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Background: Electron donor—acceptor interactions are important molecular reactions for
the activity of pharmacological compounds. The aim of the study is to develop a charge
transfer (CT) complex: synthesis, characterization, antimicrobial activity, and theoretical
study.

Method and Results: A solid CT complex of neostigmine (NSG) with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) was synthesized and characterized by infrared
spectra, NMR, and UV-visible spectroscopy. The results confirm the formation of
a CT complex. The stability of the CT complex between NSG and DDQ in acetonitrile
was determined in solution via spectrophotometric measurement, ie, by calculating the
formation constant, molar extinction coefficient, and different spectroscopic parameters.
The stoichiometry of the formed NSG-DDQ complex was
Job's method. The absorption band of the NSG-DDQ complex can be used for the
quantification of NSG.

Conclusion: The DFT geometry optimization of NSG, DDQ, and the CT complex and the
UV comparative study of both theoretical and experimental structures are presented. The

determined using

experimental results confirm the charge transfer structure. The bacterial study shows that the
NSG-DDQ complex has good antibacterial activity against both Gram-positive and Gram-
negative bacteria as well as antifungal activity against Candida albicans.

Keywords: charge transfer complex, neostigmine, DDQ, synthesis, spectroscopic,
characterization, antimicrobial activity, theoretical study

Introduction
Charge transfer (CT) complexes have achieved great importance in the field of drug
receptor binding mechanism, DNA binding, and antibacterial, antifungal, and anti-
neoplastic applications.' This reaction arises from a weak interaction between
donors and acceptors.*® Moreover, CT complexes have been used as organic
cells'’ of their

properties.'""!? It has reported that the solid CT complex is stabilized by two non-

semiconductors’ and organic solar because electrical
covalent interactions, namely, hydrogen bond and dipole-dipole interactions.'?
Proton transfer reaction between donors and electron acceptors are generally asso-
ciated with the formation of deep-colored complexes, which typically absorb

energy in the ultraviolet or visible region; this can be used for quantification of
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donor compounds.'*'® Therefore, absorption values at
maximum absorption wavelengths are used to determine
the quantity of donor drugs. The donors are usually mole-
cules with nitrogen or sulfur atoms, which have free elec-
tron pairs or electron-rich aromatic rings.

Hydrogen-related charge transport complexes have
received considerable attention in many fields such as
surface chemistry'® and solar energy storage.!” They are
also used in many biological fields.'

Neostigmine is a drug used to treat myasthenia gravis,
the Ogilvy syndrome, and urinary retention without a -
blockage.'®'” It is also used with atropine to end the
effects of a non-polarized muscle-blocking drug.'® Tt is
administered by injection either under the skin or by
muscular or intravenous route.'® The effects of this drug
appear 30 minutes after injection and can last up to 4
hours.'® Side effects resulting from the use of this drug
include tight abdominal pain, nausea, increased salivation,
and slow heart rate.'® More severe side effects include
hypotension,  weakness, and allergic  reactions.
Neostigmine is part of the cholinergic family.'® It works
by blocking the action of acetyl cholinesterase and thus
increases the level of acetylcholine.'® Neostigmine has
been proven to be an effective and safe pharmaceutical
compound.?’

In the present work, to gain insight about the basic
knowledge that can be used to identify the drug receptor
mechanism, we synthesized and characterized the formed
CT complex of NSG with DDQ in solid state and in
solution, which are characterized using different spectro-
scopic techniques, and theoretically studied its biological
applications for the first time.

The stability of the NSG-DDQ complex in solution
was characterized using the Benesi—Hildebrand equation
to determine the formation constant and molar extinction
coefficient. Different spectroscopic parameters (eg, oscil-
lator strength, dipole moment, ionization potential, energy
of NSG-DDQ complex, resonance energy, dissociation
energy, and standard free energy) were determined. The
stoichiometry of the NSG-DDQ complex was assessed
using Job's method.

The antibacterial and antifungal activity screening of
the NSG-DDQ complex was assessed by the cup-plate
diffusion method and minimum inhibitory concentration
(MIC) determination and the results were compared with
standard antibacterial (imipenem) and antifungal (flucona-
zole) drugs. Furthermore, the TD-DFT method was used to

determine the electronic structure by studying the electron
density and frontier molecular orbitals.

