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Abstract

Presently, some penicilloic acid stereoisomers/tautomers and then their interactions with zinc cation have been 
investigated within the constraints of density functional theory (DFT) theory at the level of B3LYP/6-31++G(d,p). 
Various data have been collected. The optimized structures of them have exothermic heats of formation and 
favorable Gibbs free energy of formation values. They are thermally favored and electronically stable at the 
standard states. Various structural and quantum chemical data have been collected and discussed, including bond 
densities and time dependent density functional UV-VIS spectra.

1. Introduction

In 1929 Fleming discovered a strain of a mould which inhibits the growth of the staphylococcus [1]. 
However, the healing properties of green mould were known long before Fleming’s discovery to the Russian 
scientists, Manasein and Polotehnov [1].

All peniccilins share the basic structure of a thiazoldine ring (A) attached to a β-lactam ring (B) that carriers 
a secondary amine group. The structural integrity of 6-aminopenicillanic acid nucleus is essential to the 
biological activity of the molecules [2,3]. If the β-lactam ring is enzymatically cleaved, the resulting product 
penicilloic acid is devoid of antibacterial activity [2]. Later on, a group of researchers at Oxford University 
isolated a crude substance made up of a few low-molecular substances, which were penicillins (F, G, K, O, V, 
X). Penicillin G (benzylpenicillin), the most active of these, was suggested for clinical trials in 1941 [3].
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Penicillanic acid is the core, bicyclic ring structure, common to all penicillin antibiotics, consisting of a 
4-membered β-lactam ring fused with a 5-membered thiazolidine ring (the penam core).

Penicillanic acid and its derivatives are produced when reconstituted penicillins break down in solution 
from acidity or temperature elevation. Minor determinants of allergy are benzyl penicillin itself and sodium 
benzyl penicilloate, which can act either as sensitizing agents or on their own elicit an allergic reaction. Both 
major and minor determinants may be involved in anaphylactic reactions, as well as in urticarial reactions [2,3]. 

Since then various studies appeared in the literature [4-13] investigating the novel syntheses, reactions, 
properties and some theoretical aspects of penicillanic acid and its derivatives. 

In the present treatment, effect of zinc cation on some stereoisomers/tautomers of penicillanic acid has been 
considered.

2. Method of Calculations

In the present study, all the initial optimizations of the structures leading to energy minima have been 
achieved first by using MM2 method which is then followed by semi empirical PM3 self consistent fields 
molecular orbital method [14-16]. Afterwards, 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) [17,18]. Note 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 [19]. The correlation 
term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [20] and Lee, Yang, 
Parr (LYP) correlation correction functional [21]. In the present study, 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 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 geometry 
optimization process. All these computations were performed by using SPARTAN 06 program [22]. 

3. Results and Discussion

Presently, some tautomers of penicillanic acid (3,3-Dimethyl-7-oxo-4-thia-1-azabicyclo[3,2,0]heptane-2-
carboxylic acid) stereoisomers are considered [23]. The considered structures possess two chiral centers which 
occur at positions 2- and 5- of the skeleton and they are (2S,5R) and (2R,5R). Figure 1 displays numbering of 
the penicillanic acid skeleton considered and the kind of hetero atoms possessed. The optimized structures of 
them are depicted in Figure 2. The arrows stand for the direction of calculated dipole moment vectors which are 
the vectorial sum of the individual bond dipoles, thus location of the heteroatoms greatly affects both the 
magnitudes and the directions.

Figure 1. Numbering of the penicillanic acid skeleton considered.
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Figure 2. Optimized structures of the penicillanic acid species considered.

Some thermo chemical properties of the structures considered are listed in Table 1. The data presented in 
the table reveal that the standard thermo chemical formation data of all the species considered are exothermic 
(Hº values) and they are favored according to their Gº (Gibbs free energy of formation) values. The algebraic 
orders of Hº and Gº values are the same that is S2T2< S2T3< S1T1< S1T2.

Table 1. Some thermo chemical properties of the optimized structures of penicillanic acid 
species considered.

No. Species 
considered

Chiral 
centers

Hº Sº (J/molº) Gº

1 S1T1 (2S,5R) -2599070.992 424.79 -2599197.642

2 S1T2 (2S,5R) -2599046.325 426.68 -2599173.542

3 S2T2 (2R,5R) -2599076.028 424.82 -2599202.688

4 S2T3 (2R,5R) -2599075.581 424.50 -2599202.147

Energies in kJ/mol.

