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Abstract

The structure—activity relationship studied by DFT calculations and contacted with practi-
cal antimicrobial results for compounds 1-4 is discussed in detail. In light of this com-
pounds 1-4 have been studied by using DFT/B3LYB/6-311++G (d,p) at the level of
theory, the geometrical parameters, bond lengths and bond angles have been discussed.
The results of quantum mechanical calculations showed that the presence of phosphorus
and sulfur atoms changed the planarity of the parent compound 1 by the range from—11
to 125°. The electronic parameter and dipole moment of these compounds in the ground
state theoretically is analyzed by computing HOMO and LUMO pictures. Using frontier
molecular orbital analysis, various spectroscopic and quantum chemical parameters are
evaluated. Besides, absorption energies, oscillator strength, and electronic transitions of
1,3,2-diazaphosphinines 1-4 molecules have been derived at TD-DFT/CAM-B3LYP/6-
311++G (d,p) computations utilizing, then the CAM-B3LYP method is “the Coulomb-
attenuating method bases” set studied the electronic absorption spectra theoretically in the
gas phase (TD-DFT) with the polarized split-valence 6-3114++4G (d, p) basis sets, in addi-
tion, the corrected linear response polarizable continuum model and measured experimen-
tally in methanol and cyclohexane indicate a good agreement with the observed spectra
(practically) in UV-Vis spectra. The molecular electrostatic potential surfaces plots have
been computed to understand reactivity points.
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1 Introduction

Organic molecule compounds’ optoelectronic properties, which mostly depend on exci-
tons generation, are increasingly generating more interest due to low cost and simple
fabrication procedures, a variety of application areas, and large-scale production (EI-
Remaily et al. 2023). In addition, some of these organic molecules have different bio-
logical activities. 1, 3, 2-Diazaphosphinines are an important class of organophosphorus
family in recent years due to their biological properties (Hassanin et al. 2018). They are
considered antiproliferative (Long et al. 2008), enzyme inhibitory (Wang et al. 2012),
antibiotic (Dake et al. 2011), analgesic (Abdou et al. 2012), and as promising antican-
cer therapeutic drugs (Akbas et al. 2013). On the other hand, chromone compounds are
well-known natural and synthetic products that showed significant biological activities
including antiallergic (Nohara et al. 1985), antiangiogenic (Lee et al. 2005), antirheu-
matic (Ukawa, et al. 1985), antitumor (Huang et al. 2009), neuroprotective (Larget et al.
2000), HIV-inhibitory (Ungwitayatorn et al. 2004), antimicrobial (Goker et al. 2005),
antioxidant (Pietta et al. 2000), and anti-inflammatory (Mazzei et al. 1999). Appropri-
ately, it seems, by all accounts, to be exceedingly appealing to study the previously syn-
thesized 1,2,3-diazaphosphinines bearing a chromone ring 1-4 of biological intrigue
from a computational investigation point of view (Ali and Hassan 2018). It has been
uncovered those compounds containing 1,3,2-diazaphosphinines structures display
noteworthy biological properties, which have attracted many researchers’ attention in
chemical biology and medicinal chemistry.

Density functional theory based computational study play a vital role in identifying
the new drug candidates. There is no reported systematic study on the UV—-Vis spectra
of 1,2,3-diazaphosphinanes bearing a chromone ring. Thus, the present work attempts
to provide a comprehensive study of experimental UV-Vis spectra for these compounds
using Time-Dependent Density Functional Theory (TD-DFT) calculations at CAM-
B3LYP/6-3114++4+G (d,p). Also, the contributing configurations and MOs are character-
ized by the origin of each absorption band. The charge transfer of the electron density
in the studied compounds is characterized by Natural Bond Orbital analysis (NBO). Due
to theoretical chemistry, it has become possible to anticipate many physical and chemi-
cal properties of molecules. In the current examination, using DFT calculations, struc-
tural entities, chemical reactivity parameters, spectroscopic data, some global reactivity
descriptors have been explored. The spectrophotometric measurements of elucidating
the optical constants of the prepared compounds 1-4 are investigated in a wide range of
spectra. This is the framework for our previous work (Abdel Halim and Ibrahim 2019;
Abdel Halim et al. 2017; Abdel Halim and Ali, 2017) which aims to study the prop-
erties of compounds 1-4 and predict their applications. We provide a broad descrip-
tion of the chemical reactivity of compounds 1-4 from the analysis of the natural bond
orbital (NBO), DFT method was implemented of molecules were explored as well. The
molecular modeling study with a hybrid quantum mechanical on this titled compound
is not available. The structure and binding properties are new perceptions for this study.
In addition, the potential molecular electrostatic (MEP) and UV-visible analyses were
studied using theoretical calculations and experimental to provide spectra and structure
electronic of compounds 1-4 using CAM-B3LYP/6-311++G (d,p), information on the
charge transfer within each molecule. All calculations in this research have been done
by using to DFT method at the B3LYP/6-311++G (d, P) theory level.
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2 Experimental
2.1 Solvents

Polar (Methanol and Butanol) and non-polar (Dioxane and Toluene) solvents were obtained
from Merck, AR- grade, and were used without further purification.