Experimental

Materials and Reagents

All chemicals used were a higher-purity grade. High purity
neostigmine bromide was purchased from Fluka AG,
Buchs SG (Switzerland). DDQ was obtained from Merck
Chemical Company (Germany). Acetonitrile was obtained
from Winlab Laboratory, UK.

Instruments

A Shimadzu UV-1800 double-beam UV-visible spectro-
photometer with 1-cm quartz cells was used. A Perkin-
Elmer FT-IR spectrophotometer with KBr pellet was used
for recording the IR spectrum (Akron, OH, USA). The
NMR spectra were obtained using a Bruker 700 MHz
Nuclear Magnetic Spectrometer (Billerica, MA, USA).
"H-NMR spectra were run at 700 MHz and '*C spectra
were run at 175 MHz in DMSO-dg. Melting points were
measured with a Stuart apparatus (Bibby Scientific
Limited, Staffordshire, UK).

Synthesis of NSG CT Complex

The NSG-DDQ complex (which is reddish color) was
prepared by mixing 1 mmol (0.303 g) of NSG in 10 mL
of acetonitrile with 1 mmol (0.27 g) of DDQ (acceptor) in
10 mL of acetonitrile at room temperature. The solvent
was allowed to evaporate at a slow rate and during that
time the precipitate was formed. The precipitate was then
filtered, washed with a lower volume of acetonitrile, and
dried at room temperature. The melting point of the NSG—
DDQ complex was recorded at 151 °C compared with
175-177 °C and 210-215 °C for neostigmine and DDQ,
respectively. The resulting complex was investigated by
FTIR and NMR spectrometry.

Stoichiometry

The molar ratio of NSG to the DDQ (acceptors) that
form the CT complex was assessed using Job’s method
(continuous variation method).?' Neostigmine acts as as
an electron donor with the DDQ being the acceptor to
form the CT complex. Stock solutions of 1x10°M of
NSG and DDQ were prepared in acetonitrile. A series of
nine solutions of different ratios of NSG:DDQ was pre-
pared (1:9, 2:8, 3:7, 4:6 up to 9:1) and was arranged for
NSG:DDQ.
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Antimicrobial Activity

Antimicrobial Screening

Antimicrobial activity was screened by the cup-plate dif-
fusion method.?* Briefly, NSG and NSG-DDQ were dis-
solved in dimethyl sulfoxide (DMSO) to give a final
concentration 2048 pg mL™'. The NSG and the CT com-
plex (NSG-DDQ) were tested against

Gram-positive bacteria (Staphylococcus aureus ATCC
29213 and Bacillus subtilis ATCC 10400) and Gram-
negative bacteria (E. coli ATCC 10418 and Pseudomonas
aeruginosa ATCC 27853).

In addition, both NSG and the CT complex (NSG-DDQ)
were tested against Candida albicans ATCC 10231, which
represent fungi. A total of 3—5 well isolated colonies of the
standard strains were suspended in sterile physiological
saline to give a turbidity equivalent to 0.5 M McFarland
reagent. The adjusted inoculum was swapped in Mueller—
Hinton agar in three directions. The cups were placed in
the inoculated plates and then removed. Subsequently, 100
pL of the solution was dispensed in the cup. The plates
were then incubated for 24 h at 37 °C. Then, 100 uL of
DMSO solution was transferred to the cup and used as
negative control. Imipenem (10 pg disc ') and ketocona-
zole (30 pg disc ') were used as the standards (positive
controls) for antibacterial and antifungal activity respec-
tively. After the incubation time, antimicrobial activity
was evaluated by measuring “the zone of inhibition
(mm) against the tested microorganisms and compared
with that of the standard.” The antimicrobial assay was
carried out in triplicate and the mean value was calculated.

Minimum Inhibitory Concentration (MIC)
Determination

The MIC was determined by the microbroth dilution
method using a 96-well microtiter plate according to
EUCAST guidelines.”> Briefly, 100 pL of Muller—
Hinton broth was dispensed into each well of the

0]
Cl CN
NSG. + | |
Cl CN
0]

DDQ

acetonitrile

microtiter plate. Each row of the microtiter plate,
which contains 12 wells, was used for one microorgan-
ism. 100 pL (2048 pg mL™") of the tested compound
was added into the first wells and mixed well by pipet-
ting up and down 6 times. Thereafter, 100 pL from the
first well was taken and pipetted to the second well to
make a twofold dilution. This procedure was repeated
down to the tenth well to reach the concentration of 1
pg mL™'. 100 pL was discarded from the tenth well,
then 100 puL of the adjusted inoculums (5 x 10°
CFU mL™") was dispensed into the wells. The last two
wells (well number 11 and 12) were used as positive
and negative controls, respectively. The microtiter plates
were incubated at 37 °C for 1 h. After the incubation
period, the MIC results were recorded manually and
interpreted according to the recommendations of
EUCAST. The MIC is defined as the highest dilution
of the drug that kills or inhibits the visible growth of
a microorganism.

