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ABSTRACT 
The structure of newly synthesized biginelli product 4-(4-nitrophenyl)-2-oxo-7-phenyl-2,3,4,5,6,7-hexahydro-1H-
pyrrolo[2,3-d]pyrimidine-5-carboxylic acid (4) of 5-oxo-1-phenylpyrrolidine-3-carboxylic acid has been  confirmed 
with the help of various spectral techniques like UV, FT-IR, 

1
H, 

13
C NMR and mass spectroscopy. All quantum 

chemical calculations such as polarizability, hyperpolarizabilities, NBO, NLO, heat capacity, entropy and enthalpy 
change have been carried out at level of density functional theory (DFT) with B3LYP function using 6-31G(d,p) 
basis atomic set. The value of total first static hyperpolarizability (βtot) has been found to be 20.5468×10

-30
 esu, 

indicating that the title molecule could be an attractive future NLO material. All the possible transitions have 
been computed by NBO analysis and correlated with the electronic transitions. MESP plot has been derived and 
electrophilic and nucleophilic regions have been identified with the help of this plot. HOMO and LUMO energy 
values and the difference between the two has been calculated along with the computation of electronegativity 
and electrophilicity indices.  
Keywords: Natural Bond Orbital (NBO), thermodynamic properties, non linear optical (NLO), molecular 
electrostatic potential (MESP) and atom in molecule (AIM).  
 

INTRODUCTION 
As per literature, most of the compounds containing heterocyclic moiety are very active against several 
microorganism, and synthesis of such compounds have been dragging the eyes of chemist from a long time (John 
et al. 2004). Many heterocyclic compounds with pyrrolidine ring system, have been reported to exhibit an 
outstanding range of biological activities and the replacement of hydrogens of afore mentioned ring system by 
diversified substituents may lead to the various type of fruitful pharmacologically active compounds (Alan et al. 
2003). A vast range of pharmacological activities such as anticonvulsant (Jolanta et al. 2003, Barbara 2005), 
antimicrobial (Lokhande et al. 2003, Mary et al. 2006, Donas et al. 2006), anti- HIV-1 (Shinichi et al. 2004) and 
antitumor (Xun et al. 2006) have been reported for compounds bearing pyrrolidine moiety in their skeletal 

http://www.sasjournals.com/
http://www.jbcr.co.in/
mailto:jbiolchemres@gmail.com


Journal Impact Factor: 4.275  IC Value: 82.43 (2016)           UGC Approval No. 62923 

 

Indexed, Abstracted and Cited in Indexed Copernicus International and 20 other databases of National 
and International repute 

structure. Pyrrolidine derivatives also play an important role as inhibitors like ketoamide-based cathepsin K 
inhibitors (Barrett et al. 2006), human melanocortin-4 receptor agonists (Tran et al. 2007) and malic enzyme 
inhibitors (John et al. 2006). In this paper, the structure of synthesized compound 4 has been illustrated through 
different type of spectroscopic methods and a complete comparison has been made between the experimental 
and calculated data (obtained through DFT) of the compound 4. For DFT studies, it is important to choose a basis 
set which is well able to approximate the actual wave functions to provide chemically meaningful results. The 
shape of atomic orbitals gets distorted in molecule formation (polarization) and orbitals are influenced by other 
nuclei. To describe molecules with lone pairs, anions, transition states and excited states (loosely held e

-
) diffuse 

basis sets can be useful, therefore the DFT calculation results including mulliken atomic charges, mesp, nlo, 
electronic absorption spectra, nbo, thermodynamic properties, local reactivity descriptors and global reactivity 
descriptors have been drawn using density functional theory (DFT) method with B3LYP function using 6-31g (d,p) 
basis atomic set.  Distribution of density of electrons in various bonding and anti-bonding orbitals have been 
elicited by NBO analysis. 
 

MATERIALS AND METHOD 
NMR spectra of the compound 4 have been recorded on a Bruker 300 MHz instrument using TMS as internal 
reference and DMSO-d6 as a solvent. Abbreviations for singlet, doublet, triplet and multiplet are quoted as s, d, t 
and m respectively. KBr pellet has been used for recording IR spectrum on a Perkin-Elmer Fourier transform infra-
red spectrophotometer. DMSO has been used as a solvent for obtaining Ultraviolet spectrum, in the region 200-
500 nm on UV-visible Double-Beam Spectrophotometer (systronic-2203) instrument. The HRMS of compound 4 
has been recorded on a TOF MS ES- mass spectrometer. Thin-layer chromatography (TLCs) and an iodine chamber 
(to develop TLCs) have been used to check the progress of reaction. Synthesis of 5-oxo-1-phenylpyrrolidine-3-
carboxylic acid (1) has been done by the reported method (Paytash et al. 1950).   
Procedure for synthesis of 4-(4-nitrophenyl)-2-oxo-7-phenyl-2, 3, 4, 5, 6, 7-hexahydro-1H-pyrrolo [2,3-d] 
pyrimidine-5-carboxylic acid (4) 
A mixture of 5-oxo-1-phenylpyrrolidine-3-carboxylic acid (1) (0.005 mol), 4-nitrobenzaldehyde (2) (0.005 mol), urea 
(3) (0.005 mol) and ethanol (15 mL) was refluxed under strong acidic condition (conc. HCl) for ~19 hrs at 100-110 
0C. The reaction mixture was concentrated and kept overnight. Yellowish low melting solid was separated. The 
resulting yellowish oily product was purified by column chromatography using ethyl acetate-hexane (9.5:0.5 v/v). 
(Scheme 1) Yield: 41; Rf value: 0.43 *Hexane: Ethyl acetate+ (8.0:2.0 v/v) as mobile phase; IR (KBr) νmax. 2850 (=CH 
stretching); 2981.95 (-CH stretching), 1730.15 (C=O stretching); 3360 (-NH stretching); 3480 (-OH stretching); 
1307.74(-C-N stretching); 1128.36(-C-O stretching), 

1
H NMR (DMSO-d6): δ (ppm) = 6.20-8.3 (m, 9H, phenyl ring), 

2.5-2.8 (d, 2H, CH2 in pyrrolidine ring), 3.9-4.1 (m, 1H in pyrrolidine), 5.816 (s, 2H, NH), 5.44 (s, 1H in pyrimidone 
ring), 11(hydroxyl proton of carboxylic acid), 

13
C NMR (DMSO-d6): δ=59.19, 50.23, 119.86,   123-129, 139.47, 

172.04, 150.74, 158-156; m/z: 380.3540.  

 
Scheme 1. Synthesis of 4-(4-nitrophenyl)-2-oxo-7-phenyl-2,3,4,5,6,7-hexahydro-1H-pyrrolo[2,3-d] pyrimidine-5-

carboxylic acid (compound 4). 
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Computational Details 
The quantum chemical results of compound 4 for theoretical and experimental consistency, have been obtained by 
DFT with B3LYP/6-31G(d,p) (Becke 1993, Becke 1988, Lee 1988), 6-31G(d,p) basis set has been used due to the 
polarization of atomic orbitals during the formation of molecular orbitals with Gaussian 09 package (Schlegel 
1982). Calculated IR and UV spectra of compound 4 have been plotted by using GaussView05 program. Gauge 
Induced atomic orbital (GIAO) method has been implemented for getting NMR chemical shifts of the compound 4 
(Wolinski  et al. 1990). The Frontier orbital values have been obtained by imposing time dependent density 
functional theory (TD-DFT) at B3LYP/6-31-G(d,p) level with the implementation of IEFPCM model and DMSO as a 
solvent (Cossi  et al. 2001, Adamo  et al.2000). Intramolecular interactions, ring critical points, bond critical paths, 
ring critical point to bond critical paths and ring critical point attractor path have been obtained by AIM approach 
(Bader et al. 2000).  
 

