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Abstract

In the present treatment, interaction of zinc cation with N-, O- or S-acetyl substituted amino-D-penicillamines are 
considered within the restrictions of density functional theory and the basis set employed (at the level of 
B3LYP/6-31++G(d,p)). N-acetyl-D-penicillamine has some medical use as a chelating agent for many metal 
poisoning cases such as mercury, copper (Wilson’s disease), etc. However, affinity of the aforementioned 
molecule depends on various factors, such as pH, and has some adverse side effects. On the other hand, zinc is 
very important metabolic functions in living bodies acting as cofactor in many enzyme systems. The collected 
data have revealed presently that the optimized structures of the composites 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 IR 
and UV-VIS spectra. The data also revealed that there exists a certain complex formation between the zinc cation 
and the substituted amino-D-penicillamines considered.

1. Introduction

Penicillamine is a potent chelating agent that binds to heavy metals—including copper, gold, mercury, and 
zinc—to increase their excretion, while zinc salts are used to induce metallothione in the gut to reduce copper 
absorption [1]. Bhushan and Kumar, worked on enantio-resolution of dl-penicillamine [2].

Domingo et al., examined in rats whether the combined use of D-penicillamine (DPA) and a zinc salt, or the 
administration of a DPA/Zn complex could have some advantages over the use of either single agent on the 
excretion of copper [3].

Chong and Auld investigated carboxypeptidase-A and the differences in the mechanisms of ester and 
peptide hydrolysis D-penicillamine (D-PEN) catalyzes zinc(II) transfer from carboxypeptidase-A to chelators 
such as thionein and EDTA at a rate constant up to 400-fold faster than the uncatalyzed release. Once D-PEN 
releases zinc(II) from enzyme stronger chelators can tightly bind zinc(II) leading to complete and essentially 
irreversible inhibition. D-PEN is the first drug to inhibit a zinc protease by catalyzing metal removal, and the 
name “catalytic chelation” is proposed for this mechanism [4].

 Tang et al., interested the comparison of the effectiveness and safety of D-penicillamine and zinc salt 
treatment for symptomatic Wilson disease. Their analysis suggests that symptomatic WD patients treated with 
D-penicillamine have higher incidence of adverse effects and neurological deterioration than that of zinc salts. 
The therapeutic effectiveness of these two regimens does not seem to be significantly different, and these results 
must be interpreted with caution [5]. Their analysis suggests that symptomatic WD patients treated with D-
penicillamine have higher incidence of adverse effects and neurological deterioration than that of zinc salts. The 
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therapeutic effectiveness of these two regimens does not seem to be significantly different, and these results 
must be interpreted with caution [4]. Penicillamine treatment may be associated with a wide spectrum of 
adverse effects [6].

Habib et al., interested penicillamine and nephrotic syndrome [7], Phelps et al., and Tandon et al., 
investigated D-Penicillamine effect on retinopathy [8,9]. Peters et al., investigated D-Penicillamine metabolism 
in neurodegenerative diseases [10]. In the last couple of decades numereous articles appeared in the literature, 
published on diverse fields of medicine [11-23].

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 [24-26]. 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) [27,28]. 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 [29]. The correlation 
term of B3LYP consists of the Vosko, Wilk, Nusair (VWN3) local correlation functional [30] and Lee, Yang, 
Parr (LYP) correlation correction functional [31]. 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 [32].

3. Results and Discussion

In the present treatment interaction of zinc dication with the perturbed N-acetyl amino-D-penicillamines are 
investigated at the molecular level. The parent structure, N-acetyl amino-D-penicillamine has been subjected to 
certain intra molecular perturbations by changing the position of the acetyl moiety from the amino site to OH 
oxygen of the acid (COOH) moiety and then sulfur (SH) sites. Presently, the resultant assembly of the zinc 
cation and the parent structure is called composite, although bond density maps revealed the occurrence of 
certain complexation.

Figure 1 shows the optimized structures as well as the directions of the dipole moments vectors of the 
composites presently considered.

                 

Figure 1. Optimized structures of the composites considered.

D1+Zn+2 D2+Zn+2 D3+Zn+2
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Table 1 lists some thermochemical properties of the composites considered. The data in the table reveal that 
the standard heat of formation (Hº) values of the composites are exothermic and they are favored according to 
their Gº (Gibbs free energy of formation) values. The algebraic order of Hº and Gº values is the same as 
D1+Zn+2< D3+Zn+2< D2+Zn+2, whereas the order of Sº values is D3+Zn+2 < D1+Zn+2< D2+Zn+2.

