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Abstract 

A systematic approach has been adopted for structural analysis of, 2-

[(acetyloxy)methyl]-4-(2-amino-9H-purin-9-yl)butyl acetate by FT-IR, FT-Raman, 

UV and NMR spectroscopic techniques. The optimized molecular geometry, the 

vibrational assignments, the IR and the Raman scattering activities were calculated by 

using density functional theory (DFT) B3LYP method with 6-311++G(d,p) basis set. 

The calculated HOMO and LUMO energies show the charge transfer within the 

molecule. Stability of the molecule arising from hyperconjugative interactions, charge 

delocalization have been analyzed using natural bond orbital analysis (NBO). 

Molecular electrostatic potential (MEP) and Fukui functions calculation were also 

performed. The thermodynamic properties (heat capacity, entropy, and enthalpy) of 

the title compound at different temperatures have been calculated. Antiviral activity 

was examined based on molecular docking analysis and it has been identified that the 

title compound can act as a good inhibitor against Herpes Simplex Virus.             

Key words : DFT, FTIR, NMR, UV-Visible, Docking. 

Introduction : 

2-[(acetyloxy)methyl]-4-(2-amino-9H-purin-9-yl)butyl acetate is a guanine analogue 

antiviral drug used for the treatment of various herpesvirus infections, most 

commonly for chronic delta hepatitis [1] herpes zoster (VZV), herpes simplex virus 

types 1 (HSV-1) and 2 (HSV-2) [2]. Commonly, 2-[(acetyloxy)methyl]-4-(2-amino-

9H-purin-9-yl)butyl acetate is known as Famciclovir (FCV) [3]. It is also indicated for 

treatment of recurrent episodes of herpes simplex in HIV patients. Famciclovir is the 

recently licensed oral formulation of the guanosine analogue penciclovir. It is 
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available in markets under  the brand name Famtrex. Famciclovir is absorbed well and 

converted efficiently to penciclovir, which is a potent inhibitor of viral DNA 

synthesis. Few spectroscopic studies have been reported on the title compound [4,5]. 

Structural and bonding features reveal that this FCV molecule has several reactive 

groups which contribute in both intra and intermolecular hydrogen bonding 

interactions with biological targets. Literature survey reveals that so far there is no 

detailed experimental and theoretical study of the title compound. In this present 

study, we report a detailed spectroscopic investigation of 2-[(acetyloxy)methyl]-4-(2-

amino-9H-purin-9-yl)butyl acetate (FCV) using B3LYP/6-311++G(d,p) level of the 

theory. The FT-IR and FT-Raman spectral analysis of FCV are performed using 

density functional theory. The redistribution of electron density(ED) in various 

bonding, antibonding orbitals and E(2) energies are calculated by the natural bond 

orbital(NBO) investigation. The local reactivity descriptors  are obtained with the help 

of Fukui function calculation. Several properties like molecular geometry, Highest 

Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 

(LUMO) energies, Nuclear Magnetic Resonance (NMR), UV-Visible, Molecular 

Electrostatic Potential (MEP) analysis of the FCV gives clear information about 

charge transfer within the molecule. Antiviral activity was analyzed using molecular 

docking method. 

 

Experimental details: 

The title compound was purchased from sigma Aldrich company with 99% purity, 

and was used as such without any further purification. The FTIR spectrum of the title 

compound was recorded in the region 4000-400 cm
-1 

in the evacuation mode using a 

KBr pellet technique with 1.0 cm
-1 

resolution on a PERKIN ELMER FT-IR 

spectrophotometer. The FT-Raman spectrum of the title molecule was recorded in the 

region 4000-100cm
-1

 in a pure mode using Nd:YAG Laser of 100mW with 2cm
-1

 

resolution on a BRUCKER RFS 27 at IIT SAIF, Chennai, India. The UV–vis 

spectrum of the molecule was also recorded by the UV–Visible spectrophotometer  in 

the wavelength region 200–500 nm using DMSO as a solvent. Carbon(
13

C) NMR and 

Proton(
1
H) NMR spectra were recorded on a Bruker AVANCE III 500 MHz (AV 

500) multi nuclei solution NMR Spectrometer using DMSO as solvent at 400 MHz at 

CAS in IIT SAIF, Chennai, India. 

Computational method: 

Quantum chemical density functional computations were carried out at the Becke3-

Lee-Yang-parr (B3LYP)[6] level with 6-311++G(d,p) basis set using Gaussian [7] 

program package to get a clear knowledge of optimized parameters. The optimized 

molecular structure is used for the computation of vibrational frequencies, Raman 

activities and IR intensities with the Gaussian software system molecular visualization 

program at the same level of theory and basis set. The theoretical vibrational 

assignments of the title molecule using percentage potential energy distribution (PED) 
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were done with the VEDA [8] program. Raman scattering activities of the 

fundamental modes were suitably converted into the relative Raman intensities [9,10]. 

The electronic properties such as HOMO and LUMO energies were determined. In 

order to understand the electronic properties, the theoretical UV-Vis spectra have 

been investigated by TD-DFT method with 6-311++G(d,p) basis set for the gas phase. 