RESULTS AND DISCUSSION 
Molecular geometry 
Calculated optimized parameters like bond lengths, bond angles and dihedral angles of compound 4 have been 
compared with the experimental one (Table 1). All the essential experimental structural parameters have been 
taken from the similar systems for which the crystal structures have been solved. Figure 1 shows all the atoms 
present in the compound 4.  

 
Figure 1. Optimized structure of compound 4. 

 
The pure single bond character has been confirmed by comparing the calculated distance between C8-C9 (1.5541) 
with experimental distance between C8-C9 (1.525). The shortest bond of the compound 4 is O15-H38 (0.9723Å). 
All C-C bond length and C-H bond length of rings are in the range of 1.3-1.6 Å and 1.08-1.1 Å respectively. The 
variations observed in the bond angles are due to the electro negativity of the central atom, lone pair of electrons 
and the conjugation of the double bonds. 
 
1
H and 

13
C NMR spectra 

1
H and 

13
C NMR spectra (experimental and theoretical) of compound 4 has been presented in Table 2. The 

correlation graphs of experimental and calculated 
1
H and 

13
C NMR spectra have been shown in Fig. 2(a) & 2(b) 

respectively. The linear equations followed by correlation graphs are y = 1.018x - 0.853 for 
1
H NMR and y = 0.950 x 

+ 0.298 for 
13

C NMR. Where ‘y’ and ‘x’ are the experimental and the calculated chemical shifts respectively. Solvent 
used for recording the NMR spectra was DMSO-d6. Good agreement between the obtained experimental values 
and calculated values has been visualized from the correlation values (R² = 0.996 using B3LYP for 

1
H NMR and R² = 

0.991 using B3LYP for 
13

C NMR). 
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Table 1. Comparison of calculated and experimental optimized structural parameters for title compound 4 using 
B3LYP/6-31G (d,p) method. 

Bond Length B3LYP Exp Bond Length B3LYP Exp 

C1-C2 1.3957 1.381 N12-C18 1.3972  

C1-C6 1.3952 1.375 N12-H37 1.0089  

C1-H29 1.0852 0.93 C13-O14 1.211  

C2-C3 1.3934 1.3927 C13-O15 1.3538  

C2-H30 1.086 0.93 O15-H38 0.9723  

C3-C4 1.4083 1.396 C16-N17 1.4733  

C3-H31 1.0846 0.93 C16-C19 1.5349  

C4-C5 1.4053 1.382 C16-H39 1.103  

C4-N7 1.407 1.42 N17-C18 1.3738  

C5-C6 1.3938 1.38 N17-40H 1.0102  

C5-H32 1.0843 0.93 C18-O25 1.221  

C6-H33 1.0861 0.93 C19-C20 1.3986 1.39 

N7-C8 1.4737 1.472 C19-C24 1.4028 1.39 

N7-C11 1.3921  C20-C21 1.394 1.38 

C8-C9 1.5541 1.525 C20-H41 1.0861 0.93 

C8-H34 1.0924 0.97 C21-C22 1.3914 1.39 

C8-H35 1.0963 0.97 C21-42H 1.0826 0.93 

C9-C10 1.5176  C22-C23 1.3962 1.39 

C9-C13 1.5218 1.52 C22-N26 1.4714  

C9-H36 1.0993 0.98 C23-C24 1.389 1.38 

C10-C11 1.3502  C23-43H 1.0826 0.93 

C10-C16 1.5001  C24-44H 1.0854 0.93 

C11-N12 1.3786  N26-O27 1.2309  

   N26-O28 1.2312  

      

Bond Angle B3LYP Exp Bond Angle B3LYP Exp 

C2-C1-C6 119.1376 118.3 C4-C7-C11 127.4621 120.4 

C2-C1-H29 120.4291 120.8 C8-N7-C11 106.6369 120.4 

C6-C1-H29 120.4283 120.8 N7-C8-C9 104.1758 103.5 

C1-C2-C3 120.7001 121.5 N7-C8-H34 110.2139 111.1 

C1-C2-H30 120.1368 119.2 N7-C8-H35 110.7667 111.1 

C3-C2-H30 119.1433 119.2 C9-C8-H34 113.0581 111.1 

C2-C3-C4 120.2638 119.9 C9-C8-H35 109.4356 111.1 

C2-C3-H31 119.9076 120.1 H34-C8-H35 109.1245 109.0 

C4-C3-H31 119.7738 120.1 C8-C9-C10 101.1705 104.4 

C3-C4-C5 118.8114 118.4 C8-C9-C13 114.3564 113.0 

C3-C4-N7 120.5778 119.1 C8-C9-H36 111.3374 108.1 

C5-C4-N7 120.5534 119.1 C10-C9-C13 114.2753  

C4-C5-C6 120.255 120.9 C10-C9-H36 111.2028 108.1 

C4-C5-H32 120.1067 119.5 C13-C9-H36 104.7253 108.1 

C6-C5-H32 119.6356 119.5 C9-C10-C11 108.4019  

C1-C6-C5 120.7869 121.0 C9-C10-C16 128.252  

C1-C6-H33 120.056 119.5 C11-C10-C16 122.2402  

C5-C6-H33 119.1537 119.5 N7-C11-C10 113.3774  

C4-N7-C8 122.968 120.4 N7-C11-N12 123.1893  

C10-C11-N12 123.3828  C20-C21-H42 121.9179  

C11-N12-C18 120.9288  C22-C21-H42 119.6047  

C11-N12-H37 122.1877  C21-C22-C23 122.0167  
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C18-N12-H37 115.9442  C21-C22-N26 119.0244  

C9-C13-O14 123.9551  C23-C22-N26 118.9586  

C9-C13-O15 113.3616  C22-C23-C24 118.6054  

O14-C13-O15 122.6588  C22-C23-H43 119.4429  

C13-O15-H38 106.1305  C24-C23-H43 121.9516  

C10-C16-N17 108.1627  C19-C24-C23 120.7911  

C10-C16-C19 113.7756  C19-C24-H44 119.4935  

C10-C16-H39 109.6727  C23-C24-H44 119.7153  

N17-C16-C19 110.4498  C22-N26-O27 117.7328  

N17-C16-H39 108.1053  C22-N26-O28 117.6491  

C19-C16-H39 106.5383  O27-N26-O28 124.618  

C16-N17-C18 129.29  C21-C22-C23 121.9179  

C16-N17-H40 117.424  C21-C22-N26 119.6047  

C18-N17-H40 112.2066  C23-C22-N26 122.0167  

N12-C18-N17 115.1507  C22-C23-C24 119.0244  

N12-C18-C25 121.373  C22-C23-H43 118.9586  

N17-C18-C25 123.4612  C24-C23-H43 118.6054  

C16-C19-C20 120.3192  C19-C24-C23 119.4429  

C16-C19-C24 120.4669  C19-C24-H44 121.9516  

C20-C19-C24 119.2139  C23-C24-H44 120.7911  

C19-C20-C21 120.8941  C22-N26-O27 119.4935  

C19-C20-H41 119.678  C22-N26-O28 119.7153  

C21-C20-H41 119.4253  O27-N26-O28 117.7328  

C20-C21-C22 118.4774     

      

