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Abstract 

A combined experimental and theoretical approach has been adopted to study the formation of 

mixed ligand peptide-nucleobase complexes of platinum(II), considering uracil as the primary ligand 

and dipeptides such as glycyl-l-valine, glycyl-l-leucine and l-alanyl-l-glutamine as secondary 

ligands. The ternary complexes prepared in both solid and aqueous phases, by following two 

synthetic procedures i.e. solvent-free mechanochemical and co-precipitation methods respectively, 

exhibit similar physicochemical and spectral properties providing evidences of metal-coordination 

through the N3 and O4 atoms of uracil as well as the NH2 and CO2
- functions of the dipeptide 

molecules. Using the biologically relevant right-handed α-helical conformers of the dipeptides, gas 

and aqueous phase quantum mechanical modeling studies are undertaken employing the B3LYP and 

B3PW91 methods in conjunction with the 6-31++G(d,p) and LANL2DZ basis sets to elucidate the 

roles of metal-coordination and solvation in influencing the structural, electronic and vibrational 

properties of the complexes. The Pt(II) ion is found to exist in its low-spin state in the complexes. 

Effects of explicit aqueous environment on the structural aspects of the complexes are also 

investigated. The B3LYP functional emerges to be more efficient in describing the vibrational 

spectroscopy of the studied systems as compared to the B3PW91 method. Absorption titration 

experiments followed by in silico docking and molecular mechanical studies reveal that the 

synthesized complexes are able to bind to DNA minor-groove, primarily through H-bonding 

interactions. 
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Introduction 

Platinum complexes of nucleic acid bases, amino acid residues, as well as small peptide moieties 

hold great promise as model systems to understand the nature and significance of the interactions of 

metal ions with proteins and nucleic acid molecules, metal ion-provoked important cellular events 

like protein-nucleic acid interactions, and the effects this rarely occurring element produces in 

biological systems exposed to it.1-5 Several low molecular weight amino acid sequences are 

endogenously produced in living systems that perform numerous key biological roles.6 Dipeptides 

such glycyl-l-valine and l-alanyl-l-glutamine are known for their clinical and nutritional 

importance7,8 The scientific, biological, and industrial significance of the study of peptide-metal ion 

interactions have been well documented in the past few years.9-11 Uracil, one of the four nucleobases 

of ribonucleic acid which is generally believed to have been introduced to the prebiotic earth 

extraterrestrially by small solar system bodies,12 has on several occasions been subjected to complex 

formation by a host of metal ions employing a number of experimental and theoretical techniques.13-

18 However, assessment of the literature reveals that the prospects of the solid-phase formation of 

mixed ligand complexes of Pt(II) ion with uracil and dipeptide moieties in a 1:1:1 molar ratio under 

solventless conditions; their DNA-binding aspects and affinities; and the efficiency of the commonly 

used density functional theory (DFT) based methodologies in predicting the physicochemical and 

spectral properties of such complexes have not been investigated yet. 

 

   

   Uracil   Glycyl-l-valine            Pt(Ura)(GV) 

        ψ =N3-C4-C5-N6 and ф =C1-C2-N3-C4  

 

Fig.1 Uracil, zwitterion glycyl-l-valine and their complex with Pt(II) 
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   This study reports the preparation of three Pt(II) mixed ligand complexes of uracil (Ura) as a 

primary ligand and dipeptides such as glycyl-l-valine (GV), glycyl-l-leucine (GL) and l-alanyl-l-

glutamine (AG) (where the first amino acid residue corresponds to the amino-terminus of the 

dipeptides) as secondary ligands employing a solvent-free mechanochemical (hand-grinding) 

method.19 The co-precipitation method is used to study the interaction motifs of the considered 

ligands with Pt(II) ion in aqueous environment as well. Characterization of the metal complexes are 

carried out using elemental analyses; molar conductance; TEM and SEM-EDAX; TG/DTA; infrared, 

electronic absorption and mass spectroscopy. Fig. 1 illustrates the molecular geometries of the 

zwitterion GV and its complex with Ura and Pt(II). Considering the most predominant conformers of 

the dipeptides, selected on the basis of a conformational analysis at B3PW91/6-31++G(d,p) level in 

aqueous phase, complementary geometries of the metallic complexes are modeled within the 

framework of density functional theory utilizing the B3LYP and B3PW91 methods in conjunction 

with 6-31++G(d,p) basis set (LANL2DZ for Pt(II) ion). The gaseous and aqueous phase interaction 

enthalpies and free energies (∆H and ∆G respectively); theoretical IR and UV-vis spectra; HOMO-

LUMO energy gaps; dipole moments; Wiberg bond indices as well as the partial atomic charges in 

the ligand molecules and their metallic complexes are calculated and evaluated. An explicit solvation 

model is also used for the Pt(Ura)(GV) complex, incorporating four discrete water molecules 

primarily around the peptide bond of the complex, this hydrated complex being denoted as 
wPt(Ura)(GV). The DNA-binding motifs and binding-affinities of the synthesized complexes are 

studied by performing absorption titration experiments together with in silico docking and molecular 

mechanical studies. It is expected that evaluation of the metal-coordinating properties of uracil and 

small peptide moieties in both solid and aqueous phases as well as examination of the efficiencies of 

the B3LYP and B3PW91 methodologies in ascribing the electronic and spectral properties of 

metalated uracil and dipeptides may be useful from the methodological point of view. Information 

fetched from this study may also aid the pursuit of developing precise molecular mechanical force 

field parameters/libraries for biomacromolecular systems, besides benefiting the field of rational 

design of metalloproteins and novel DNA-binders. 