The 
1
H and 

13
C NMR chemical shift were calculated with gauge-including atomic 

orbital (GIAO) approach [11] by applying B3LYP/6-311++G(d,p) method of the title 

molecule and compared with the experimental NMR spectra. The NBO analysis and 

MEP calculations were performed on the title molecule.  NBO analysis gives a clear 

evidence of stabilization originating from hyperconjugation of various intramolecular 

interactions. The Mulliken population analysis and condensed Fukui functions were 

reported. Molecular docking (ligandprotein) simulations have been performed by 

using AutoDock 4.2.6[12] free software package. 

 

Results and discussion: 

 

Molecular geometry: 

The bond parameters (bond length and bond angles) of the title molecules are 

obtained using DFT/B3LYP method with 6-311++G(d,p) basis set  and are listed in 

Table 1. The optimized molecular structure of title compound is shown in Fig. 1. The 

theoretical calculations were carried out isolated molecule in the gas phase. The 

homonuclear bonds (C6-C7, C6-C19, C5-C6, C1-C2) have higher bond lengths as 

1.541Å, 1.533Å, 1.531Å, 1.513Å respectively and heteronuclear bonds (N18-H36, 

N18-H37, C5-H27, C10-H34, C23-H42) have less bond lengths as 1.007Å, 1.007Å, 

1.094Å, 1.081Å, 1.091Å respectively. 

 
Fig. 1. Optimized geometric structure with atoms numbering of FCV molecule 

 

 

 

Table 1. Geometrical parameters optimized in 2-[(acetyloxy)methyl]-4-(2-amino-9H-purin-9-yl)butyl acetate bond 

length (Å) and bond angle (o) with 6-311++G(d,P) basis set. 
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Vibrational Assignments: 

The maximum number of potentially active observable fundamentals of the non-linear 

molecule, which contains N atoms, is equal to (3N-6) apart from three translational 

Bond Length(Å) B3LYP/6-311++G(d,p) Bond Angle(o) B3LYP/6-311++G(d,p) 

C1-C2 1.513 C2-C1-O3 123.9 

C1-O3 1.201 C2-C1-O4 117.8 

C1-O4 1.364 C1-C2-H24 111 

C2-H24 1.093 C1-C2-H25 108.2 

C2-H25 1.087 C1-C2-H26 111.5 

C2-H26 1.093 O3-C1-O4 118.3 

O4-C5 1.44 C1-O4-C5 122.1 

C5-C6 1.531 H24-C2-H25 109.2 

C5-H27 1.094 H24-C2-H26 107.4 

C5-H28 1.092 H25-C2-H26 109.5 

C6-C7 1.541 O4-C5-C6 106.7 

C6-C19 1.533 O4-H5-C27 110 

C6-H29 1.099 O4-C5-H28 110.3 

C7-C8 1.534 C6-C5-C27 111 

C7-H30 1.092 C6-C5-H28 110.3 

C7-H31 1.094 C5-C6-C7 111.7 

C8-N11 1.459 C5-C6-C19 111.4 

C8-H32 1.091 C5-C6-H29 105.9 

C8-H33 1.094 H27-C5-H28 108.5 

N9-C10 1.304 C7-C6-C19 113.2 

N9-C17 1.387 C7-C6-H29 108.8 

C10-N11 1.39 C6-C7-C8 112.9 

C10-H34 1.081 C6-C7-H30 108.8 

N11-C12 1.374 C6-C7-H31 109.7 

C12-N13 1.327 C19-C6-H29 105.4 

C12-C17 1.409 C6-C19-O20 112.5 

N13-C14 1.344 C6-C19-H38 111 

C14-N15 1.354 C6-C19-H39 110.5 
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and three rotational degrees of freedom [13,14]. The title molecule consists of 42 

atoms, which has 120 normal modes of vibration. The comparative theoretical and 

experimental FT-IR and FT-Raman spectra are shown in Figs. 2 and 3. The spectral 

assignments of selective modes with PED contributions are tabulated in Table 2. 

 
Fig. 2.  Compared FT- IR spectra of FCV              Fig.3. Compared FT-Raman spectra of FCV 

C-H vibrations: 

Aromatic compounds commonly exhibit multiple weak bands in the region of 3100–

3000 cm
–1

 due to the aromatic C-H stretching vibrations. They are not appreciably 

affected by the nature of the substituent [15-18]. The calculated C-H stretching 

vibrational modes of the FCV molecule were obtained at 3120 and 3056 cm
-1

. The 

observed peaks at 3132, 3066 cm
-1

 in FT-Raman spectrum and 3174, 3093 cm
-1 

in FT-

IR spectrum were assigned to the C-H stretching vibrations of the molecule. The 

bands due to the C-H bending vibrations are observed in the region of 1000–1300 cm
–

1
 [19,20]. The calculated C-H bending vibrations coupled with other vibrational 

modes were obtained at 1440 and 1303 cm
-1

. Correspondingly, the peaks were 

observed at 1452, 1307 cm
-1 

in FT-Raman and at 1440, 1303 cm
-1

 in FT-IR spectrum. 

