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Abstract 

This work presents the characterization of 7,7'-Bis[(aza-18-crown-6)carbonyl]thioindigo (I) 

by quantum chemical calculations and spectral techniques. The molecular geometry, frontier 

molecular orbitals (FMO), molecular electrostatic potentials (MEP) and nonlinear optical 

properties of I in the ground state have been calculated using the density functional method 

(B3LYP) with the 6−31G(d,p) basis set. The calculated results show that the optimized 

geometry can well reproduce the crystal structure. The predicted non-linear optical 

properties of I are greater than ones of urea. The title compound has been tested in vitro for 

biological effects. The title compound was found to exhibit significant antimicrobial and 

antioxidant activity 
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Introduction 

The crown ether family is an appealing class of structures owing to their inherent and 

practical properties. As series of unusual ligand, they were the first synthetic structures 

contributing to the vastly increasing field of host-guest and molecular recognition chemistry 

[1-4]. Among the earliest-recognized remarkable properties of these molecules is their ability 

to selectively bind metal cations in solution. The applications in other fields, such as the 

synthetic, analytical, and physical organic chemistry [5-7] also cannot be ignored. For their 

pre-organized structures, crown ether is currently a popular molecular platform for designing 

novel receptors [8]. Molecular recognition is now verified by highly diversified and tailor-

made structural component [9], but due to their generally good solubility requirement in many 

solvents, simple crown compounds are still attractive. 

In recent years, density functional theory (DFT) has been extensively used in theoretical 

modeling. The development of better exchange–correlation functionals has made it possible to 

calculate many molecular properties with comparable accuracies to traditionally correlated ab 

initio methods, with more favorable computational costs [10]. Literature survey has revealed 

that the DFT has a great accuracy in reproducing the experimental values in geometry, dipole 

moment, vibrational frequency, etc. [11-15].  

The aim of this study is to investigate the energetic and structural properties of the crown 

compound, 7,7'-bis[(aza-18-crown-6)carbonyl]thioindigo (Fig 1), using density functional 

theory calculations. In this study, the optimized geometry, frontier molecular orbitals (FMO), 

molecular electrostatic potentials (MEP) and nonlinear optical properties of I have been 

studied. These calculations are valuable for providing insight into molecular properties of 

crown ether compounds. 

 

Figure 1. Chemical diagram of 7,7'-bis[(aza-18-crown-6)carbonyl]thioindigo. 
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Materials And Methods  

Physical Measurements and Synthesis  

Melting points were determined on a Thomas Hoover melting point apparatus and 

uncorrected, but checked by differential scanning calorimeter (DSC). The I.R. spectra were 

measured with Perkin–Elmer Spectrum one FT–IR spectrophotometer. Electronic spectral 

studies were conducted on a Shimadzu model UV-1700 spectrophotometer in the wavelength 

1100–200 nm. The 
1
H and 

13
C spectra were taken on Bruker AC-400 NMR spectrometer 

operating at 400 MHz for 
1
H, 100 MHz for 

13
C NMR. Compound was dissolved in CDCl3 and 

chemical shifts were referenced to TMS (
1
H and 

13
C NMR). Starting chemicals were obtained 

from Merck or Aldrich. 7,7'-bis[(aza-18-crown-6)carbonyl]thioindigo (I) was prepared 

according to a method given in the literature [16]. 

1-Aza-18-crown-6 was acylated with 7,7'-bis(chlorocarbonyl)-thioindigo in refluxing 

pyridine. The residue was purified via column chromatography on (SiO2, 6:1 ethyl 

acetate:ethanol) afforded the title compound. Crystals were obtained by slow evaporation of a 

dilute benzene solution. Yield 46%, m.p. 405-407 K; 
1
H NMR (400 MHz, CDCI3/TMS): δ 

(ppm.) 7.94 (2H, d, J = 7.5 Hz), 7.67 (2H, d, J = 7.5 Hz), 7.40 (2H, t, J = 7.5 Hz), 3.73 

(bs,48H); 
13

CNMR (100 MHz, CDCI3/TMS): δ (ppm) 189.3, 168.1, 146.3, 133.9, 133.1, 

132.8, 128.9, 126.9, 126.1, 70.6, 49.9, 45.9; IR (KBr): 1663, 1628, 1271, 1109 cm
-1

. 