  

Experimental and computational details  

Materials used and synthesis of reaction products. Platinum(II) chloride (Loba Cheme), uracil 

(sigma-aldrich), the three dipeptides i.e. glycyl-l-valine, glycyl-l-leucine and l-alanyl-l-glutamine 
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(Himedia), calf thymus DNA (Himedia) and the other reagents used in the experiments were 

analytical reagent grade and used as supplied. 

Synthesis in the solid-phase: The mixed ligand Pt(II) complexes of Ura and the dipeptides were 

prepared by following the solvent-free grinding method outlined already in our previous studies;19 

where the ligands and platinum(II) chloride, ground separately beforehand at room temperature for 

about 15 min in an agate mortar and pestle, were mixed in 1:1:1 (Pt(II):Ura:dipeptide) stoichiometry 

and ground again at room temperature for 60 min. The mixtures were heated in an air-thermostat at 

80 oC for 36 h in order to accelerate the reactions. To ensure complete reaction the process of 

grinding, pulverization and heating was repeated several times. Ether was used to wash the final 

products, which were then finally dried under reduced pressure over anhydrous CaCl2 in a 

desiccator. The progress of the reactions and purity of the products were monitored by TLC using 

silica gel G (yield: 87-92%). 

Preparation in the solution-phase: Solution-phase preparations of the complexes were accomplished 

by the mixing of 50 mL aqueous solution of platinum(II) chloride (10 mmol; Millipore water; pH ~ 

7) with 50 mL aqueous solutions of Ura and the dipeptides (10 mmol; Millipore water; pH ~ 7) in 

1:1:1 ratio (Pt(II):Ura:dipeptide). The mixtures were then refluxed on water bath for 12 h. The 

precipitated complexes, appeared on standing and cooling the above solution, were filtered, washed 

with ether and dried under reduced pressure over anhydrous CaCl2 in a desiccator. The products 

were further dried in electric oven at 50-70oC (yield: 69-75%). 

 

Instrumental details. The complexes were analyzed for C, H, and N contents on PerkinElmer 2400 

Series II CHN-OS Analyser. The molar conductance values were measured in DMSO (10-3 M) 

solution using a coronation digital conductivity meter (cell constant = 1.0 cm-1). Infrared spectra of 

all the reaction species were recorded in KBr discs on a BOMEM DA-8 FTIR spectrophotometer at 

4000-400 cm-1. The electronic absorption spectra of the complexes were also recorded in DMSO 

solution (10-5 M) on a Perkin Elmer lambda 25 UV/Vis spectrometer. The dehydration level of 

DMSO was 99%. The thermogravimetric (TG) and differential thermal analysis (DTA) 

measurements were carried out for the reaction products obtained by the grinding method in 

controlled nitrogen atmosphere on a Perkin-Elmer STA 6000 Simultaneous Thermal Analyser at 

temperature ranging from 40 to 800 °C at heating rate 20 °C/min. The EDAX-SEM micrographs for 

the Pt(Ura)(GV) complex were obtained in a Jeol, JSM-6360 LV apparatus, using an accelerating 
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voltage between 15–20 kV at different magnifications. TEM images were obtained on a JEOL-JEM-

2100CX electron microscope operated at 200 kV without adding any contrast agent. Melting points 

of all the reaction species were also determined on an IkonTM Instrument. 

 

Evaluation of DNA binding properties. Taking the case of the Pt(Ura)(GL) complex as a example, 

evaluation of the DNA-binding properties of the synthesized complexes was done with the aid of 

absorption titration experiments where homogeneous calf thymus DNA (CT-DNA) solutions of 

varying concentrations (0-35 µM) dissolved in a tris-HCl buffer (pH 7) were added to the aqueous 

solution of the test complex (10 µM dissolved in Millipore water). The concentration of CT-DNA 

was determined by UV absorbance at 260 nm. The protein-free nature of the DNA was confirmed by 

the fact that the solutions of CT-DNA gave a ratio of UV absorption at 260 and 280 nm A260/A280 of 

~ 1.8–1.9 (Fig. S1 of the SI).20 The intrinsic binding constant (Kb) value for the interactions of the 

complex with CT-DNA was determined from the spectroscopic titration data using the following 

equation:21 

[DNA]/ (εa - εf) = [DNA]/ (εb - εf) + 1/ Kb(εb - εf) …………. (I) 

The “apparent” extinction coefficient (εa) was obtained by calculating Aobsd/[DNA], while the terms 

εf and εb correspond to the extinction coefficients of the unbound (free) and fully bound complex 

respectively. The Kb value of the complex was obtained from the ratio of the slope to the intercept, 

1/(εa - εf) and 1/Kb(εb - εf) respectively, given by the plot of [DNA]/(εa - εf) versus [DNA]. The 

measurements were made at room temperature using the aforesaid UV-vis spectrometer. 