C-N vibrations: 

The C-N stretching usually lies in the region of 1400–1200 cm
–1

 [21]. In the present 

work, the calculated C-N stretching vibrational modes coupled with certain other 

vibrations were obtained at 1597, 1575, 1554, 1332, 1311, 1251 and 1095 cm
-1

. The 

corresponding modes were observed at 1620, 1579, 1526, 1327, 1307, 1255, 1087 cm
-

1 
in FT-Raman spectrum and 1615, 1582, 1521, 1251, 1073 cm

-1
 in FT-IR spectrum. 

The C-N bending vibrational mode was observed at 488 cm
-1

 theoretically. The 

corresponding vibrational mode is observed at 475 cm
-1 

in FT-Raman spectrum and 

473 cm
-1 

in FT-IR spectrum.  

 

 

Table 2. Observed and calculated vibrational frequency of the title compound at B3LYP method with 6-

311++G(d,P) basis set. 
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Mode

s no. 

Experimental (cm
-1

) Calculated 

Frequencie

s (cm
-1

) 

IR 

intensity 

Raman 

intensity 

Vibrational assignment PED(100%) 

FT-

Raman 

FT-IR Scaled rel abs rel abs 

1 3601 3525 3605 48 10 52 26 STRE NH(100) 

3 3132 3174 3120 0 0 73 36 STRE CH(99) 

4 3066 3093 3056 15 3 162 80 STRE CH(94) 

12 2980 2979 2985 3 1 52 25 STRE CH(94) 

14 2942  2953 35 8 13 6 STRE CH(92) 

17  2931 2943 4 1 147 72 STRE CH(93) 

18 2904  2934 22 5 11 5 STRE CH(92) 

19 2888 2901 2906 6 1 94 46 STRE CH(96) 

20 1871 2071 1756 410 90 19 9 STRE OC(88) 

21 1731 1731 1730 280 61 8 4 STRE OC(86) 

22 1620 1615 1597 339 74 47 23 STRE NC(38) BEND NCC(12) 

23 1579 1582 1576 244 53 7 3 STRE NC(18) BEND HNH(63) 

 

24 1526 1521 1554 146 32 6 3 STRE NC(25) BEND CNC(17) 

27 1452  1452 5 1 1 1 BEND HCH(80) 

30  1440 1440 14 3 6 3 BEND HCH(73) TORS HCCO(19) 

37  1372 1374 38 8 5 2 BEND HCN(19) TORS HCNC(11) 

39 1355  1356 32 7 2 1 STRE NC(32) 

43 1327  1332 21 5 40 20 STRE NC(12) BEND HCN(17) TORS 

HCNC(21) 

45 1307 1303 1303 8 2 45 22 BEND HCC(36) 

49 1255 1251 1255 2 0 17 9 BEND HCN(26) BEND HCC(11) 

51  1216 1213 56 12 2 1 STRE OC(36) BEND OCC(10) 

54 1174 1170 1186 24 5 6 3 STRE NC(22) BEND HCN(44) 

55 1135 1139 1151 36 8 5 2 TORS HCCN(14) 

56  1114 1114 15 3 9 5  

57 1087 1093 1101 10 2 9 4 STRE CC(12) BEND HCO(11) TORS 
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HCOC(14) 

58  1073 1095 6 1 3 2 BEND CNC(11) BEND HNC(11) 

59 1045  1057 41 9 4 2 STRE NC(11) STRE OC(11) BEND 

HNC(24) 

61  1033 1034 22 5 4 2 STRE OC(12) BEND HNC(15) BEND 

NCN(10) 

63 1004  1023 7 1 0 0 BEND HCH(21) TORS HCCO(50) OUT  

OCO(29) 

67 956  960 8 2 3 2 STRE CC(22) STRE OC(11) 

71 875 897 904 2 0 5 2 STRE CC(27) TORS HCOC(23) 

72 851 847 861 9 2 9 5 STRE CC(21) 

74 801  826 6 1 1 1 TORS HCNC(80) 

77 777  784 33 7 19 9 STRE NC(25) BEND NCN(11) 

78  774 781 20 4 1 1 TORS CNC(29) TORS NCN(18) OUT  

NNN(17) OUT  NNC(21) 

79 738  747 6 1 8 4 BEND HCC(16) TORS HCCN(14) TORS 

HCNC(14) 

81 646  709 2 0 0 0 TORS CNC(32) OUT  NNN(42) OUT  

NNC(11) 

82 629 632 643 1 0 3 1 BEND CCO(10) BEND OCC(16) OUT  

CCC(11) 

85  602 605 8 2 4 2 BEND CNC(14) BEND NCN(14) 

87 558 556 557 6 1 1 0 TORS HCCO(30) OUT  OCO(56) 

91 475 473 488 9 2 5 3 BEND NCC(19) BEND NCN(12) 

98 356  358 217 47 2 1 BEND NCN(47) BEND CNC(10) 

100 283  314 16 4 1 0 BEND COC(13) BEND CCO(12) TORS 

CNC(19) 

102 236  247 1 0 1 0 BEND COC(12) BEND CCC(15) TORS 

CNC(11) 

104 209  198 1 0 1 0 BEND CNC(31) 

111 92  97 3 1 0 0 TORS HCCO(10) TORS CCO(47) 

 

 

C-O vibration: 
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The carbonyl (C=O) stretching vibrations are the most characteristic vibrations of the 

IR and Raman spectra, which occur in the region of 1725±65 cm
-1

. The calculated 

C=O stretching vibration of the molecule was obtained at 1752, 1730 cm
-1

 and was 

observed at 1871,1731 cm
-1 

and 2071,1731 cm
-1

 in FT-Raman and FT-IR spectrum 

respectively. The calculated C=O bending vibrational modes coupled with other 

vibrations were identified at 643,557 cm
-1 

[22,23]. Correspondingly, the peaks were 

observed at 629, 558 cm
-1

 and 632, 556 cm
-1

 in FT-Raman and FT-IR spectrum 

respectively. 