Computational methods  

The molecular geometry was taken directly from the X-ray diffraction experimental result 

without any constraints. In the next step, the DFT calculations with a hybrid functional 

B3LYP (Becke’s Three parameter hybrid functional using the LYP correlation functional) 

with the 6‒31G(d,p) basis set using the Berny method [17,18] were performed with the 

Gaussian 09W software package [19]. To investigate the reactive sites of I the molecular 

electrostatic potentials were evaluated using B3LYP/6‒31G(d,p) method. The mean linear 

polarizability and mean first hyperpolarizability properties of I were obtained from molecular 

polarizabilities based on theoretical calculations. In addition, frontier molecular orbitals 

(FMO) for the title compound were performed with B3LYP/6-31G(d,p) the optimized 

structure. 
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In vitro antimicrobial activity 

Isolated bacteria used in this study were obtained from the forensic medicine institute in 

Malatya. The clinical isolates (Shigella dysenteriae, Escherichia coli, Proteus vulgaris, 

Serratia spp., Klebsiella, Pseudomonas aeruguinosa, Staphylococcus aureus) were grown in 

Mueller–Hinton Broth media for 24h at 37
°
C. Antimicrobial activities of the title compound 

was estimated by a Minimum Inhibitory Concentration (MIC, μg/mL) using a micro-broth 

dilution method and essentially following the guidelines of Hannan [20]. A stock solution of 

each antimicrobial in DMSO was prepared according to NCCLS guidelines [21]. The MIC 

was carried out in standard sterile 96 well flat bottom microtitre plates and the layout was 

designed so that each row covered the final antimicrobial dilution of 500–0.5 μg/mL with one 

control well. Using sterilized micropipette, a 40 μL of the selected antimicrobial with the 

correct concentration was added to each well and another well was loaded with the same 

volume of control (DMSO solvent). Then a 150 μL of Mueller Hinton media was added to all 

wells, followed by a 10 μL (10
8
 cfu/mL) of the bacterial culture giving a final concentration 

of 5 × 10
7
 cfu/mL of bacteria in the well. The plates were sealed and incubated at 37 °C under 

atmospheric conditions. After 24h incubation the microtitre plates were read using the eliza 

reader. The minimal concentration that has optical density less than that of the control was 

defined as the MIC. 

 

DPPH free radical scavenging activity 

Free radical scavenging activity of the title compound was determined by measuring the 

change in the absorbance of DPPH
•
 (1,1-diphenyl-2-picrylhydrazylradical) at 517 nm 

spectrophotometrically. Stock solutions of 500 μM of tested sample and DPPH
•
 were prepared 

in DMSO. 400 μL of DPPH
•
 solution was added to sample solution at different concentrations 

(500, 1000, 1500, 2000 and 2500 μL) and appropriately diluted with DMSO to total volume 

of 4.0 mL. A 400 μL from DPPH
•
 stock solution was also diluted to 4.0 mL using DMSO 

solvent to make the control. The reaction mixtures were thoroughly mixed by shaking the test 

tubes vigorously and incubated at 25 °C for 60 min in a water bath in the dark. Absorbance at 

517 nm was measured and the solvent was corrected throughout. The scavenging effect was 

calculated using the following equation [22]: 
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where As is the absorbance of the DPPH
•
 in the presence of the tested compound and A0 is the 

absorbance of the DPPH
•
 in the absence of the tested compound (control). The data for 

antioxidation presented as means ± SD of three determinations 

Results 

Description of the crystal structure  

The crystal structure of I is triclinic and space group P1, Mw = 875,03, a = 9.267 (2) Å, b = 

10.344 (3) Å, c = 12.149 (2) Å, β= 104.51 (2), and V= 1062.7(5) Å
3
, Dx = 1.367 g/cm

-3
. 