 

Computational methods. The molecular structures of all the various ligands, their complexes with 

Pt(II), and the other reaction species involved in the equation (II) & (III) (given below) were 

subjected to full geometry optimization and vibrational frequency calculations employing the 

B3LYP22,23 and B3PW9124 methodologies in combination with the 6-31++G(d,p)25,26 and 

LANL2DZ27,28 basis sets of Gaussian 09 (Rev. C.01) program.29 The solvated zwitterion AG 

molecule was subjected to a conformational analysis at the B3PW91/6-31++G(d,p) level about the 

dihedral angles α1, α2 and α3 by rotating from 0° to 360° at 20° intervals. The minima identified on 

the conformational potential energy surfaces related to α1, α2 and α3 were then fully optimized 

followed by frequency analyses in aqueous phase at B3PW91/6-31++G(d,p). The computations were 
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performed in a vacuum and aqueous phase using a polarizable continuum model (PCM).30 The 

dipeptide structures were considered as non-ionic entities in the gas phase while as zwitterions in the 

aqueous phase. All the optimized geometries were confirmed as true minima by the absence of any 

imaginary frequency value in their vibrational frequency calculations. The accuracy of the 

theoretical calculations, performed using the B3LYP and B3PW91 functionals in conjunction with 

the 6-31++G(d,p) and LANL2DZ basis sets, in predicting the physicochemical features of a host of 

platinum complexes has been justified in the literature.31,32 Furthermore, the efficacy of the B3LYP 

functional in complementing the experimental vibrational modes was noted in our earlier 

investigations.33 Efficiency of the self-consistent reaction field (SCRF) procedure34 as well as the 

usefulness of diffuse and polarization functions have also been well documented.35 Zero-point 

energy (ZPE) corrections were applied to the total energies of all the reaction species using a 

correction factor 0.97.19 The theoretically predicted vibrational frequencies of the ligands and their 

complexes were scaled using appropriate correction factors;19 0.977 for the modes below 1,800 cm-1 

and 0.955 for those above 1,800 cm-1. The values of ∆H and ∆G in the gaseous and aqueous phases 

were calculated using the equations given below: 

 

 

Thus,   ∆H or ∆G = [Etpdts] - [Etrcts], 
 

where, Etpdts and Etrcts are the sum of the total electronic or free energies (ZPE corrected) of the 

products and reactants respectively. Single-point calculations were performed using time dependent 

density functional theory (TD-DFT)33,36 in gaseous and aqueous phases at the B3PW91/6-

31++G(d,p) level to obtain the theoretical λmax values. Molecular docking studies were performed by 

HEX 8.0.0 software37 using the optimized solvated geometries of the complexes and the classical 

d(CGCGAATTCGCG)2 B-DNA sequence created by Avogadro 1.1.1.38 Visualization of the high 

scoring docked poses were done by UCSF Chimera molecular graphics program.39 

 

Dipeptidezwitterion + Uracil + PtCl2                    Pt(Ura)(Dipeptide) + 2HCl .......… (II)
Solvent

phase

Dipeptidenonionic + Uracil + PtCl2                    Pt(Ura)(Dipeptide) + 2HCl …........ (III)
Gaseous

phase
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Table 1 Physical, conductivity and analytical data of the synthesized complexes. The calculated values of elemental analysis are 

given in parentheses; values in square bracket are from solvent phase products. 

 
Compound Formula Colour F. W. 

(gm/mol) 

M. Pt. 

(Co) 

        ΛM   

Ω–1cm2mol–1  

(in DMSO) 

          Found (calc.) (%) Yield (%) 

   C 

 

H              

 

N 

Pt(Ura)(GV) C11H16N4O5Pt Orange 

Powder 

479.356 220-230       5.7 27.51 

(27.56) 

[27.52] 

3.36 

(3.36) 

[3.29] 

11.57 

(11.69) 

[11.67] 

89 [72] 

Pt(Ura)(GL) C12H18N4O5Pt Orange 

Powder 

493.381 225-235       6.2  29.19 

(29.21) 

[29.36] 

3.60 

(3.68) 

[3.65] 

11.19 

(11.36) 

[11.34] 

92 [75] 

Pt(Ura)(AG) C12H17N5O6Pt Orange 

Powder 

522.380 250-255       5.9  27.56 

(27.59) 

[27.58] 

4.30 

(4.28) 

[4.28] 

13.49 

(13.41) 

[13.39] 

87 [69] 

F.W. = Formula weight 

Page 8 of 25New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Fig. 2 EDAX spectrum of the Pt(Ura)(GV) complex 

 

 

 

Fig. 3 TEM images of the Pt(Ura)(GV) complex prepared in solid state 
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Results and discussion 

Physical, thermal and mass spectral properties. The physical, molar conductivity and analytical 

data of all the representative reaction species involved in the grinding and co-precipitation methods 

are assembled in Table 1. It is evident from these data that the colorations of the complexes obtained 

from both the solid-state grinding and the co-precipitation methods are same. The conductivity 

measurements of the complexes made in DMSO suggest that they are neutral and non-electrolytic in 

nature.33 The results of the CHN-OS elemental analyses and the proposed formula of the synthesized 

complexes are found to compare well with their expected stoichiometries. The energy-dispersive X-

ray analysis (EDAX), scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) images of the Pt(Ura)(GV) complex prepared in solid state are portrayed in Fig. 2 and 3. The 