Dihedral Angle B3LYP  Dihedral Angle B3LYP  

C6-C1-C2-C3 -0.015  C3-C4-C5-H32 179.4257  

C6-C1-C2-H30 178.3522  N7-C4-C5-C6 -178.4481  

H29-1-2-3 -179.2019  N7-C4-C5-H32 2.1642  

H29-1-2-H30 -0.8347  C3-C4-N7-C8 -154.7066  

C2-C1-C6-C5 1.2597  C3-C4-N7-C11 47.3301  

C2-C1-C6-H33 -179.427  C5-C4-N7-C8 22.5063  

H29-C1-C6-C5 -179.5534  C5-C4-N7-C11 -135.457  

H29-C1-C6-H33 -0.2402  C4-C5-C6-C1 -0.6487  

C1-C2-C3-C4 -1.8363  C4-C5-C6-H33 -179.9681  

C1-C2-C3-H31 175.466  H32-C5-C6-C1 178.7419  

H30-C2-C3-C4 179.7805  O14-C13-O15-H38 1.1034  

H30-C2-C3-H31 -2.9171  C10-C16-N17-C18 9.2232  

C2-C3-C4-C5 2.417  C10-C16-N17-H40 176.3101  

C2-C3-C4-N7 179.6778  C19-C16-N17-C18 -115.888  

H31-C3-C4-C5 -174.8889  C19-C16-N17-H40 51.1989  

H31-C3-C4-N7 2.3718  H39-C16-N17-C18 127.9096  

C3-C4-C5-C6 -1.1866  H39-C16-N17-H40 -65.0035  

C10-C16-C19-C20 117.5318  C19-C20-C21-H42 179.8584  

C10-C16-C19-C24 -62.4586  H41-C20-C21-C22 -179.6165  

N17-C16-C19-C20 -120.6107  H41-C20-C21-H42 0.4453  

N17-C16-C19-C24 59.3989  C20-C21-C22-C23 0.2544  

H39-C16-C19-C20 -3.4361  C20-C21-C22-N26 -179.9415  

H39-C16-C19-C24 176.5735  H42-C21-C22-C23 -179.806  

C16-N17-C18-N12 -11.2556  H42-C21-C22-N26 -0.0018  
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C16-N17-C18-C25 170.1442  C21-C22-C23-C24 0.0175  

H40-N17-C18-N12 -178.884  C21-C22-C23-H43 179.9056  

H40-N17-C18-C25 2.5158  N26-C22-C23-C24 -179.7868  

C16-C19-C20-C21 179.8961  N26-C22-C23-H43 0.1013  

C16-C19-C20-H41 -0.6923  C21-C22-N26-O27 0.804  

C24-C19-C20-C21 -0.1133  C21-C22-N26-O28 -179.0842  

C24-C19-C20-H41 179.2983  C23-C22-N26-O27 -179.3858  

C16-C19-C24-C23 -179.6156  C23-C22-N26-O28 0.726  

C16-C19-C24-H44 0.5126  C22-C23-C24-C19 -0.3453  

C20-C19-C24-C23 0.3939  C22-C23-C24-H44 179.5262  

C20-C19-C24-H44 -179.478  H43-C23-C24-C19 179.7695  

C19-C20-C21-C22 -0.2035  H43-C23-C24-H44 -0.3589  

 
Table 2. Calculated and experimental 

1
H NMR chemical shifts (δ /ppm) of compound 4. 

 
Chemical Shift (ppm) 

 
Chemical Shift (ppm) 

 Atoms B3LYP Experimental Atoms B3LYP Experimental 

      C1 120.3151 
 

H29 7.1816 
  C2 127.5846 

 
H30 7.5155 

  C3 117.3746 123-129 H31 7.1441 
 

6.20-7.6 

C4 138.2737 
 

H32 7.0534 
  C5 115.8497 

 
H33 7.5435 

  C6 128.4763 
 

H34 3.5816 
 

2.5-2.8 

C8 57.1497 59.19 H35 4.4082 
  C9 52.2008 50.23 H36 3.7582 
 

3.9-4.1 

C10 83.2353 119.86 H37 5.8319 
 

5.816 

C11 138.0429 139.47 H40 5.545 
  C13 169.6175 172.04 H39 5.3325 
 

5.44 

C18 144.3268 150.74 H41 7.3402 
  C19 152.0906 

 
H42 8.3382 

 
7.6-8.3 

C20 127.7145 
 

H43 8.5028 
  C21 122.5639 158-156 H44 7.9829 
  C22 146.9672 

     C23 123.5591 
     C24 129.0135 
      

Electronic absorption 
The UV-Visible spectrum of compound 4 has been studied by TD-DFT method using the previously mentioned DFT 
method in section 3. The percentage contribution of probable transitions, corresponding absorption wavelengths 
along with simulated UV data, oscillator strength (f) and vertical excitation energies have been texted in Table 2 
and compared with experimental results. An intense electronic transition at 311.03 nm with an oscillator strength ƒ 
= 0.1481 in DMSO has been anticipated which has been found to be very close to the experimental (λexp. = 318 
nm in DMSO). Figure 3 shows the experimental and calculated spectra of compound 4, and the corresponding 
transitions from HOMO to LUMO+2 with 44.17% , HOMO-2 to LUMO with 33% and HOMO-5 to LUMO with 17.18% 
contribution have been texted in the table 3 and shown in the figure 4. These transitions happened due to n→π* 
and π →π*transition.  
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Figure 2 (a) and (b). Correlation graph between experimental and calculated 

1
HNMR

 
chemical shifts (a) and 

between experimental and calculated 
13

CNMR chemical shifts (b) using B3LYP 6-31G (d, p). 
 
Table 3. Experimental and theoretical absorption wavelength λmax (nm), excitation energies E (eV) of compound 

4 using B3LYP functional and 631-G/(d,p) basis set. 

S. 
No 

Electronic transitions 
(Molecular orbital 

involved) 

Energy 
(in eV) 

Calculated 
λmax (in nm) 

B3LYP 

Oscillatory 
strength (ƒ) 

Percentage 
contribution of 

probable transition 
B3LYP 

Observed 
λmax (in nm) 

 

1 97→100 (H-2→L) 3.9264 315.77 0.1323 33.02%  

2 99→102 (H→L+2) 3.9863 311.03 0.1481 44.17% 318 

3 94→100 (H-5→L) 4.4452 278.92 0.3284 17.18%  

 
Figure 3. Experimental and theoretical UV-Visible spectra of compound 4. 
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Figure 4. Transition between HOMO to LUMO+2, HOMO-2 to LUMO and HOMO-5 to LUMO. 

 

 
J. Biol. Chem. Research                                     792                                     Vol. 35 (2): 785-806 (2018) 



Journal Impact Factor: 4.275  IC Value: 82.43 (2016)           UGC Approval No. 62923 

 

Indexed, Abstracted and Cited in Indexed Copernicus International and 20 other databases of National 
and International repute 

Table 4. The potential energy distribution (PED) and, the calculated and experimental frequencies of the 
compound 4. 

Theoretical wave 
numbers 

   

Unscaled Scaled Exp IIR 
(km/mol) 

Vibrational Assignment (PED >10 %) 

532.34 514.61 
 

3.4 
Β (C21-N26-C22)( 29.)  β (C22-O28-N26)( 16.)  δ(C21-N26-C22-

O28)( 12.)            -δ(25-12-18-37)( 11.) 

537.68 519.77 
 

21.16 
δ(25-12-18-37)( 24.)  δ (40-16-17-10)( 21.)    δ (H40-C16-N17-

C10) ( 20.) 

557.56 538.99 
 

99.88 
δ(H40-C16-N17-C10)( 34.)  δ(40-16-17-10)( 23.)  -π(40-16-18-17)( 

18.) 

572.7 553.62 
 

17.93 δ(40-16-17-10)( 33.) 

608.57 588.30 
 

54.3 δ(36-13-9-14)( 26.) -δ(12-10-11-9)( 11.) 

619.7 599.06 
 

23.84 δ(40-16-17-10)( 48.)  δ(12-10-11-9)( 14.)  -β(17-25-18)( 13.) 

630.39 609.39 
 

2.05 β(C1-C3-C2)( 38.)  -τ(10-11)( 18.) 

632.81 611.73 
 

28.62 δ(40-16-17-10)( 31.)  -τ(10-11)( 23.)  δ(25-12-18-37)( 13.) 