C-C vibration: 

The C-C stretching vibrations of the title molecule was observed at 1101, 904, 861 

cm
-1

 theoretically [24,25]. Correspondingly the peaks were identified at 1087, 875, 

851 cm
-1

 in FT-Raman and at 1093, 897, 847 cm
-1

 in FT-IR spectrum. The C-C 

bending vibrational mode was obtained at 643 cm
-1

 and was observed at 629 cm
-1

 and 

632 cm
-1

 in FT-Raman and FT-IR spectrum respectively. 

N-H vibration: 

In this title molecule, the N-H stretching vibrational mode is calculated at 3605 cm
-1

 

and are observed at 3601 cm
-1 

and 3525 cm
-1

 in FT-Raman and FT-IR spectrum 

respectively. Normally, the NH in plane bending vibrational modes are coupled with 

the ring stretching and C–NH stretching vibrations and usually occur in the 

wavenumber region 1650–1500 cm
-1 

[26,27]. In the title molecule, the calculated N-H 

bending vibrational modes coupled with certain other vibrational modes were 

predicted at 1576, 1255 cm
-1

. The corresponding vibrational modes were observed at 

1579, 1255 cm
-1

in FT-Raman spectrum and at 1582, 1251 cm
-1

in the FT-IR spectrum. 

NBO Analysis: 

 

NBO ( Natural Bond Orbital ) investigation provides an efficient technique to study 

intra and inter molecular bonding and interaction among bonds, and also provides a 

convenient basis for investigation charge transfer or conjugative interactions in 

molecular system [28]. Another useful aspect of NBO method is that it gives 

information about interactions in both filled and virtual orbital spaces that could 

improve the investigation of intra and intermolecular interactions. The second order 

Fock matrix was carried out to evaluate the donor acceptor interactions in the NBO 

analysis [29]. NBO studies provide the most precise possible „natural Lewis structure‟ 

picture of φ because all orbital details are mathematically chosen to include the 

highest possible percentage of the electron density. 

 
 

 

 

Table 3. Second order perturbation theory analysis of Fock matrix in NBO basis for the title compound. 
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aE(2) means energy of hyper conjugative interaction (stabilization energy) 
bEnergy difference between donor and acceptor i and j NBO orbitals. 
cF(i,j) is the Fock matrix element between i and j NBO orbitals 

 
For each donor NBO (i) and acceptor (j), the stabilization energy E(2) associated with 

I, j delocalization can be estimated as, 

Donor(i) Type ED/e Acceptor(i) type ED/e aE(2) bE(j)-

E(i) 

cF(I,j) 