SEM-EDAX image provides useful insights regarding the presence of platinum, chemical 

composition, purity, surface morphology and particle size of the complex under investigation. TEM 

images show that the particles are agglomerated and fall within a range of 6-10 nm in size. The 

HRTEM image shows the well-spaced lattice fringe indicating high crystalline quality of the 

complex with minimal dislocations and defects, whereas the SAED image bears information about 

its polycrystalline nature. The thermal properties of the complexes prepared by following the solid-

phase grinding method have been examined using thermogravimetric (TG) and differential thermal 

analysis (DTA). Table 2 contains the maximum temperature values of decomposition along with 

corresponding weight loss values while the TG/DTA curves for all the complexes are reported in the 

Fig. S2. The TGA curves indicate that the metal complexes are thermally stable up to about 203-215 

°C above which, i.e. between 203-797 °C, the actual mass loss steps begin and most of the organic 

parts of the metal complexes are lost during this period. This sharp decomposition period brings 

about 63-68% weight loss of the complexes leading to the formation of the residual products. The 

DTA curves of the metal complexes also show similar behavior that corresponds to the TGA curves. 

The small endothermic peaks at the range of 227-251 °C can be attributed to melting of the 

complexes. Mass spectra of the solid state products recorded at room temperature (Fig. S3) were 

used to compare the stoichiometric compositions of the ternary complexes. The molecular ion peaks 

for the Pt(Ura)(GV), Pt(Ura)(AG) and Pt(Ura)(GL) complexes observed at 479, 522 and 493 m/z 

respectively, are in good agreement with the analytical results. 
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Table 2 Summary of the TG/DTA analyses of the reaction products obtained by following the grinding 

method 

Compounds Decomposition 
range (oC) 

Peak 
temperature 

(oC) 

Percentage 
weight loss 

(%) 

Product 
expected 

Residue 
state/colour 

Mass 
changes 

Calc. (found) 

Pt(Ura)(GV) 215-790 227 63 Pt Black 
Powder 

2.69 (2.43) 

Pt(Ura)(GL) 206-795 232 65 Pt Black 
powder 

2.30 (2.03) 

Pt(Ura)(AG) 203-797 251 68 Pt Black 
Powder 

2.64 (2.25) 

 

Conformation of the dipeptides. The conformational preferences of a particular dipeptide molecule 

about its Ramachandran dihedrals40,41 (ψ and ф; shown in Fig. 1) have been well documented in the 

literature.42,43 It is known that the C7eq (ψ= 90.1° and ф= -86.3°) and C5 (ψ= 143.8° and ф= -156.4°) 

conformers of the alanine dipeptide (AD) exist as the dominant entities in the gaseous and non-polar 

solvent phases,42 whereas in a polar solvent the conformers C5, αR (ψ= -32.1° and ф= -70.5°) and β 

(ψ= 142.1° and ф= -64.0°) emerge as the most predominant species with a relative thermodynamic 

stability order of C5 > αR > β. However, since there is no existing experimental evidence of C5 as 

being the most stable conformer of a given dipeptide in the aqueous phase,42 we opt to design the 

mixed ligand complexes using the biologically relevant right-handed alpha-helical conformers of the 

three dipeptides i.e. the αR conformers of GV, GL and AG. In case of AG, the conformational 

propensities of the side-chain moiety of the glutamine residue has also been examined by carrying 

out a conformational analysis at B3PW91/6-31++G(d,p) level in aqueous phase. Fig. S4 illustrates 

the cross-section of the potential energy surfaces corresponding to the dihedrals α1, α2 and α3 of the 

zwitterion l-alanyl-l-glutamine molecule while Fig. S5 portrays the B3PW91/6-31++G(d,p) level 

optimized structures and energies of the seven possible conformers corresponding to the 

aforementioned dihedral angles. The most stable AG6 conformer has been used to model the 

complex of l-alanyl-l-glutamine with Pt(II) and Ura. The gas and aqueous phase ZPVE corrected 

values (scaled with 0.97) of total electronic energies (Ec) and Gibbs free energies (Gc) of the ligands 

and their metal complexes at B3PW91 and B3LYP levels are presented in Table S1. 
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Table 3 Calculated interaction enthalpies ∆H (kcal/mol) and Gibbs energies 
∆G (kcal/mol); dipole moments (µ; in Debye) and 

HOMO-LUMO energy gaps (EHL; in eV) of the ligands and the complexes at B3PW91 level in gas and aqueous phases (listed in 

parentheses are the gas phase values) 

 

a Calculated using B3LYP; bTriplet 

 

 

 

 

 

Systems        ∆H         ∆G          ∆H
a 

        ∆G
a           µ        EHL 

Ura     6.276 (4.627) 5.625 (5.639) 

GV     15.294 (7.120) 5.831 (6.251) 

Pt(Ura)(GV) -29.29 (-26.45) -27.54 (-24.95) -23.0 9 (-21.01) -21.45 (-19.70) 11.822 (6.968) 4.672 (4.601) 

Pt(Ura)(GV)b 23.75 23.98     

GL     15.051 (6.916) 5.849 (6.262) 

Pt(Ura)(GL) -26.71 (-25.35) -24.84 (-23.56) -20.30 (-19.78) -19.69 (-18.06) 11.787 (6.933) 4.656 (4.604) 

AG     20.634 (9.917) 5.727 (6.172) 

Pt(Ura)(AG) -27.39 (-27.03) -26.00 (-25.14) -21.70 (-20.23) -20.39 (-19.52) 17.936 (12.465) 4.656 (4.274) 
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Pt(Ura)(GV)                  Pt(Ura)(GL) 

 

Pt(Ura)(AG) 

       

Fig. 4 B3PW91 level optimized geometries of the ternary complexes of Pt(II) in aqueous phase  

 

Geometry and molecular properties. Portrayed in Fig.4 are the aqueous phase optimized 

geometries of the mixed ligand complexes of Pt(II) with uracil and the three dipeptide molecules 

calculated using B3PW91 functional in combination with 6-31++G(d,p) and LANL2DZ basis sets. 