As seen in the table the associated chirality of S1T1 and S1T2 are the same (also S2T2 and S2T3 pair wise 
the same), but the difference is due to conformation of the acid group in space (see Figure 2).

Some energies of the structures considered are included in Table 2, where E, ZPE and EC stand for the total 
electronic energy, zero point vibrational energy and the corrected total electronic energy, respectively. 
According to the data, all the structures are electronically stable. The table indicates that order of the stabilities 
is S2T2> S2T3> S1T1> S1T2.
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Table 2. Some energies of the optimized structures of penicillanic acid species considered.

Species considered E ZPE EC

S1T1 -2599573.79 495.41 -2599078.38

S1T2 -2599548.86 494.79 -2599054.07

S2T2 -2599578.55 495.08 -2599083.47

S2T3 -2599578.79 495.80 -2599082.99

Energies in kJ/mol.

Figure 3 displays the ESP charges on the atoms of the structures considered. 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 [22]. All the structures possess partially negatively charged sulfur atom. The 
ESP charges on heteroatoms seem to be quite susceptible to structural variations and it might be related to their 
electronegativity differences arising from atomic and bonding variations they have in the structures. 

Figure 3. ESP charges on atoms of the penicillanic acid species considered.

Figure 4 shows the electrostatic potential maps of the penicillanic acid species (isomers/tautomers) 
considered. In the presence of zinc cation, all turn into dark blue that no shade differences are observable at all. 
Note that electro static potential is the energy of interaction of a positive charge with the nuclei and fixed 
electron distribution of a molecule [22]. In an electrostatic potential map negative potential regions reside on 
red/reddish and positive ones on blue/bluish parts of the maps.
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Figure 4. Electrostatic potential maps of the penicillanic acid species considered.

Figure 5 displays the local ionization potential maps of the penicillanic acid species considered. The local 
ionization potential maps of the species 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. Note that the local ionization potential map is a graph of the value of the local ionization 
potential on an isodensity surface corresponding to a van der Waals surface [22]. The existing colored patches 
are indicative of existence of rather rough potential surfaces. 

In the presence of zinc cation, all the local ionization potential maps of the penicillanic acid species turn 
into dark blue.
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Figure 5. Local ionization potential maps of the penicillanic acid species considered. 

Figure 6 shows some of the molecular orbital energy levels of the penicillanic acid structures considered. It 
is note worthy that the density of inner lying molecular orbitals are related to the thermal stability of a molecule.

       

Figure 6. Some of molecular orbital energy levels of the penicillanic acid species considered.

Table 3 includes the HOMO, LUMO energies and interfrontier molecular orbital (FMO) energy gap values, 
Δε (Δε = εLUMO-εHOMO) of the structures presented in Figure 2. The algebraic orders of the HOMO and LUMO 
energies are S1T1< S2T3< S2T2< S1T2 and S2T2< S2T3< S1T1< S1T2, respectively. Thus, the Δε values 

S1T1 S1T2 S2T2
S2T3
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follow the order of S1T1> S1T2> S2T3> S2T2. The structural changes greatly affect both the frontier molecular 
orbital energies.

Table 3. The HOMO, LUMO energies and Δε values of the optimized species 
considered.

Species 
considered

HOMO LUMO Δε

S1T1 -683.21 -113.17 570.04

S1T2 -671.91 -110.81 561.1

S2T2 -673.59 -115.52 558.07

S2T3 -673.93 -115.20 558.73

Energies in kJ/mol.

  Figure 7 shows the optimized structures of the penicillanic acid+ zinc species (Composites) considered.

Figure 7. Optimized structures of the penicillanic acid+ zinc species considered.

Table 4 tabulates some thermo chemical properties of the Zn(+2) containing structures (Composites) 
considered and displayed in Figure 7. The data presented in the Table 4 reveal that the standard thermo 
chemical formation data of all the species considered are exothermic (Hº values) and they are favored according 
to their Gº (Gibbs free energy of formation) values. The algebraic orders of Hº and Gº values are the same 
namely; S1T2+Zn+2< S2T2+Zn+2< S2T3+Zn+2< S1T1+Zn+2.



Lemi Türker

http://www.earthlinepublishers.com

482

Table 4. Some thermo chemical properties of the Zn(+2) containing structures 
considered.

