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ABSTRACT 

Ring opening of 2-nitro phenyl glycidyl ether by chelated amino acid ester enolate provides access to desired novel benzoxazine derivative just over a few steps. 

Theoretical study on the molecular structure of 2,2,2-trifluoro-N-(1-oxo-2,3,3a,4-tetrahydro-1H-benzo[b]pyrrolo[1,2-d][1,4]ox-azin-2-yl) acetamide (S11) is 

presented by using second order Møller Plesset (MP2) as well as density functional theory (DFT) level calculations. The calculated vibrational frequencies were 

assigned into normal modes of vibration by the use of potential energy distribution (PED). The positive charge on all hydrogen atoms were obtained by charge 

distribution calculations using Mulliken, electrostatic and natural charge distributions. Similar electrophilic and nucleophilic regions were observed from the calculated 

electrostatic potential surface calculations. The time dependent density functional theory (TD-DFT) calculations were performed to obtain electronic transitions within 

the molecule. The frontier molecular orbital (FMO) analysis was leading to the possible charge transfer within the molecule. The natural bond orbital (NBO) analysis 

provided information regarding the interaction between the donor and acceptor in bond. The changes in statistical thermodynamic functions (dipole moment, internal 

energy, enthalpy, Gibbs free energy, entropy, heat capacities and partition functions) were calculated at the range of temperature from 10-500 K. 

Keywords: Chelated enolates, Ring opening, Benzoxazine, DFT, NBO.

INTRODUCTION 

The benzoxazine moiety is a fascinating scaffold which constitutes important 

structural feature of different pharmaceutically important drugs such as 

Bemoradan (1) (vasodilator agent), Azasetron (2) (serotonin 3 antagonistic) and 

Levofloxacin (3) (antibiotic) [1] (Figure 1). Various 1,4-benzoxazine derivatives 

have the ability to act as central nervous system depressants [2,3], antipsychotic 

agents [4], calcium antagonists [5] and antibacterial agents [6,7]. 

 

Figure 1. Structures of Bemoradan (1), Azasetron (2) and Levofloxacin (3). 

Promoted by the pharmacological properties exhibited by benzoxazine bearing 

molecules, various novel methods for the synthesis of this scaffold have been 

reported such as iodocyclization [8], tandem reduction-oxirane opening of 2-

nitroaroxymethyloxiranes [9], Baeyer-Villiger oxidation reaction [10] and Pd-

catalyzed aerobic oxidation of o-aminophenols with isocyanides [11]. In addition 

to this, ring opening reaction of spirocyclic epoxide with 2-haloanilines [12] 

proved to be a competent approach to construct spirocyclic-3,4-dihydro-2H-

benzo[b][1,4]oxazine derivatives.  

Previously, we reported the epoxides ring opening with chelated amino acid 

ester enolates [13] as well as their synthetic applications [14-16]. Herein, we 

report the synthesis of 1,4-benzoxazine scaffold via same methodology. Ring 

opening of 2-nitro phenyl glycidyl ether with chelated amino acid ester enolate 

followed by oxidation with Dess-Martin periodinane, reductive amination and 

subsequent intramolecular N-acylation afforded the desired tricyclic 

benzoxazine derivative. Here, we also represent the detailed structural properties 

of 2,2,2-trifluoro-N-(1-oxo-2,3,3a,4-tetrahydro-1H-benzo[b]pyrrolo[1,2-d][1,4] 

ox-azin-2-yl) acetamide (S11) in gas phase using B3LYP correlation at second 

order Møller Plesset (MP2) as well as the density functional theory (DFT). The 

chemical stability of S11 makes it attractive candidate for known pharmaceutical 

properties of tricyclic benzoxazine derivatives [17,18]. In the view of 

applications of S11, the MP2 calculations at B3LYP/6-311++G level and the 

DFT calculations at B3LYP/6-311+G, B3LYP/6-311++G level were performed 

for geometric parameters (bond energy, bong length and dihedral angles) and 

vibrational frequencies. The vibrational frequencies (Infra-red (IR) and Raman 

spectra) were assigned in the normal modes of vibration using the potential 

energy distribution (PED) calculations. The charge distributions were calculated 

with Mulliken, electrostatic and natural charge distributions. Natural bond 

orbitals (NBO) analysis was performed for obtaining interactions in the bond. 

The molecular electrostatic potential surface (ESP) was calculated for mapping 

the electrophilic and nucleophilic sites. The electronic absorption spectra and 

frontier molecular orbital (FMO) analysis were reflecting the possible transition 

in subjected molecule.  The change in thermodynamic functions like contribution 

to the partition function (Q), internal energy (∆U), Gibbs free energy (∆G), 

entropy (∆S), enthalpy (∆H), heat capacity (cv and cp) and dipole moment (μ) 

were calculated in the range of temperature.  

EXPERIMENTAL 

Materials and Methods 

1H NMR and 13C NMR spectra were recorded in CDCl3 on a Bruker Advance 

II 400 MHz NMR spectrometer using TMS as internal reference. Products were 

identified with thin layer chromatographic technique using precoated Polygram 

SIL-G/UV 254 plates (Macherey-Nagel, Düren). Purification was done by flash 

chromatography on silica gel (0.063-0.2 mm) using the mixture of ethyl acetate 

and n-hexane as eluent. Commercially available solvents were distilled prior to 

use. 

Synthesis of 2,2,2-trifluoro-N-(1-oxo-2,3,3a,4-tetrahydro-1H-benzo[b] 

pyrrolo[1,2-d][1,4]ox-azin-2-yl) acetamide (S11) 

A solution of dihydrobenzoxazine amino acid 10 (50 mg, 0.13 mmol) in 

toluene (dry, 2.2 mL) in the presence of DMAP (8 mg, 50 mol%) was refluxed 

under nitrogen atmosphere for around 4 hrs and then cooled to r.t and diluted 

with DCM. The mixture was washed with 1N HCl, water and brine. The organic 

layer was dried using Na2SO4, solvent was removed in vacuo and purified by 

column chromatography (silica, hexane/EtOAc 8:2) to obtain desired 
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benzoxazine S11 in 20% yield (ratio 6.5:3.5) as a colorless solid. M. p. 58 oC. 