These neutral and low-spin ternary complexes of Pt(II) are predicted to assume square planar 

geometries at their central metal cores by both the B3PW91 and B3LYP levels, which are consistent 

with the results of previous studies reported elsewhere in the literature.44 Table 3 presents the 

calculated data on the interaction enthalpies and free energies, dipole moments and HOMO-LUMO 
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energy gaps of the ligands and their metallic complexes in the gaseous and aqueous phases. The 

thermodynamic stability of the complexes are reflected by their negative values of interaction 

enthalpies (-26.71 to -29.29 kcal/mol in aqueous phase and -25.35 to -27.03 kcal/mol in gas phase) 

and free energies (-24.84 to -27.54 kcal/mol in aqueous phase and -23.56 to -25.14 kcal/mol in gas 

phase), as calculated at the B3PW91 level. The trends of the interaction energies of the complexes 

(∆H and ∆G values) obtained by using the B3LYP functional compare well with the ones furnished 

at B3PW91 level, though the B3LYP  values are somewhat smaller as compared to those furnished 

at B3PW91 level. On other hand, the aqueous phase ∆H and ∆G values of the Pt(Ura)(GV)b 

complex, 23.75 and 23.98 kcal/mol respectively, clearly show that the Pt(II) complexes of uracil and 

the dipeptides exist in their low-spin states. The theoretically obtained values of the total dipole 

moments of the reaction species suggest that the three complexes consistently possess smaller values 

of µ (11.787 D to 17.936 D in aqueous phase and 6.933 D to 12.465 D in gas phase) as compared to 

the corresponding free dipeptide molecules (15.051 D to 20.634 D in aqueous phase and 6.916 D to 

9.917 D in gas phase). The lowering of µ values in case of the complexes can be due to loss of the 

dipolar structure (zwitterionic form) of the peptide moieties after complex formation. In the absence 

of any experimental data on the dipole moments regarding the type of complexes considered in this 

study, these theoretically predicted gas and aqueous phase values may serve as preliminary guideline 

for future experimentalist. Table 3 also represents the gas and aqueous phase data on the energy gaps 

between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energies. The important role played by HOMO and LUMO in governing chemical 

reactions was first noted by Fukui.45 The predicted energy gaps of the ligands and their metal 

complexes are 4.656-5.849 eV in aqueous phase and 4.601-6.262 eV in gas phase. In case of the 

metal complexes, the furnished results suggest that the gas phase HOMO-LUMO energy gaps 

increase in the presence of a solvent with high dielectric constant. The decrease in the energy gaps of 

the dipeptides in aqueous phase compared to those in the gas phase can be attributed to the structural 

transformation from the neutral in vacuum to their zwitterionic form in the aqueous environment. 

The partial atomic charges of the ligands and the complexes predicted employing Natural Bond 

Orbitals (NBO) analyses at B3PW91 level in aqueous phase are collected in Table S2. The NPA 

charges reveal the partial atomic charge changes in the studied ligands as a result of metal 

coordination. 
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Experimental and theoretical vibrational assignments. The experimentally obtained FTIR spectra 

of the ligands (i.e. the dipeptides and uracil) and their mixed ligand Pt(II) complexes prepared by 

following the grinding and solvent phase methods are reported in the Fig. S6, while some of the 

structurally significant FTIR assignments are listed in Table S3. Comparison of the infrared 

assignments of the free zwitterion dipeptides (GV, GL, AG) with those of the complexes confirms 

the absence of any unreacted dipeptide molecules after the grinding or solvent phase procedures. As 

evident from Table S3, the appearance of ν(N3-H), ν(C4=O) and ν(C4-N3) vibrational modes of the 

amide moieties of the dipeptides and their mixed ligand Pt(II) complexes in the ranges of 3428-3449 

cm-1, 1687-1718 cm-1 and 1228-1237 cm-1 respectively in both solid and solvent phases suggests that 

the dipeptides do not interact with Pt(II) ions via their CONH groups.43,46 On other hand, the 

asymmetric and symmetric ν(N-H) stretching modes of the three dipeptides (observed at 3251-3230 

and 3110-3067 cm-1 respectively) are blue-shifted (3259-3232 and 3176-3116 cm-1 respectively) in 

their metal complexes. This indicates the deprotonation of the NH3
+ moieties of the free dipeptides 

and subsequent binding to the Pt(II) ions through the amino nitrogen atoms.33,43,47 Indication of metal 

coordination through the –NH2 functions of the dipeptides is also provided by the fact that the ν(C5-

N6) stretching values of the dipeptides (observed at 1102-1132 cm-1) are red-shifted in the spectra of 

their metal complexes (1093-1127 cm-1). The appearance of new strong bands in the range of 473-