No. Species 
considered

Chiral 
centers

Hº Sº (J/molº) Gº

1' S1T1+Zn+2 (2S,5R) -7268447.328 458.45 -7268584.040

2' S1T2+Zn+2 (2R,5R) -7268537.148 451.20 -7268671.680

3' S2T2+Zn+2 (2R,5R) -7268460.167 456.51 -7268596.301

4' S2T3+Zn+2 (2R,5R) -7268459.983 455.26 -7268595.723

Energies in kJ/mol.

 Table 5 list some energies of the Zn(+2) containing structures considered. The stability order appears to be 
S1T2+Zn+2> S2T2+Zn+2> S2T3+Zn+2> S1T1+Zn+2.

Table 5. Some energies of the Zn(+2) containing structures considered.

Species 
considered

Chiral centers E ZPE EC

S1T1+Zn+2 (2S,5R) -7268911.04 495.68 -7268415.36

S1T2+Zn+2 (2R,5R) -7269003.15 498.56 -7268504.59

S2T2+Zn+2 (2R,5R) -7268925.95 498.10 -7268427.85

S2T3+Zn+2 (2R,5R) -7268926.13 498.57 -7268427.56

Energies in kJ/mol.

 Figure 8 displays the ESP charges on atoms of the penicillanic acid+ zinc species considered. In these 
composite structures it is note worthy that the zinc cation is no longer possesses the initial charge of +2 but 
always has a partial positive charge less than that which is indicative of some of electron transfer from organic 
moiety to the zinc cation.
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Figure 8. The ESP charges on atoms of the penicillanic acid+ zinc species considered.

Figure 9 shows some of molecular orbital energy levels of the penicillanic acid+ zinc species considered. 
Table 6 contains the HOMO, LUMO energies and Δε (Δε = εLUMO-εHOMO) values of the optimized species 
considered.

              

Figure 9. Some of molecular orbital energy levels of the penicillanic acid+ zinc species considered.

S1T1+Zn+2 S1T2+Zn+2 S2T2+Zn+2 S2T3+Zn+2
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Table 6. The HOMO, LUMO energies and Δε values of the optimized 
species considered.

No. Species HOMO LUMO Δε

1 S1T1 -683.21 -113.17 -570.04

1' S1T1+Zn+2 -1338.95 -1260.70 -78.25

2 S1T2 -671.91 -110.81 -561.10

2' S1T2+Zn+2 -1322.92 -1192.78 -130.14

3 S2T2 -673.59 -115.52 -558.07

3' S2T2+Zn+2 -1321.20 -1274.38 -46.82

4 S2T3 -673.93 -115.20 -558.73

4' S2T3+Zn+2 -1320.61 -1274.88 -45.73

Energies in kJ/mol.

The algebraic orders of the HOMO and LUMO energies of the zinc composites are 1'<2'<3'<4' and 
4'<3'<1'<2', respectively. Consequently, the order of Δε values happens as 2'<1'<3'<4'. The cation substantially 
lowers both the HOMO and LUMO energies as compared to the respective energies of the parent compounds. 
The frontier molecular orbital energy gap values (Δε values) are lowered substantially too.

The bond density maps of the penicillanic acid+ zinc species considered are displayed in Figure 10. The 
bond density contains fewer electrons in total and demarks atomic connectivity. Figure 10 reveals that in all the 
cases there exists an interaction between the organic moiety (penicillanic acid) and the zinc cation in different 
degrees The interaction is at the site of C=O, moiety and acid COH part in S1T1+Zn+2; C=O groups in 
S1T2+Zn+2 and between the acid COH part and zinc cation in S2T2+Zn+2 and S2T3+Zn+2 composites. Note 
that in the composites considered the zinc cation possesses less positive partial charge than the initial charge of 
the zinc cation. For the charges of penicillanic acid species and their respective composites see Figures 3 and 8.