Major diastereomer: 1H NMR (400 MHz, CDCl3):  = 8.37 (dd, 3J10,9 = 8.2 Hz, 
3J10,11 = 1.5 Hz, 1 H, 10-H), 7.32 (bs, 1 H, N-TFAH), 6.94-7.11 (m, 3 H, 9-H, 11-

H, 12-H), 4.66 (ddd, 3J3,6a = 11.4 Hz, 3J3,6b = 8.0 Hz, 3J3,NHTFA = 5.4 Hz, 1 H, 3-H), 

4.45 (dd, 2J7a,7b = 11.0 Hz, 3J7a,5 = 3.2 Hz, 1 H, 7a-H), 3.90-4.03 (m, 1 H, 5-H), 

3.54 (dd, 2J7b,7a = 3J7b,5 = 10.5 Hz, 1 H, 7b-H), 3.04 (ddd, 2J6a,6b = 12.4 Hz, 3J6a,3 = 

8.0 Hz, 3J6a,5 = 5.8 Hz, 1 H, 6a-H), 1.53–1.61 (m, 1 H, 6b-H). 13C NMR (100 

MHz, CDCl3):  = 167.6, 157.2 (q, J = 38.8 Hz), 144.8, 125.8, 123.5, 121.7, 

119.1, 117.3, 115.5 (q, J = 285.8 Hz), 68.6, 51.2, 50.7, 29.9. Minor diastereomer 

(selected signals): 1H NMR (400 MHz, CDCl3):  = 6.93-7.09 (m, 3 H, 9-H, 11-

H, 12-H), 4.66 (ddd, 3J3,6a = 11.3 Hz, 3J3,6b = 7.9 Hz, 3J3,NHTFA = 4.4 Hz, 1 H, 3-H), 

4.45 (dd, 2J7a,7b = 10.9 Hz, 3J7a,5 = 3.6 Hz, 1 H, 7a-H), 3.90-4.03 (m, 1 H, 5-H).  

RESULTS AND DISCUSSION 

Chemistry 

Chelated amino acid ester enolates prove to be excellent candidates as 

nucleophiles for the ring opening of epoxides and give primary or secondary 

alcohols depending upon epoxide structure. Terminal primary alcohols are 

obtained in case of aryl epoxides as a result of the attack by the enolate at the 

benzylic position. On the other hand, γ-hydroxy amino acid 5 is obtained by the 

attack of enolate at sterically least substituted carbon of the epoxide ring. After 

Dess-Martin oxidation, alcohol 5 is converted into γ-oxo amino acid 6 with 

excellent yield range (Scheme 1) [16]. 

 

Scheme 1. Synthesis of γ-oxo amino acid 6 [16]. 

In order to access the desired benzoxazine derivatives, we chose 2-nitro phenyl 

glycidyl ether 8 for ring opening reaction. Regioselective ring opening of 2-nitro 

phenyl glycidyl ether 8 by chelated amino acid ester enolate 7 led to the 

formation of respective 𝛾-hydroxy amino acid in 84% yield which after Dess-

Martin oxidation could be converted into 𝛾-keto amino acid 9 in 87% yield [13]. 

Subsequently, under reduction-reductive amination process, nitro group of the 𝛾-

keto amino acid 9 was reduced to afford the cyclized compound 

dihydrobenzoxazine amino acid 10 in excellent yield [16]. Finally, upon 

treatment with dimethylaminopyridine (DMAP), amino acid 10 could be 

converted into the desired tricyclic benzoxazine derivative 11 in 20% yield 

(Scheme 2). 

 

Scheme 2. Synthesis of benzoxazine derivative S11. 

Computational detail  

The Gaussian 16W program package [19] was used to perform all the quantum 

chemical calculations. The S11 structure was optimized with Hatree Fock (HF) 

level first with HF/6-31+G level and then fully re-optimized at B3LYP/6-31+G, 

B3LYP/6-311++G and MP2/6-311++G without symmetry restriction. The 

B3LYP is a hybrid function which was proposed for the main group structures, 

non-covalent interactions, frequency analysis, FMO analysis, electronic 

transitions, NBO analysis, thermodynamics and kinetics investigations [20,21] 

was used in the current study. In order to confirm the stability of optimized 

structure, frequency calculations was performed and the absence of any 

imaginary frequency reflected the nature of stationary point as minimum on 

potential energy surface. The systematic overestimated vibrational frequencies 

were scaled by 0.9688 [22,23]. The calculated vibrational frequencies were 

assigned into normal modes of vibration based on the PED using VEDA 4 

program [24] and Gauss view program (providing visual inspection). The 

bonding interactions of S11 were also investigated with Gaussian 16W using 

natural bond orbital (NBO) analysis. It is based on the process that combines the 

concept of canonical delocalized HF molecular orbitals (MOs) theory with the 

localized MOs theory using the sequential transformation. The localized MOs 

have close tied with the concept of chemical bonding. In this sequential 

transformation process the set of natural atomic orbitals (NAOs), natural hybrid 

orbitals (NHOs) and natural bond orbitals (NBOs) are obtained from the non-

orthogonal atomic orbitals (AOs). The minimum filled NBOs are used to 

describe localized basis sets, which results in the localized Lewis structure. The 

interaction of Rydberg orbitals (or anti-bonding orbitals) with filled orbitals 

resulted in deviation from the Lewis structure. This interaction is the measure of 

delocalization. The charge transfer interactions arising from the non-covalent 

bonding and anti-bonding is the quantitative measure of the second order 

perturbation interaction energy (E2) [25-27]. The TD-DFT calculations in vacuo 

by using the polarized continuum model (PCM) were performed for the UV 

absorption spectra of S11 with the hybrid exchange function B3LYP [20,21], and 

the gradient based exchange and correction functions B3PW91 [28] and 

PBEPBE [29,30]. 