2.2 Apparatus

A Perkin Elmer lambda 4B spectrophotometer using 1.0 cm fused quartz cells were used to
measure the electronic absorption spectra over the range 200-900 nm. Spectral analysis of
transmittance and reflectance are performed in the wavelength range of 200-750 nm.

2.3 Antimicrobial study

Biological activities of synthesized compounds 1-4 were studied for antibacterial and anti-
fungal properties against different types of bacteria; Gram-positive- S. aureus, and B. subti-
lis and Gram-negative- S. Typhimurium and E. Coli also; Yeast -C. albicans for fungus. A.
Sfumigatus.

2.4 Computational details

Khon-Sham’s (DFT) calculations were performed on an Intel (R) Core (TM) i7 computer
using Gaussian-09 program package without any constraint on the geometry. *® The geom-
etry of the molecules studied in this is optimized by DFT/B3LYP method using 6-311++G
(d, p) basis set (GaussView 2009). The FMO analysis and quantum chemical study has
been performed using GaussView 5.0.9 or chemcraft 1.6 software packages (Avci 2011).
Also, the following equations, were calculated the total static dipole moment (), (Aa),
and (B), values (Avci et al. 2010).

po= G+ i+ D),

(a)y =1/3(a,, + ay, +a,),
1/2
Aa = <(ax - ayy)z + (ayy - otzz)2 + (0:1Z - axx)z/Z) ,

(BY = (P2x+ Py + p22) "7,

ey

where
By = B t+ ﬂxyy + 'szz’
By = PByyy + Proy + Py 2
ﬁz = ﬂzzz + ﬁxxz + ﬁyyz'
Using the predicted energies of HOMO and LUMO, global reactivity descriptors

were calculated as follows: x =(I+A)/2 (electronegativity), n=(I—A)/2 (chemical
hardness), S=1/2n (global softness), o = u*/2n (electrophilicity) where I and A were
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Scheme 1 Schematic representation of the compounds (1-4)
ionization potential and electron affinity, and /= — Eygyo and A= — E| 0. respec-

tively (Matecki, 2010). Absorption energies (A in nm), Oscillator strength (f), and tran-
sitions of all compounds 1-4 have been calculated at TD-CAM -B3LYP/6-311++G (d,
p) level of theory (Yanai et al. 2004).

The natural bond orbital method (NBO) used to investigate the reactive sites of
the compounds 1-4, the molecular electrostatic potential (MEP) was computed, the
donor—acceptor interactions was used to evaluate the second order Fock matrix (Yanai
et al. 2004; Szafran et al. 2007). For each donor (i) and acceptor (j), the stabilization
energy E® associated with the delocalization i — j was estimated as:

E® = AE; = q,(F(ij)*/&;—¢,). )

where g; is the donor orbital occupancy, €; and ¢; are diagonal elements and F(ij) is the oft-
diagonal NBO Fock matrix element. For the conversion factors of «, f, and HOMO and
LUMO energies in atomic and cgs units: 1 atomic unit (a.u.)=0.1482 x 107>* electrostatic
unit (esu) for polarizability (a); 1 a.u. =8.6393 x 1073 esu for first hyperpolarizability (B).

3 Result and discussion
3.1 The studied compounds

The studied compounds were prepared and reported in the literature (Frisch et al.,
2009). The proposed compounds 1-4 is shown in Scheme 1. They are 2-cyano-3-(4-
oxo0-4H-chromone-3-yl)prop-2-enamide (1), 5-[(4-oxo-4H-chromen-3-yl)methylidene]-
4,6-dithioxo-2-sulfanyl-2-sulfido-1,3,2-diazaphosphinane (2), 5-[(4-oxo-4H-chromen-
3-yl)methylidene]-2-sulfanyl-2-sulfido-6-thioxo-1,3,2 diazaphosphinan-4-one (3) and
2-(4-methoxyphenyl)  -5-[(4-ox0-4H-chromen-3-yl)methylidene]-2-sulfido-6-thioxo-
1,3,2-diazaphosphinan-4-one (4).
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Compound 4

Compound 3

Fig.1 The optimized structure, perspective view of dipole moment of the compounds 1-4 at B3LYP/6-
311++G (d, p)