C5-H27 σ 1.89167 C2-H25 σ* 0.00711 0.73 0.9 0.023 

   C21-O22 π* 0.32542 21.7 0.45 0.094 

N9-C10 π 1.83788 C12-C17 π* 0.47022 20.75 0.25 0.07 

N11-C12 σ 1.98352 C8-N11 σ* 0.02961 0.64 1.08 0.024 

   N9-C10 σ* 0.01793 0.62 0.92 0.021 

   C10-N11 σ* 0.02114 0.59 1.08 0.023 

   C10-H34 σ* 0.00523 1.63 1.16 0.039 

   C12-N13 σ* 0.01925 0.72 1.25 0.027 

   C12-C17 σ* 0.03595 0.59 1.29 0.025 

   N13-C14 σ* 0.03736 1.58 1.25 0.04 

   C16-C17 σ* 0.03013 1.86 1.29 0.044 

C12-C17 π 1.56488 N9-C10 π* 0.43245 20.78 0.17 0.054 

   N13-C14 π* 0.33686 13.9 0.24 0.053 

   N15-C16 π* 0.27976 24.6 0.26 0.074 

N13-C14 π 1.79662 C12-N13 σ* 0.01925 0.63 0.8 0.021 

   C12-C17 π* 0.47022 21.87 0.32 0.08 

N15-C16 π 1.80195 C12-C17 π* 0.47022 10.17 0.31 0.054 

   N13-C14 π* 0.33686 17.73 0.29 0.066 

C21-O22 π 1.9346 O4-C5 σ* 0.11011 10.2 0.81 0.082 

   C5-H27 σ* 0.05791 6.62 0.83 0.066 

O3 LP(2) 1.8574 C1-C2 σ* 0.06934 18.54 0.64 0.099 

   C1-O4 σ* 0.09552 30.66 0.66 0.128 

O4 LP(2) 1.86299 C1-O3 π* 0.15141 16.44 0.43 0.075 

N11 LP(1) 1.55007 C12-C17 π* 0.47022 29.63 0.28 0.082 

   N9-C10 π* 0.43245 47.68 0.18 0.084 

N13 LP(1) 1.88704 C14-N15 σ* 0.06478 13.63 0.66 0.086 

N18 LP(1) 1.87887 N13-C14 σ* 0.03736 6.68 0.72 0.063 

   N13-C14 π* 0.33686 11.01 0.22 0.047 

O20 LP(2) 1.77422 C21-O22 π* 0.32542 51.21 0.31 0.115 

O22 LP(2) 1.81896 O4-C5 σ* 0.11011 17.51 0.71 0.101 

   O20-C21 σ* 0.08159 19.11 0.73 0.108 

   C21-C23 σ* 0.04391 16.24 0.74 0.101 
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𝐸2 =  ∆𝐸𝑖𝑗 =  𝑞𝑖
𝐹(𝑖, 𝑗)2

(𝐸𝑖 − 𝐸𝑗 )
 

where qi is the donor orbital occupancy, Ei and Ej are diagonal elements and F(i,j) is 

the off diagonal NBO Fock matrix elements. 

The larger the E(2) value, the intensive is the interaction between electron donors and 

electron acceptors [30]. The strong intramolecular hyper conjugative interaction of the 

σ and π electrons of C-C to the anti C-C bond of the ring leads to stabilization of some 

part of the ring as evident from Table S3. In the FCV molecule, the interactons 

between the lone pair LP(2) of O20 with π
*
(C21-O22) have the highest E(2) value 

around 51.21 kJ/mol. The other significant interactions giving stronger stabilization 

energy value of 47.68kcal/mol to the structure are the interactions between anti 

bonding of (N9-C10) between the lone pair LP(1) of N11 . The intermolecular hyper 

conjugative interaction of π (N13-C14) and π * (C12-C17) leading to strong 

stabilization of 21.87kcal/mol. The strong intramolecular hyperconjugative interaction 

of σ(N11-C12) distributes to σ
*
(C8-N11, N9-C10, C10-N11, C10-H34, C12-N13, 

C12-C17, N13-N14 and C16-C17) of the ring are shown in the Table 3. On the other 

hand, side the π(C12-C17) in the ring conjugate to the antibonding orbital of π
*
(N9-

C10,  N13-C14 and N15-C14) which leads to strong delocalization of 20.78, 13.9 and 

24.6 kJ/mol respectively.  

 

Fukui functions: 

The Fukui function (FF) is one of the extensively used local density functional 

descriptors to describe chemical reactivity and selectivity. The Fukui function is a 

local reactivity descriptor that indicates the preferred regions where a chemical 

species will change its density when the number of electrons is modified. Therefore, it 

indicates the propensity of the electron density to deform at a given position upon 

accepting or donating electrons [31-33]. In addition, it is possible to define the 

corresponding condensed or atomic Fukui functions on the r
th
 atom site for an 

electrophilic f
-
(r), nucleophilic f

+
(r) or free radical attack f

o
(r), respectively, on the 

reference molecule as: 

f
+
(r) = qr(N+1)-qr(N) 

f
-
(r) = qr(N)-qr(N-1) 

f
o
(r) = [qr(N+1)-qr(N-1)]/2 

In these equations, qr is the atomic charge (evaluated from Mülliken population 

analysis, electrostatic derived charge, etc.) at the r
th
 atomic site in the neutral (N), 

anionic (N+1) or cationic (N–1) chemical species [34]. It contains almost all 

information about hitherto known different global and local reactivity and selectivity 

descriptors, in addition to the information regarding electrophilic/nucleophilic power 

of a given atomic site in a molecule. Dual descriptor (Δf (r)) [35], which is defined as 
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the difference between the nucleophilic and electrophilic Fukui function and is given 

by: 

Δf(r)= f
+
(r) – f

-
(r) 

Table 4.Condensed fukui function ƒr and new descriptor (sƒ)r for the title compound 

 

The dual descriptors Δf(r) provide a clear difference between the nucleophilic and 

electrophilic attack at a particular site with their sign. If Δf(r) > 0, the site is favored 

for a nucleophilic attack, whereas, if Δf(r) < 0, the site may be favored for an 

electrophilic attack. Fukui functions and local softness for all the atomic sites in the 

title compound have been listed in Table 4. According to the dual descriptor 

conditions, the nucleophilic sites for the title compound are C1, C2, O3, O4, C6, C7, 

N9, N11, C12, C17, N18, C19, O20 and C23. Similarly, the electrophilic attack sites 

are C5, C8, C10, N13, C14, N15, C16, O21 and O22. The results show that the FCV 

compound has more biological activity. 

