautomer 1. Analogous to the complexes with menadione, 

the corresponding complexes with Phth are labeled (a) and (b) 

depending on the orientation of the guest molecule. The ΔG1 values 

are positive and ΔG78 values - negative for Phth@β-CD (a) complex 

formation. The ΔG1 and ΔG78 values are positive for Phth@β-CD 

(b) complex formation. The formation of complex (a) is preferred. 

 

Fig. 4 M062X/6-31G(d,p) optimized geometries of phthiocol (Phth) 

inclusion complexes in β-CD. 

Table 2: Thermodynamic data (kcal mol-1) obtained for the complex 

formation reactions between phthiocol (Phth) and β-CD in gas phase 

(superscript 1) and in water environment (superscript 78). 

Complex ΔG1 ΔG78 

M062X/6-31+G**//M062X/6-31G** 

Phth@β-CD (а) 7.6 -0.4 

Phth@β-CD (b) 12.0 6.7 

 

The presence of a hydroxyl group enhances the ability of Phth 

to form complexes with β-CD, although the hydroxyl group does 

not participate in H-bonding with the cyclodextrin molecule in 

either orientation of the guest molecule. 

4. Conclusion  

Vitamin K family plays a central role in a number of 

biochemical processes that are fundamental to life. As such, it is 

important to solve one of the main problems with increasing the 

supply of vitamins in the human body, because the majority are not 

absorbed and are rejected by the body. CDs are suitable hosts for 

drug delivery because of their water solubility, low cost, and safety 

for human consumption. We have modelled a variety of host-guest 

complexes between CD molecules and different types of vitamin K. 

The calculated thermodynamic parameters showed spontaneous 

complex formation of menadione sodium bisulfite/β-CD complexes. 

The stability of the host-guest complexes depends substantially on 

the orientation of the incoming guest molecule.  
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