Bbed Tl oew ol Compowts 133
dipole moment, The fonization () —835.5737 —2695.2023 —2372.2494 —2319.6968
potential (I /eV), electron affinity
(A /eV), chemical hardness 1/ Enomo (V) —6.90118 —6.46681 —6.64006 6.14366
eV), global softness (S/eV™), Eiumo (€V) —2.69661 —3.06843  —3.05402  2.80133
chemical potential (V/ev, E,,(eV)  4.20457 3.39837 3.58604 3.34233
;Z%Zf‘;ffg?:;ﬁﬁﬁi’y ei\r’zieil?d u(Debye) 50714 40698 42418 7.4535
(@/eV), of the compounds 1-4 1(eV) 690118  6.46681 6.64006 6.14366
computed at the B3LYP/6- AV) 2.69661  3.06843 3.05402 2.80133
311++Gd.p) X(eV) 479889  4.76762 4.84704 4.47249
VEeV™)  —479880 —476762 —4.84704  —4.47249
nev) 210229 1.69918 1.79302 1.67116
SV 023784  0.29426 0.27886 0.29919
® (eV) 120616 1.19757 1.18286 2.23003

3.2 Electronic structures
3.2.1 Geometry, ground state properties and global reactivity descriptors

Figure 1 and Table 1 described all compounds 1-4 have been studied using density func-
tional theory DFT/B3LYB at 6-311++4G (d,p) basis set to determine various structural and
chemical parameters. The compound 4 has the highest polarity (n="7.4535 Debye) whereas
the compound 2 has the lowest polarity (p=4.0698 Debye) amongst 1,3,2-diazaphos-
phinines. This can be clarified by considering Fig. 1. In case of compound 4, 2-(4-meth-
oxyphenyl) having opposite electronic effect are present at the two termini which lead to
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augmentation in polarity of the molecules. However, in case of compound 2, (2-sulfanyl)
exactly opposite situation is present thereby results in decrease of polarity, and hence the
order 4>1>3>2 (c.f. Table 1) in addition to the vector of the dipole moment was pre-
sented in Fig. 1. The phenomenon of the polarity is extremely crucial to foresee which
compounds would enter through the lipophilic membrane of the microorganisms.

The optimized geometrical parameters (bond lengths and bond angles) were shown in
Figs. S1 and S2. All compounds 1-4 is having C1 point group symmetry as predicted by
DFT investigation. The calculated bond lengths of C,-C,, C,-C;, C;-C4 and C4-C5 in the
benzo rings of the chromone moiety were in the range from 1.387 to 1.509 A in all the
studied compounds 1-4 (c.f. Fig. S1). These were overestimated than the experimental
values by 1%, whereas the computed C-P and C-S bond lengths are overestimated than
the experimental values by 4%. At the same time, the computed geometry of the bond
lengths of the compounds 1-4 were found in between (1.449 and 1.479 A) which like
bond length in the literature (Sajan et al. 2011a), also; small difference in geometry of the
bond angles for studied compounds (c.f. Fig. S2), this caused by the method of calcula-
tion which was carried out in gas phase and observed in solid state. The frontier molecular
orbital’s (FMO) of previously synthesized compounds 1-4 is presented in Figs. 2 and 3 the
electronic parameters and the global reactivity descriptors’ statistics are given in Table 1.
All the compounds are non-planner as reflected from their dihedral angles. The dihedral
angles and natural charge of the studied compounds 1-4 were listed in Table 2. In the par-
ent compound 1, the planarity changed by the presence of the phosphorus and sulfur atoms
in diazaphosphinanes rings, by the range from 11 to 125°. So, there is no planarity for all
compounds 2—4 as indicated from the dihedral angles (c.f. Table 2).

The FMO study indicates that the compound 4 has the lowest energy gap (3.3423 eV)
and on the other hand the compound 1 possesses the highest energy gap (4.2046 eV).
The lower HOMO-LUMO energy gap in the compound 4 demonstrates the inevita-
ble charge transfer is happening within the molecule and it is easier as compared with
the other compounds 1-3. Amongst all compound 1-4, compound 4 has more reactive
HOMO (E= —-6.1437 eV) and compound 1 has less reactive HOMO (E= —6.9012 eV).
The LUMO with least energy is present in the compound 4 (E=-2.8013 eV) and
with high energy in the compound 1 (E= —2.6966 eV). The molecule with the highest

Fig.2 Energy of HOMO, LUMO -0.05
and energy gap of the studied

compounds 1-4 at B3LYP/6- -0.07 ~
3114++G (d, p) level of theory LUMO —

-0.09 ~ A
-0.11 A
-0.13 -

0.15 1 42046 3.5861
0.17 A —— 33421

-0.19 4
-0.21 4 -\-
_|HOMO
-0.23 3
2 4

-0.25 -

Energy (eV)

