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Highlights 

 The structure of a novel thiophosphoryl oxime was studied by FT-IR, NMR and XRD. 

 The title compound equilibrates in solution to give a mixture of E and Z isomers. 

 Nitrogen inversion is the most probable mechanism for Z/E isomerization. 

 DFT calculations predicted better antibacterial activity for the Z isomer.  

 Molecular docking in EcFabH enzyme showed high inhibitory effect for the Z isomer. 
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ABSTRACT  

(2-(hydroxyimino)cyclohexyl)diphenylphosphine sulfide [C18H20NOPS (2)] is a novel oxime 

derivative that has been identified, in a recent work from our group, as a potential 

antibacterial agent. Herein, we report the in-depth structural analysis of compound (2) by 

using various spectroscopic tools including FT-IR, NMR (
1
H, 

31
P, 

13
C), mass spectrometry 

and single crystal X-ray diffraction, which indicate that it is obtained as a mixture of Z and E 

isomers. The different mechanisms, inversion, rotation, or mixed inversion-rotation, by which 

could occur the Z/E isomerization, have been investigated computationally with DFT method. 

Total and frontier molecular orbitals energies for both isomers were derived in order to gain 

more insights into their relative stabilities and biological activities. In silico molecular 

docking studies in E. coli FabH enzyme active site were also performed to predict the 

possible interaction modes and binding energies for both Z and E isomers as compared with 

those of a reference FabH inhibitor.  

 

Keywords: oximes; phosphine sulfides; Z/E isomerism; X-ray diffraction; DFT calculations; 

in silico molecular docking; FabH inhibitors; antibacterial activity. 

 

1. Introduction 

Oxime derivatives have aroused the continuing strong interest of researchers over the 

past few decades due to their great importance and wide-range applications as antimicrobial 

[1], antiparasitic [2], antiviral [3], antihistaminic [4], anticancer [5] and anti-HIV [6] agents. 

In addition, some oximes are also known for their applications as antidotes against poisoning 

by pesticides and chemical weapons [7]. 

                  



On the other hand, organophosphorus derivatives are an important class of compounds 

in medicinal chemistry that possess interesting biological effects and differential binding 

affinities to diverse microbiological targets [8], and the introduction of a phosphoryl or 

thiophosphoryl group to the oxime unit could improve the biological activity of such 

compounds, in conformity with the active substructure combination principle [9]. This is 

confirmed by a number of papers showing that phosphines, as well as their phosphine oxide 

or phosphine sulfide derivatives, exhibit promising antimicrobial, anticancer or antiarthritic 

activities [10]. 

In the frame of our research program on the synthesis and evaluation of novel 

phosphorus-containing compounds with possible biological properties [11], we recently 

described an efficient approach to unprecedented α-(diphenylphosphoryl)- and α-

(diphenylphosphorothioyl)cycloalkanone oximes, by using a two-step synthetic pathway 

from cyclic enamines, via the oximation of the α-(diphenylphosphoryl)- and α-

(diphenylphosphorothioyl)cycloalkanones intermediates [12]. The obtained phosphorus-

containing oximes have shown promising antibacterial activities, what prompted us for 

further investigations to gain a deeper understanding of their structural and biological 

properties.  

To reach this goal, we select the α-(diphenylphosphorothioyl)cycloalkanone oxime 

derivative (2) [(2-(hydroxyimino)cyclohexyl)diphenylphosphine sulfide, C18H20NOPS] which 

was obtained as a mixture of Z and E isomers in 42:58 ratio, and was found to display high 

antibacterial activities against Gram-positive (i.e., Staphylococus aureus and Bacillus 

subtilis) and Gram-negative (i.e., Escherichia coli and Salmonella typhimurium) bacteria with 

minimal inhibitory concentrations, MIC, in the range 0.9-1.8 µg/mL and minimal bactericidal 

concentrations, MBC, around 2.0 µg/mL (see compound 2d in reference [12]). Herein, we 

report the spectroscopic characterization and structural study by X-ray diffraction of this 

phosphorus-containing oxime (2). The mechanism of Z/E isomerization at the C=N double 

bond has been investigated computationally with DFT method. Molecular docking and DFT 

calculations were used to compare the antibacterial activities of the Z and E isomers. 

 

2. Experimental 

2.1. Chemical preparation of (2-(hydroxyimino)cyclohexyl)diphenylphosphine sulfide (2) 

The studied compound C18H20NOPS (2) was prepared by using a two-step synthetic 

pathway from a cyclic enamine, via the oximation of 2-

                  



(diphenylphosphorothioyl)cyclohexanone intermediate (1), according to the recently reported 

procedure developed by our group [12]. 