Additional information for the structure determinations are given in Table 1. The title 

compound is centrosymmetric and possesses inversion symmetry (Fig 2A). The thioindigo 

skeleton is essentially planar, deviations from the best least-squares plane being <0.07 Å. 

These results are in agreement with the X-ray structures of thioindigo [23] and 7,7'-

dimethylthioindigo [24]. Steric effects force the 7,7'-bis(aza-18-crown-6)carbonyl groups 

from planarity [C(8)‒C(7)‒C(9)‒O(2) and C(6)‒C(7)‒C(9)‒O(2) torsion angles of -45.0 (5) 

and 127.8 (4)°, respectively]. The aza-crown ether portion exhibited disorder at three 

positions, making structural details less certain [C(15)‒C(15)' 0.71 (2), C(18)‒C(18)' 1.05(2), 

O(5)‒O(5)' 1.22 (1)Å.]. Comparisons with reported crystallographic studies on aza-crown 

derivatives revealed similar properties [25]. 
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Optimized Geometry  

The optimized parameters (bond lengths and bond angles) of I were obtained using the 

B3LYP/6−31G(d,p) method. The atomic numbering scheme of the theoretical geometric 

structure is shown in Fig 2B. Calculated geometric parameters are listed in Table 2 along with 

the experimental data. When the X-ray structure of I is compared with its optimized 

counterparts (see Fig 3), slight conformational discrepancies are observed between them. We 

note that the experimental results are for the solid phase and the theoretical calculations are 

for the gas phase. In the solid state, the existence of a crystal field along with the 

intermolecular interactions connects the molecules together, which results in the differences 

in bond parameters between the calculated and experimental values. 

Chemical formula C42H54N2O14S2

Formula weight 875.03

Temperature (K) 293

Crystal system Triclinic

Space group P1

Unit cell parameters

a (Å) 9.267 (2)

b (Å) 10.344 (3)

c (Å) 12.149 (2)

β(°) 104.51 (2)

Volume (Å
3
) 1062.7 (5)

Z 1

Dcalc (g/cm
3
) 1.367

Crystal size (mm) 0.38 ×0.17 × 0.07

Reflections observed [I >3σ(I)] 2955

Data/parameters 1994/298

R [F
2
>2σ(F

2
)] 0.015

wR (F
2
) 0.067

Goodness-of-fit on Indicator 0.03

Structure determination SHELX97

Refinement Full matrix

∆p max, ∆p min (e/ Å
3
) 0.37, -0.24

Table 1. Crystallographic data for title compound [16].
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Figure 2. (A) Ortep-3 diagram of the title compound (B) The theoretical -geometric structure 

of the title compound (with B3LYP/6–31G(d,p) level). 

 

A logical method for globally comparing the structures obtained with the theoretical 

calculations is by superimposing the molecular skeleton with that obtained from X-ray 

diffraction, giving a RMSE of 0.355 Å for B3LYP/6−31G(d,p) (Fig 3). This magnitude of 

RMSE can be explained by the fact that the intermolecular Coulombic interaction with the  
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Parameters Experimental B3LYP/6-31G(d,p)

Bond lengths (Å)

