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Abstract 

In this study, we present a systematic computational investigation on the electronic properties 

of cisplatin (cis-[Pt(Cl)2(NH3)2] (CP) and complex [Pt(Cl)2L] (1) (L= rubeanic acid) 

employing all-electron density functional theory. In detail, we analyzed essential molecular 

properties such as geometrical parameters, ionization energies, electron affinity, highest 

occupied molecular orbital, and lowest unoccupied molecular orbital energies. Concerning 

CP, molecule 1 exhibited improved lipophilicity and a pronounced electrophilic property. 

Furthermore, to investigate and compare the DNA binding capability between CP and 

molecule 1, we extended the investigation to the guanine and adenine derived complexes, 

respectively. Complexes of molecule 1 with the adenine and guanine bases followed a similar 

trend of stability found for CP systems, with the highest affinity found for guanine 

complexes. Altogether, molecule 1 displayed promising physicochemical and druglikeness 

features to serve as a starting point for developing a drug-like enough that could be 

therapeutically useful.  
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1 INTRODUCTION 

Cisplatin (CP), along with other Pt(II)-based complexes, is one of the most widely prescribed 

drugs for treating patients with cancer [1]. Unfortunately, in addition to its antineoplastic 

activity against several tumors, CP presents also significant side effects among which 

gastrointestinal symptoms, nephrotoxicity, neuropathy, ototoxicity, and myelosuppression [2, 

3]. Moreover, its effectiveness as an anticancer drug can also be reduced because of the 

occurrence of cross-resistance to the treatment [4]. 

Some of the CP side-effects, such as nephrotoxicity, have been suggested to be related to the 

interaction of Pt(II) ion with sulfur-containing enzymes[5, 6]. Furthermore, some of the 

mechanisms proposed to explain CP inactivation are also related to interaction with protein 

and nonprotein containing thiols [7, 8]. Taking into account the hard and soft acids and bases 

(HASB) theory [9], the affinity between Pt(II) sulfur bearing ligands can be explained 

considering their common soft feature. Moreover, the  back-bonding donation from the 

metal center to empty orbitals at the sulfur atoms ( acceptors) may make more stable the S-

Pt interaction. Also, atoms with  acceptor property bound directly to the metal center should 

make less favorable the further formation of bonds between Pt and other atoms with the same 

capability, and therefore may reduce the interaction of the drug with sulfur-containing 

proteins.   

With an aim to tackle the above problems, molecules containing thiol or thiocarbonyl groups 

have been studied as chemoprotective drugs [6, 10-13]. More recently, several Pt complexes 

of chelating ligands with sulfurs as donor atom, which have been suggested to be able to 

shield the metal center from interactions with sulfur-containing enzymes, have been proposed 
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as anticancer drugs [5, 14]. In particular, dithiocarbamate molecules are effective at reducing 

the toxicity of CP when administered as antidote[14]. Moreover, Pt(II) complexes with 

dithiocarbamate as ligand display not only good antineoplastic activity but also lower toxicity 

compared to CP [5, 14]. 

In the early seventies, Cleare and Hoeschele proposed a structural-anticancer activity 

relationship for platinum (Pt) complexes with general formula PtL2X2 [15]. In particular, they 

suggested that a Pt(II) or Pt(IV) compound to be active as anti-tumor drug must have: i) 

neutral charge; ii) not strongly bound leaving groups in cis positions; iii) at least one 

hydrogen atom bound to aminic nitrogen. However, in the nineties [16], it has been 

demonstrated that neutral charge of the complex is not an indispensable feature for anti-

cancer activity. Thus, considering these structural features, it motivated us to investigate the 

Pt(II) dichloro-complex with the rubeanic acid (RA) as a non-leaving ligand (see chart 1) as a 

model system suitable for designing prospective anticancer drugs with an improved uptake 

and lower toxicity. 

This complex presents indeed, all the requirements listed above for an anti-cancer Pt drug. 

Moreover, the chelating capability of the non-leaving group increases the stability of the 

compound [5]. Besides, the presence of sulfur atoms directly bound to the Pt ion could reduce 

the drug affinity to cysteine or other sulfur-containing proteins, potentially decreasing the 

toxicity and increasing the activity of the complex, as mentioned above. 