2.1.1. Synthetic protocol for 2-(diphenylphosphorothioyl)cyclohexanone intermediate (1) 
 

To a well stirred solution of enamine [1-morpholinocyclohexene] [13] (1 mmol) and 

triethylamine (1.1 mmol) in dry acetonitrile (15 mL), maintained under an inert atmosphere 

(N2) and cooled at 0 °C, P-chlorodiphenylphosphine (1 mmol) in dry acetonitrile (3 mL) was 

added dropwise within 15 min. The resulting solution was warmed up to room temperature 

and stirred for 2 h. Ground sulfur (1 mmol) was then added and the reaction mixture was 

stirred at room temperature for 2 h until complete dissolution of the sulfur. 2N aqueous HCl 

solution (30 mL) was then added dropwise at 0 °C and stirring was continued at room 

temperature for 12 h. The mixture was then extracted with CH2Cl2 (3×10 mL). The organic 

phase was dried over MgSO4 and concentrated under vacuum. The residue obtained was 

chromatographed on a silica gel column using n-hexane/ethyl acetate (1:1, v/v) as eluent, to 

afford the pure product (1) as a white solid in 91% yield. 

2.1.2. Synthetic protocol for (2-(hydroxyimino)cyclohexyl)diphenylphosphine sulfide (2)  

A solution of 2-(diphenylphosphorothioyl)cyclohexanone (1) (0.01 mol) in dry ethanol 

(10 mL) was added dropwise with stirring at 25 °C to a mixture of hydroxylamine 

hydrochloride (0.01 mol), potassium hydroxide (0.01 mol) and dry ethanol (20 mL). The 

reaction mixture was then heated under reflux for 24 h. The progress of reaction was 

monitored by checking TLC at regular intervals. After cooling, the solvent was removed 

under reduced pressure. The residue obtained was diluted with CHCl3 (30 mL) and washed 

with water (2×20 mL). The organic phase was dried over Na2SO4 and concentrated under 

vacuum. The residue obtained was chromatographed on a silica gel column using n-

hexane/ethyl acetate (6:4, v/v) as eluent, to afford the pure product (2) as a yellow solid in 

87% yield.  

mp 49 °C; FT-IR (CHCl3): νP=S 698 cm
-1

; νC=N 1638 cm
-1

; νOH 3343 cm
-1

. 
31

P NMR (CDCl3, 

161.97 MHz): δ (ppm) = 45.16 (s, 42 %, Z-stereoisomer), 45.44 (s, 58 %, E-stereoisomer). 
1
H 

NMR (CDCl3, 400.13 MHz): δ = 1.42-2.93 (m, 8 H, 4 CH2, Z & E-stereoisomers), 3.69-3.74 

(m, 1H, CH-P, E-stereoisomer), 4.86-4.90 (m, 1H, CH-P, Z-stereoisomer), 7.29-8.18 (m, 10 

H, Ar-H, Z & E-stereoisomers), 9.00 (br s, 1H, OH, Z & E-stereoisomers). 
13

C NMR (CDCl3, 

100.61 MHz): δ = 21.8 (s, CH2-CH2-CH, E-stereoisomer), 23.1 (d, CH2-CH2-CH, 
3
JCP = 4.0 

Hz, Z-stereoisomer), 24.1 (d, CH2-CH2-C=N,
 4

JCP = 1.0 Hz, Z-stereoisomer), 25.1 (s, CH2-

                  



CH2-C=N, E-stereoisomer), 26.8 (s, CH2-CH, Z-stereoisomer), 27.4 (s, CH2-CH, E-

stereoisomer), 30.9 (s, CH2-C=N, E-stereoisomer), 31.3 (s, CH2-C=N, Z-stereoisomer), 34.8 

(d, CH-P, 
1
JCP = 39.2 Hz, Z-stereoisomer), 42.2 (d, CH-P, 

1
JCP = 42.3 Hz, E-stereoisomer), 

156.5 (d, C=N, 
2
JCP = 4.0 Hz, Z-stereoisomer), 156.6 (d, C=N, 

2
JCP = 4.0 Hz, E-

stereoisomer), Ar-C: δ = 127.77, 127.86, 128.05, 128.17, 128.26, 128.35, 128.45, 128.58, 

128.67, 128.70, 128.75, 128.79, 128.84, 128.89, 131.07, 131.10, 131.16, 131.18, 131.22, 

131.26, 131.28, 131.30, 131.39, 131.42, 131.50, 131.59, 131.64, 131.66, 131.72, 131.74, 

131.83, 131.88, 131.91, 131.95, 132.19, 132.28, 132.52, 132.55, 132.83. EI-HRMS: 

calculated for C18H20NOPS: 329.3978 (M
+.

); found: 329.3979. 