~1

@ Springer



Deeper insights into the density functional theory of structural,... Page70f 18 458

®.
)0 s el
oGl Y
HOMO {‘ Ny
) ) g/ 9
vohq
1 2 3 4

LUMO

ESP

MEP %;W&‘\‘ #‘ ’f‘(“(;t }J \ ‘%ﬁr‘“}é \ V&((

Fig.3 HOMO, LUMO and Molecular surfaces of compounds 1-4 at B3LYP/6-3114+4G (d,p)

ionization potential is compound 1 (E=6.9012 eV) and with the lowest value is compound
4 (E=6.1437 eV). The electron affinity value is higher for the compound 4 (E=2.8013 eV)
and is lower for the compound 1 (E=2.6966 eV). In brief, the two compound 1 and com-
pound 4 are having exactly opposite electronic and chemical behavior.

The global descriptor study suggests all these are good electrophiles as the value of
global electrophilicity (o) is less than the other parameters ((n), (S), (V), (x)). As far as
global softness is concerned the compound 4 is the softest among all compound 1-3 with
a global softness value of 0.2992 eV. The absolute hardness is higher for the compound 1

@ Springer



458 Page80f18 S.A.Halimetal.

Table 2 Natural Charge for
the studied compounds 1-4
computed at the B3LYP/6—
3114++G(d,p) level of theory

Parameters 1 2 3 4

Natural charge

015 —0.58608 —0.57582 —0.57552 —0.58174
(0214 —0.45600  -0.45925 —0.45801 —0.45822
022 -0.65316 - —0.57548 —0.61486
N21 —0.77842 —-0.92758 —0.97986 —-0.91106
N24 -0.33129  -0.92228 —0.92201 —0.95589
025 - - - -

026 - - - -

P27 - 1.40775 1.42067 1.63626
S24 - —0.07315 —0.23654 —0.10806
S28 - —0.23226 -0.12196 -

S29 - —0.10375 -046314 -

S30 - —0.44482 - -

For numbering system, see Fig. 1

and it is 2.1023 eV. The ease of removal of an electron is governed by its chemical poten-
tial V (eV) and it is likewise identified with its electronegativity. A good electrophile is
described by a higher value of global electrophilicity (w) and the lower value of ® indicates
good nucleophile. Our results suggest that the compound 4 (0 =2.2300 eV) has a higher
value of o, so it is most likely to accept electrons readily and would undergo nucleophilic
attack easily. On the other hand, the compound 3 (v =1.1829) has a lower electrophilicity
indicating that it is a potent nucleophile or can lose easily. As V value increases, the ability
of a molecule to lose an electron increase.

3.3 Natural charge

The natural population analysis was performed on the electronic structures of compounds
1-4 are calculated by DFT/B3LYP method with 6-311++G (d, p) basis set in the gase-
ous phase are given in Table 2 and indicated by colors in Fig. 4, it is clearly described
the distribution of electrons in various sub-shells of their atomic orbits (Reed et al. 1985).
Natural atomic charges reveal that all the phosphor (P27) atoms have a net positive charge
but in the compound 4 has a more positive charge (1.63626) than other compound 1-3.
The high positive character is due to the attachment with a nitrogen atom and Sulphur
atom. Amongst the oxygen atom (O22) and the nitrogen atom (N24), have a more negative
charge, and the value is —0.65316 and —0.95589 respectively.

3.4 Atomic charge distribution

3.4.1 Polarizability and hyperpolarizability

The relationship between the molecular structure and NLO phenomena for the compounds
1-4 were calculated using DFT/B3LYP/6-311++G (d,p) has been also theoretically

obtained (Natorajan et al. 2008). Table 3 shows that the mean first order hyperpolarizabil-
ity (B) (Octapole moment), total static dipole moment (1), the mean polarizability (‘o)
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Fig.4 Atomic charge distribution (au) for compound 1 at B3LYP/6-3114++G (d,p) basis set

(Quadrupole moment), and the anisotropy of the polarizability (Aa), of the compounds
1-4. The calculated high value of dipole moment was found to be 7.4535 D for compound
4 than the other compounds 1-3 at B3LYP/6-311++G (d,p). Also; the calculated mean
polarizability (‘a’) is 66.33 x 1072* esu i.e. two times higher than p-nitroaniline (PNA) mol-
ecule, the order of increasing o with respect to PNA was showed in Table 3 that values of
o, f: compounds 3, 2 and 4 are~2.5 and 3 times higher than PNA, whereas compounds 1
are~ 1.5 times higher than the standard PNA, respectively. In addition, the calculated mean
first order hyperpolarizability (B), of the compound 4 is 74.87 x 10~ esu and compound
3 is 58.65x 107 esu ie., higher than PNA molecule (Table 3), while compounds 1, 2
are~ 1.5, and 2.5 times higher than the reference respectively. Obtained value indicates that
the studied compounds 1-4 might be a promising NLO material. Due to the lack of any
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Table 3 Total static dipole moment (p), the mean polarizability (‘e’), the anisotropy of the polarizability
(Aar), and the mean first-order hyperpolarizability (‘B), for the compounds 1-4 computed at B3LYP/6—
3114++G(d,P)