640.72 619.38 
 

2.55 
β(C19-C21-C20)( 33.)  δ(40-16-17-10)( 16.)  -β(17-25-18)( 14.)  

δ(25-12-18-37)( 11.) 

657.43 635.53 
 

4.16 τ(10-11)( 29.)  δ(12-10-11-9)( 28.)   τ(N7-C8)( 15.) 

671.47 649.11 
 

16.94 δ(25-12-18-37)( 30.)  -β(17-25-18)( 17.) 

691.33 668.30 
 

3.17 τ(10-11)( 23.)   τ(N7-C8)( 12.)   β(C24-C20-C19)( 12.) 

712.01 688.30 
 

8.21 π(C16-C20-C24-C19)( 18.)  -τ(C19-C20)( 15.)  δ(25-12-18-37)( 12.) 

715.57 691.74 
 

17.52 τ(C1-C2)( 42.)  δ(40-16-17-10)( 10.) 

733.3 708.88 
 

15.16 
π(O25-N12-N17-C18)( 39.) -δ(25-12-18-37)( 22.)  δ(25-12-18-37)( 

10.) 

736 711.49 
 

18.26 π(O25-N12-N17-C18)(55.) -δ(25-12-18-37)( 32.) 

767.17 741.62 
 

8.53 
π(C16-C20-C24-C19)( 21.)  -τ(C19-C20)( 16.)   π(C26-C21-C23-

C22)( 16.)  -β(17-25-18)( 13.) 

768.65 743.05 
 

48.33 
π(O14-C9-O15-C13)( 18.) -δ(40-16-17-10)( 14.) -δ(12-10-11-9)( 

11.) 

777.37 751.48 
 

4.03 
δ(25-12-18-37)( 18.)   π(O14-C9-O15-C13)( 14.)  -β(17-25-18)( 

11.) 

818.73 791.46 
 

66.32 ν(C16-C19)( 11.) 

834.87 807.06 
 

7.17 
δ(40-16-17-10)( 18.) -δ(36-13-9-14)( 18.)   π(O14-C9-O15-C13)( 

17.) 

847.99 819.75 
 

2.11 
π(H32-C4-C6-C5)( 28.)  -π(H31-C2-C4-C3)( 16.)  -π(H30-C1-C3-

C2)( 14.) 

850.86 822.52 
 

2.87 
π(H44-C19-C23-C24)( 38.)  -π(H43-C22-C24-C23)( 31.)   π(H42-

C20-C22-C21)( 24.) 

870.26 841.28 
 

13.49 δ(25-12-18-37)( 13.)  -τ(C19-C20)( 11.)  δ(12-10-11-9)( 10.) 

874.44 845.32 
 

24.69 τ(C19-C20)( 25.)  -π(C16-C20-C24-C19)( 11.) -δ(12-10-11-9)( 10.) 

891.38 861.69 
 

1.62 δ(25-12-18-37)( 16.)  -ν(N12-C18)( 12.)  δ(12-10-11-9)( 12.) 

910.31 879.99 
 

4.76 
π(H31-C2-C4-C3)( 26.)   π(H32-C4-C6-C5)( 20.)  -π(H29-C6-C2-C1)( 

20.) 

923.04 892.30 
 

10.95 δ(36-13-9-14)( 30.)   ν(N12-C18)( 15.)   δ(H36-C10-C9)( 13.) 

968.31 936.06 
 

20.93 
δ(40-16-17-10)( 22.)  - δ(H36-C8-C9)( 20.) -δ(36-13-9-14)( 18.)   

ν(N12-C18)( 10.) 

971.51 939.15 
 

0.69 π(H33-C1-C5-C6)( 34.)   π(H30-C1-C3-C2)( 21.)  -π(H31-C2-C4-C3)( 
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20.)   π(H32-C4-C6-C5)( 13.) 

984.37 951.59 
 

2.94 
π(H42-C20-C22-C21)( 43.)  -π(H43-C22-C24-C23)( 18.)  -π(H44-

C19-C23-C24)( 17.)  -τ(19-20)( 11.) 

987.44 954.55 
 

2.19 
π(H43-C22-C24-C23)( 30.)   π(H44-C19-C23-C24)( 19.)   π(H42-

C20-C22-C21)( 13.)   τ(C19-C20)( 13.) 

995.28 962.13 
 

0.59 
π(H30-C1-C3-C2)( 26.)  -π(H29-C6-C2-C1)( 23.)  -π(H33-C1-C5-

C6)( 19.)  -τ(C1-C2)( 12.) 

999.39 966.11 
 

3.6 δ(H36-C8-C9)( 34.)  δ(40-16-17-10)( 17.)  δ(36-13-9-14)( 16.) 

1011.71 978.02 
 

1.34 β(C6-C2-C1)( 61.) 

1031.97 997.60 
 

6.1 β(C19-C21-C20)( 54.) 

1052.45 1017.40 
 

12.32 δ(40-16-17-10)( 18.) -δ(36-13-9-14)( 18.) 

1062.24 1026.86 
 

10.28 δ(36-13-9-14)( 23.)  δ(36-13-9-14)( 11.)    δ(H36-C8-C9)( 11.) 

1092.54 1056.15 
 

16.44 β(C69-H40-N17)( 22.) -δ(40-16-17-10)( 17.)   β(17-25-18)( 13.) 

1105.2 1068.39 
 

24.07 δ(40-16-17-10)( 46.)  -β(C69-H40-N17)( 27.) 

1122.55 1085.16 1037 3.83 δ(40-16-17-10)( 19.)  -ν(C10-C16)( 12.) 

1128.79 1091.20 1107 39.26 
ν(C22-N26)( 27.)  -β(C19-C21-C20)( 13.)  -ν(C22-C23)( 13.)  -

ν(C21-C22)( 11.)   β(C20-H42-C21)( 10.) 

1133.26 1095.52 
 

1.95 δ(40-16-17-10)( 40.)  -β(C69-H40-N17)( 17.) 

1160.17 1121.53 1128 16.54 
δ(25-12-18-37)( 19.)  -ν(N7-C8)( 10.)   ν(C11-N12)( 10.)  -ν(C9-

C10)( 10.) 

1185.66 1146.17 
 

118.93 δ(H36-C10-C9)( 23.) 

1189.16 1149.56 
 

4.66 β(C6-H29-C1)( 31.)  -β(C1-H30-C2)( 20.)   β(C1-H33-C6)( 17.) 

1201.76 1161.74 
 

13.43 δ(40-16-17-10)( 27.) 

1204.85 1164.72 
 

12.68 δ(40-16-17-10)( 15.)    δ(H36-C8-C9)( 12.) 

1210.47 1170.16 1195 14.81 
ν(C10-C16)( 12.)  β(C4-H32-C5)( 11.) -β(C2-H31-C3)( 10.) β(C1-

H33-C6)( 10.) 

1212.57 1172.19 1226 10.48 δ(H36-C8-C9)( 27.)   ν(C10-C16)( 14.)  δ(36-13-9-14)( 13.) 

1286.05 1243.22 
 

9.45 
δ(H36-C8-C9)( 32.)  δ(H36-C13-C9-O14)( 20.) - δ(H36-C10-C9)( 

13.) 

1288.37 1245.46 
 

76.66 
δ(H36-C13-C9-O14)( 40.)    δ(H36-C8-C9)( 28.)   δ(H36-C10-C9)( 

12.) 

1302.71 1259.32 
 

67.45 δ(36-13-9-14)( 32.)   δ(H36-C10-C9)( 19.) 

1318.94 1275.01 
 

5.75 δ(36-13-9-14)( 44.)   δ(H36-C10-C9)( 42.) -δ(36-13-9-14)( 10.) 