480 cm-1 in all the three metal complexes,33,47 which can be assigned to asymmetric ν(M-N) 

stretching frequencies,48 also confirms that the amino nitrogen atoms of the dipeptides are involved 

in metal coordination. Additionally, it is worth mentioning that the two coordinating –NH2 groups 

are positioned trans to each other in the complexes since the symmetric ν(M-N) stretching mode of 

the N-M-N group (M= Pt(II)) which usually appears around 400-450 cm-1 is IR inactive.43,48 

Concerning the experimental infrared spectral data on the carboxylate groups of the dipeptides and 

their metal complexes, the νas(COO-) modes of the dipeptides appearing at 1603-1626 cm-1 are found 

to shift toward the higher wave numbers of the frequency scale (up to 1667 cm-1), whereas the 

νs(COO-) stretches (observed at 1406-1454 cm-1) shift to the lower-side in the complexes (1400-

1419 cm-1). These observations indicate that the dipeptides bind to the metal ions via their 

carboxylate functions.33,43,47 Table S3 also gathers the differences (∆δ values) between the νas(COO-) 

and νs(COO-) stretches for the dipeptides and the metal complexes which are indicative of the M-O 

bond strengths and provide evidence that the COO- groups bind to the metal ions in a monodentate 

fashion.43,47 The ∆δ values of the metal complexes ranging from 227 to 249 cm-1 indicate that the M-
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O bonds possess significant covalent characters.33,43,47 The new bands at 527-546 cm-1 in all the three 

metal complexes, which can be assigned to ν(M-O) stretching frequencies,47 also confirm that the 

dipeptides interact with Pt(II) ions via their carboxylate groups. Thus, as observed for other metal-

dipeptides complexes,43,49 the experimental infrared spectra of this study furnish noticeable 

signatures indicating that the dipeptides bind to Pt(II) ions through their amino and carboxylate 

groups in both the solid and aqueous phases. The infrared spectrum of the free uracil molecule 

exhibits characteristic peaks at 3447, 3413, 1735 and 1765 cm-1 which could be assigned to ν(N15-

H), ν(N10-H), ν(C12=O) and ν(C16=O) stretching modes respectively.50 In case of the complexes, the 

ν(N10-H) modes are found to disappear; the carbonyl frequencies of the C12=O groups are 

appreciably lowered; while other frequencies remain more or less unaltered.51 These observations 

typify complex formation through the N10 and O11-atoms of uracil.   

   The theoretical vibrational spectra of the dipeptides, uracil and their Pt(II) complexes were 

calculated using B3PW91 and B3LYP methods in combination with the 6-31++G(d,p) and 

LANL2DZ sets in the gaseous and aqueous phases. The theoretical harmonic frequencies are usually 

larger than their corresponding experimental values52 and such discrepancies have been attributed to 

the neglect of anharmonicity effects in theoretical treatments, incomplete incorporation of electron 

correlation and the use of finite basis sets. Even then, the calculated vibrational modes of this study 

bear valuable information contributing to the understanding of the influence of metal binding and 

solvation effects on the structural and molecular properties of the ligands and the complexes. It has 

also been recognized that B3LYP level performs better in predicting the vibrational frequencies 

compared to MP2 level.53 Collected in Table S3 are some of the structurally important frequency 

values of the representative reaction species calculated in both gas and aqueous phases. The 

theoretically predicted frequency-shifts of the νas(N-H), νs(N-H), νas(COO–) and νs(COO–) modes of 

the dipeptides as a result of metal coordination are found to corroborate well with the experimentally 

observed values. The calculated values of the ν(M-O) and ν(M-N) modes are also in good agreement 

with the experimentally observed ones. On other hand, the aqueous phase frequencies of the polar 

exposed bonds of the dipeptides and their complexes, namely N3-H and C4=O, are always lower as 

compared to their respective gas phase values and such lowering can be attributed to elongation of 

these bonds in the aqueous phase (see latter). Similarly, increase in the aqueous phase frequency 

values of ν(C4-N3) modes can be due to shortening of the C4-N3 bonds in the aqueous environment. 

Of the two methods, i.e. B3PW91 and B3LYP, it is the popularly used B3LYP functional which 
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seems to perform better in reproducing the experimental vibrational frequencies of the studied 

systems. 

 

Table 4 Experimental and calculated absorption maxima (λmax; in nm) of the synthesized complexes 
 

 

Electronic absorption properties. The optical properties of the ternary complexes of Pt(II), 

synthesized in both solid and aqueous phases, were studied using electronic absorption spectroscopy. 

Table 4 gathers the observed and calculated λmax values of the complexes while their experimental 

and theoretical absorption spectra (calculated at TD-B3PW91 level) are stored in Fig. S7 & S8 

respectively. The experimental UV-vis spectra of the complexes show intense absorption bands in 

the region 217-360 nm which are assigned to ligand-centered transitions. The additional less intense 

peaks at 403-484 nm can be attributed to LMCT transitions affirming the formation of the Pt(II)-

peptide-nucleobase complexes with square planar type geometries at their metal cores.44 The gas and 

aqueous phase theoretical electronic absorption spectra of the complexes furnish characteristic λmax 

values around 383-392 nm in gas phase and 405-470 nm in aqueous phase; which are in good accord 

with the experimental observations. 