Property p-nitroaniline 1 2 3 4

(PNA)
p, D 2.44 —3.3164 2.4466 3.0322 1.2791
TH) —3.8367 3.2335 2.9240 6.5552
p,, D 0.0008 —0.3492 —0.4988 —3.3088
i, Debye? 5.0714 4.0698 42418 7.4535
Oyy> 2.1 —80.9781 —123.8534 —119.4947 —143.6198
Oyy, A —12.1868 —0.2942 —0.3290 —17.3575
Oyya.u —112.4434 —173.3651 —164.8106 — 188.0664
0y, A —104.1046 —175.2720 —165.0014 —201.4035
Oyy, AU —0.0006 —2.2414 —2.2841 0.4286
Oyy, AU —-0.0025 10.6021 15.5762 —8.4368
<> x 107 esu® 22 34.70 53.34 42.19 66.33
Aax 107>esu 41.84 74.83 67.30 77.66
pxxx,a.u —57.5795 171.7577 213.5309 142.1719
pxxy,a.u —99.2777 37.5040 24.0534 233.7926
Bxyy,a.u —36.2411 10.1630 11.9290 —32.0003
Byyy,a.u —41.5084 13.2984 —3.1938 133.6417
pxxz,a.u —-0.0070 1.6036 —17.8477 —43.9200
Pxyz,a.u —0.0059 —6.7244 —-10.0682 19.7077
Byyz.a.u 0.0049 -0.0023 8.2361 —7.3963
pxzz, a.u 11.0241 32.6290 8.8481 4.3800
Byzz, a.u —2.9331 9.1021 13.5789 24.5709
pzzz, a.u —0.0052 2.0979 —9.9996 —45.8107
< B >x10"Pesu’ 15.5 37.54 45.23 58.65 74.87
a, b, c

p-nitroaniline (PNA) results are taken from references (Stadler et al. 1995; Kaatz et al., 1998; Gnana-
sambandan et al. 2014)

experimental NLO data about the examined compound, PNA, that is one of the typical
NLO structure was chosen as reference material (Stadler et al. 1995; Kaatz et al. 1998;
Gnanasambandan et al. 2014).

3.4.2 Molecular electrostatic potential (MEP)

The MEP plots for the studied compounds 1-4 are presented in Figs. 3 and 4. The MEP
plots suggest that the chromone ring attached to the 1,3,2-diazaphosphinines ring is highly
susceptible to electrophilic aromatic substitution. In all the studied compounds 1-4, the
blue part is situated at the NH group suggesting high reactivity towards basic reagents and
caused by while the positive (blue) potential sites were around the hydrogen, and carbon
atoms. Blue for electron deficient, (partially positive charge); light blue for (slightly elec-
tron deficient region); yellow for (slightly electron rich region); green for neutral (zero
potential) respectively (Sajan et al. 2011b).
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3.5 Electronic UV-spectra

Absorption energies (A in nm), oscillator strength (f), and transitions of all studied com-
pounds 1-4 have been computed at TD-DFT-CAM-B3LYP/6-311++G (d,p) level of
theory for optimized geometries.

The results of the TD-DFT were carried out in both the gas phase and in polar sol-
vent (methanol and butanol) and non-polar solvent (dioxane, and toluene) for the low
intensity bands (Q-region) and high-intensity bands of the compounds 1-4 to under-
stand the electronic transitions of the compounds 1-4. Compounds 1-4’s electronic
spectra in methanol and butanol solvents, as well as spectrum assignment, are shown in
Figs. S3-S10 and Tables S1-S4.

The effect of the solvent clear in transition from a non-polar to a polar solvent and
increasing solvent polarity causes small changes in band positions; the intensity of
all bands is assigned to (n-n*) and (n-n*) transitions as reflected by their intensities
(0-110,000), which results from electron excitation of the highest occupied molecular
orbitals and the lowest vacant molecular orbitals.