Structural analysis  

In the Figure 2 (a) the structure of S11 is shown with atomic numbering and in 

the Figure 2 (b) is the optimized structure of S11 in gas phase along with the 

Cartesian coordinate axis at B3LYP/6-311++G level. The crystal structure of S11 

is neither reported in the literature and nor can be recorded. In the Table 1 are 

given the geometric parameters like bond lengths, the selected bond angles and 

dihedral angles using MP2/6-311++G, B3LYP/6-31+G and B3LYP/6-311++G. 

The MP2 method has advantage over the DFT method that it is free from the 

spurious self-interaction of electrons considered in the DFT, rather it naturally 

take dispersion into account. But, at the same time it has turned into deficiency 

when the interaction of molecular segments is calculated [31]. The molecular 

structure is a non-planner structure. For C2 – C6 bond length is 1.403 Å while 

C1 – C2 is 1.389 Å and is due to the π electron delocalized system.  While C9 – 

C10 bond is 1.539 Å long this may be due to electronegative effect of oxygen 

and nitrogen in the surrounding, causing the electron withdrawing effect. The 

computed bond length for C6 – N8 is 1.417 Å which is somewhat smaller than 

average value of single C –N bond (1.47) while C12 – N15 (1.462 Å) has value 

closer to the average value [32]. The C – O double bond is in the range of 1.239 

Å to 1.241 Å and is close to the reported values [33]. Figure 3 represents the 

connectivity of bond lengths and selected bond angles. The C – O – C bond angle 

is reported as 117.9˚ for methoxy group and calculated C2 – O7 – C9 as 113.6˚ 

in the ring [32]. For the C2 – O7 – C9 bond, angle was calculated as 113.6˚ 

(reported as in range of 110.5˚) and of C6 – N8 – C13 as 126.0˚ (reported as in 

the range of 121.5˚), this difference is due to nitrogen atom as being nearly 

trigonal planar [32-34]. The two six member rings have dihedral angle (C6 – N8 

– C10 – C9) as 22.8˚ and were almost coplanar. The oxazine ring has almost half-

chair conformation with dihedral angle of C6 – C2 – O7 – C9 is 44.3˚ [35]. 
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Figure 2. Structure S11 with the atomic numbering and the optimized 

molecular structure of S11 with DFT/6-311++G in Vacuo along with the 

Cartesian coordinate axis. 

 

 

Figure 3. Selected geometric parameters: (a) Bond length and (b) Bond Angle, 

of structure S11 computed with B3LYP/6-31+G, /B3LYP/6-311++G and 

MP2/6-311++G. 

Table 1. Selected geometric parameters (bond lengths, bond angles and 

dihedral angles) of S11 computed with MP2/6-311++G, B3LYP/6-31+G, and 

B3LYP/6-311++G in gas phase. 

Parameters 

bond lengths (Å), bond angles (˚) and dihedral angles (˚) 