Table 1. Some thermo chemical properties of the composites considered.

Composite Hº Sº (J/molº) Gº

D1+Zn+2 -7171711.736 471.46 -7171852.307

D2+Zn+2 -7171585.606 483.56 -7171729.773

D3+Zn+2 -7171666.551 463.39 -7171804.732

Energies in kJ/mol.

Table 2 shows some energies of the composites considered. Note that E, ZPE and EC stand for the total 
electronic energy, zero point vibrational energy and the corrected total electronic energy, respectively [32]. The 
data in the table reveal that N-acetyl derivatives are electronically more stable than the O- and S-acetyl 
substituted forms (namely, N-> S-> O-).

Table 2. Some energies of the composites considered.

Composite E ZPE EC

D1+Zn+2 -7172215.38 532.53 -7171682.85

D2+Zn+2 -7172084.16 525.90 -7171558.26

D3+Zn+2 -7172175.69 538.90 -7171636.79

Energies in kJ/mol.

Figure 2 shows the electrostatic potential (ESP) charges on atoms of the composites. The ESP charges are 
obtained by the program which uses a numerical method that generates charges, thus reproducing the 
electrostatic potential field from the entire wavefunction [32]. As seen in the figure in all the cases, the charge 
of zinc component is no longer +2 but a partial charge less than 2 which indicates that some electron population 
has been transferred to zinc from the organic component. Thus, the organic component gets some over all 
positive charge (see Figure 3).

         
D1+Zn+2 D2+Zn+2
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Figure 2. The ESP charges on atoms of the composites.

Figure 3 shows the electrostatic potential maps of the composites. As seen in the figure the positive 
potential covers all over the systems. The map is the over all aspect of potential field of attractive and repulsive 
forces. The interaction energies (repulsive and attractive) have mainly contributions from charge-charge and 
orbital interactions [33]. 

Figure 3. Electrostatic potential maps of the composites.

Figure 4 displays the calculated IR spectra of the composites. In the case of D1+Zn+2 a strong stretching 
occurs at 3580 cm-1 which is assigned to O-H vibration. Another strong peak occurs at 1655 cm-1 which is the 
acid carbonyl stretch coupled with some bendings. Composite D2+Zn+2 has the symmetrical and asymmetrical 
N-H stretching vibrations at 3641 cm-1 and 3526 cm-1, respectively. The C-O-C bending happens at 1670 cm-1. 
The spectrum of D3+Zn+2 possesses very many strong peaks, these are 3711 cm-1 COO-H stretching; 3480 cm-1 

and 3312 cm-1 N-H (asym. and sym) stretchings; 2685 cm-1 CH2-H stretch; 1805 cm-1 S-CH3 bending and 1670 
cm-1 stands for C-COO-H bending. 

Figure 5 stands for the bond densities of the composites considered. The figure clearly indicates that in each 
case a complex formation occurs between the zinc cation and the organic component through the hetero atoms 
around the zinc cation. In the first two cases carbonyl oxygens (amido and ester groups) are involved whereas in 
D3+Zn+2 case the amino group and acid carbonyl oxygen atom take place. Organic component is acting as a 
bidentate ligand. Note that the maximum coordination number of zinc is four [34]. Note that in living systems 
zinc cation is mostly in the hydrated form and therefore to form a complex with penicillamine species there 
should exist competing equilibria [34].

D3+Zn+2
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Figure 4. Calculated IR spectra of the composites.

Figure 5. Bond densities of the composites considered.

D1+Zn+2

D2+Zn+2

D3+Zn+2
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Figure 6 presents the calculated bond lengths of the composites considered. Those distances between the 
zinc ion and the interacting sites of the organic components are 1.84 and 1.86 Å in D1+Zn+2, 1.918 Å and 1.922 
Å in D2+Zn+2 and in D3+Zn+2 case 1.988 and 1.034 Å.

 

Figure 6. The calculated bond lengths of the composites considered (hydrogens omitted).

Figure 7 shows some of the molecular orbital energy levels of the composites considered. Within the group 
of composites, D2+Zn+2 differs from the others having a very narrow interfrontier molecular orbital energy gap 
value Δε (Δε=εLUMO-εHOMO). In classical terms it possesses much greater extended conjugation compared to the 
others (See Table 3). The acetyl group on oxygen atom raises the HOMO but lowers the LUMO energy with 
respect to other composites which are isomers. The net result is a narrow molecular orbital energy level for 
D2+Zn+2 composite.