The first (n-n*)! state is centered at (430 nm) in non-polar solvents (dioxane, and
toluene) respectively, this band is predicted theoretically at (450 nm) (state 9), respec-
tively is very good agreement with the experiment. The gas phase calculation gave a
wavelength at 420 nm. Moreover, in polar solvents (methanol and butanol), this same
band appeared at (411 nm) respectively, where theoretical calculations in (methanol and
butanol), reproduced this band at (425 nm) (state 11), as shown in Table S1. The elec-
tron density contours of molecular orbital’s nature indicted by the electronic transition.
The ten orbital’s @sg ¢~ involved in the theoretical transitions of compound 1, is shown
in Fig. S11, showed a delocalization of electron density, and charge transfer CT char-
acter. From second state to eight states, the same desiccation as well as the first state is
shown in c.f. (Figure S11.) and Table S1). These absorption bands in the visible region
are typical n-n*, t—x* transitions. The absorption band that corresponds to the maxi-
mum absorption of the compound 1, is blue and red shifted by 3—4 nm under the effect
of solvent. For comparison, Table S2 contains the theoretical and the experimental ver-
tical excitation energies and the corresponding oscillator strengths for compound 1.

The first (n-7*)! state in compounds 2—4 are centered at (450 nm) in non-polar solvents
(dioxane, and toluene) respectively, this band is predicted theoretically at (500 nm) (state
9), respectively is very good agreement with the experiment. The gas phase calculation
gave a wavelength at 460 nm. Moreover, in polar solvents (methanol and butanol), this
same band appeared at (450 nm) respectively, where theoretical calculations in (methanol
and butanol), reproduced this band at (480 nm) (state 11), as shown in Tables S2—-S4. The
electron density contours of molecular orbital’s nature indicted by the electronic transition.
The ten orbital’s Qg7.103 s Pgs.07 * and @;op 116 ' Tespectively involved in the theoretical
transitions of compounds 2—4, is shown in Fig. S11, showed a delocalization of electron
density, and charge transfer CT character. From second state to eight states, the same desic-
cation as well as the first state (c.f. Tables S2—-S4). These absorption bands in the visible
region are typical n-n*, m—* transitions. The absorption band that corresponds to the max-
imum absorption of the compounds 2—4, is blue and red shifted by 3—4 nm under the effect
of solvent. For comparison, Tables S2—S4 contains the theoretical and the experimental
vertical excitation energies and the corresponding oscillator strengths for compounds 2—4.

Table 4 presented the second order perturbation energies of most interacting
NBOs of 1-4 and the most important interaction between filled (donor) Lewis’s type
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Table 4 Second Order Perturbation Interaction Energy Values Computed in the NBO Basis for the com-

pounds 1-4, calculated at B3LYP/6-311++G (d,p)

Compound Donor Acceptor E@®3(kcal/mol) NBO Population

1 nC1-C2 n*C3-C4 22.54 nC1-C2 1.68405
nC12-C13 1*C9-015 23.03 C12-C13 1.74546
7C17-C18 1*C19-N26 22.17 C17-C18 1.81156
LP (1) 022 RY*C20 14.39 LP (1) 022 1.96996
LP (2) 016 c*C12-C13 36.17 LP (2) O16 1.71837
LP (1) N21 n*C20-022 64.83 LP (1) N21 1.72548
LP (2) 022 1*C20-N21 22.76 LP (2) 022 1.86540
LP (1) N26 RY*C19 16.95 LP (1) N26 1.96790
LP (1) N26 ¢*C18-C19 12.03 C3-C4 0.41489
n*C3-C4 1*C5-C6 176.33 C20-022 0.33407
1*C20-022 n*C17-C18 106.80 C17-C18 0.17455
n*C17-C18 n*C19-N26 12.27

2 nC4-C5 n*C2-C3 26.29 C4-C5 1.60039
nC12-C13 n*C9-015 21.71 CI12-C13 1.76214
nC17-C19 ©*C21-S29 19.54 C17-C19 1.77191
LP (2) O16 1*C12-C13 35.11 LP (2) O16 1.72526
LP (2) S24 1*C19-C20 10.24 LP (2) S24 1.87410
LP (1) N26 1*C21-S29 44.44 LP (1) N26 1.70605
LP (2) S29 n*C21-N26 12.90 LP (2) S29 1.88008
LP (2) S30 n*P27-S28 20.43 LP (2) S30 1.74396
LP (3) S30 n*P27-N25 16.56 LP (3) S30 1.71291
n*C2-C3 n*C1-C6 299.26 C2-C3 0.39013
o*C20-S24 ¢*C17-C19 23.45 C20-S24 0.29784
o*C20-S24 o*C20-S24 20.69 P27-N25 0.23420
o*P27-N25 RY*P27 10.16
o*P27-N25 o*P27-S30 26.69