Quantum Chemical Calculations
Computational density functional theory (DFT) was used
with the B3LYP function and the “6-311++G(d,p)” basis
set for NSG, DDQ, and the NSG-DDQ complex to under-
stand the perfect ordinary style investigation and geometry
optimization for the isolated compounds. Molecular elec-
trostatic potential (MEP) maps were obtained at the same
level of theory. Time-dependent DFT calculations were
performed by the “B3LYP/6-31G)d)” method in acetoni-
trile using the default polarizable continuum model. The
density functional theory calculations were done using
a Gaussian 03 program package.?*

Results and Discussion

Synthesis of CT Complex
DDQ and NSG form a charge transfer complex; the
electron-deficient benzene moiety of DDQ acts as a =-

MeSO4

~

N* 0. NE"

radical ions (NS(SHI)[)Q )

Figure | The interaction between neostigmine as n-donor and DDQ as T-acceptor and formation of radical ions NSG**DDQ ™.
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Table | Infrared Absorption Frequencies (KBr, cm ') and
Tentative Assignments of Neostigmine, NSG*-DDQ ™
Neostigmine NSG*-DDQ ™ Assignment
3430 338l v(H bond)
3110 3090 v(C-H aromatic)
2993 2995 W(C—H aliphatic)
- 2225 W(C=N)
1720 1656 ¥C=0)
1483 1459 W(C=C)
1388, 1222 1400, 1292 v(C-N)
1179 1218 W(C-0)
- 1046 W(C~Cl)
945 780 W(C-H)

acceptor and easily accepts a charge from the NSG,
which acts as an n-donor. The charge migration is
an n—7* transition from the donor HOMO to the

29.9
28 A
26
24 9
22
20 +

18

%T

14

12

10

0.0

acceptor LUMO,? ie, between the tertiary amidic nitro-
gen of neostigmine, which forms the radical cation
NSG*, and DDQ which forms the radical anions
DDQ™ (Figure 1). A similar mechanism was previously
proposed for CT complexes formed between the tertiary
nitrogen of mirtazapine and DDQ™ with the radical ions
MIRT" and DDQ™-.?° In addition to a CT complex
between the tertiary nitrogen of brucine and DDQ to
form radical ions brucine”DDQ™-.?” The structure of
NSG"DDQ ™ is
analyses.

characterized using spectroscopic

Infrared Spectra

The charge transfer complex of radical ion NSG*"DDQ ™
was studied by FTIR spectroscopy. The peak assignments
for the important characteristic bands are illustrated in

T
4000 3600 3200 2800 2400 2000 1800

Figure 2 IR spectrum of the NSG-DDQ complex.

Abbreviation: NSG-DDQ, neostagmine—2,3-dichloro-5,6-dicyano- |,4-benzoquinone.

T
1600 1400 1200 1000 800 600 400

cm-1
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Table 1 and Figure 2. The results of NSG revealed char-
acteristic absorption bands at 3430, 1720, 3110, and
2993 cm ' corresponding to intramolecular hydrogen
bonding, carbonyl function, aromatic C—H, and aliphatic
C—H, respectively. On the other hand, these absorption
bands of NSG""DDQ ™ complex appeared at 3381, 1656,
3090, and 2995 cm ', respectively, with right shift for
H-bond, C=0, and aromatic C—H. The absorption bands
of C=C and C-O of NSG""DDQ ™ complex appeared at
1459 and 1212 cm™', respectively, when compared with
these of NSG which appeared at 1483 and 1179 cm ',
respectively?® (Table 1). The IR spectrum of NSG showed
two absorptions bands of amine and amidic C-N at 1388
and 1222 cm ', respectively, whereas those of
NSG*DDQ ™ complex appeared at 1400 and 1292 cm ™.
On the other hand, the FTIR spectrum of NSG""DDQ ™
complex exhibited the absorption band of —C=N (in the
DDQ ™ anion) at 2225 cm ' in addition to that of C—Cl at
1046 cm™

drShahat-GA-5

Table 2 'H NMR (DMSO-ds, 700 MHz, 6) and Tentative
Assignments of Neostigmine and NSG*-DDQ ™