Several computational studies have provided useful insights into the structure of cisplatin, its 

hydrolysis and comparison of its binding to the purine bases [17-21]. In this paper, we present 

a detailed computational investigation employing density functional theory (DFT) [22] for 

compound 1 and compare its molecular properties with CP complex. Furthermore, to study 

the capability of compound 1 to form a chemical bond with the nucleobases of DNA, 
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complexes derived from 1 with guanine and adenine have been considered along with the 

corresponding compounds from CP.  

 

 

 

Chart 1. Molecules under investigation (see text). 

 

2. COMPUTATIONAL METHODS 

The molecules under investigation were drawn using Marvin[23]. Two-dimensional structures 

were then converted to three-dimensional structures using open babel software[24]. The 

ground-state geometry of all seven molecules depicted in chart 1 has been optimized by DFT 

methods[22] at B3LYP [25, 26] level of theory, using both Gaussian 09 [27] and NWChem 

[28] programs. Basis sets 6-31G* and 6-311+G(d,p) were used for atoms C, H, O, N, S, Cl, 

and  LANL2DZ ECP basis set [29] on Pt. 

 Cisplatin 1 

2 3 

Rubeanic acid 

4 5 
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No significant differences in the geometry of the molecules were observed between the two 

basis sets and the two methods. On the derived geometry optimized structures, quantum 

chemical parameters such as the lowest unoccupied molecular orbital (ELUMO) and the highest 

occupied molecular orbital (EHOMO) were then obtained from the optimized structures. The 

energy difference between EHOMO and ELUMO were then used to calculate electronic chemical 

potential (μ) and chemical hardness (η) as follows: 

  
           

 
    (1) 

  
           

 
    (2) 

The difference in the total energy between the neutral and the anion radical in the optimized 

geometry of the neutral form was calculated to obtain the vertical electron affinity (EAV). 

While the difference in the total energy between the cation radical and the neutral molecule in 

the optimized geometry of the neutral molecule were used to calculate vertical ionization 

energy (IEV)[30].  The fundamental gap (EGAP) was calculated as defined in the ΔSCF 

scheme [31-34] as:  

EGAP = IEV – EAV     (3) 

In order to evaluate the effect of the solvent on the molecular properties, the Polarizable 

Continuum Model (PCM) was employed to optimize the ground state geometry of molecules 

RA, 1, 3 and 5 in a water simulated electric field. Both 6-31G* and 6-311+G(d,p) were used 

as basis set for atoms C, H, O, N, S, Cl, whereas LANL2DZ ECP basis set was employed for 

the Pt(II) ion.  

 

     

3. RESULTS AND DISCUSSION 

3.1 Physicochemical and biological properties 



 7 

Physicochemical and biological properties for the molecules (Table 1), which are considered 

necessary in modern computer-aided drug design (CADD)[35, 36] were analyzed using 

SwissADME web tool [37]. Lipophilicity is considered as an essential element in drug design 

[38], which has been recognized to influence cellular drug uptake [39, 40]. While the 

flexibility of a molecule can be related to the number of rotatable bonds, the higher the 

number more flexible is the molecule. 

 

Table 1. Evaluated physicochemical properties.   

Properties CP RA 1 2 3 4 5 

Num.  Atoms 11 10 13 26 28 25 27 

Molecular Weight 

(g/mol) 

300.05 120.20 386.18 415.72 501.85 399.72 485.85 

Molecular Refractivity 21.16 32.72 44.43 54.22 77.49 51.40 74.67 

Num. H-bond acceptor 4 0 0 2 2 2 2 

Num. H-bond donor 2 2 2 4 5 4 4 

Num. Rotatable bonds 0 1 0 1 1 1 1 

Polar surface area (Å
2
) 6.48 116.22 116.22 98.97 208.71 79.00 188.74 

Lipophilicity index 

(LogP) 

-2.21* -0.44 0.94 0.57 -0.52 1.28 0.19 

Water solubility Soluble Moderate 

Soluble 

Soluble Soluble Moderate 

Soluble 

Soluble Soluble 

Druglikeness  Yes Yes Yes Yes Yes Yes Yes 

*from ref. [41] 

 

Together with five new compounds, for completeness, we also report the physicochemical 

properties of CP (commonly used chemotherapy drugs) and RA (used as chelating and 

thiolating agent). 