 

Influence of complex formation and solvation on structural aspects. Atomic level structural 

information obtained from quantum chemical calculations regarding the effects of solvation and 

influence of metal coordination on the geometrical parameters linked to the backbone structural 

features of the dipeptides are crucial for the purpose of supporting or refuting the existing theories 

devoted to protein structure prediction. Some of the structurally significant bond length, bond angle 

and dihedral angle values of the dipeptides and the complexes calculated at B3PW91 level in gas and 

 

 

Systems 

 

 

Experimental λmax in aqueous phase        

         Calculated λmax at TD-B3PW91 

Gas Phase  Aqueous Phase 

Wave 
length 

Wave 
length Solid state Co-precipitation 

Pt(Ura)(GV) 226, 299, 344, 423 219, 287, 484 384.63  405.84  

Pt(Ura)(AG) 230, 295, 347, 424 217, 275, 464 383.35  470.55 

Pt(Ura)(GL) 230,  310, 403 295, 360, 429 392.30  408.38 
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aqueous phases are presented in Table S4. It is evident that out of the five bonds, namely C2–N3, N3-

H, C4–N3, C4=O and C4–C5, considered to monitor the amide plane geometry of the dipeptides and 

the complexes, three of them i.e. C2–N3, C4–N3, and C4–C5 bonds of the complexes show maximum 

deviations up to 0.01 Å in aqueous phase (0.023 Å in gas phase) from those of the free ligand 

molecules. These changes indicate that the geometry about the amide plane of a given dipeptides is 

affected due to metal coordination. Considerable changes in the bond length values are also evident 

in the cases of C1–C2, C5-N6, C1-O7 and C1-O8 of the complexes, where the bond length values 

deviate up to a maximum of 0.035 Å in aqueous phase and 0.022 Å in gas phase. Furthermore, in the 

aqueous phase the C4=O bonds of the dipeptides and complexes are elongated up to 0.011 Å while 

the C4–N3 bonds are shortened by a maximum value of 0.014 Å from their corresponding gas phase 

values. These variations are found to leave noticeable signatures in the theoretical IR spectra of the 

dipeptides and their complexes as already discussed in a previous section of this paper. Table S4 also 

represents the gas and aqueous phase values of the bond length for the M-O and M-N bonds of the 

metal complexes along with their Wiberg bond indices.54 The Wiberg bond indices are helpful in 

estimating the bond order and, hence, the bond strength between two chemically bonded atoms. 

These data suggest that the Pt-O7 bonds arising from the interactions of the dipeptides with the Pt(II) 

ions are stronger (in aqueous phase the bond lengths are in the range of 2.051-2.053 Å and bond 

indices span a scale of 0.375-0.390) as compared to the Pt-O11 bonds arising from uracil (in aqueous 

phase the bond lengths range from 2.082-2.092 Å and bond indices span from 0.371-0.382). The Pt-

N bonds of the complexes are, however, found to follow the reverse trend; the Pt–N10 bonds are 

stronger than the Pt–N6 bonds. Concerning the data on the bond angle values, maximum deviations 

up to 3.7° and 4.8° (in aqueous phase) for the N3–C2–C1 and C4-C5-N6 angles respectively bear 

useful insights about the effects metal-coordination on the α-carbon geometries of the dipeptides. 

The geometries about the carboxylate C-atoms and the peptide linkages of the dipeptides too show 

largest variations up to 6.9° (C2-C1-O7) and 2.2° (for both C2-N3-C4 and N3–C4–C5) respectively in 

the aqueous phase revealing the influence of complex formation on the intrinsic structural features of 

the dipeptides. 

   The gas and aqueous values of some structurally significant dihedral angles of the dipeptides and 

their metal complexes are listed in Table S4. Previous theoretical studies on dipeptides have revealed 

that the amide planes of small amino sequences are not completely planar, and therefore protein 

structure prediction based on a simplified model where only the Ramachandran dihedral angles (ψ 
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and ф) are taken into account is not adequate.55 It is apparent from the values of the two dihedral 

angles viz. C2-N3-C4-C5 and H-N3-C4-O, considered to monitor the planarity of the peptide planes of 

the dipeptides and their complexes, that neither the non-ionic nor the dipolar zwitterionic form of the 

dipeptides possesses a completely planar amide plane. It is also interesting to note that metal 

coordination tends to disrupt the planarity of the peptide planes in the complexes. The predicted 

values of the ψ (N3-C4-C5-N6) and ф (C1-C2-N3-C4) dihedrals suggest that the backbone structural 

features of the dipeptides do not get modified dramatically in both gas and aqueous phases after 

metal coordination. On other hand, variations up to 39.8° in aqueous phase and 35.1° in gas phase in 

case of the N3-C2-C1-O8 dihedral can be attributed to geometry changes about the carboxylate groups 

of the dipeptides upon metal coordination. 

 

Fig. 5 Interactions of Pt(Ura)(GV) with explicit water molecules; denoted as wPt(Ura)(GV) 

 

   Interactions of the water molecules with proteins via intermolecular H-bonds are crucial in order to 

afford the biologically active three-dimensional structures of proteins, and therefore the study of the 

interactions of water molecules with peptide moieties has been the subject matter of intense 

investigations.43,56 The intermolecular H-bonds present in wPt(Ura)(GV) are depicted in Fig. 5 along 

with their intermolecular H-bond distances. This figure also lists the bond length values of the N3-H, 

C4–N3 and C4=O bonds related to the amide plane geometry of the complex. As evident from the 

depiction, the interactions of the explicit water molecules with the amide planes of the Pt(Ura)(GV) 

Page 19 of 25 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



complex result in elongation of the exposed polar C4=O and N3–H bonds by a maximum value of 

0.011 Å and shortening of the embedded N3–C4 bond up to 0.012 Å. 