D1+Zn+2

D2+Zn+2

D3+Zn+2
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Figure 7. Some of the molecular orbital energy levels of the composites considered.

 Table 3 tabulates the HOMO, LUMO energies and Δε values of the composites. The algebraic orders of the 
HOMO and LUMO energies are D3+Zn+2< D1+Zn+2< D2+Zn+2 and D2+Zn+2< D3+Zn+2< D1+Zn+2, 
respectively. Note that these composites are structural isomers of each other. So, variations arise from the 
differences of σ- and π-topologies. The over all apparent outcome is that the acetyl moiety on the sulfur lowers 
the HOMO energy better than it is on the nitrogen or oxygen atom. 

Table 3. The HOMO, LUMO energies and Δε values of the composites.

Composite HOMO LUMO Δε

D1+Zn+2 -1326.11 -1189.86 136.24

D2+Zn+2 -1293.15 -1246.17 46.98

D3+Zn+2 -1396.10 -1221.61 174.49

Energies in kJ/mol.

 As for the LUMO energies, this time the acetyl group attached to oxygen atom lowers the LUMO energy 
more pronounced than it is on the sulfur or nitrogen atom. Consequently, Δε value follow the order of D3+Zn+2 
> D1+Zn+2> D2+Zn+2.

D1+Zn+2 D2+Zn+2 D3+Zn+2
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Figure 8 shows the HOMO and LUMO patterns of the composites. As seen from the figure, the zinc cation 
does not contribute to the HOMO except D2+Zn+2 case. The contribution of zinc, as expected, is very high as 
compared to other atomic orbitals. Note that the frontier molecular orbitals, HOMO and LUMO, play a crucial 
role in chemical reactions [33].

          

         

         

Figure 8. The HOMO and LUMO patterns of the composites.

HOMO

D1+Zn+2

LUMO

D2+Zn+2

D3+Zn+2
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Figure 9 displays the calculated UV-VIS (time dependent, TDDFT) spectra of the composites. In the case of 
N-acetyl substituted composite (D1+Zn+2) the spectrum spreads over the UV and VIS regions with a 
comparatively strong absorption peak with a strong shoulder. The peak in the visible region is also strong. 

When the acetyl group is attached to carboxyl OH moiety (D2+Zn+2 case) the whole spectra shows an 
effective bathochromic effect due to emergence of more extended conjugation which narrows the interfrontier 
molecular orbital gap. 

Figure 9. Calculated UV-VIS spectra of the composites.

The spectrum of D3+Zn+2, where the acetyl moiety is linked to sulfur, shrinks to almost completely to UV 
region (hypsochromic shift). Note that hypsochromic shift occurs due to structural modifications, such as 
reduced conjugation/size mismatch between the orbitals or decreased electron-donating group, or through 
environmental changes like changing solvent polarity [35]. A skirt of the peak of D3+Zn+2 appears in the visible 
region as a feeble shoulder. Note that intensities of the peaks are related to magnitudes of the transition 
moments between the orbitals involved which vary from structure to structure [35-37].

D1+Zn+2

D2+Zn+2

D3+Zn+2
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Figure 10 shows the LUMO maps of the composites 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. The zinc cation lies in the blue region of the maps. Thus, nucleophiles may 
attack to form various complexes of zinc depending on the competing equilibria between the ligands.

Figure 10. The LUMO maps of the composites.

4. Conclusion

The present DFT treatment, within the restrictions of density functional theory, at the level of B3LYP/6-
31++G(d,p) reveals that in vacuum conditions the zinc composites of isomeric N-, O- or S-acetyl substituted-D-
penicillamines have exothermic heat of formation values and favorable Gibbs free energy of formation values. 
All the composites considered are electronically stable. Some electron population is transferred from the 
organic component of the composites to the zinc cation so it possesses some partial charge less than the initial 
formal charge of two. Variation of the linkage position of the acetyl moiety, affects configurational and 
topological characteristics so that many quantum chemical properties of the composites are highly different 
from each other, especially the molecular orbital energy levels and the spectral properties. Depending on very 
many perturbing factors in the living environment the composites may exhibit some unexpected adverse effects.
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