Chemical Shift (9)

Neostigmine NSG*-DDQ
2.93 2.93 (s, 3H)

3.08 3.08 (s, 3H)

3.65 3.64 (s, 9H)
7.37-7.39 7.37-7.38 (m, IH)
7.63-7.66 7.63-7.65 (m, IH)
7.85-7.88 7.84-7.87 (m, 2H)

NMR

The chemical shift () values from the 'H spectra of free
neostigmine?’ and NSG""DDQ ™ are recorded in Table 2
and Figure 3. The downfield shifts of aromatic hydro-
gens are due to the electronic withdrawing nature of
tertiary and quaternary nitrogen. The 'H NMR analysis
of NSG""DDQ ™ revealed three signals due to the four
aromatic hydrogens which appeared as multiples at o

ZRE32IIARAAS 3 837 40000
PROTONDMSO{C:\Bruker\TOPSPIN} abari 26 = b I
35000
30000
~25000
drishahat GAS w3 gzamnags 000 20000
GO PSPPSRI,
PROTON DMSO'{C:\BruRerTOPSPIN} abari 26 30000
20000 +~15000
~10000 !
. O ‘ 10000
0
g R & SR
- L SN N i B ===
9.0 8.5 8.0 7.5 7.0 6.5 i
f1 (ppm)
\ ~5000
! 1
I |
L A“ﬁ,l“ < i J i ~0
SREIR z 3
-“-c-o s =
T T T T T T . T T
16 15 14 13 12 1" 10 9 7 6 5 4 3 2 1 0 1 2 3
f1 (ppm)
Figure 3 'H NMR spectrum of the NSG-DDQ complex.
Abbreviation: NSG-DDQ, neostagmine—2,3-dichloro-5,6-dicyano- |,4-benzoquinone.
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Table 3 '3C NMR (DMSO-ds, 175 MHz, §) and Tentative
Assignments of Neostigmine and NSG™-DDQ ™

Chemical Shift (J)

Neostigmine | NSG*-DDQ™-

36.65 36.85

56.92 57.12

115.48 115.39

117.73 118.08

124.48 124.36

131.04 130.98

148.28 147.84

152.34 152.45

153.96 154.11

- Signals of anion: 79.20, 102.13, 114.05, 129.63,
147.84, 151.19, 162.39

7.37-7.39 (1H), 7.63-7.66 (1H), and 7.85-7.88 (2H)
ppm with no significant changes with these of free
NSG. The '"H NMR spectra of CT complexes showed
no shift of the signal of aliphatic hydrogens around

drShahat-GA-5 Py
g3R-8AG 2

C13CPDDMSO{C:\Bruker\TOPSPIN}abaif 26 \ | 223 94F g

amidic N at 2.93 (3H) and 3.08 (3H) ppm or quaternary
hydrogens which appeared at 3.64 (9H) ppm.

The chemical shift values from the '*C spectra of free
NSG and NSG"'DDQ ™ are illustrated in Table 3 and
Figure 4. The table shows that signals of the complex are
shifted slightly toward higher or lower field; the signals of
DDQ ™ carbons appeared beside the signals of NSG™* in
the '>C NMR spectrum.

UV-Visible Absorption Spectra

The interaction of NSG (electron donor) with DDQ (elec-
tron acceptor) in acetonitrile is characterized by the appear-
ance of a new broad band at longer wavelength (460nm),
where no absorption of donor (225 or 266 nm) and acceptor
(350 nm) is detected (Figure 5). This new band is due to the
formation of “colored CT complex”. The change in color
from yellow to red and the appearance of a new band
confirms the formation of the CT complex (Figure 6). The
resulting color was stable for ~10 h.

140000

P60
$A2
44438
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35000
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25000
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o L I
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Figure 4 '*C NMR spectrum of the NSG-DDQ complex.

Abbreviation: NSG-DDQ, neostagmine—2,3-dichloro-5,6-dicyano- |,4-benzoquinone.
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Figure 5 Absorption curve of NSG-DDQ CT complex (10, 20, 40, 80, 100, and
120 ppm).