Among the five new compounds considered, molecule 1 possess the lowest number of atoms 

and 3 the highest number of atoms. Molecule 1 is a Pt complex formed with RA as a non-
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leaving group and a similar leaving group as CP. Molecule 2 and 4 are Pt(II) –DNA 

compounds with NH3 as a non-leaving group, while in 3 and 5 the non-leaving group in RA. 

Molecule 3 has the highest molecular weight and molecular refractivity. Among the five 

compounds, the Pt(II)–DNA compounds (2, 3, 4 and 5) possess two H-bond acceptor atoms 

each, while absent in 1. Molecules 2, 4 and 5 share a similar H-bond donating capability, 

while 3 has the highest H-bond donating capability and 1 the lowest. The Pt(II)-DNA 

compounds (2, 3, 4 and 5) displayed similar molecular flexibility reflected from the same 

number of rotatable bonds, while 1 displayed the lowest flexibility. Polar surface area (PSA) 

is an essential chemical descriptor that has been shown to correlate well with passive 

molecular transport properties of molecules through membranes [42]. In a previous study [43] 

authors examined a set of 1100 drug candidates and used the metabolism data collected from 

rats to understand the correlation between the bioavailability of a compound and 

physicochemical properties. Notably, the same authors established that compounds with less 

than 10 rotatable bonds together with a polar surface area <140 Å
2
 emerged as candidates 

with good oral bioavailability. Among the five compounds in the present study, the number of 

rotatable bonds and the PSA value of molecules 1, 2, and 4 lies within the acceptable range of 

good orally bioavailable candidates. The most lipophilic compound is 4, and the sequence 

order among the compounds is as follows 4 > 1 > 2 > 5 > 3. A recent breakdown in new drug 

development has been attributed to poor water solubility, thus suggesting its essential role in 

the development of a candidate drug molecule [44]. In general, the five compounds 

investigated here displayed moderate to good water solubility characteristics [45]. The 

druglikeness, which is a qualitative concept in drug design, was examined for the molecules 

using the Lipinski’s rule of five [46]. All the compounds displayed druglikeness 
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characteristics, with an only exception being molecule 3 that displayed one violation (MW 

>500 g/mol, Table 1).  

 

Fig. 1 Optimized geometry of the investigated molecules obtained using the DFT method at B3LYP/6-

31+G* level of theory. Dashed lines represent distances shorter than the sum of the Van der Waal 

radii.  

 

3.2 Optimized geometry, frontier orbitals, and electrostatic potentials  

 All the complexes (Fig. 1) present the four donor atoms and the metal center lying on the 

same plane in a square planar coordination geometry, with maximum displacements from the 

plane ranging from 0 (CP and RA) to 0.061 Å for 5 (Fig.s S1-S3). The distances Pt-Nbase 



 10 

(Tables 2, S4 and S5) calculated for complexes 2 and 3 are quite similar (2.058 and 2.069 Å 

respectively) suggesting similar interactions between the metal center and the nucleobase in 

the two complexes. Analogous thought can be done for the compounds with the adenine (4 

and 5; see Tables 2, S6 and S7). No significant differences have been observed between the 

inter-atomic distances calculated with the basis sets 6-31G* and 6-311+G(d,p) as well as 

between those predicted in gas-phase and water (see Tables S2, S3, S5 and S7). 

 

Table 2. Key inter-atomic distances and binding energy of molecules under investigation.  

 

The binding energy estimation [48] for molecules 2–5 was performed by subtracting the sum 

of the individual energy  of the fragments from that of the corresponding complex, employing 

DFT calculations (in Table 2), which indicated complex 2 to be much favored over complex 3 

by ca. 19 kcal/mol, while compound 4 to be much preferred over complex 5 by ca. 13 

kcal/mol. Thus, suggesting CP to form more stable complexes than those built with molecule 

1. Intramolecular contacts shorter than the sum of van der Waals radii, involving the 

nucleobase and another ligand, are predicted for compounds 2-5 (see Fig. 1 and Table S8). 