1325.33 1281.19 
 

0.46 δ(H36-C8-C9)( 43.)  δ(36-13-9-14)( 29.) 

1348.28 1303.38 
 

2.58 δ(H36-C13-C9-O14)( 41.)    δ(H36-C8-C9)( 32.) 

1350.91 1305.92 
 

38.39 δ(H36-C13-C9-O14)( 23.)   δ(H36-C10-C9)( 18.) 

1369.84 1324.22 
 

3 
δ(H40-C16-N17-C10)( 14.)  -β(C16-H40-N17)( 13.)  -β(C2-H31-

C3)( 12.) 

1376.6 1330.75 
 

57.84 
δH(40-C16-N17-C10)( 18.)  -β(C69-H40-N17)( 16.) -δ(H36-13-C9-

O14)( 11.) 

1380.73 1334.75 
 

262.43 
δ(H36-C13-C9-O14)( 43.)    δ(H36-C8-C9)( 18.)   δ(H36-C10-C9)( 

16.) 

1391.62 1345.27 
 

89.06 δ(H40-C16-N17-C10)( 29.)  -β(C16-H40-N17)( 18.) 

1397.36 1350.82 1348 331.81 ν(N26-O27)( 24.)   ν(N26-O28)( 24.)  -ν(C22-N26)( 14.) 

1409.26 1362.33 
 

16.66 β(C16-H40-N17)( 38.) -δ(H40-C16-N17-C10)( 37.) 

1421.03 1373.70 
 

125.16 
β(C16-H40-N17)( 28.) -δ(H40-C16-N17-C10)( 23.)  δ(O25-N12-

C18-H37)( 11.)  -β(N17-O25-C18)( 11.) 
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Vibrational Assignment 
The vibrational data of novel 4-(4-nitrophenyl)-2-oxo-7-phenyl-2,3,4,5,6,7-hexahydro-1H-pyrrolo[2,3-d]pyrimidine-
5-carboxylic acid (4) shows the presence of 44 atoms which belong to C1 point group possessing. One can look of 
the Figure 5 to compare the experimental and simulated vibrational spectra. The potential energy distribution 
(PED) and, the calculated and experimental frequencies of the compound 4 have been arranged in the 
supplementary Table 4. 
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1463.3 1414.57 
 

3.66 β(H39-N17-C16)( 13.) 

1472.54 1423.50 
 

172.18 β(C16-H40-N17)( 60.) -δ(H40-C16-N17-C10)( 33.) 

1496.36 1446.53 1500 11.98 
β(C6-H29-C1)( 16.)   β(C16-H40-N17)( 12.)  -ν(C5-C6)( 12.)    ν(C2-

C3)( 12.) 

1517.35 1466.8 
 

53.66 ν(C2-C3)( 45.) 

1531.17 1480.18 
 

5.15 
β(C22-H43-C23)( 18.)  -β(C20-H42-C21)( 15.)  -ν(C22-C23)( 12.)  -

ν(C21-C22)( 11.) 

1543.67 1492.26 
 

55.1 β(C1-H30-C2)( 11.)  -β(C4-H32-C5)( 10.)  -ν(H34-H35-C8)( 10.) 

1550.89 1499.24 
 

438.17 ν(C11-N12)( 15.)  -ν(N7-C11)( 13.) 

1617.94 1564.06 
 

128.67 ν(N26-O27)( 28.)  -ν(N26-O28)( 27.) 

1632.77 1578.39 
 

21.26 ν(C1-C6)( 20.)   -ν(C1-C2)( 19.)   -ν(C4-C5)( 15.)    ν(C3-C4)( 13.) 

1651.57 1596.57 
 

41.31 ν(C23-C24)( 23.)  β(C24-C20-C19)( 13.) 

1658.46 1603.23 
 

124.16 ν(C5-C6)( 21.)    ν(C2-C3)( 21.)   β(C6-C2-C1)( 10.) 

1670.34 1614.71 
 

72.46 
ν(N26-O27)( 18.)  -ν(N26-O28)( 17.)  -ν(C21-C22)( 13.)   β(C21-

N26-C22)( 13.)   ν(C22-C23)( 10.) 

1734.95 1677.17 
 

406.47 ν(C10-C11)( 56.)  δ(N12-C10-C11-C9)( 18.) 

1824.13 1763.38 1710 659.68 
β(C16-H40-N17)( 42.) -δ(H40-C16-N17-C10)( 18.) -δ(O25-N12-

C18-H37)( 12.)  -ν(C18-O25)( 12.) 

1839.18 1777.93 1730 240.23 δ(H36-C13-C9-O14)( 44.)  -ν(C13-O14)( 32.)   δ(H36-C10-C9)( 11.) 

2960.77 2862.17 
 

55.47 ν(C16-H39)( 98.) 

3017.74 2917.24 
 

29.36 ν(C9-H36)( 96.) 

3049.39 2947.84 2981 15.66 ν(C8-H35)( 84.)   ν(C8-H34)( 14.) 

3121.1 3017.16 
 

18.41 ν(C8-H34)( 83.)  -ν(C8-H35)( 14.) 

3185.45 3079.37 
 

5.73 ν(C6-H33)( 41.)    ν(C2-H30)( 27.)   -ν(C1-H29)( 24.) 

3192.31 3086.00 
 

8.58 ν(C2-H30)( 48.)  -ν(C6-H33)( 38.) 

3194.36 3087.98 
 

4.97 ν(C20-H41)( 98.) 

3203.75 3097.06 
 

3.52 ν(C24-H44)( 97.) 

3207.5 3100.69 3100 22.7 ν(C1-H29)( 50.)   -ν(C3-H31)( 32.)  -ν(C5-H32)( 13.) 

3213.67 3106.65 
 

12.43 ν(C3-H31)( 46.)  -ν(C5-H32)( 34.)    ν(C2-H30)( 14.) 

3217.51 3110.36 
 

3.99 
ν(C5-H32)( 44.)    ν(C1-H29)( 20.)   ν(C6-H33)( 15.)    ν(C3-H31)( 

10.) 

3245.33 3137.26 
 

1.19 ν(C23-H43)( 97.) 

3245.85 3137.76 
 

1.38 ν(C21-H42)( 97.) 

3639.54 3518.34 3350 44.68 ν(N17-H40)( 98.) 

3654.83 3533.12 3460 105.09 ν(N12-H37)( 95.) 

3754.41 3629.38 3500 54.87 ν(O15-H38)(100.) 
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OH vibrations 
The reported range for has been found to be lie in the region 3600-3200 cm

-1 
(Colthup et al. 1990, Sathyanarayana 

2004). In the experimental FT-IR spectrum, the OH stretching vibration has been observed at 3500cm
-1

 and found 
to be in good agreement with the calculated value at 3754cm

-1.
  

C–H vibration  
In general most of IR frequency at 3085 cm

-1
 has been shown by hetero aromatic compounds due to asymmetric C-

H stretching (Mekala et al.2016). The C-H stretching vibrations band of compound 4 have been observed at 2981 
cm

-1
 and calculated band at 3185 cm

-1
.  

 
 

 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 5. Experimental and calculated IR spectra of compound 4. 

C-C vibrations  
The C–C IR vibrations obtained through DFT method have been found at diverse values like 1031, 1052, 1122, 
1128, 1201, 1348, 1531 and 1632 cm

-1
as similar to the reported values at 1043, 1303,1443, 1470, 1533 and 

1601cm
-1

 (Roja et al. 2011). However observed values of C-C stretching vibrations are at 1037, 1107, 1128, 1195, 
1226, 1307, 1348, 1402 and 1500 cm

-1
 respectively. Hence the synthesis of compound 4 was confirmed both 

theoretically and experimentally.  
C=O and C-O vibrations 
The compound 4 possesses two carbonyl groups (C18=O25, C13=O14). The stretching vibrations of these carbonyl 
carbons have been observed at 1710 and 1730 cm

-1
 while the calculated vibrations of these carbonyl carbons have 

been found at 1824 and 1839 cm-
-1

 in theoretical IR spectrum. The reported C=O stretching vibration is at 1703cm
-

1
 (Harayama et al. 2004).  