 

 

 

Atom

s 

 

ƒr
+ 

 

ƒr
- 

 

ƒr
0 

 

Δf 

 

sr
-ƒr

- 

 

sr
+ƒr

+ 

 

sr
0 ƒr

0 

 

C1 0.014951 0.005211 0.010081 0.00974 0.001085 0.003114 0.0021 

C2 -0.032285 -0.049904 -0.0410945 0.017619 -0.0104 -0.00672 -0.00856 

O3 0.045543 0.029516 0.0375295 0.016027 0.006148 0.009487 0.007817 

O4 0.034177 -0.01324 0.0104685 0.047417 -0.00276 0.007119 0.002181 

C5 -0.020747 0.012627 -0.00406 -0.033374 0.00263 -0.00432 -0.00085 

C6 0.046467 0.009728 0.0280975 0.036739 0.002026 0.009679 0.005853 

C7 -0.061683 -0.162492 -0.1120875 0.100809 -0.03385 -0.01285 -0.02335 

C8 0.058963 0.061013 0.059988 -0.00205 0.012709 0.012282 0.012496 

N9 0.103082 0.085479 0.0942805 0.017603 0.017805 0.021472 0.019639 

C10 0.057754 0.103691 0.0807225 -0.045937 0.021599 0.01203 0.016814 

N11 -0.002127 -0.035286 -0.0187065 0.033159 -0.00735 -0.00044 -0.0039 

C12 0.006844 -0.002455 0.0021945 0.009299 -0.00051 0.001426 0.000457 

N13 0.047 0.056169 0.0515845 -0.009169 0.0117 0.00979 0.010745 

C14 0.001061 0.010637 0.005849 -0.009576 0.002216 0.000221 0.001218 

N15 0.056978 0.06575 0.061364 -0.008772 0.013696 0.011869 0.012782 

C16 0.051488 0.112002 0.081745 -0.060514 0.02333 0.010725 0.017027 

C17 -0.040673 -0.05804 -0.0493565 0.017367 -0.01209 -0.00847 -0.01028 

N18 0.063981 0.020373 0.042177 0.043608 0.004244 0.013327 0.008785 

C19 -0.045174 -0.06215 -0.053662 0.016976 -0.01295 -0.00941 -0.01118 

O20 0.041359 0.014894 0.0281265 0.026465 0.003102 0.008615 0.005859 

C21 -0.004308 0.070435 0.0330635 -0.074743 0.014672 -0.0009 0.006887 

O22 0.000416 0.001587 0.0010015 -0.001171 0.000331 8.67E-05 0.000209 

C23 0.030536 -0.003829 0.0133535 0.034365 -0.0008 0.006361 0.002782 
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Molecular electrostatic potential 

MEP is related to the electronic density and is a very useful descriptor in determining 

sites for electrophilic and nucleophilic reactions as well as hydrogen bonding 

interactions [36,37]. Molecular electrostatic potential mapping is very useful in the 

investigation of the molecular structure with its physiochemical property relationships 

[38,39]. 

MEPs map of the FCV generated at the optimized geometry of the title molecule 

using Argus lab program is shown in Fig. 4. The various values of the electrostatic 

potential are represented by various colors; red represented the regions of the most 

negative electrostatic potential, white represents the regions of the most positive 

electrostatic potential. It can be seen that the negative regions are mainly over the 

oxygen and nitrogen atoms. Negative and positive regions of electrostatic potential 

are associated with electrophilic and nucleophilic reactivity. The negative molecular 

electrostatic potential resembles to an attraction of the proton by the evaluate electron 

density in the molecule, the positive electrostatic potential corresponds to the 

repulsion of the protons by the atomic nuclei. According to these calculated results, 

the MEP map illustrates that the negative potential sites are on oxygen and nitrogen 

atoms and the positive potential sites are around the hydrogen atoms. These active 

sites found to be clear evidence of biological activity in the title compound. 

Frontier Molecular Orbitals 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) are used to determine the molecular interactions with other species. 

The energy difference between HOMO and LUMO, called as band gap energy, plays 

an important role in determining the chemical stability and reactivity of the molecule 

[40]. The HOMO and LUMO values are related to the Ionization potential and 

Electron affinity of the molecule. Table 5 shows the values of global molecular 

reactivity descriptors such as ionization potential (IP), electron affinity (EA), 

electronegativity (χ), hardness (η), softness (S), chemical potential (μ) and 

electrophilicity index (ω) predicted for the title molecule. The simulated FMOs are 

shown in Fig. 5,which indicate the presence of intramolecular charge transfer (ICT) 

within the molecule. The band gap energy value of the title molecule was calculated 

as 4.8 eV, which confirms that the molecule has stable structure and the band gap 

energy value was comparable to the band gap energy value of the bioactive molecules 

[41].  

By using HOMO and LUMO energy values for a molecule, electronegativity and 

chemical hardness, chemical potential, chemical softness and electrophilicity index 

can be calculated. The Ionization Potential value indicates that the energy value of 

6.12 eV is required to remove an electron from the HOMO. The lower value of 

Electron Affinity (1.32 eV) indicates that the title compound readily accepts electrons 

to form bonds; this indicates the higher molecular reactivity with nucleophilies. The 

higher hardness and lower softness values confirm the higher molecular hardness 
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associated with the molecule. The lower chemical potential and higher electrophilicity 

index values identified are comparable with that of the bioactive molecules [42]. 