 

Compound 

Pt-Cl 

(Å) 

Pt-N 

(Å) 

Pt-S 

(Å) 

Pt-Nbase 

(Å) 

C-S 

(Å) 

C-C 

(Å) 

C-N 

(Å) 

Binding 

energy 

(kca/mol) 

CP 2.348 2.115 – – – – – – 

RA – – – – 1.672 1.534 1.332 – 

1 2.342 – 2.324 – 1.686 1.462 1.366 – 

2 2.354 
2.089

a
/ 

2.108 

– 2.058 – – – 79.25 

(80.45)
b
 

3 2.350 – 
2.328

a
/ 

2.347 

2.069 1.679
a
/ 

1.687 

1.481 1.354
a
/ 

1.344 

60.41 

4 2.322 
2.095

a
/ 

2.127 

– 2.049 – – – 64.02 

(65.51)
b
 

5 2.346 – 
2.335

a
/ 

2.350 

2.060 1.687
a
/ 

1.687 

1.487 1.343 50.83 

a due to lack of molecular symmetry two bond distances are present. b from ref. [47] 
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These contacts were estimated using both NWCHEM [28] and Gaussian09 [27] programs, 

and we found a maximum variation of 3% between them. These interactions could play an 

essential role in stabilizing the drug-DNA compound [47]. In particular, two short 

intramolecular contacts are present in molecule 2 (Cl∙∙∙H25 and O∙∙∙H17) and one each in 

molecules 3 (S∙∙∙H25), 4 (N10∙∙∙H16) and 5 (Cl∙∙∙H26). Also, the calculated bond distances for 

all the compounds (Table 3) were found to agree with other previously reported experimental 

and theoretical studies on similar compounds [49-55]. 

 

Table 3. Comparison of inter-atomic distances between the investigated molecules and 

similar compounds reported in the literature (calculated and experimental values). 

 

Compound 
Pt-NNH3 

(Å) 

Pt-Nguanine 

(Å) 

Pt-Nadenine 

(Å) 

OG...HNH2
1
 

(Å) 

NA...HNH2
1
 

(Å) 

CP* 2.115 – – – – 

2* 
2.089

2
/ 

2.108 

2.058 – 1.77 – 

4* 
2.095

2
/ 

2.127 

– 2.049 – 2.08 

[cis-Pt(NH3)2GA]
2+

 (HH)
3
 

[53] 

2.089/ 

2.095 

2.041 2.044 2.01 2.09 

[cis-Pt(NH3)2GA]
2+

 (HT)
3
 

[53] 

2.087/ 

2.076 

2.058 2.053 1.77 2.06 

[cis-Pt(NH3)2G2]
2+

 (HH)
3
 

[53] 
2.074 

2.065/ 2.065 – 
1.84 

– 

[cis-Pt(NH3)2G2]
2+

 (HT)
3
 

[53]  
2.073 

2.061/ 2.061 – 
1.80 

– 

[cis-Pt(NH3)2GA](NO3)2 (HH)
3
 

[54] 

2.033/ 

2.032 

2.006 2.036 
– 

– 

[cis-Pt(NH3)2G2]SO4 (HH)
3
 

[55] 

1.970/ 

2.047 

1.962/ 2.010 – 
– 

– 

[cis-Pt(NH3)2G2][Pt(CN)4] (HH)
3
 

[55] 

2.046/ 

2.044 

2.022/ 2.002 – 
– 

– 

1 H-bond;  2 due to lack of molecular symmetry two bond distances are present.
3 

G = guanine; A = adenine; HH =  head-to-head;  
HT= head-to-tail (mutual orientation of the bases).* This work. 
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The frontier orbitals (FOs) are depicted in Fig. 2. As one can see in CP, the highest occupied 

molecular orbital (HOMO) is a -antibonding out-of-plane combination of d-metal orbitals 

and p-orbitals of chloride ligands. The lowest unoccupied molecular orbital (LUMO) is 

formed by * interactions involving the Pt dx2-y2 orbital and the ligands orbitals. In the case of 

complex 1, the HOMO has a shape like that of CP, whereas the LUMO is mainly due to a 

combination of Pt d orbitals and the LUMO of RA. As far as the compounds 2-5 are 

concerned, the LUMOs are mainly composed by the corresponding MO of CP (2 and 4) or 1 

(3 and 5) while the HOMOs, for the most part, are formed by the orbitals of the nucleobases, 

except in the case of complex 4 which shows a HOMO composed by an  combination of a 

d metal and the pz chlorine ligand orbitals. In the case of compound 4, the MO corresponding 

to the HOMOs of molecules 2, 3, and 5 is the HOMO-1 (see Figure S4). 
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Fig. 2. Frontier molecular orbitals calculated by DFT at B3LYP/6-31+G* level of theory 

(contour plot 0.04).  