CH2 vibrations  
The FT-IR values of CH2 vibrations, found at 2960, 3017, 3049, 3185 and 3192 cm

-1
 have shown similarity to the 

reported values appeared in the regions 3020-2855 cm
-1

 (Roeges 1994, Silverstein et al. 2003). On the other hand 
experimentally obtained FT-IR spectrum has shown values of CH2 stretching vibrations between 2981- 3100 cm

-1
.  

NH vibrations 
It has been found that the secondary amide group was present in compound 4. The stretching vibrations of both –
NH– groups have been observed at 3350 and 3460 cm

-1
 while these values have been calculated at 3639 and 3654 

cm
-1

. The reported stretching vibration of –NH– in a secondary amide group has been found to be observed at 
3500-3100 cm

-1
.   
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Molecular electrostatic potential (MESP) 
Hydrogen–bonding interactions, electron density and centre for electrophilic, and nucleophilic attacks have been 
explained through MESP plot (Prabavathi et al. 2014, Prasad et al. 2013). The molecular electrostatic potential 
contour surface of compound 4 has been visualized by the Figure 6. Different colors indicate the diverse values of 
the electrostatic potential at the surface in increasing order as follows (Grossman 2013, Singh et al. 2013, Zaater et 
al. 2016):  
Red < yellow < green < light blue < blue 
→→→→→→→→→→→→→→→→ 
Figure 6 represented that the region around O25, O27 and O28 occupied more negative electrostatic potential 
with MEP value around -7.079 a.u than the region around C18, C22, C11, C13 and N26 with a MEP value of +7.079 
a.u. From these values the following outputs have been obtained: 
The most preferred regions for electrophilic attacks →O25, O27 and O28. 
The most preferred regions for nucleophilic attacks → C22, C11, C13 and N26. 

 
Figure 6. 3D plot of the molecular electrostatic potential of the compound 4. 

 
Natural bond orbital analysis 
The Gaussian09 package at the B3LYP/6-31 G (d,p) basis set has been put upon for NBO analysis (Glendening et al. 
1998). Occupancy of donor and acceptor bonds, lone pair energy, hyper conjugative interactions in molecular 
systems, interactions between electron donors and electron acceptors and the stabilization energy values have 
been obtained from Natural bond orbital (NBO) analysis. It has been found that more intense interactions between 
electron donors and electron acceptors are those which possess larger stabilization energy value. The extent of 
conjugation is also proportional to stabilization energy value. The following equation (2) shows the correlation 
between stabilization energy E (2), occupancy of donor orbital (qi), diagonal elements of donor (i) and acceptor (j) 
level bonds (Ei and Ej respectively) and off diagonal NBO Fock matrix element (Fij) (Reed et al. 1988) in accordance 
with the second order Fock matrix in NBO analysis . 

 
 

 

2

2
ij

ij

j i

F
E E qi

E E
  


         (1)  

The NBO analysis has been texted in Table 5. From this table it has been visualized that the some of the high 
energy charge transfers are from bonding π (C1-C6) to antibonding π* (C2-C3) and (C4-C5) and with stabilization 
energy of 22.85 and 19.39 kcal mol

-1 
respectively, presenting the presence of conjugated system,  
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and intramolecular charge transfers from π (C2-C3) to π* (C1-C6) and (C4-C5) with stabilization energy of 17.43 
and 21.01 kcal mol

-1
 respectively. A charge transfer has also been noticed from π (C4-C5) to π*(C1-C6) with 

stabilization energy of 21.35 kcal mol
-1

, showing aromatic character inside the system.  
Few transitions such as from nonbonding orbital of O15 and N12 to π*(C13-O14) and (C10-C11) put forth very high 
stabilization energy of 47.18 and 40.75 kcal mol

-1
 respectively. In molecule 4 charge transfer from π of O14 to ς* 

(C13-C15) with stabilization energy of 34.5 kcal mol
-1

, from nonbonding orbital of O25 to ς* orbitals of (N12-C18) 
and (N17-C18) with stabilization of 27.09 and 25.46 kcal mol

-1
 respectively and from nonbonding orbital of O27 to 

ς* orbital of (N26-N28) with stabilization of 19.27 kcal mol
-1

 have also been extracted from calculated data. All 
these charge transfers have been originated due to corresponding delocalization of electrons inside the system. 
 

Table 5. Second order perturbation theory analysis of Fock matrix in NBO basis of the compound 4. 

Donor Type occupancy(ED/e) Acceptor Type Occupancy(ED/e) E(2)* Ej-Ei** Fij*** 

C1-C6 π 1.66039 C2-C3 π* 0.33872 22.85 0.28 0.071 

C1-C6 π 1.66039 C4-C5 π* 0.40303 19.39 0.27 0.066 

C2-C3 π 1.69396 C1-C6 π* 0.33859 17.43 0.29 0.64 

C2-C3 π 1.69396 C4-C5 π* 0.40303 21.01 0.28 0.07 

C19-C20 π 1.63809 C21-C22 ς * 0.37042 23.31 0.28 0.072 

C19-C20 π 1.63809 C23-C24 π* 0.2797 17.67 0.28 0.065 

C4-C5 π 1.65452 C1-C6 π* 0.33859 21.35 0.29 0.071 

C21-C22 ς 1.65331 C19-C20 π* 0.32581 16.95 0.3 0.064 

C21-C22 ς 1.65331 C23-C24 π* 0.2797 19.82 0.3 0.07 

C21-C22 n 1.65331 N26-O27 ς * 0.62708 24.7 0.15 0.058 

C23-C24 ς 1.65684 C19-C20 ς * 0.32581 21.06 0.29 0.07 

C23-C24 ς 1.65684 C21-C22 ς * 0.37042 19.99 0.28 0.067 

N26-O27 n 1.98607 N26-O27 π* 0.62708 7.46 0.32 0.052 

N7 n 1.71336 C4-C5 π* 0.40303 24.13 0.28 0.76 

N7 n 1.71336 C10-C11 π* 0.30467 39.79 0.3 0.099 

N12 n 1.71519 C10-C11 π* 0.30467 40.75 0.31 0.101 

N12 n 1.71519 C18-O25 π* 0.32572 37.17 0.35 0.104 

O14 n 1.84823 C9-C13 ς * 0.07137 19.2 0.63 0.101 

O14 π 1.84823 C13-C15 ς * 0.10369 34.5 0.61 0.131 

O15 n 1.81681 C13-O14 π* 0.20932 47.18 0.34 0.115 

N7 n 1.71336 C18-O25 π* 0.32572 41.9 0.34 0.109 

O25 n 1.84232 N12-C18 ς * 0.08331 27.09 0.65 0.121 

O25 n 1.84232 N17-C18 ς * 0.07569 25.46 0.69 0.121 

O27 n 1.8982 C22-N26 ς * 0.10406 12.59 0.57 0.076 

O27 n 1.8982 N26-N28 ς * 0.05681 19.27 0.71 0.105 

O28 n 1.89863 C22-N26 ς * 0.10406 12.53 0.57 0.075 

O28 n 1.89863 N26-O27 π* 0.05663 19.23 0.71 0.105 
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Non -linear optical analysis 
NLO shell outs major advantages (as well as some limitations) to some very important applications in sensors, 
commercial lasers, environmental monitoring, telecommunications, manufacturing, medicine and materials 
processing, in scientific and the military. NLO has generated high-resolution spectroscopy, enforced 
micromachining, offered new materials analysis tools, and high-capacity telecommunications. The high quality 
fiber optics systems that have been used to empower the internet, the technology used in advanced medical 
devices, in controlling water and air pollution, and in characterization of new materials have been offered by NLO 
(Elsa 2013). Organic aromatic systems possess polarization due to presence of conjugated π-bonds and the donor 
and acceptor groups which give rise to a high nonlinear optical coefficient. The following equations (2-4) have been 
applied to calculate the first hyperpolarizability βtot, average polarizability αtot and total dipole moment μ of the 
studied compound (4)  employing the x,y,z components (Kleinman 1962 ).   