Abbreviations: NSG-DDQ, neostagmine—2,3-dichloro-5,6-dicyano-|,4-benzoqui-
none; CT, charge transfer.
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Figure 7 Molar ratio method (Job's method) (I x 10>M) for NSG-DDQ complex

Abbreviation: NSG-DDQ, neostagmine—2,3-dichloro-5,6-dicyano- | ,4-benzoquinone.

solution is that of the Benesi-Hildebrand relation.’® The
modified Benesi-Hildebrand method® is represented by

0.200

Abs.

0.100

0.000
00440 L !
207.47 400.00 500.00 600.00 650.00
nm.

Figure 6 Scan spectrum of the complex (40 ppm NSG-DDQ, blue color), drug (40
ppm, black color), and DDQ (I mg/mL, red color) against acetonitrile as a blank.
Abbreviation: NSG-DDQ, neostagmine-2,3-dichloro-5,6-dicyano- | ,4-benzoquinone.

Molecular Composition of NSG-DDQ Complexes
The molar ratio of the complex was assessed by
a spectrophotometric method (Job's method).?’ NSG

reacts with DDQ with a 1:1 M ratio, as presented in
Figure 7.

Formation Constant

Several methods have been proposed for the estimation of
the equilibrium constants and molar absorption coefficient
of CT complexes.'*>?’! The first method for determina-

tion of the equilibrium constant of 1:1 complexes in

the following equation:

[4]/4=1/€"” +1/(Kc €)l/[D]

where [A] is the “molar concentration of the acceptor
(DDQ) 0.000044 M, [D] is the molar concentration of
the donor (NSG)”, A is the absorbance of the NSG-
DDQ complex at Apax, € is the “molar absorptivity” of
the NSG-DDQ complex, and K¢ is the “association con-
stant of the complex (L mol ')”. A straight line was
obtained (*= 0.9725) and confirmed our finding of the
formation of a 1:1 CT complex. The values of correlation

coefficient, K¢, and € for the CT complex (NSG — DDQ)

0.00025
e
0.0002 0
y = 16-08x+ 6E-05 ° .
R2=0.9725
o .
< o005
< ..
0.0001 b
°
0.00005
0
0 2000 4000 6000 8000 10000 12000 14000 16000
1/[D]

Figure 8 The |:| Benesi-Hildebrand plot for NSG-DDQ systems.
Abbreviation: NSG-DDQ, neostagmine—2,3-dichloro-5,6-dicyano- | ,4-benzoquinone.
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Table 4 Benesi—Hildebrand Data of NSG-DDQ Complex

[ALM |[DLM | IID Absorbance (A) | [AJ/A

0.000044 | 0.00040 | 2526.6 0.581 0.00008
0.000044 | 0.00026 | 3790 0.436 0.00010
0.000044 | 0.00018 | 542428 | 0.335 0.00013
0.000044 | 0.00013 | 7580.01 | 0.270 0.00016
0.000044 | 0.00010 | 10,1895 | 0.233 0.00019
0.000044 | 0.00008 | 12,557.4 | 0215 0.00020
0.000044 | 0.00006 | 15,167.4 | 0.195 0.00023

were estimated from the plot of [A]/A against 1/[D]'*"'?

(Figure 8). Table 4 shows the data obtained using the
Benesi—Hildebrand equation. The value of € was calcu-
lated from the intercept (1 / € = intercept) and K¢ was
calculated from the slope of the resulting line (slope =1 /
Kc.€). € and K¢ of the complex (NSG-DDQ) in acetoni-
trile were estimated to be 1.6 x 10% and 6.2 x 10* L mol ™
1

cm = respectively. The formation constant value indicate

the formation of stable CT complex, which agrees with

reported values of some CT complexes.'**7~°

Spectroscopic Physical Parameters

To confirm the formation of the NSG-DDQ complex and
stability, we calculated and analyzed some of the spectro-
scopic physical parameters. For example, oscillator
strength (f)°' and transition dipole moment®? (., measured
in Debye) were used to measure the integrated strength of
the CT bands®' of the formed complex,** using the follow-

ing equations:

f =432 X 107 [emaxAvy 2]

pt = 0.0958 [Emax Av, . Pmax] |

where, Av; is the bandwidth at half intensity (cmﬁl), €max 1S
the “molar extinction coefficient (L molflcmfl),” and V. 1S
the “wavenumber at the absorption maximum of the formed
complex (cm ').” The high interaction between NSG and
DDQ is indicated by the relatively high values of f (6.38).
The high value of the transition dipole moment (24.93
Debye) indicates the formation of strong bonding between
NSG with DDQ which confirms the formation of the NSG—
DDQ complex.