B3LYP/6-31+G B3LYP/6-311++G MP2/6-311++G 

C 1 – C 2 1.375 1.389 1.389 

C 1 – C 3 1.388 1.400 1.399 

C 1 – H 22 1.071 1.084 1.081 

C 2 – C 6 1.386 1.404 1.403 

C 2 – O 7 1.396 1.417 1.405 

C 3 – C 4 1.387 1.400 1.399 

C 3 – H 23 1.073 1.085 1.082 

C 4 – C 5 1.389 1.400 1.398 

C 4 – H 24 1.072 1.085 1.081 

C 5 – C 6 1.382 1.397 1.397 

C 5 – H 25 1.070 1.082 1.079 

C 6 – N 8 1.417 1.423 1.420 

O 7 – C 9 1.452 1.482 1.466 

N 8 – C 10 1.482 1.495 1.489 

N 8 – C 13 1.355 1.376 1.374 

C 9 – C 10 1.539 1.544 1.542 

C 9 – H 26 1.078 1.092 1.087 

C 9 – H 27 1.083 1.097 1.092 

C 10 – C 11 1.543 1.550 1.544 

C 10 – H 28 1.086 1.101 1.097 

C 11 – C 12 1.541 1.548 1.543 

C 11 – H 29 1.077 1.090 1.087 

C 11 – H 30 1.082 1.094 1.089 

C 12 – C 13 1.535 1.552 1.545 

C12 – N 15 1.462 1.476 1.465 

C 12 –H 31 1.084 1.097 1.094 

C 13 – O 14 1.222 1.244 1.239 

N 15 – C 16 1.349 1.365 1.364 

N 15 – H 32 1.003 1.020 1.011 

C 16 – O 17 1.219 1.246 1.241 

C 16 – C 18 1.535 1.546 1.537 

C 18 – F 19 1.347 1.377 1.372 

C 18 – F 20 1.374 1.412 1.409 

C 18 – F 21 1.362 1.396 1.397 

C 2 – C 1 – C 3 118.7 118.8 118.9 

C 2 – C 1 – H 22 119.5 119.4 119.2 

C 1 – C 2 – O 7 121.0 120.3 120.2 

C 6 – C 2 – O 7 117.7 118.5 118.6 

C 4 – C 5 – C 6 119.0 119.1 119.2 

C 4 – C 5 – H 25 121.0 121.0 121.0 

C 2 – C 6 – C 8 115.4 115.8 115.9 

C 5 – C 6 – N 8 124.5 124.2 124.2 

C 2 – O 7 – C 9 113.4 111.9 113.6 

C 6 – N 8 – C 13 124.3 124.6 126.0 

C 10 – N 8 – C 13 113.2 112.9 112.7 

O 7 – C 9 – C 10 110.6 111.6 112.6 

O 7 – C 9 – H 26 106.0 105.2 105.2 

N 8 – C 10 – C 11 102.8 103.0 102.9 

C 11 – C 12 – C 13 104.3 104.7 104.0 

N 8 – C 13 – O 14 127.6 127.5 127.5 

C 12 – N 15 – C 16 133.2 133.2 134.0 

C 16 – C 18 – F 19 111.9 111.6 111.5 

C 16 – C 18 – F 20 109.1 109.5 109.8 

C 16 – C 18 – F 21 113.5 114.4 113.8 

F 19 – C 18 – F 20 107.7 107.3 107.4 

C 3 – C 1 – C 2 – C 6 1.0 1.1 0.8 

C 3 – C 1 – C 2 – O 7 -179.0 -177.5 -176.5 

C 6 – C 2 – O 7 – C 9 45.7 44.6 44.3 

C 2 – O 7 – C 9 – H 27 62.2 63.3 68.8 

C 6 – N 8 – C 10 – C 9 20.6 18.9 22.8 

C 6 – N 8 – C 13 – O 14 17.2 17.9 12.8 

H 30 - C11 - C12 - N15 83.6 85.4 79.9 

C 12 – N 15 – C 16 – O 17 172.4 173.1 171.7 

N 15 – C 16 – C 18 – F 19 157.5 158.9 163.7 

O 17 – C 16 – C 18 – F 20 92.1 93.0 98.1 

Vibrational analysis  

The calculated and scaled vibrational wavenumber calculated with B3LYP/6-

31+G, B3LYP/6-311++G and MP2/6-311++G in gas phase are given in the 

Table 2 along with the vibrational assignments based on PED using VEDA 4 

program. The calculated and scaled IR and Raman spectra are given in the    
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Figure 4. The calculated vibrational wavenumbers are usually with the 

overestimated values due to neglect of anhormonicity. The use of B3LYP 

reduced this over estimation of wavenumber could be due to its correlation terms 

[36]. Use of scaling factor provides the better agreement of calculated and the 

observed wavenumbers [22,23]. For S11, 90 normal modes of vibrations were 

found. It is convenient to discuss vibrational assignment of the specific spectra 

regions. 

Nitrogen-hydrogen vibrations 

For compounds having N – H bond, the stretching of N – H is observed at 3500 

to 3200 cm-1. The presence of hydrogen boning also effects the position of 

absorption band [37,38]. For S11, the N – H stretching is calculated around 3465 

cm-1 with 100 % PED while at 3376 cm-1 with 81 % PED. The relative broadening 

of N – H stretching band is arising due to the presence of inter-molecular 

hydrogen bonding interactions [32,39]. Here, the N – H bond acts as donor in the 

hydrogen bonding and resultantly observed red-shifting of stretching vibration 

[40]. 

Carbon-hydrogen vibrations 

In the aromatic ring the stretching vibration of C – H is reported in range of 

3100 cm-1. The stretching of non-aromatic C – H is reported around 3000 cm-1 

[25,41]. The aromatic C – H stretch have multiple weak bands. These vibrations 

are reported to have non-appreciable effect substitutions [34]. The vibrations 

calculated at 3123, 3100, 3014, 2961 and 2945 cm-1 are assigned to the stretching 

of C – H. While the vibrations calculated at 1488, 1428, 1382, 1352, 1337, 1216 

and 1155 cm-1 are assigned as the in-plane bending with good agreements to 

reported range [38]. The vibrations at 650 – 450 cm-1 are reported as the out of 

plane bending of C – H but are so weak in S11 to assign them. The possible 

reason behind it is the lesser negative charge on the carbon atoms resulting in 

decrease of dipole moment. This reduction is due to substitution resulting in 

electron withdrawal from carbon atom and causing decrease of inductive effect 

[42]. The presence of CH2 in S11 is contributing to C – H vibrations with all six 

fundamental vibrational frequencies including two stretchings (symmetric and 

asymmetric), two bending (scissoring and rocking) modes and two in-plane and 

out-plane vibrations (wagging and twisting).    

Carbon-carbon vibrations 

The ring vibrations are much effected by the substitutions on the ring. The 

vibrations in the region of 1650 – 1300 cm-1 are reported as the ring vibrations 

[43,44]. For S11, the C – C stretching ring vibrations are calculated at 1628, 

1586, 1548, 1533, 1276 and 1253 cm-1. These vibrational bands correlate well 

with the reported values [32]. The stretching vibrations of C – C showed good 

intensity in the IR spectrum whereas they are of relatively lower intensity in the 

Raman spectrum. The doublet are formed due to presence of conjugation in 

substitution. The vibrations at higher wave number correlated to the in-plane 

deformation while the out-.plane vibrations are at lower wave numbers [43]. The 

vibrations calculated at 921, 695, 667, 650, 604, 551, 513 cm-1 and at 385, 362, 

325, 287, 211, 151, 128 cm-1 are assigned to the in-plane bending vibrations and 

out of plane bending vibrations, respectively [45]. The small shifts in the 

calculated vibrational wavenumbers from the reported values are due to shift in 

the force constants due to extend of mixing of rings with substitutions.  

Carbon-oxygen vibrations 

The C – O vibrations are quite sensitive to many factors. The nature of lone 

pair on oxygen will determine the force constant. Furthermore, the physical state, 

the substitutional effects and constrains on ring are important [43]. The vibrations 

in the region of 1740 – 1160 cm-1 are known as the carbonyl vibrations [26,36]. 

The symmetric stretch of C – O is reported around 1020 cm-1 [46] while vibration 

around 1220 cm-1 is reported as asymmetric stretch of C – O – C [32].  For S11, 

the carbonyl stretching vibrations are calculated at 1628 and 1586 cm-1. The 

asymmetric stretching has been calculated at 1276 cm-1 and symmetric stretching 

around 1170 and 1050 cm-1. These calculated vibrations result in the stronger 

band in the IR spectrum while the weaker bands in the Raman spectrum. Mertan 

and co. reported that C – F vibrational frequencies are poorly predicted by the 

hybrid function as B3LYP due to its week prediction of harmonic frequencies 

[47]. They computed the harmonic C – F stretching using the M06-2X functional 

basis. In the current work, MP2/6-311++G also not computed any appreciable   

C – F vibrations.  