Table 5. Calculated energy values of FCV                

Basis set B3lyp/6-311++G(d,p) 

EHOMO(ev) -6.1199 

ELUMO(eV) -1.3195 

Ionization potential 6.1199 

Electron affinity 1.3195 

Energy gap 4.8004 

Electronegativity 3.7197 

Chemical potential -3.7197 

Chemical hardness 2.4002 

Chemical softness 0.2083 

Electrophilicity index 2.8821 

 

                                                                                     Fig. 5.  Frontier molecular orbital for FCV                                                                                                       

UV-VIS spectral analysis 

The experimental UV-Visible spectrum of FCV molecule is shown in Fig. 6. The 

theoretical excitation energies, absorption wavelength and oscillator strength were 

calculated by TD-DFT method with 6-311++G(d,p) basis set. All the calculations 

were performed assuming the title compound was in liquid phase with DMSO as 

solvent. The experimental and calculated results of UV-Visible spectral data were 

listed in Table 6. Experimentally measured λmax values 337, 332, 278 nm showed a 

good agreement with the theoretical wavelengths 349, 347, 302 nm. The UV-Visible 

spectral analysis indicates that the electron absorption corresponds to the transition 

from the ground sate to the first excited state [43,44]. It is mainly described by an 

electron excitation from highest occupied molecular orbital (HOMO) to the lowest 

occupied molecular orbital (LUMO). The band gap energy was calculated using the 

formula E = hc/λ, here „h‟ and „c‟ are constants; λ is the cut-off wavelength. Energy 

gap of title molecule is calculated experimentally by UV-Visible spectrum is 4.4716 

eV, Energy gap is calculated theoretically by TD-DFT method is 4.12 eV and from 

HOMO-LUMO diagram is 4.8 eV. 
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 Fig. 6. Theoretical UV–Vis spectra of FCV                Fig. 4. Molecular electrostatic potential map of FCV 

Table 6. UV-vis band gap energy E (eV) and oscillator strength (f) for the title compound  

 

NMR spectral analysis 

The experimental and theoretical chemical shift values for carbon (
13

C) and proton 

(
1
H) NMR of the title compound are given in Table 7. The experimental 

13
C and 

1
H 

NMR spectra were recorded in a liquid phase using DMSO-d6 as the solvent and are 

shown in Figs. 7 and 8. The isotropic chemical shifts are frequently used as an aid in 

identification of reactive organic as well as ionic species. The theoretical 
13

C and 
1
H 

chemical shifts are calculated from B3LYP/6-311++G(d,p) using GIAO method [45]. 

For a typical organic molecule the 
13

C NMR chemical shift range is usually >100 

[46]. In most cases, highly shielded atoms appear at downfield and vice versa. The 

calculated chemical shift values by the DFT theoretical method values well coincides 

with the experimental values. The calculated chemical shift of the carbon atoms 

bonded with oxygen and nitrogen with a double bond was identified from 141.8961 -

201.6291 ppm and correspondingly the experimental shifts were observed from 

143.176 - 170.863 ppm. The chemical shift values of protons on carbon of a methyl 

group was expected to be in the range 2 - 5 ppm[47]. The observed theoretical 

chemical shift of 
1
H are from 2.1228 - 10.0759 ppm is complemented with the 

experimental finding from 2.041 - 8.564ppm. Apart from that, deviations are due to 

the fact that the theoretical calculations are done in gaseous phase while experimental 

results belong to molecules in solid state. 

Experimental Theoretical Assignments 

λmax (nm) Band gap 

(eV) 

λmax (nm) Band gap 

(eV) 

Energy 

(cm-1) 

f 

337 3.6888 348.28 3.5693 28712 0.0202 H-1->LUMO (21%), HOMO->L+2 (61%) 

332 3.7443 347.11 3.5813 28809 0.2235 H-1->LUMO (74%), HOMO->L+2 (17%) 

278 4.4716 301.73 4.12 33142 0.0099 H-4->LUMO (13%), H-2->LUMO (45%), H-1->L+1 (22%) 
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Fig. 7. Experimental 13C NMR spectrum of FCV            

 

Fig. 8. Experimental 1H NMR spectrum of FCV             

 

Thermodynamic calculations 

On the basis of vibrational analysis and statistical thermodynamics, the standard 

thermodynamic functions of heat capacity (Cp) entropy (S) and enthalpy changes (H) 

for the title molecule were obtained from the theoretical harmonic frequencies by 

using perl script THERMO.PL[48], and are listed in Table 8. From Table 8, it can be 

observed that these thermodynamic functions increase with temperature in the range 

of 100 to 1000 K, due to the fact that the molecular vibrational intensities increase 

with increase in temperature.  

The correlation equations between heat capacity, entropy, enthalpy changes and 

temperatures were fitted by quadratic formulae, and the corresponding fitting factors 

(R2) for these thermodynamic properties are 1.0000, 0.999 and 0.999, respectively. 

The corresponding fit equations are as follows, the correlation graphs are shown in 

Figure 9. 