C(1)-C(1') 1.350 (5) 1.329

C(1)-C(2) 1.489 (5) 1.502

C(1)-S 1.744 (4) 1.770

C(2)-O(1) 1.221 (4) 1.206

C(2)-C(3) 1.466 (5) 1.485

C(3)-C(4) 1.373 (6) 1.394

C(3)-C(8) 1.397 (5) 1.409

C(4)-C(5) 1.379 (6) 1.403

C(5)-C(6) 1.399 (6) 1.397

C(6)-C(7) 1.384 (6) 1.409

C(7)-C(8) 1.404 (5) 1.386

C(7)-C(9) 1.502 (5) 1.498

C(8)-S 1.764 (4) 1.770

C(9)-O(2) 1.223 (59 1.221

C(9)-N 1.348 (4) 1.402

N-C(10) 1.454 (5) 1.481

N-C(21) 1.473 (5) 1.486

RMSE
a

0.013

Bond Angles (°)

C(1')-C(1)-C(2) 123.3 (3) 130.2

C(1')-C(1)-S 124.3 (3) 117.6

C(2)-C(1)-S 112.4 (3) 112.2

C(1)-C(2)-O(1) 123.2 (4) 124.1

C(1)-C(2)-C(3) 110.1 (3) 108.7

O(1)-C(2)-C(3) 126.7 (4) 127.2

C(6)-C(7)-C(9) 124.0 (4) 119.9

C(8)-C(7)-C(9) 117.5 (3) 121.6

C(3)-C(8)-C(7) 119.9 (4) 121.2

C(3)-C(8)-S 114.7 (3) 112.8

C(7)-C(8)-S 125.5 (3) 125.9

C(1)-S-C(8) 91.0 (2) 92.1

C(2)-C(3)-C(4) 127.2 (3) 125.6

C(2)-C(3)-C(8) 111.9 (3) 114.2

C(4)-C(3)-C(8) 120.9 (3) 120.2

C(3)-C(4)-C(5) 119.9 (4) 118.9

C(4)-C(5)-C(6) 119.6 (4) 120.6

C(5)-C(6)-C(7) 121.4 (4) 120.6

C(6)-C(7)-C(8) 118.2 (3) 118.5

C(7)-C(9)-O(2) 118.4 (3) 122.6

C(7)-C(9)-N 120.6 (3) 117.5

O(2)-C(9)-N 121.0 (4) 119.8

C(9)-N-C(10) 125.1 (3) 123.4

C(9)-N-C(21) 116.9 (3) 117.6

C(10)-N-C(21) 117.7 (3) 117.6
a
 Between the bond lengths and the bond angles computed

   by the theoretical method and those obtained from 

   X-ray diffraction.

Table 2. Selected molecular structure parameters.
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neighboring molecules are absent in gas phase, whereas the experimental result corresponds 

to interacting molecules in the crystal lattice [26]. 

 

Figure 3. Atom-by-atom superimposition of the structures calculated (red) over the X-ray 

structure (black) for the title compound. Hydrogen atoms omitted for clarity 

Molecular electrostatic potential  

Molecular electrostatic used extensively for interpreting potentials have been and predicting 

the reactive behavior of a wide variety of chemical system in both electrophilic and 

nucleophilic reactions, the study of biological recognition processes and hydrogen bonding 

interactions [27]. 

V(r), at a given point r(x,y,z) in the vicinity of a molecule, is defined in terms of the 

interaction energy between the electrical charge generated from the molecule electrons and 

nuclei and positive test charge (a proton) located at r. Unlike many of the other quantities 

used at present and earlier as indices of reactivity, V(r) is a real physical property that can be 

determined experimentally by diffraction or by computational methods. For the systems 

studied the MEP values were calculated as described previously, using the equation [28]: 

 

where the summation runs over all the nuclei A in the molecule and polarization and 

reorganization effects are neglected. ZA is the charge of the nucleus A, located at RA and ρ(r′) 

is the electron density function of the molecule. To predict reactive sites for electrophilic and 

nucleophilic attack for the investigated molecule, molecular electrostatic potential (MEP) was 

calculated at B3LYP/6-31G(d,p) optimized geometries. Red and blue areas in the MEP map 

refer to the regions of negative and positive potentials and correspond to the electron-rich and 
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electron-poor regions, respectively, whereas the green color signifies the neutral electrostatic 

potential. The MEP surface provides necessary information about the reactive sites.  