lonization Potential (lIp)

Ionization potential (Ip) of the NSG donor was assessed

using the Aloisi and Pignataro equation:*®

Ip(eV) =5.76 + 1.53 x 10 *ver

where ver is the “wavenumber (cm™')” related to the CT
band formed due to the reaction between NSG and the
acceptors. The Ip value of CT complex formation is 9.086
(Table 3). The electron donation potential of NSG is
indicated by its Ip. As the Ip decreases, the electron dona-
tion power of NSG increases and the stability of the NSG-
DDQ complex increases.

Energy of CT Complex (EcT)
The energy of the NSG-DDQ complex (Ecr) was calcu-

lated using the following equation:**

Ecr = hver = 1243.667 /Acr

where Act is the maximum wavelength of the examined
complex. The estimated value Ecr is 2.7 (Table 5). As the
energy of the interaction between NSG and the acceptors
decreases, the stability of the NSG-DDQ complex
increases.

Resonance Energy (Ry)

The resonance energy of the NSG-DDQ complex was
estimated according to the equation presented by
Briegleb and Czekalla.’® The value of resonance energy

is presented in Table 5.
ecr = 7.7 x 1074 /[hver /[Ry] — 3.5]

where €, is the “molar absorptivity of the NSG-DDQ
complex” and Ry is the “resonance energy of the NSG—
DDQ complex” in the ground state.

Dissociation Energy (W)

Another parameter to confirm the NSG-DDQ complex
formation is the dissociation energy, which indicates the
nature of the NSG-DDQ complex. The dissociation
energy (W) of the CT complex was estimated using the

Table 5 Spectroscopic Parameters of NSG-DDQ Complex

Parameters NSG-DDQ
Wavelength (nm) 460
Extinction coefficient: € L mol™' cm™') 1.6 x 10*
Association constant: Kc (L mol™') 62 x 10°
Energy: hv (eV) 2.7
lonization potential: Ip (eV) 9.086
Resonance energy: Ry(eV) 0.7714
Dissociation energy: W (eV) 4.476
Gibbs free energy: AG® (KJ mol ") -5 x 10°
f 6.38

u 24.93
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Table 6 Spectrophotometric Characterization Parameters of
NSG with DDQ

Parameters DDQ
Wavelength (nm) 460
Calibration graph 5-120
Extinction coefficient: & (L mol ' cm ') 1.6 x 10*
Lower limit of quantification 5

Lower limit of detection 1.5

Slope 0.0041
Intercept 0.1007
Correlation coefficient 0.9967

corresponding NSG-DDQ energy (Ecrt), Ip, and E*, as
shown in the following equation. The estimated values is
4.476 and is listed in Table 5

W =1Ip—E'—Ecr

Standard Free Energy Change (AG®)

To further verify the NSG-DDQ complex formation, the
standard free energy AG® was determined and is recorded
in Table 5. The higher negative value suggests that CT
complex formation between NSG and DDQ (acceptor) is
exothermic. Usually, estimations of AG® are progressively
negative; as the NSG-DDQ interaction between the donor
Ker
Consequently, the complex composition has a lower

and acceptors becomes stronger, increases.
degree of freedom and the values of AG® become highly
negative values.** AG® is calculated from Kcr using the

following equation:
AG® = —RTInKcr
where AG® is determined in KJ mol ™', R is the gas con-

stant (1.987 cal mol 'K™"), T is
(Kelvin)”, and Kcr is the “formation constant of the CT

“total temperature

WL

23
@3 oo
fERr

9 2

9

Figure 9 Optimized structures of NSG charge transfer complexes.
Abbreviations: NSG, neostagmine; DDQ, 2,3-dichloro-5,6-dicyano-,4-benzoquinone.

complex” at room temperature. A negative AG® indicate
a spontaneous reaction between NSG and the acceptors
(DDQ). The value of standard free energy of the NSG—
DDQ complex is —5x10° KJ mol .