 

 

Electron densities mapped with the electrostatic potential (EP) of the investigated compounds 

are shown in Fig.s 3 and 4. As expected, considering the electron-withdrawing capabilities, 

negative EPs are predicted on chloride ligands complex for CP and 1 complexes, whereas the 

hydrogen atoms present the most positive values. The positive charge in the complexes 2-5 

affects the overall potential distribution, and as expected, no region with negative EPs was 

predicted for these compounds. The less positive EPs in these molecular ions are localized on 

chlorine, oxygen, and some nitrogen atoms: 1N in guanine, while 1N and 3N in adenine 
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containing complexes (Fig. 1), respectively. Moreover, these findings are also in agreement 

with the observed intramolecular interactions, as discussed above. 

 

 

Fig. 3. Electrostatic potentials mapped on electron density isosurfaces for CP, RA, and 1 calculated by 

DFT (contour plot 0.0002). The colors are assigned following the EP at the point on the isosurface. 

 

 

 

 

Fig. 4. Electrostatic potentials mapped on electron density isosurfaces for complexes 2-5 calculated by 

DFT (contour plot 0.0002). The colors are assigned following the EP at the point on the isosurface. 
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3.3 Electronic and molecular properties 

The calculated electronic properties of the molecules are reported in Table 4. 

 

Table 4.  Electronic and molecular properties of the molecules investigated in this study. The 

values reported are in electron volt (eV). 

 

 

The electron accepting and donating capability of the molecules can be described as LUMO 

and HOMO, respectively. Molecule 1 displayed a lower value of ELUMO compared to CP, thus 

a better electron-accepting ability. Among the Pt(II)-DNA complexes, molecule 5 showed the 

lowest ELUMO -7.55 eV, while 2 the highest. Concerning HOMO, molecule 1 displayed the 

highest EHOMO of -6.34 eV, which is not very different from that of CP (-6.13 eV). Thus, 

indicating both to exhibit better electron-donating ability. While, among the Pt(II)-DNA 

compounds, 4 displayed the lowest EHOMO value. The difference in separation energy (ELUMO-

EHOMO) contributes to the reactivity of chemical species. Lower the value of separation 

energy, higher is the reactivity to a chemical species. Molecule 1 displayed a much lower 

value of ELUMO-EHOMO energy compared to CP, thereby suggesting higher reactivity. Among 

the Pt(II)-DNA compounds, 5 exhibited the lowest value of separation energy, while 4 the 

 B3LYP/6-31+G* [eV] 

CP RA 1 2 3 4 5 

ELUMO -1.60 -2.64 -4.41 -4.54 -6.92 -5.11 -7.55 

EHOMO -6.13 -6.10 -6.34 -9.41 -8.96 10.04 -9.13 

ELUMO–

EHOMO 

4.53 3.46 1.93 4.82 2.04 4.93 1.58 

η 2.26 1.73 0.96 2.41 1.02 2.46 0.79 

μ -3.86 -4.37 -5.38 -7.00 -7.94 -7.58 -8.34 

IEV     8.33 8.26 9.80 11.06 10.51 11.78 10.82 

EAV   -0.84 0.60 2.68 2.91 5.25 3.39 5.87 
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highest. Thus, the presence of RA non-leaving group in Pt(II)-DNA complexes resulted in a 

lower value the separation energy than CP.  

A far as the effects of the solvent are concerned (Tables S9 and S10), one can observe that, as 

expected, the effect of the water is more pronounced for the molecules charged (3 and 5) 

which show enhancements of the FOs energy ranging between 2.55 and 3.54 eV.  Moreover, 

for both gas-phase and water, no significant differences have been found comparing the 

values calculated with the basis sets 6-31G* and 6-311+G(d,p) (Tables S10 and S11). As a 

general trend one can observe that the energies of the FOs are slightly more stable (< 0.32 eV) 

in the case of second one, whereas HOMO-LUMO gaps and dipole moments are almost 

unchanged.  