Table 2. Calculated and scaled vibrational wavenumber with vibrational 

assignments using potential energy distribution (PED). 

Sr 

No. 

Calculated wavenumbers (cm-1) 

Vibrational assignments 

(%PED) 
DFT /Gas phase MP2 / gas 

6-31+G (d,p) 6-311++G (d,p) 
Sraman (6-311++G 

(d,p)) 
(6-311++G (d,p)) 

1   3465 28.26   υNH (100) 

2 3376   7.94 3376 υNH (81) 

3   3123 34.11   υCH (97) 

4 3099 3093 66.73 3100 υCH (49) 

5   3069 26.01   υCH (33) 

6 3068 3038 19.43   υCH (49) 

7 3022 3023 40.23 3014 υCH (51) 

8 2984 2976 83.02 2961 υCH (77) 

9 2938 2938 101.88 2945 υCH (42) 

10     4.46 2900 υCH (45), υCC (13) 

11 2892 2876 57.04 2862 υCCanti sym (26) 

12     0.33 2802 υCCsym (66) 

13   1628 20.88 1628 υOC (17), υCC (24) 

14 1592 1589 81.38 1586 υOC (26), υCC (18) 

15 1561 1574 12.08 1548 υCC (20) 

16     0.94 1533 υCC (11), υCH (12) 

17 1546 1488 26.01 1488 YHCH (40) 

18 1469 1465 11.12 1450 YHCC (51) 

19 1446 1418 11.83 1428 YHCH (88) 

20 1384 1387 13.26 1382 YHCH (63) 

21 1369 1372 22.74 1352 YHCH (13) 

22 1346 1333 62.40 1337 YHCH (21) 

23 1307 1309 7.96 1299 YHOC (18), YHCC (21) 

24 1284 1286 8.84 1276 υCC (40) 

25 1230 1248 4.22 1253 υCC (30) 

26   1201 20.63 1216 YHCC (22) 

27 1184 1186 5.53 1170 υCC (14),τHCCC (16) 

28 1138 1147 1.83 1155 YHCC (31) 

29 1115 1101 1.44 1118 υCC (18),τHCCC (17) 

30 1069 1077 2.74 1072 YHOC (37), τHCCC (11) 

31 1031 1031 2.84 1050 υCC (20), υOC (11) 

32 1015 992 2.47 1004 υOC (13), YHCC (10) 

33 931 945 2.66 967 τHCCC (39) 

34 877 868 1.51 921 υCC (24) 

35 846   0.14 846 ΥOC (34) 

36 769 751 7.25 732 τHCCC (99) 

37 708 713 5.12 695 υCC (11), υOC (16) 

38     4.68 690 τHCCC (14), ωOCCC (27) 

39 684 667 11.20 667 τCCCC (12) 

40 654   0.95 650 YCCC (19) 

41 623 621 6.15 604 YCCC (40) 

42 561 566 2.98 551 υOC (14), υCC (14) 

43 523 527 6.65 513 YOCC (17), YCCC (10), YCCO (45) 

44 484 473 4.41 461 ωOCCC (28) 

45 454 450 3.44 441 ωOCCC (32) 

46 438   1.57 438 ωOCCC (34) 

47 384 395 2.54 385 YOCC (13), YCCC (23), ωOCCC 

(21) 

48   372 3.94 362 YCCC (13), ωCCCC (30) 

49   333 0.89 325 YCCC (10), ωCCCC (11) 

50 300 294 0.69 287 υCC (25), YCCC (21) 

51 215 217 1.02 211 YCCC (31), τHOCC (14) 

52 169 155 1.43 151 YCCC (68) 

53 131 132 1.18 128 τCCCC (12), ωOCCC (14) 

54 107 101 2.96 98 τCCCC (53) 

55 62 54 2.27 52 τCCCC (48) 

Abbreviations: υ-stretching, Y-bending, τ-torsion, ω-out of plane bending, 

sym.-symmetrical, anti sym.-anti symmetric.  
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 (a) 

 
(b) 

 

Figure 4. (a) Computed IR (scaled) spectra of S11 with B3LYP/6-31+G, 

B3LYP/6-311++G and MP2/6-311++G in gas phase and (b) computed Raman 

by MP2/6-311++G in gas phase. 

Atomic charge distribution  

The application of quantum calculations are closely related to the distribution 

of atomic charges in a molecule [48]. In this study, a comparison of Mulliken, 

electrostatic and NBO atomic charge distributions are given in the Figure 5. 

Similarly, the charge distributions calculated DFT and MP2 level are given in 

the Figure 5. Charge distribution is related to reactivity of the molecule and with 

the concept of chemical bonding. The comparison between Mulliken, 

electrostatic and NBO distributions is difficult because of very different level of 

theoretical backgrounds. C2, C6, C9, C11, C12, C13, C16 and C18 atoms have 

positive charge with both B3LYP and MP2. C1 shows –ve charge with B3LYP 

and +ve charge with MP2. The change of charge with change of basis set is due 

to change of polarization. C3, C4, and C5 carry negative charges while all 

hydrogen atoms possess positive charge. Maximum -ve charge is on nitrogen and 

then on O14 and O17. All three fluorine atoms also carry –ve charge. It explains 

the possible charge transfer from hydrogen to nitrogen and oxygen. The small 

variation of charge on C – O and N – H with Mulliken and natural charge 

distribution suggest that this molecule may have intermolecular interaction in the 

solid form [38]. It is reported that natural charge distribution is superior to in 

calculating atomic charges than the Mulliken charge distribution [49]. The 

charge distribution results are in accordance to the calculated potential energy 

surface of S11.  

(a) 

 
(b) 

 
Figure 5. (a) Charge distribution graph of S11 using MP2 and DFT (b) Charge 

population computed by Mulliken, electrostatic and natural charge disruptions at 

B3LYP/6-311++G level. 