Determination of Neostigmine

The spectrophotometric determination of NSG was car-
ried out based on the formation of NSG-DDQ complex
at 460 nm (maximum wavelength) (Figure 1). The

Table 7 Results of Cup-Plate Method and Minimum Inhibitory Concentrations (MIC) of Drug (NSG) and CT Complex (NSG-DDQ)

Compounds Gram-Positive Bacteria Gram-Negative Bacteria Fungi
B. subtilis ATCC S. aureus E. coli Ps. aeuroginosa C. albicans ATCC
10400 ATCC 29213 ATCC 10418 ATCC 27853 2091
CPM MIC CPM MIC CPM MIC CPM MIC CPM MIC
(mm) | (ug/mb) | (mm) | (ug/mL) | (mm) | (ug/mL) | (mm) | (ug/mL) | (mm) | (ug/mL)
NSG NA ND NA ND NA ND NA ND 22 256
NSG-DDQ 23 32 20 32 20 32 19 64 30 64
Standard Imipenem 34 <0.25 30 <0.25 35 <0.25 30 <0.25 ND ND
control Fluconazole | ND ND ND ND ND ND ND ND 32 0.25
Abbreviations: CPM, cup plate method; MIC, minimum inhibitory concentration; NA, no activity; ND, not determined.
Drug Design, Development and Therapy 2020:14 submit your manuscript 4123
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Figure 10 Mulliken atomic charges of neostigmine.

calibration of NSG was in the range 5—120 ppm. The
coefficient (%) 0.9967
molar extinction coefficient (€ = 1.6 x 10* L mol '

correlation was and
ecm ). The calibration curve equation was y = ax + b,
where a is the slope (0.0041) and b is the intercept
(0.1007). The lower limit of quantification and detec-
tion was 5 and 1.5 ppm, respectively. The analytical
characterization of the investigation method is listed in

Table 6.

Antimicrobial Activity

NSG-DDQ showed good antibacterial activity, it is
active against Gram-positive bacteria (Staphylococcus
aureus ATCC 29213 and Bacillus subtilis ATCC
10400) and Gram-negative bacteria including (E. coli
ATCC 10418 and Pseudomonas aeruginosa ATCC
27853). In addition, NSG-DDQ showed good
activity against fungi (Candida albicans ATCC 10231).
On the other hand, NSG showed no antibacterial activity
against tested strains but showed an activity
against Candida albicans ATCC 10231. The MIC
results of the NSG-DDQ complex compared with the
those of NSG and reference materials are presented
in Table 7. The results indicate that the NSG-

Computational Studies
Geometry Optimization
Using the 6-311++G(d,p) method, we performed a full
geometry optimization of NSG, DDQ, and the CT
complexes. A description of the molecular structures,
atom numbering, and hydrogen bonding interactions of
the complexes is shown in Figure 9. The donor NSG
molecule approaches the acceptor molecule DDQ from
its tertiary amine side. As illustrated in Figure 9, the
NSG-DDQ complex structure is stabilized by two
H-bonds, O(25) H-C(13) (2.2582 A), 0O(24) H-C(14)
(2.7813 A). These H-bonds regulate the DDQ’s posi-
tion near the amide C=O group; more active donor
sites are provided by Mulliken charges (Figure 10)
and MEP maps (discussed in a subsequent section).

A lengthening of the NSG bonds was observed due
to the CT complex formation, specifically for C(10)-N
(11) and N(11)-C(13) and N(11)-C(14) by 0.00783,
0.00562, and 0.00693 A, respectively. Conversely,
a decrease of 0.00432 and 0.00117 A in the lengths of
C(20)-C(21) and C(22)—C(23) was observed in the
DDQ moiety following the lengthening of C=0 groups
and the formation of double bonds. Figure 10 shows that
N(11) bears the most negative charge, suggesting that
DDQ (electron acceptor) has a high possibility of offer-
ing electrons. In the solvent, the UV—-Vis absorption

DDQ showed more biological activity compared
with NSG.
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Figure 11 Assignments of theoretical electronic absorption transitions of NSG —
DDQ charge transfer complexes.
Abbreviations: NSG, neostagmine; DDQ, 2,3-dichloro-5,6-dicyano- | ,4-benzoquinone.

spectrum should be calculated to understand the nature
of the electronic structure and compared directly with
available experimental data to investigate the sensitivity
of the electronic structure to the solvent. It is known
that with TD-DFT functional theory*®>” a reliable deter-
mination of UV—Vis absorption spectra is possible. The
frontier molecular orbital (FMO) energies and descrip-
tions are given in Figure 11. To determine the nature of
each electronic transition, the compositions of molecular