 
1

2 2 2 2

tot x y z     
                                                        2 

 
1

3
tot xx yy zz     

          3 

     
1

2 2 2 2

xxx xyy xzz yyy yzz yxx zzz zxx zyy                  
       4 

 
The corresponding data of electronic dipole moment μ (i = x, y, z), first hyperpolarizability and polarizability have 
been texted in Table 6. The calculated dipole moment, polarizability αtot and first hyper polarizability for the title 
compound 4 are equal to 5.93 D, 0.9063×10

−24
esu and 20.5468 ×10

-30
esu respectively for B3LYP level.  

 
Table 6. Dipole moment (µtot), polarizability (αtot), anisotropy of polarizability (Δα) and static hyperpolarizability 

(βtot) calculated at DFT/B3LYP/6-31G (d,p) level of theory. 

Dipole Moment 
 

Static Hyperpolarizability 

   µx -5.3864 
 

βxxx 1903.14 
 µy -2.2788 

 
βxxy 140.02 

 µz -0.9788 
 

βxyy 256.784 
 µtot 5.93 

 
βyyy -177.734 

 
   

βxxz 1013.48 
 

 
Polarizability βxyz -102.048 

 αxx -363.062 
 

βyyz -54.29 
 αxy -28.0323 

 
βxzz 21.7555 

 αyy 191.059 
 

βyzz -62.6505 
 αxz -32.8524 

 
βzzz -17.6555 

 αyz -789866 
 

βtot 20.5468×10ˉ³° 

αzz 190.35 
 

Δα 1107.386×10
-30

 
 αtot 0.906342×10ˉ²´ 

    
Thermo dynamical analysis 
Thermo dynamical properties play momentous role in the accompaniment of numerous chemical and physical 
phenomena. In the present study, the DFT-B3LYP/6-31G(d,p) method has been applied to extort rotational 
constants and zero point vibrational energy at standard temperature (298.15 K) along with two statistical 
thermodynamic functions, entropy (S) and heat capacity (CV) at different temperatures (from 100 to 500 K), texted 
in the table 7(a) & 7(b) for the title compound 4.  
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The correlative graph of these thermodynamic properties and temperatures (T) has been shown in Figure 7. As the 
temperature increases from 100 to 500 K, the molecular vibrational intensities also increases that leads to the 
enhancement of heat capacity and entropy with the temperature. The fitting factors (R

2
) for the heat capacity, 

entropy and temperatures have been found to be 0.998 and 0.99 respectively and can be used to find out other 
thermodynamic energies (gibbs free energy) and to estimate the feasibility of chemical reactions. All 
thermodynamic calculations have been performed in gas phase. 
  

Table 7(a). Calculated thermodynamic parameters of compound 4 at standard temperature 298.15 K. 

Parameters B3LYP6-31G(d,p) 

Zero point vibrational energy 
(Kcal/mol) 

211.32576 

Rotational temperature(K) 0.01669 

 0.00447 

 0.00411 

Rotational constant(GHZ)  

X 0.34769 

Y 0.09316 

Z 0.08572 

Total energy Etotal (Kcal/mol) 225.990 

Translational 0.889 

Rotational 0.889 

Vibrational 224.213 

 

 
Figure 7. Correlation graph of heat capacity and entropy calculated at diverse temperature. 
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Table 7(b). Thermodynamic functions of compound 4 at different temperatures. 

Temperature[K] Heat capacity(CV) 
[Cal/molK](B3LYP) 

Entropy(S) 
[Cal/molK](B3LYP) 

100 36.683 106.588 

200 61.936 140.889 

298 89.376 171.509 

300 89.891 172.076 

400 116.204 202.193 

500 138.356 231.031 

Reactivity descriptors 
Global Reactivity Descriptors 
The computation of reactivity descriptors such as electronegativity (χ), global hardness (η), chemical potential (μ), 
electrophilicity index (ω) and global softness (S) have put forth an appreciable approach to predict global reactivity 
trends. In molecular systems, Koopman’s theorem has been fundamentally imposed to ascertain site selectivity 
and chemical reactivity (Prasad et al. 2013, Arivazhagan et al. 2015, Soliman et al. 2015, Sethi et al. 2015).The afore 
mentioned reactivity descriptors have been calculated using following equations. [(5)-(12)] and texted in Table 8.  
 

IP HOMO 
          (5) 

EA LUMO 
                        (6) 

 
1

2
LUMO HOMO    

        (7) 
 
                (8)                                                                               
 
                                                     

 (9) 
 

                                                                                                        
                  (10) 

 

𝑆 =
1

2
ɳ                     (11)                                                                                               

∆𝑁 = −𝜇 ∕ 𝜂                                                   (12) 
 

Table 8. Calculated frontier molecular orbitals (ƐLUMO, ƐHOMO), band gap (ƐLUMO-ƐHOMO), ionization 
potential (IP), electron affinity (EA), electronegativity (χ), global hardness(ɳ), chemical potential (µ), global 

electrophilicity index (ω), global softness (S) and additional electronic charge (∆Nmax) of product 4 using 
B3LYP/6-31G(d,p) basis set. 

 

 ƐH ƐL ƐH - ƐL IP EA χ ɳ µ ω S ∆Nmax 

P -0.1877 -0.09563 -0.0921 0.1877 0.0956 0.1416 0.0460 -0.1417 0.2181 10.86 3.0784 

 
Local reactivity descriptors 
Condensed Fukui Function (fk) is a descriptor of the reactivity of an atom in a molecule. The condensed value 
around each atomic site indicates the atomic contribution of molecule. The fk values are defined as 
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   1 for nucleophilic attackKf q N q N           
 (13)                                                   

   = 1  for electrophilic attackKf q N q N            (14) 

   0 1
1 1  for radical attack

2
Kf q N q N                                         (15)                   

 Where, N, N–1, N+1 represent total electrons those are present in neutral, anionic and cationic states of molecule 
respectively.  
The following equations define the local reactivity descriptors   for site k 

0 0,  , K K k K K Ks Sf s Sf s Sf     
        (16) 

0 0,  ,  K K K K K Kf f f          
       (17)

 

Where +, –, 0 signs show attack of nucleophile, electrophile and radical respectively. The more prone site for 
nucleophilic or electrophilic attack than other atomic sites can be obtained through visualizing the values of all 
these local reactivity descriptors, higher vaues of these local reactivity descriptors indicate that these sites are 
liable to nucleophilic or electrophilic attack.  Fukui functions (fk

+
, fk

–
), local electrophilicity indices (ωk

+
, ωk

–
) and 

local softnesses (sk
+
, sk 

–
) (Parr et al. 1999, Chattaraj et al. 2007) for selected atomic sites of molecule have been 

texted in Table 9. The comparatively hiked values of local reactivity descriptors (fk
+
, sk

+
, ωk

+
) observed at N26, C10, 

C5, C1 and C3 show that these sites are more liable to nucleophilic attack, where as the relatively high values of 
these descriptors (fk

-
, sk

-
, ωk

-
) at C22, O27, O28, O25 and C24 suggest that these site are more prone for attack of  

electrophiles. These explorations have furnished enough information about the molecule for further studies.  
 