Figure 10. Bond density maps of the penicillanic acid+ zinc species considered.
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The UV-VIS spectrums of penicillanic acid species (stereo isomers/tautomers) are confined in to UV region 
of the spectrum. However, their zinc composites of the present concern have the spectra presented in Figure 11. 
The spectra of them spreads over UV-VIS region. S1T2+Zn+2 spectrum exhibits some hypsochromic shift 
compared to S1T1+Zn+2 case whereas S2T2+Zn+2 and S2T3+Zn+2 cases have some bathochromic shift as 
compared to S1T1+Zn+2 and S1T2+Zn+2 spectrums. Note that S1T2+Zn+2 spectra has some shoulders which 
are not well appeared. The zinc cation, hydrogen bonding tendency as well as stereo isomeric differences 
between those isomers affect the electron distribution of conjugative paths responsible for the spectra are to be 
blamed for the observed changes of the calculated spectra. 

It is to be said that the calculated intensities of the peaks are related to magnitudes of the transition moments 
between the orbitals involved which vary from isomer to isomer [24,25].

Figure 11. UV-VIS spectrums of the penicillanic acid+ zinc species considered.

S1T1+Zn+2

S1T2+Zn+2

S2T2+Zn+2

S2T3+Zn+2
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Table 7 lists the λmax values and intensities of the peaks of spectrums of the species of interest.

Table 7. The λmax (nm) values and intensities of the peaks of the spectrums of species of interest

Species λmax (nm)

S1T1+Zn+2 367.87 (0.005), 400.35 (0.011), 400.24 (0.015), 510.74 (0.009)

S1T2+Zn+2 398.59 (0.002), 421.95 (0.003), 591.77 (0.003)

S2T2+Zn+2 392.96 (0.002), 405.62 (0.007), 507.24 (0.066), 581.61 (0.018)

S2T3+Zn+2 396.33 (0.033), 405.39 (0.006), 510.99 (0.064), 585.17 (0.015)

Intensities are in parenthesis

 The effect of the zinc cation on LUMO maps of the penicillanic acid species is seen clearly by comparing 
the respective Figures 12 and 13. 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. It is to be noted that the LUMO and NEXTLUMO (LUMO+1) are 
the major orbitals directing the molecule towards the attack of nucleophiles [22,26]. Positions where the 
greatest LUMO coefficient exists is the most vulnerable site in nucleophilic reactions. Note that the presence of 
the zinc cation veils all the shade differences of the LUMO maps of the penicillanic acid species by covering 
them in dark color.

Figure 12. The LUMO maps of the penicillanic acid species considered.
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Figure 13. The LUMO maps of the penicillanic acid+Zn+2 species considered.

Table 8 shows some properties of the species concerned. The data in the table shows that the cation 
drastically increases the dipole moment values although its effect on the polarizability values is minute. Note 
that the polarizability values of the zinc composites are almost constant (like log P values). Their Cv values also 
vary in a small range. The presence of the cation buffers variation of all those properties.

Table 8. Some properties of the species concerned.

No. Species Eaq (kJ/mol) Dipole 
(debye)

Polarizability Log P Cv (J/molº)

1 S1T1 -2599609.04 5.02 54.99 0.10 150.63

1' S1T1+Zn+2 - 17.19 56.76 - 163.92

2 S1T2 -2599609.03 4.11 55.06 0.10 151.15

2' S1T2+Zn+2 - 17.19 56.76 - 163.92

3 S2T2 -2599725.63 5.16 54.93 0.10 149.07

3' S2T2+Zn+2 - 15.46 56.75 - 162.14

4 S2T3 -2599726.07 5.16 54.93 0.10 148.81

4' S2T3+Zn+2 - 15.59 56.75 - 161.96

Polarizabilities in 10-30 m3 units.
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4. Conclusion

The present study considers interaction of penicillanic acid and zinc cation and leading to penicillanic acid 
+Zn+2 composite and has been subjected to DFT treatment at the level of B3LYP/6-31++G(d,p). The species of 
interest have exothermic heats of formation and favorable Gibbs free energy of formation values and are 
thermally favored and electronically stable at the standard states.

The bond density maps reveal that in all the cases, there exists an interaction between the organic moiety 
(penicillanic acid) and the zinc cation in different degrees. In all the composites the zinc cation possesses less 
positive partial charge than the initial charge of the zinc cation which is indicative of some of electron transfer 
from the organic moiety to the zinc cation has occurred.

Most of the properties of penicillanic acid stereoisomers/tautomers which are presently considered, 
including molecular orbital energies and UV-VIS spectrums are affected by the zinc cation. Both the HOMO 
and LUMO energies are lowered as compared to the respective energies of the parent compounds. The frontier 
molecular orbital energy gap values (Δε values) are lowered substantially too.
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