Natural bond orbital (NBO) analysis  

The main orbital interactions in S11 structure are obtained from NBO analysis. 

It provides with a tool to understand the individual chemical bonding and the 

energetic of lone-pair electrons that will determine the reactivity of the molecule 

in the chemical processes [50,53]. NBO analysis has provided information 

regarding hybridization, hydrogen bonding and the hyper-conjugation 

interactions. The second order perturbation energy (E2) is the quantitative 

measure of interactions between donor and acceptors in NBO and is also known 

as stabilization energy. The higher value of E(2) is reflecting stronger interactions 

of donor and acceptor and the higher extend of conjugation [25]. The value of 

E(2) depends on occupancy of donor (i) and acceptor (j), the diagonal elements 

(orbital energies) 𝜀𝑖 and 𝜀𝑗 and the off-diagonal Fork matix element, 𝐹(𝑖,𝑗) [54]. 

𝐸
(2)

= ∆𝐸𝑖𝑗 = 𝑞
𝑖 

𝐹(𝑖,𝑗)
2

𝜀𝑖 − 𝜀𝑗

 

In the Table 3 are given the occupancy and other important information like 

the valance type data, directionally hybridization and the partial charges. The 

decrease of occupancy from the acceptor to the donor is reflecting the charge 

transfer from Lewis valence orbital to non-valence orbital.   

The E(2) analysis of selected donor and acceptor orbitals of S11 in gas phase 

are given in the Table 4. It shows the pi conjugation resonance in the first benzene 

ring (arising from pi electrons delocalization) and the primary as well as 

secondary hyper-conjugation. The reason of pi conjugation is the 𝜋 → 𝜋∗ 

interactions whereas, the hyper-conjugation interactions are arising due to → 𝜋∗ 

, 𝜋 → 𝜎∗ and 𝑛 → 𝜎∗ orbital overlaps. The secondary hyper-conjugation is due 

to 𝜎 → 𝜎∗orbital overlap. Delocalization of electron density between bonding 

and non-bonding orbitals are causing the stabilization of donor-acceptor 

interactions [46]. The most important interactions in S11 resulting from 

𝜎 (𝐶3 – 𝐶4)  →  𝜎∗(𝐶1 – 𝐶2), 𝜎 (𝐶3 – 𝐶4)  →  𝜎∗(𝐶5 – 𝐶6), 𝑛 (𝑂14)  →

 𝑅𝑌∗(𝐶13), 𝑛 (𝑂17)  →  𝜎∗(𝑁15 – 𝐶16) and 𝑛 (𝐹19)  →  𝑅𝑌∗(𝐶18) with the 

interaction energy E(2) of 20.25, 21.84, 16.71, 21.93 and 7.48 kcalmol-1.  
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Table 3. The type of orbital, its occupancy, the approximate composition of natural atomic hybrids of which NBO is composed along with the percentage 

composition of S and P orbitals in S11 obtained from the Natural Bond Orbitals (NBOs) analysis. 

Sr. No. Bond A-B Occupancy EDA EDB NBO % S% P% 

1 
BD (C1C2) 197.535 48.96 51.04 0.6997sp1.92 +0.7144sp1.53 34.30, 39.49 65.70, 60.51 

BD* (C1C2) 0.2192 51.04 48.96 0.7144sp1.92 -0.6997sp1.53 34.30, 39.49 65.70, 60.51 

2 
BD (C1H22) 197.687 61.32 38.68 0.7831sp2.38 +0.6219sp 29.57, 100.00 70.43 

BD* (C1H22) 0.01281 38.68 61.32 0.6219sp2.38 -0.7831sp 29.57, 100.00 70.43 

3 
BD (C2O7) 198.923 33.00 67.00 0.5745sp3.25 +0.8185sp2.37 23.52, 29.69 76.48, 70.31 

BD* (C2O7) 0.03008 67.00 33.00 0.8185sp3.25 -0.5745sp2.37 23.52, 29.69 76.48, 70.31 

4 
BD (C6N8) 198.291 37.25 62.75 0.6103sp2.81 +0.7922sp1.82 26.27, 35.48 73.73, 64.52 

BD* (C6N8) 0.03814 62.75 37.25 0.7922sp2.81 -0.6103sp1.82 26.27, 35.48 73.73, 64.52 

5 
BD (C9C10) 198.549 48.20 51.80 0.6942sp2.32 +0.7197sp2.49 30.09, 28.68 69.91, 71.32 

BD* (C9C10) 0.02805 51.80 48.20 0.7197sp2.32 -0.6942sp2.49 30.09, 28.68 69.91, 71.32 

6 
BD (C12N15) 198.708 38.28 61.72 0.6187sp3.22 +0.7856sp1.68 23.72, 37.72 76.28, 62.64 

BD*(C12N15) 0.02974 61.72 38.28 0.7856sp3.22 -0.6187sp1.68 23.72, 37.72 76.28, 62.64 

7 
BD (C13O14) 198.973 36.25 63.75 0.6021sp1.95 +0.7984sp1.71 33.91, 36.87 66.09, 63.13 

BD*(C13O14) 0.01301 63.75 36.25 0.7984sp1.95 -0.6021sp1.71 33.91, 36.87 66.09, 63.13 

8 
BD (C16O17) 199.160 36.90 63.10 0.6074sp1.98 +0.7944sp1.92 33.53, 34.21 66.47, 65.79 

BD*(C16O17) 0.01604 63.10 36.90 0.7944sp1.98 -0.6074sp1.92 33.53, 34.21 66.47, 65.79 

9 
BD (C18F19) 199.357 29.33 70.67 0.5415sp3.39 +0.8407sp3.61 22.78, 21.78 77.22, 78.29 

BD*( C18F19) 0.10629 70.67 29.33 0.8407sp3.39 -0.5415sp3.61 22.78, 21.78 77.22, 78.29 

10 LP O7 196.299   sp1.43 41.11 58.89 

11 LP N8 165.265   Sp 0.09 99.91 

12 LP O14 197.756   Sp0.58 63.12 36.88 

13 LP N15 168.064   Sp 0.61 99.39 

14 LP O17 198.144   sp0.53 65.38 34.62 

15 LP F19 199.112   sp0.28 78.28 21.72 

16 LP F20 199.125   sp0.25 80.00 20.00 

17 LP F21 199.020   sp0.25 78.81 21.19 

Table 4. The charge transfer interaction of donor and acceptor orbitals is assessed by the E2 energies which are given. 