Absorptivity

Wavelength, nm

Figure 12 Theoretical electronic absorption spectra of NSG — DDQ calculated at
TD-B3LYP.
Abbreviations: NSG, neostagmine; DDQ, 2,3-dichloro-5,6-dicyano-,4-benzoquinone.

orbitals are necessary. For example, if the occupied
orbital is from the acceptor and the unfilled orbital
from the donor, the corresponding energy could be
assigned to the CT process. However, when both the
occupied and unfilled orbitals are located on the same
moiety, it should be referred to as an internal transition
within either the acceptor or the donor system. The
stimulated TD-B3LYP spectrum (Figure 12) of the CT
complex is in good agreement with the experimental
spectrum. It is characterized by three bands at 618
(580 exp), 408 (460 exp), and 402 (420 exp) nm to
HOMO-7 — HOMO-1, HOMO-7 — HOMO, and
HOMO-8 — HOMO. HOMO-7, HOMO-1, and HOMO
predominantly show the m-system of the electron donor
drug molecule. Thus, within the drug molecule, the low-
est energy band is assigned to the m—m* transition.
Alternatively, the 408 nm band is allocated to the charge
transition from NSG to the DDQ.

Molecular Electrostatic Potential

When investigating the reactive sites for electrophilic
attacks, nucleophilic reactions, or H-bonding interac-
tions, the molecular electrostatic potential map is
vital.*® Specific electrostatic potential values are marked
with different colors. The color map used is follows: red
< orange < yellow < green < blue. As shown in Figure
13, the MEP map of DDQ shows a positive region, in
blue color, in the center of the ring whereas negative

potential areas localized on the C=0O group. Therefore,

Drug Design, Development and Therapy 2020:14
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Figure 13 Molecular electrostatic potential maps of (A) NSG, (B) DDQ, and (C)
NSG — DDQ.
Abbreviation: NSG-DDQ, neostagmine—2,3-dichloro-5,6-dicyano- | ,4-benzoquinone.

a negative potential is found primarily in the dimethy-
lamino group, which may be involved in the H-bond
with the molecule of the electron donor, which will be
the active site in the process of load transfer. After the
DDQ molecules approach the NSG molecule, the posi-
tive areas are converted into negative (green color),

which suggests a CT cycle from the dimethylamino
group to the acceptor molecule’s m-system.

Natural Bonding Orbital (NBO)

Natural bonding orbital (NBO) analysis provides an
efficient theoretical information about intra and inter-
molecular charge transfer (ICT) and a valuable
information about conjugation and hyperconjugation
of the molecular system. NBO analysis is the key to
identify the weak interaction. The charge densities for
DDQ and NSG are shown in Figure 14. The negative
charge is delocalized on oxygen atoms of DDQ (donor
molecule) due to their donating ability while N(11)
their
accepting ability. The distribution of atomic charges

almost carries no charge because of
is also important in the determination of the direction
of the dipole moment vector in the complex which
depends on the centers of negative and positive

charges.

Conclusion

Herein, we have described the synthesis, characteriza-
tion, and antimicrobial activity of the CT complex of
NSG-DDQ. The chemical composition of the NSG-
DDQ complex was examined and confirmed using
spectrophotometry, IR, and NMR spectroscopy. The
molecular arrangement of the NSG-DDQ complex in
liquid is compatible with that of solid state, with
a NSG:DDQ ratio of 1:1. Different physical factors of
the NSG-DDQ complexes such as K¢t and gct as well
as spectroscopic parameters were calculated. The value
for Kcr was derived using the Benesi—Hildebrand
equation. The studied NSG-DDQ reaction was utilized
as a colorimetric method to assay NSG over a wide
calibration range. Quantum chemical calculations (opti-
mization, Mulliken charge, and MEP maps) were per-
formed using DFT/B3LYP to further study the H-bond
interactions, hybridization, and NSG-DDQ charging
distributions. The NSG-DDQ complex showed both
antibacterial and antifungal activity while NSG showed
only antifugal activity. The antimicrobial activity of the
NSG-DDQ (antibacterial and antifungal activities)
showed the best biological activity compared
with NSG. Therefore, NSG can be used as selective
antifungal agent while NSG-DDQ complex can be

submit your manuscript

4126

Dove!

Drug Design, Development and Therapy 2020:14


http://www.dovepress.com
http://www.dovepress.com

Dove Yousef et al

Figure 14 The natural bonding orbital charge density for DDQ and NSG.

used as a non-selective antibacterial and antifungal
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