3 nC17-C19 n*C21-S28 22.76 C17-C19 1.77242
LP (1) N24 6*C20-031 32.51 LP (1) N24 1.76264
LP (1) N25 n*C21-S28 47.52 LP (1) N25 1.70598
n*C3-C4 n*C5-C6 171.85 C3-C4 0.41489
©*C17-C19 n*C20-031 64.39 C20-031 0.24315
c*C21-S28 o*C17-C19 18.53 C21-S28 0.36331
o*P26-N24 RY*P26 11.20 P26-N24 0.21626
o*P26-N25 o*P26-N24 15.14 P26-N25 0.23190
c*P26-N25 6*P26—S29 30.80

4 LP (2) 024 n*C21-N27 25.43 LP (2) 024 1.86046
LP (1) N26 ©*C20-S25 40.76 LP (1) N26 1.69872
LP (2) S39 ©*P28C29 13.35 LP (2) S39 1.81836
LP (2) 040 1*C32-C36 33.49 LP (2) 040 1.82351
n*C2-C3 1*C1-C6 315.64 C2-C3 0.39035
1*C21-024 1*C17-C19 51.69 C21-024 0.28123

3E? means energy of hyperconjugative interactions (stabilization energy)

LP, is a valence lone pair orbital (n) on atom

@ Springer



Deeper insights into the density functional theory of structural,... Page 130f 18 458

NBOs and empty (acceptor) non-Lewis NBOs. Figure S11 presented the charge den-
sity maps of HOMO and LUMO for 1-4. The results of NBO analysis of compound
1 were tabulated in Table 4 indicated that there was a strong hyper conjugative inter-
actions w¥C;—C, — n*Cs—Cq4, n*Cy;—0,, = n*C;—C5, LP (1) N, — n*C,—0,,, and
LP (2) O,4— 6*C,,—C,3, for compound 1 was 176.33, 106.80, 64.83, and 36.17 kcal/
mol, respectively. The C-O & orbital and quinoline ring interacted equally well with
chromone ring. It was surprising to notice a decrease in the population of the NBO
C,—C,, and C;—C, reflecting a charge transfer away from the chromone ring. In conclu-
sion, compound 1 enjoyed the linear conjugation for the observed spectrum. For com-
pound 2 showing hyper conjugative strongly interactions n*C,—C; — n*C,—Cq, and LP
(1) Nyg— m*C,=S,9, for 2 was 299.26 and 44.44 kcal/mol, respectively. NBO analysis
of the compound 2 in Table 4 indicated that it retained the extended conjugation of
1 as revealed by the interaction of C—O NBOs with those of chromone ring. Further-
more, the oxygen lone pair orbital and nitrogen atoms enjoyed hyperconjugation with
the C,,—S,9, and C,—C,;n* orbital. It was surprising to notice a decrease in the popu-
lation of the NBO P,,—N,5, C,;—S,,, and C,—C; reflecting a charge transfer away from
the chromone ring. There was a strong hyper conjugative interaction in Compound 3
1*C3—Cy — *C5_Cy, n¥C;_Cg—1*C,y O3, and LP (1) N,5—n*C,; S,g, for 7 is
171.85, 64.39 and 47.52 kcal/mol, respectively. Furthermore, the lone pair orbital of
the oxygen and nitrogen atoms enjoyed hyperconjugation with the C5_Cg4, and C;_.Cq
n*-orbital. The population of the NBO P,c—N,,, P,s—Nss, Cy;—03,, C;,—S,4 and C5-C,
decrease surprising and reflecting a charge transfer away from the chromone ring. This
was also evident in the case of the population of the oxygen lone orbital LP (1) N,5. The
results of compound 4 of NBO analysis tabulated in Table 8 indicated that there was
a strong hyper conjugative interactions n*C,—C; — n*C,—-C,, n*C,,—0,, — n*C,—C9,
and LP (1) N,g— n¥C,—=S,s, for 4 was 315.64, 51.69 and 40.76 kcal/mol, respectively.
There is the extended conjugation of 1 with the compound 4 as revealed by the inter-
action of C—O NBOs with those of chromone ring. Furthermore, the lone pair orbital
of the oxygen and nitrogen atoms enjoyed hyperconjugation with the C17-C,y, C,—C4
and C,;—S,5 n* orbital. It a decrease in the population of the NBO C,,-0,,, and C,—-C;
reflecting a charge transfer away from the chromone ring can be surprised. This was also
evident in the case of the population of the oxygen lone orbital LP (1) Ny.