Sr No. Donor NBO(i) Acceptor NBO(j) 
E2  E(j)-E(i) F(ij) 

(kcal/mol) (a.u.) (a.u.) 

1 

BD (1) C1 - C2 

BD*(1) C2 - C6 4.28 1.25 0.066 

2 BD*(1) C3 - H23 2.19 1.16 0.045 

3 BD*(1) C6 - N8 2.96 1.1 0.051 

4 
BD (2) C3 - C4 

BD*(2) C1 - C2 20.25 0.27 0.066 

5 BD*(2) C5 - C6 21.84 0.27 0.069 

6 BD (1) C2 - C6 BD*(1) C5 - C6 4.11 1.27 0.065 

7 BD (1) C3 - H23 BD*(1) C1 - C2 3.44 1.07 0.054 

8 
BD (1) C2 - O7 

BD*(1) C1 - C3 1.28 1.42 0.038 

9 BD*(1) C5 - C6 1.85 1.41 0.046 

10 
BD (1) C6 - N8 

BD*(1) C1 - C2 1.86 1.36 0.045 

11 BD*(1) N8 - C13 1.79 1.21 0.042 

12 BD (1) N8 - C13 BD*(1) C6 - N8 2.18 1.22 0.046 

13 
BD (1) C13 - O14 

BD*(1) N8 - C10 1.41 1.33 0.039 

14 BD*(1) C1 - H31 1.48 0.73 0.029 

15 BD (1) N15 - C16 BD*(1) C12 - N15 1.08 1.18 0.032 

16 LP O7 RY* C2 2.21 1.73 0.056 

17 LP N8 RY* C6 0.94 1.01 0.03 

18 
LP O14 

RY* C13 16.71 1.65 0.148 

19 BD*(1) C12 - C13 2.32 1.01 0.044 

20 LP O17 BD*(1) N15 - C16 21.93 0.68 0.111 

21 LP F19 RY* C18 7.48 2.17 0.114 
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Electronic absorption spectra and HOMO-LUMO energy 

The energy gap of HOMO and LUMO determines the electrical properties of 

any molecule. HOMO-LUMO gap is also measure of electron conductivity [55]. 

Frontier molecular orbitals (FMO) along with other molecular orbitals are given 

in the Figure 6 calculated with TD-DFT. In the electronic transition, the electron 

from HOMO orbitals is excited to the LUMO orbitals [46]. From the Figure 6, it 

is clear that for the target molecule, the HOMO is mainly centered on the 

morpholine ring having oxygen and nitrogen (acting as donor moiety) and 

LUMO is centered on the benzene ring (acting as the acceptor moiety). The 

smaller HOMO-LUMO energy gap is reflecting the chemical stability of 

molecule. This stability is resulting from greater distribution of energy over the 

molecule due to greater pi electron distribution [56]. 

The electronic transitions, excitation energies and oscillation strength of S11 

are computed with TD-DFT calculations. UV-Visible spectra were calculated by 

using different hybrid methods like B3LYP, P3PW91 and PBEPBE along with 

6-311++G(d,p) are shown in the Figure 7. From Figure 7, is reflected that one 

distinct absorption band ranging from 220-320 nm with B3LYP/6-311++G(d,p), 

P3PW91/6-311++G(d,p) and around 260-420 nm with PBEPBE/6-311++G(d,p). 

The maximum absorption wavelength (𝜆𝑚𝑎𝑥), oscillation strength (f) and 

excitation energies are given in the Table-5. For B3LYP, several possible 

electronic transitions are contribution to the absorption band but strong intensity 

transition has 𝜆𝑚𝑎𝑥 at 261.3 nm with f as 0.1441 and excitation energy is 4.746 

eV corresponding to H to L+1 transition. This transition can be assigned to 

intramolecular charge transfer from donating moiety to acceptor moiety via 

charge transfer axis. The major transition can be assign to 𝑛 → 𝜋∗ transition with 

considerable intramolecular charge transfer.   

 

Figure 6. The frontier molecular orbitals of S11 in gas phase. 

 

Figure 7. Computed UV-Visible absorption spectra of S11 calculated in gas 

phase with DFT/B3LYP, DFT/P3PW91 and DFT/PBEPBE using 6-311++G 

(d,p). 

Table 5. Electronic absorption spectra computed by TD-SCF at DFT level using different basis set for S-11 in gas phase 

Basis set 
Transition 

Wavelength (nm) 

Computed Oscillator Strength (f) Energy (eV) 

Excited State Contribution  

DFT/B3LYP/6-311++G (d,p) 

Excited State-1 H → L (70.4 %) 292.4 0.0005 4.214 

Excited State-2 

H-1 → L+1 (15.3 %) 

H-1 → L+3 (11.0 %) 

H → L+1 (63.5 %) 

261.3 0.1441 4.746 

Excited State-3 

H-4 → L (49.2 %) 

H-3 → L (36.3 %) 

H-1 → L (33.7 %) 

256.6 0.0018 4.831 

DFT/B3PW91/6-311++G (d,p) 

Excited State-1 H → L (70.4 %) 288.7 0.0004 4.294 

Excited State-2 

H-1 → L+1 (17.8 %) 
H-1 → L+3 (13.1 %) 

H → L+1 (61.8 %) 

H → L+2 (15.0 %) 

258.8 0.1428 4.491 

Excited State-3 

H-4 → L (43.1 %) 

H-3 → L (52.1 %) 
H-2 → L (10.8 %) 

H-1 → L (15.5 %) 