Further, the electronic chemical potential (μ, equation 1 in methods) can be explained as the 

ability of an atom in a given molecule to attract electrons and hence to work as an 

electrophile. In general, Pt(II)–DNA compounds displayed better ability to act as an 

electrophile, in agreement with the positive charge, with molecule 5 shown the lowest value 

of 8.34 eV (Table 4). It is interesting to note that molecule 1 displayed a better capacity to 

act as an electrophile than CP. 

Chemical hardness (η) has been estimated from the ELUMO – EHOMO separation energy 

(equation 2 in methods), which provides information on the stability of a molecule under 

small perturbations of a chemical reaction. Among the five molecules, 2 and 4 can be 

characterized as hard molecules as they have large ELUMO - EHOMO gap, while molecule 3 and 

1 as intermediate ones and 5 a soft molecule. Pt(II)-DNA compounds 2 and 4 have similar 

chemical hardness as CP.  
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On the fixed geometries of the molecules in the ground state configuration, we calculated the 

vertical electron affinities (EAV) and vertical ionization energies (IEV) using B3LYP XC 

functional and 6-31G* basis-set. Molecule 1 displayed higher EAV and IEV values than CP. 

From Table 4, it is apparent that molecules 5 and 3 showed values for EAV exceeding 5 eV, 

while 4 less than 4 eV, and < 3 eV EAV value for 2. Further, for IEV, molecule 4 displayed the 

most substantial value (11.78 eV), followed by while 2, 3, and 5. In general, IEV value 

exceeded 10.5 eV for the four Pt(II)-DNA compounds, and CP displayed the lowest value. 

This aspect can be related to the charge +1 of the complexes 2-5, which makes it more 

difficult to throw out the electron in the ionization process. 

 

 

Fig. 5. Fundamental gap (EGAP) for the molecules under investigation. The vertical ionization energies 

IEV (blue lines), and vertical electron affinities EAV (red lines), and fundamental gap (EGAP) energy 

values for the five molecules are shown as black arrows.  

 

The fundamental gap (EGAP) was calculated using equation 3 (in Methods), revealed the 

highest EGAP value of CP. However, upon substitution with the non-leaving group in CP to 

RA (i.e., molecule 1) lead to a decrease in EGAP by ~ 2 eV (Fig. 5a). Among the Pt(II)-DNA 

compounds (Fig. 5b), we found high EGAP value for molecule 4 and 2 (exceeding 8 eV), and 
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the lowest for 5 (4.95 eV). For comparison, we repeated the calculations for all the molecules 

using another exchange correlation (XC) functional, i.e. PBE[56]. Between the two XC 

functionals (Table S12), for the fundamental gap (EGAP) a maximum difference of 0.8 eV was 

found for cisplatin, while for molecule 1 (proposed molecule in our study) a small difference 

of 0.18 eV. These noted differences between the two XC functionals is indeed consistent with 

our previous studies [33, 34]. 

For completeness, additional time-dependent DFT calculations were also performed to 

investigate the absorption properties of the molecules. The obtained optical absorption spectra 

and the exciton binding energies have been provided as supplementary information. 

 

 

4. Conclusions 

In brief, our study reports the detailed computational investigation of molecular and electronic 

properties of cisplatin (CP) and molecule 1 complexes. Further, CP–, molecule 1–DNA bases 

(adenine, guanine) compounds were also studied to investigate the DNA-binding capability of 

these systems.    

Comparison of physicochemical properties between CP and molecule 1 indicated the latter to 

be more lipophilic, and both of them showed druglikeness characteristics. Concerning 

electronic properties, we found a similar pattern of HOMOs while a significant difference in 

the LUMOs was observed between CP and molecule 1. This feature was consistent with the 

similar HOMO energy and very different LUMO energy, regular with the differences 

observed in the calculated electronic absorption spectra. Moreover, molecule 1 exhibited a 

pronounced electrophile property and higher reactivity than CP. Furthermore, similar trends 

in HOMOs and LUMOs energies and electronic properties were also observed between their 
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corresponding guanine (2 with 3) and adenine (4 with 5) complexes. Binding energy 

calculations revealed molecule 1 to form stable complexes with the investigated DNA bases, 

adhering the same stability trend of CP complexes. Altogether, the information gathered from 

our study indicate molecule 1 as a promising scaffold for designing compounds with 

improved chemotherapeutic properties. 
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