 

Figure 4. Molecular electrostatic potential map calculated at B3LYP/6-31G(d,p) level. 

 

The negative regions V(r) were related to electrophilic reactivity and the positive ones to 

nucleophilic reactivity. As easily can be seen in Fig 4, this molecule has several possible sites 

for electrophilic attack in which V(r) calculations have provided in-sights. Negative regions in 

the studied molecule were found around the carbonyl group and S atom. The negative V(r) 

values are −0.071 a.u. for carbonyl groups, which is the most negative region, −0.040 a.u. for 

S atom which is a less negative region. However, a maximum positive region is localized on 

the H atom of the ether group with a value of +0.025 a.u. indicating a possible site for 

nucleophilic attack. According to these calculated results, the MEP map shows that the 

negative potential sites are on electronegative atoms as well as the positive potential sites are 

around the hydrogen atoms. These sites give information about the region from where the 

compound can have intermolecular interactions. 

Frontier molecular orbitals  

In principle, there are several ways to calculate the excitation energies. The simplest one 

involves the difference between the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO) of a neutral system, which is a key parameter 

in determining molecular properties [29]. Moreover, the Eigen values of HOMO (π donor) 

and LUMO (π acceptor) and their energy gap reflect the chemical activity of the molecules. 

Recently, the energy gap between HOMO and LUMO has been used to prove the bioactivity 
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from intra-molecular charge transfer (ICT) [30,31]. Fig 5 shows the distributions and energy 

levels of the HOMO‒1, HOMO, LUMO and LUMO+1 orbitals computed at the 

B3LYP/6−31G(d,p) level for I. As seen from Fig 5, both in the HOMO and HOMO−1, 

electrons are delocalized on the thioindigo rings. For the LUMO and LUMO+1 electrons are 

mainly delocalized on the O1, C2, C1 and S atoms. The value of the energy separation 

between the HOMO and LUMO is 7.9177 eV. This large HOMO–LUMO gap automatically 

means high excitation energies for many of excited states, a good stability and a high 

chemical hardness for I. 

 



Medicine Science 2013;2(1):386-402               7,7'-Bis[(aza-18-crown-6)carbonyl]thioindigo 

Original Investigation                                                   doi: 10.5455/medscience.2012.01.8039  
 

www.medicinescience.org| Med-Science 397 

 

Figure 5. Molecular orbital surfaces and energy levels given for the HOMO, HOMO -1, 

LUMO and LUMO + 1 of the title compound computed at B3LYP/6-31G(d,p) level 

Nonlinear optical effects) 

NLO properties have been of great interest by the recent years. Because some synthesized 

novel materials show efficient nonlinear optical that are used telecommunication, potential 

applications in modern communication technology, optical signal processing and data storage. 

The calculations of the total molecular dipole moment (μ), linear polarizability (α) and first-

order hyperpolarizability (β) from the Gaussian output have been explained in detail 

previously [32], and DFT has been extensively used as an effective method to investigate the 

organic NLO materials. It is well known that from the literature, the B3LYP approach 

provides fairly reliable values in electric hyperpolarizability calculations when compared with 

accuracies of traditional ab initio methods and this predictive capability of widely used 

B3LYP method is of interest to a wide audience of computational scientists [33,34]. In 

addition, taking into account reliability and the computational time required [35], the basis set 

6−31G(d,p) was chosen for the calculations of the hyperpolarizability in this study. 

The electronic dipole moment μi(i = x, y, z), polarizability αij and the first hyperpolarizability 

βijk of I were calculated at the B3LYP/6−31G(d,p) level using Gaussian 09W program 

package. Urea is one of the prototypical molecules used in the study of the NLO properties of 

molecular systems. Therefore it was used frequently as a threshold value for comparative 

purposes. The calculated values of αtot and βtot for I are, 15.849 Å
3
 and 1.850 × 10

−30
 cm

5
/esu, 

which are greater than those of urea (the αtot and βtot of urea are 3.831 Å
3
 and 0.37 × 10

−30
 

cm
5
/esu obtained by B3LYP/6−31G(d,p) method). According to the magnitude of the first 

hyperpolarizability, I may be a potential applicant in the development of NLO materials.  