 

Fig.  6 Absorption spectra of the Pt(Ura)(GL) complex in the absence (black line) and presence of 

incremental amounts of CT-DNA (tris-buffer, pH 7); [Pt(Ura)(GL)]=10 µM; [CT-DNA]=0-35 µM; 

Inset: Linear plot shows the binding isotherms with CT-DNA. 

 

DNA-binding properties. Low molecular weight metallopeptides are known to be efficient DNA 

binders, and have attracted much interest owing to their ability to serve as biomimetic models for 

metalloprotein-DNA interactions as well as for applications in biotechnology and medicine.57,58 The 

absorption spectra of the Pt(Ura)(GL) complex at constant concentration (10 µM) in the absence and 

presence of different concentrations of CT-DNA (0-35 µM) are portrayed in Fig. 6. In the presence 

of increasing amounts of CT-DNA, the UV-vis titration spectra of the Pt(Ura)(GL) complex exhibit 

amplifications in the LMCT peak intensities at ~ 403 nm (hyperchromicity), while their absorption 

band-positions remain basically unaltered (i.e no batho- or hypsochromic shifts are observed). These 

results provide strong evidences regarding the possibilities of groove binding for the studied 

complex to DNA.57,59 Groove-binding, mainly facilitated by the highly negative electrostatic 

potential of the DNA-grooves, has now been realized as an important non-covalent ligand-DNA 

binding motif in the field of drug development.59 The Kb values for the interactions of the 
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Pt(Ura)(GL) complex with CT-DNA, calculated according to equation (I), is found to be 2.04 x 105 

M-1. 

 

(a) Pt(Ura)(GV) (b) Pt(Ura)(AG) (c) Pt(Ura)(GL) 

Fig. 7 Hydrogen bonded interactions of the studied systems with B-DNA 

 

   Docking procedures are now routinely used for in silico screening of the drug-receptor interactions 

because of their remarkable efficiency to describe the ‘‘best-fit’’ orientation of a ligand to a 

particular receptor; both energetically and geometrically. The efficacies and limitations of in silico 

studies as well as the current and future challenges in the realm of drug-receptor interaction 

chemistry have been recently reviewed.60,61 It is known that the minor grooves of a double helical 

DNA molecule are the main binding sites for most of the antibiotic and anticancer drugs.62,63 The 

highest ranking docked poses of the Pt(Ura)(GV), Pt(Ura)(AG) and Pt(Ura)(GL) complexes with the 

classical d(CGCGAATTCGCG)2 B-DNA sequence are depicted in Fig 7. In general, the complexes 

are found to prefer the AT rich segment of the minor-groove of DNA. The H-bond interactions 

(whose intermolecular H-bond distances range from 1.51-2.06 Å) established by the complexes with 

DNA include the interactions of the O-atoms of the -CONH functions of the dipeptide moieties with 

the backbone -CH2 groups and the C2=O groups of uracil with the C2-H groups belonging to the A6 

residues of DNA. The predicted DNA binding-affinity order of the three complexes (Table S5), 

determined by performing single point energy calculations using the all atom potential UFF level, 

emerges as Pt(Ura)(AG) > Pt(Ura)(GL) > Pt(Ura)(GV). 
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Conclusions  

The current work, aimed at studying the interactions of Pt(II) with uracil and small peptide moieties 

(i.e. glycyl-l-valine, glycyl-l-leucine and l-alanyl-l-glutamine) leading to the formation of peptide-

nucleobase complexes, reveals that the dipeptides interact with the Pt(II) ion via their –NH2 and –

CO2
- groups in both solid and aqueous phases. Uracil binds to the metal ion through its N3 and O4 

atoms. The non involvement of the dipeptide amide groups in metal binding is evidenced by the 

unchanged frequency values of the ν(N3-H) and ν(C4=O) modes in the dipeptides as well as in their 

metal complexes. Gas and aqueous phase theoretical calculations are carried out using the 

biologically relevant αR conformers of the dipeptides at the B3LYP and B3PW91 levels in 

conjunction with the 6-31++G(d,p) and LANL2DZ basis sets in order to examine the influence of 

metal-coordination and solvation on the structural, electronic and vibrational properties of the 

complexes. Calculations show that the Pt(II)-peptide-nucleobase complexes exist in their low-spin 

states. Theoretically predicted square planar type geometries for the complexes are consistent with 

the experimentally observed absorption spectral data. Solvation effects of the continuum model as 

well as the explicitly considered aqueous phase are found to leave marked impression on the 

backbone structural aspects of the dipeptides. The vibrational modes of the ligands and their metallic 

complexes are better reproduced at B3LYP level as compared to those at B3PW91. UV-visible 

titration experiments in combination with in silico docking and molecular mechanical studies 

suggest that the metal complexes bind to the minor-groove of the DNA molecule, largely by H-

bonding interactions. 
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