Cp,m= 42.03 + 1.222T - 4.810×10
-4

T
2
       R= 0.999 

S = 323.0 + 1.437T – 3.489×10
-4

T
2
          R= 0.999 

H = -13.33 + 0.1623T + 3.4972×10
4
T

2
     R= 0.9995 

Atoms Experimental  Calculated chemical shifts 

(ppm) 

1C 170.863 178.2227 

2C 21.039 16.221 

5C 60.836 49.0914 

6C 39.385 29.251 

7C 34.927 22.1988 

8C 40.053 36.0699 

12C 153.409 156.2089 

16C 160.889 164.2623 

17C 143.176 141.8941 

19C 61.013 49.2204 

23C 28.276 17.6043 

24H 2.041 2.1863 

25H 1.982 2.1258 

26H 5.014 5.0502 

28H 6.351 5.6368 

29H 2.11 2.2633 

30H 3.158 2.4619 

31H 1.851 1.9592 

32H 6.359 5.7422 

33H 4.188 4.2608 

35H 8.564 10.0759 

36H 5.125 5.5284 

37H 6.484 6.0277 

38H 4.814 4.7909 

39H 5.120 5.1851 

40H 2.506 2.4567 

41H 3.165 2.4963 

42H 1.865 2.1228 

 

Table 7.Theoretical and experimental 

13C and 1H isotropic chemical shifts for 

FCV molecule 
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Fig . 9. Correlation plot of thermodynamic properties 

of the title compound      

These data helped to provide information for further study on the title compound in 

order to analyze the other thermodynamic energies according to the relationships 

between thermodynamic functions and to estimate the directions of the chemical 

reactions according to the second law of thermodynamics [49]. 

Molecular Docking 

The molecular docking is used to predict the preferred binding orientation, affinity 

and activity of drug molecules and their protein targets. The structure of the target 

protein was obtained from the RCSB in PDB format [50]. The ligand PDB file was 

generated from the optimized molecular structure of the FCV molecule. The 

AutoDock Tools graphical user interface [12] was used to remove the ligand and 

water molecules present in the target proteins, which was also used to add the polar 

hydrogen, Kollmann and Geisteger charges in the target proteins.  

Table 9. Molecular docking parameters of the title compound with Herpes simplex virus(HSV) 

 

 

Protein Bonded residues Intermolecular 

energy(kcal/mol) 

Inhibition 

constant(µmol)  

Binding 

energy(kcal/mol) 

Bond 

distance(Å)  

HSV chain B VAL310 -5.68 10.47 -2.70 2.211 

 GLU474 -5.66 10.82 -2.68 2.224 

 GLY466 -5.28 20.85 -2.29 2.147 

 PRO302 -4.81 45.89 -1.83 1.955 

HSV chain C GLU347,ARG340 -5.69 10.35 -2.71 2.235, 1.988 

 GLU458 -4.54 71.79 -1.56 1.775 

 ALA354 -4.42 87.98 -1.44 2.196 

 THR491 -4.35 100.03 -1.36 2.002 

 

 

T(K) 

 

 

𝑺 𝟎     
𝒎   

(J/ mol K) 

 

 𝑪 𝟎     
𝒑,𝒎 (J/ mol K) 

 

𝑯 𝟎     
𝒎   

(kJ/ mol) 

100 456.349 168.456 11.192 
200 601.704 261.730 32.695 

298 723.906 357.414 63.047 

300 726.123 359.239 63.710 
400 842.746 454.753 104.478 

500 953.466 538.319 154.252 

600 1057.939 607.520 211.658 
700 1155.991 664.246 275.339 

800 1247.845 711.119 344.180 

900 1333.932 750.293 417.307 
1000 1414.742 783.353 494.035 

 

Table 8.Thermodynamic functions of the 

title compound  
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AutoDock results indicate the binding position and bound conformation of the 

peptide, together with a rough estimate of its interaction [51]. The molecular docking 

binding energies (kcal/mol) and inhibition constants (mm) with two different chains 

of the target protein were also obtained and listed in Table 9. Among them, chain C 

exhibited the lowest free energy at -2.71kcal/mol. The interactions of the FCV ligand 

with different residues of the target protein are shown in Fig. 10. These results 

indicate that the FCV ligand exhibits the lower binding energy and inhibition constant 

for the targeted protein associated with the Herpes Simplex Virus, indicating the 

antiviral activity of the compound. 

 

Fig.10. Binding sites of the tiltle compound with HSV virus protein. 

 

 

Conclusion 

In the present work, we have reported on experimental and theoretical spectroscopic 

analysis of FCV molecule using FT-IR, FT-Raman, UV-Vis and NMR and tools 

derived from the DFT. In general, a good agreement amid experimental and 

theoretical normal modes of vibrations was found. The optimized molecular 

geometry, vibrational frequencies, infrared intensities and Raman activity of the 

molecule have been calculated by using DFT/B3LYP method with 6-311++G(d,p) 

basis set. The λmax, band gap energy were also calculated and compared with the 

experimental UV-Vis spectrum. The chemical shifts were compared with 

experimental data in DMSO solution, showing a very good agreement both for 

Carbon (
13

C) and proton (
1
H) NMR. FMOs analysis reveals the presence of ICT 

within the molecule. The possible electrophilic and nucleophilic reactive sites of the 

molecule were predicted and the intramolecular interactions of the molecule were also 

confirmed through NBO analysis. All the theoretical results show good agreement 
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with experimental data. The band energy gap calculated from HOMO and LUMO 

analysis gives significant information about the title compound. Reactive sites of the 

title compound were investigated from MEP and Fukui function analysis. In addition, 

the molecular docking output shows that the title compound acts as a good antiviral 

agent with low binding energy of -2.7kcal/mol. 
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