Biological study 

Antimicrobial activity 

The MIC of the title compound against different types of Gram-positive and Gram-negative 

bacteria were determined and tabulated in Table 3. The data indicate that the title compound 

showed moderate antimicrobial activity against P. aereuguinosa and E.coli bacteria, and 

showed no activity towards P. vulgaris, S. dysen-teriae, S. aureus, Klebsiella and Serratia. 
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Table 3 
Minimum inhibitory concentration (MIC, μg/mL) data of the title compound against a number of bacteria. 

 

Antioxidant activity 

Since the antioxidants are gaining a lot of importance as panacea for a large number of life-

style diseases like aging, cancer, diabetes, cardiovascular and other degenerative diseases, it is 

of immense significance to establish some new antioxidants by a convenient synthetic 

methodology. Although a number of methods such as ORAC, ABTS, DMPD, FRAP, TRAP, 

TBA, superoxide radical scavenging, hydroxyl radical scavenging, nitric oxide radical 

scavenging, xanthine oxidase, cytochrome C, reducing power method, etc. available, the 

DPPH method is very common and proved as the best [36]. As shown in Table 4, the title 

compound has scavenging activity between 44.7% and 70.7% within the investigated 

concentration range. The antioxidant activity of the title compound is obvious that the 

scavenging activity increases with increasing sample concentration in the range tested. 

Table 4 
Antioxidant scavenging activity data of the title compound on DPPH

•
 free radical at different concentrations. 

 

 

Conclusions 

In this study, the optimized geometry, frontier molecular orbitals (FMO), molecular 

electrostatic potentials (MEP) and nonlinear optical properties of I have been studied. Due to 

the lack of experimental information on the structural parameters available in the literature, 

the optimized geometric parameters (bond lengths and bond angles) was theoretically 

determined at B3LYP/6-31G(d,p) level of theory and compared with the structurally similar 

compounds. The X-ray structure is found to be slightly different from its optimized 

counterpart. It was noted here that the experimental results belong to solid phase and 

Sd Ps Pv E.coli Serratia Klebsiella Sa

N 62.5 N 62.5 N 62.5 N

7.8 125 125 15.6 125 7.8 7.8

15.6 125 125 15.6 125 15.6 7.8

N. non detected

Cephalexin and Cephradine are standart antibiotics.

( MIC, µg/mL )

Tested Compound Gram ( - ) bacteria Gram ( + ) bacteria

Title Compound

Cephalexin

Cephradine

Sa - Staphylococcus aureus, Ps - Pseudomonas aeruguinosa, E. Coli - Escherichia coli, Sd - Shigella dysenteriae, Pv - Proteus vulgaris.

62.5 µM 125 µM 187.5 µM 250 µM 312.5 µM

44.7  ±  0.4 51.1  ±  0.8 61.1  ±  0.4 66.9  ±  0.3 70.7  ±  0.5

Tested Compound DPPH scavenging  activity ( % )

Title Compound
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theoretical calculations belong to gaseous phase. In the solid state, the existence of the crystal 

field along with the intermolecular interactions have connected the molecules together, which 

result in the differences of bond parameters between the calculated and experimental values. 

Despite the differences observed in the geometric parameters, the general agreement is good 

and the theoretical calculations support the solid-state structure. When all theoretical results 

scanned, they are showing good correlation with experimental data. The antimicrobial activity 

results show that title compound possessed moderate antibacterial activity. The antioxidant 

activity of the title compound is obvious that the scavenging activity increases with increasing 

sample concentration in the range tested. 
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