Table 9. Hirshfeld population analysis: Fukui functions (fk
+
, fk

−
), local softnesses (sk

+
, sk

−
) in eV, local 

electrophilicity indices (ωk
+
, ωk

−
) in eV for selected atomic sites of compound 4. 

 Hirshfield Atomic Charges Fukui Functions Local Softness Local Electrophilicity 
Indices 

 
qN qN+1 qN-1 fk+ fk- sk

+
 sk

-
 ωk+ ωk־ 

C1 -0.01731 0.091437 -0.03174 0.108746 0.014426 0.028033 0.003719 0.398086 0.052809 
C2 -0.01378 0.059563 -0.01935 0.073347 0.005568 0.018907 0.001435 0.268501 0.020383 
C3 -0.08264 0.014899 -0.04238 0.097538 -0.04026 0.025143 -0.01038 0.357057 -0.14739 
C4 0.400842 0.271589 0.284005 -0.12925 0.116837 -0.03332 0.030118 -0.47316 0.427705 
C5 -0.07935 0.032829 -0.03409 0.112175 -0.04526 0.028916 -0.01167 0.410639 -0.16566 
C6 0.000093 0.055901 -0.02718 0.055808 0.027276 0.014386 0.007031 0.204296 0.099849 
N7 -0.62564 -0.55639 -0.61358 0.06925 -0.01206 0.017851 -0.00311 0.253503 -0.04416 
C8 0.242248 0.323682 0.214427 0.081434 0.027821 0.020992 0.007172 0.298105 0.101844 
C9 -0.06738 -0.03531 -0.09728 0.032062 0.029902 0.008265 0.007708 0.117369 0.109462 

C10 -0.03024 0.085583 0.027038 0.115826 -0.05728 0.029858 -0.01477 0.424004 -0.20969 
C11 0.62266 0.620242 0.553564 -0.00242 0.069096 -0.00062 0.017812 -0.00885 0.25294 
N12 -0.37252 -0.34646 -0.41314 0.026059 0.040627 0.006717 0.010473 0.095394 0.148723 

C13 0.581551 0.600433 0.587585 0.018882 -0.00603 0.004867 -0.00156 0.069121 -0.02209 

O14 -0.46144 -0.42557 -0.48067 0.035866 0.019236 0.009246 0.004959 0.131295 0.070417 

C15 -0.15711 -0.12711 -0.16064 0.030006 0.003526 0.007735 0.000909 0.109843 0.012908 

C16 0.143243 0.14913 0.07237 0.005887 0.070873 0.001518 0.01827 0.021551 0.259445 

N17 -0.30551 -0.25856 -0.29759 0.046954 -0.00792 0.012104 -0.00204 0.171885 -0.02901 

C18 0.681529 0.754948 0.724862 0.073419 -0.04333 0.018926 -0.01117 0.268765 -0.15863 

C19 0.058574 0.124732 0.101131 0.066158 -0.04256 0.017054 -0.01097 0.242185 -0.15579 

C20 -0.00205 -0.00804 -0.10304 -0.00599 0.100984 -0.00154 0.026032 -0.02191 0.369672 

C21 0.070664 0.087086 -0.04132 0.016422 0.111981 0.004233 0.028866 0.060116 0.409929 

C22 0.371298 0.247023 0.226802 -0.12428 0.144496 -0.03204 0.037248 -0.45493 0.528957 
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C23 0.011281 0.077967 -0.04227 0.066686 0.053549 0.01719 0.013804 0.244117 0.196027 

C24 0.036118 -0.01755 -0.08471 -0.05367 0.120828 -0.01383 0.031147 -0.19646 0.442315 

O25 -0.41939 -0.46561 -0.55085 -0.04622 0.131458 -0.01191 0.033887 -0.16918 0.481228 

N26 0.222063 0.39014 0.330723 0.168077 -0.10866 0.043327 -0.02801 0.615279 -0.39777 

O27 -0.40031 -0.3714 -0.54123 0.028914 0.140918 0.007453 0.036326 0.105845 0.515859 

O28 -0.40749 -0.3752 -0.54146 0.032297 0.133968 0.008326 0.034534 0.11823 0.490417 

 
AIM approach 
In order to achieve diverse type of intramolecular interaction like strong, medium, weak H-bonds and their 
covalent, partially covalent and electrostatic nature, values of Laplacian of electron density ,ρ(BCP)- and total 
electron density at bond critical point (HBCP) should be known which can be obtained through implementation of 
AIM program to the compound 4 (Rozas et al. 2000). Figure 8 shows the molecular graph of compound 4 and, in 
table 10 parameters (geometrical and topological) for bonds of interacting atom have been texted. 
Strong H-bonds                ∇

2
ρ(BCP) < 0 and HBCP < 0 

Medium H-bonds                ∇
2
ρ (BCP) > 0 and HBCP < 0 

Weak H-bonds               ∇
2
ρ(BCP) > 0 and HBCP > 0 

As the (BCP) parameter and HBCP parameter have been found to be greater than zero and less than zero 
respectively. Consequently N12-H37.....H31 is a medium interaction. From the AIM calculations it has been found 
that the total energy of intramolecular interactions is 0.511914 kcal/mol and the ellipticity value of this 
intramolecular hydrogen bond is +0.050208. The ε is related to λ1 and λ2, which corresponds to the eigen values of 
Hessian and connected by a relationship: ε = (λ1/ λ2) – 1. This value of ellipticity indicates the electron 
delocalization in the aromatic ring as ellipticity (ε) monitors the π-character of bond (Matta et al. 2007).  
 

Table 10. Topological parameters for intramolecular interaction in compound 4 electron density (ρBCP), 
laplacian of electron density (𝛁

2
ρBCP), electron kinetic energy density (GBCP), electron potential energy density 

(VBCP), total electron energy density (HBCP), hydrogen bond energy (EHB) at bond critical point (BCP). 

Interactions ρBCP ∇
2
ρBCP GBCP VBCP HBCP EHB 

N12-H37.....H31 +0.34294 -1.84318 0.05111 -0.56303 -0.381553 0.511914 

ρBCP, ∇
2
ρBCP, GBCP, VBCP, HBCP in a.u. and EHB in (kcal/mol) 

 
Figure 8. Molecular graph of the compound 4 using AIM program at B3LYP/6- 31G (d,p) level ring critical points 
(small green sphere), bond critical paths (yellow lines), ring critical point to bond critical paths (red lines) and 

ring critical point attractor path (purple lines). 
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CONCLUSION 
The newly synthesized 4-(4-nitrophenyl)-2-oxo-7-phenyl-2,3,4,5,6,7-hexahydro-1H-pyrrolo[2,3-d]pyrimidine-5-
carboxylic acid (4) has been characterized and quantum chemical calculations have been done with help of 
B3LYP/6-31G(d,p) basis set. Vibrational assignments of the wavenumbers have been carried out with the help of 
potential energy distribution approach. MESP technique has been used for assaying the centre of electrophillic and 
nucleophillic attacks, electron density, hydrogen–bonding interactions, structural and symmetry properties of 
compound 4. The confirmation of the hyper conjugative interactions and, inter and intra molecular interactions of 
the molecular system compound 4 have been analyzed by NBO analysis. The biological activity depends on the 
charge transfer, which is expected from calculated HOMO and LUMO energies, derived from second order 
perturbation theory. There was an excellent agreement with experimental data of chemical shift values as 
provided by GIAO NMR. The NLO analysis including hyperpolarizability, polarizability values and, total and partial 
dipole moment showed that the molecule is a claimant NLO material. The thermo dynamical analysis clearly 
indicated that the increase of the temperature led to increase in the thermo dynamical parameters like heat 
capacity and entropy. The results of the AIM approach (Ellipticity and intramolecular hydrogen bond interactions) 
depicted π-character of bonds in the aromatic ring and medium hydrogen bonds. 
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