3.6 Optical band gap of the presented structures

The optical energy gap (Eg) of the compounds 1-4 can be determined experimentally by the
Eq. (1) (Hemalatha et al. 2014):

(a B’ = A(E - E,) @)

where E is the incident photon energy and A is a constant. Figure S12 shows; the values
of Eg for every structure that resulting from [(o E)? vs.(E)] plots can be extracted from
extrapolation of linear parts of the curve for each case to (a hv)>=0, and the best fit of
most feasible transition supports the direct band transition.
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3.7 Antimicrobial activity

The biological activities of synthesized compounds 1-4 was investigated for antibacterial
and antifungal characteristics against various bacteria, including Gram-positive S. aureus
and B. subtilis, as well as Gram-negative S. Typhimurium and E. Coli, and yeast, C. albi-
cans. A. fumigatus is a species of A. fumigatus. Measuring the growth inhibition (zone
of inhibition) around the disc of material that has been recorded. The findings are shown
in Table 5 and Fig. 5. Antibiotics’ antibacterial efficacy was evaluated, and the results
revealed that they were ineffective against all bacteria and fungus. The tiny size of com-
pound 4 improves its absorption capacity on the surface of the cell wall of microorgan-
isms and the respiration process of the cell, which explains the strong antibacterial activity
against all tested bacteria and fungi. As a result, compound 4 is required for the growth-
inhibitor effect to occur.

3.8 Structure activity relationship (SAR)

The computed ground state energetic and global characteristics can be linked to the bio-
logical activity of the produced molecules 1-4. The biological activity of the investigated
compound (1-4) produced experimentally follows the sequence 4>1>3>2 against G+,
G—, and fungi, as shown in (Table 1 and 5). The energy gap, Eg, of the studied compound
computed at B3LYP/6-311+4+G (d,p) follows the same order obtained experimentally,
indicating that Eg is one of the factors contributing to the reactivity of the studied com-
pounds, Eygpno, Which measures the donating power, the order of Eygyg 4>1>3>2, and
dipole moment, which measures the polarity (c.f. Table 1). The investigated compounds
theoretically calculated global softness (S), global electrophilicity index (w), electronega-
tivity (), and chemical potential (V) follow the same sequence as their experimental bio-
logical activity, which is 4 >1>3>2. The chemical hardness () follows the experimental
biological activity in reverse order: 4 <1<3 < 2. The order of natural charge from NBO
and mean first-order hyperpolarizability (f) is 4>1>3> 2, which is contrary to the order
of experimental biological activity. Finally, the substituent in compounds 1-4 boosts the
biological activity of the molecule.

4 Conclusion

In summary, we have explored various facets of the electronic structure of
1,2,3-diazaphosphinanes bearing a chromone ring for all studied compounds 1-4, were
investigated theoretically by using DFT method at B3LYP/6-311+4-G (d, p) and TD-
DFT at CAM/B3LYP/6-3114+4G (d, p) level theory. All these molecules possess C1 point
group symmetry. For a detailed structural analysis, the optimized geometrical parameters
like bond lengths and bond angles have been discussed, also all compounds were found
to be non-planar structure indicated by dihedral angle. Frontier molecular orbital analy-
sis of all compounds 1-4 has been computed and the results indicate that the compound
4 had the lowest Eyonvo, ELymos and E,,, indicating highest reactivity amongst all com-
pounds. This means that the charge transfer is easier in compound 4 than other compounds.
Various quantum chemical parameters have been computed to analyze the chemical nature
of the molecules. The neutral atomic charges for all compounds 1-4 which indicated the
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Fig.5 Antimicrobial activity for the studied compounds 1-4 against gram-positive bacteria (G*), gram-
negative bacteria (G™), and Fungi (F)

electronic charge distribution have been discussed. The calculated dipole moment and first
order hyperpolarizability results indicated that the molecule had a reasonably good non-
linear optical behavior. The molecular electrostatic potential (MEP) surfaces are plotted
to point out the electrophilic and nucleophilic reactivity sites. UV spectra have been com-
puted at TD-DFT-CAM/B3LYP/6-311++G (d, p) level of theory of the compounds 1-4.
All the observed bands can be assigned to (n-n*, n—x*) transitions as reflected from their
intensities. The correspondence between the theoretically computed and the experimen-
tally observed transitions are satisfactory. The solvent dependence of the observed bands
can be attributed to the charge in the dipole moments of the ground and excited states. The
NBO analysis of the compounds 1-4 indicated the intermolecular charge transfer between
the bonding and anti-bonding orbitals. Band gaps optical were extracted from the photon
energy dependence on absorption coefficient at the band edges and found to be 2.94, 2.65,
2.70 and to 2.92 eV, respectively. In this way, we can conclude that the information fur-
nished in this research could provide ladder for the development of further research in the
respective fields. Theoretically, the reactivity of the studied compounds follows the order:
4>1>3>2 which is the same order of reactivity towards G—, G+ and fungus.
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