255.2 0.0017 4.859 

DFT/PBEPBE/6-311++G (d,p) 

Excited State-1 H → L (70.7 %) 359.5 0.0003 3.267 

Excited State-2 H-1 → L (62.6 %) 325.1 0.0052 3.814 

Excited State-3 
H-4 → L (15.2 %) 
H-2 → L (61.3 %) 

H-1 → L (30.9 %) 

312.8 0.0384 3.964 

Potential energy distribution 

The molecular electrostatic potential (MEP) surface is meaningful description 

of electron density of a molecule in space around a point. The charge density 

around a point is an indication of overall electrostatic effect resulting from 

electric and nuclear charge distributions and is correlated with the 

electronegativity, partial charges and dipole moment. MEP surface is also a 

powerful tool to give reactive polarity of the molecule [56,57]. It is an effective 

method to predict reactivity of electrophilic attack and potential of having 

hydrogen bonding interactions [58]. The red shade on MEP surface is site of 

electrophilic attack while, blue shade on MEP surface is site of nucleophilic 

attack, as it is the site with weaker shielding of nuclear charge. The green color 

share corresponds to zero electrostatic potential. Electrostatic potential is 

represented in MEP surface with the color gradient of red < orange < yellow          

< green < blue. In the Figure 8, is given the mapped MEP surface of S11. The 

electrophilic reactivity is centered around oxygen atoms dominantly (red 

colored). The blue is the positive charge density region and is the region of 

nucleophilic reactivity with dominant centers around hydrogens. MEP surface of 

S11 specify the active sides for metallic bonding, probable hydrogen bonding 

and intermolecular interactions.  
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Figure 8. The molecular electrostatic potential surface mapping of S11. 

Thermodynamic Properties 

The dipole moment (μ) is providing the basis for probing the reactivity of a 

molecule [59]. DFT has been proven an effective tool to predict the dipole 

moment and thermodynamic parameters of organic compounds. The components 

of dipole moment (x, y, z) are used to calculate the total dipole moment               

(𝜇 = (𝜇𝑥 + 𝜇𝑦 + 𝜇𝑧)
1

2⁄
) and hyper-polarizibilities [60]. In the Figure 9, the total 

dipole moment and its components are presented graphically calculated with the 

Moltran program. The dipole moment value is consistent with robust electronic 

transition behavior shown in absorption spectrum and MEP surface [61].  

The change in the statistical thermodynamic functions (heat capacities(Cv and 

Cp), internal energy (∆U), Gibb’s free energy (∆G), enthalpy (∆H), entropy (∆s) 

and contribution to partition function (Q)) were calculated at the temperature 

ranging from 10-500 K and are given in the Table 6. The change in 

thermodynamic parameters (Cp, ∆H, ∆S and ∆G) are fitted with equation given 

below and correlation graph is shown in the Figure 9.  

(Cpo)total = 32.73392 + 0.80902 T – 0.000322 T2  (R2 = 0.999) 

(∆Ho)total = 615.25227 + 0.03024 T + 0.000444 T2   (R2 = 0.999)   

(∆So)total = 201.17892 + 1.83238 T – 0.00286 T2     (R2 = 0.999) 

(∆Go)total = 616.14459 – 0.23837 T – 0.000626 T2   (R2 = 0.999) 

The increase of temperature resulting in the increase of thermodynamic 

energies. This thermodynamic data is useful to predict direction of chemical 

reactivity in accordance with laws of thermodynamics [62]. Tricyclic compounds 

are known for their biological activities and this statistical thermodynamic data 

can be useful for further investigations of biological interactions as function of 

temperature.   

(a) 

 

(b) 

 

Figure 9. (a) Correlation graph of calculated thermodynamic parameters (heat 

capacity [Cp], enthalpy [∆H], entropy [∆S] and Gibbs free energy [∆G]) at 

different temperatures; (b) Dipole moment calculated in three axis using MP2 

and DFT. 

Table 6. Thermodynamic functions calculations of S11 at DFT/B3LYP/6-

311++G. 

Temperature 

(K) 

CV 

(JK-1mol-1) 

CP 

(JK-1mol-1) 

∆U 

(kJmol-1) 

∆H 

(kJmol-1) 

∆S 

(JK-1mol-1) 

∆G 

(kJmol-1) 
Q 

10 28.922 37.236 615.418 615.501 209.736 613.404 1.48E+09 

50 70.723 79.037 617.493 617.909 297.63 603.027 4.72E+12 

100 109.18 117.495 621.99 622.821 364.209 586.4 1.05E+15 

150 149.732 158.046 628.452 629.699 419.432 566.784 7.00E+16 

200 192.189 200.503 636.994 638.657 470.68 544.521 2.81E+18 

250 235.541 243.856 647.686 649.765 520.071 519.747 8.61E+19 

300 278.62 286.934 660.544 663.038 568.354 492.532 2.24E+21 

350 320.058 328.372 675.521 678.431 615.726 462.926 5.24E+22 

400 358.748 367.062 692.504 695.83 662.135 430.976 1.13E+24 

450 394.078 402.393 711.339 715.081 707.443 396.731 2.26E+25 

500 425.89 434.204 731.853 736.01 751.516 360.252 4.26E+26 

CONCLUSION 

The current study involved the easy route of synthesis for S11 along with 

detailed computational study of structural, vibrational, charge distribution, 

HOMO-LUMO, UV-Visible, MEP surface, NBO and thermodynamic parameter 

analysis with B3LYP and MP2 level. All the assigned modes of vibration are in 

agreement with the expected range of vibration. The charge distribution 

calculated has good correspondence with electrostatic potential distribution 

found in the MEP surface. The UV-Visible absorption spectra showed shift with 

the basis due to definition of their polarization. The FMO analysis is reflecting 

the negative electrostatic potential is dominantly on oxygen and is possible 

fragment for the electrophilic attack. The statistical thermodynamic parameters 

computed on range of temperature and can be used for further investigations of 

biological activity of this molecule.  
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