 

2.2. Investigation techniques  

2.2.1. FT-IR, NMR and mass spectrometry 

Compound (2) was characterized by FT-IR, NMR and mass spectrometry. The infrared 

spectrum was recorded in the 400–4000 cm
-1

 range with a Nicolet IR200 FT-IR spectrometer 

using a CHCl3 solution at ambient temperature. The number of scans was 32 and the 

resolution 4 cm
-1

. NMR spectra were recorded at 400 MHz (
1
H), 161 MHz (

31
P) and 100 

MHz (
13

C APT) in CDCl3. Chemical shifts (δ) are reported in part per million (ppm) relative 

to the residual solvent peak. The coupling constants are reported in Hz. The multiplicities of 

signals are indicated by the following abbreviations: s: singlet; d: doublet; t: triplet; and m: 

multiplet. High-resolution-MS spectrum was performed on a JEOL JMSGC mateII mass 

spectrometer. 

 

2.2.2. X-ray diffraction experiments  

The X-ray intensity data of compound C18H20NOPS (2) was collected at 100 K, on a 

Rigaku Oxford Diffraction Supernova Dual Source (Cu at zero) diffractometer equipped with 

an Atlas CCD detector using  scans and CuK ( = 1.54184 Å) radiation. The images were 

interpreted and integrated with the program CrysAlisPro (Rigaku Oxford Diffraction) [14]. 

Using Olex2 [15], the structure was solved by direct methods using the ShelXS [16] structure 

solution program and refined by full-matrix least-squares on F
2
 using the ShelXL [17] 

program package. Non-hydrogen atoms were anisotropically refined and the hydrogen atoms 

in the riding mode and isotropic temperature factors fixed at 1.2 times U(eq) of the parent 

atoms (1.5 times for methyl groups). The drawings were made with Diamond [18] and 

                  



Mercury [19]. Crystal data and experimental parameters used for the intensity data collection 

are summarized in Table 1. 

2.2.3. DFT calculations 

All calculations were performed using Gaussian 09 program [20]. Electronic structures, 

optimized geometrical parameters and transition states were calculated by density functional 

theory (DFT) with B3LYP/6-311++G(d,p) basis set. The frontier molecular orbital surfaces 

are visualized by Gauss View Molecular Visualization program [21].  

2.2.4. Molecular docking experiments 

The Autodock Vina program [22] was used to generate the putative binding modes of 

both the Z-(2) and E-(2) isomers into the active site of the E. coli β-ketoacyl-acyl carrier 

protein synthase III (EcFabH) as previously reported [12, 23]. For the sake of comparison, 

the (E)-N-((3,4-dihydro-2H-benzo[b][1,4]dioxepin-7-yl)methylene)-hexadecan-1-amine (i.e., 

Cpd10) which is an effective inhibitor of EcFabH [23c] was also docked in the enzyme 

active site. The PyMOL Molecular Graphics System (version 1.4, Schrödinger, LLC) was 

used as working environment with an in-house version of the AutoDock/Vina PyMOL plugin 

[24]. The X-ray crystallographic structure of EcFabI in complex with Malonyl-CoA (PDB 

entry code: 1HNJ; 1.46 Å resolution) [25] available at the Protein Data Bank was used as 

receptor. Docking runs were performed after removing the Malonyl-CoA ligand from the 

enzyme active site. The box size used for the receptor fit the whole active site cleft and 

allowed non-constructive binding positions. The three-dimensional structures of the 

aforementioned compounds were constructed using Chem 3D ultra 11.0 software [Chemical 

Structure Drawing Standard; Cambridge Soft corporation, USA (2007)], and their geometry 

was refined using the Avogadro open-source molecular builder and visualization tool 

(version 1.2.0. http://avogadro.cc/).  

The accuracy of the docking experiment was checked by submitting the 1-(5-(2-Fluoro-

5-(hydroxymethyl)phenyl)pyridin-2-yl)piperidine-4-carboxylic acid inhibitor (i.e., Cpd23 – 

EcFabH IC50 = 0.53 µM) [26] to in silico molecular docking inside EcFabH active site. 

Indeed, comparison of the generated Cpd23 docking pose with its available binding 

geometry observed in EcFabH crystal structure (PDB entry code: 5BNR; 1.89 Å resolution) 

revealed a root mean square deviations of 0.622 Å for the top ranked pose with a predicted 

binding energy value, ECpd23 = −8.1 kcal.mol
-1

. This re-/cross-docking experiment thus 

confirms the validity and reliability of our computational approach. 

                  



 

 

 

3. Results and discussion 

3.1. Synthesis of (2-(hydroxyimino)cyclohexyl)diphenylphosphine sulfide (2) 

The starting 2-(diphenylphosphorothioyl)cyclohexanone (1) was easily prepared from 

the reaction of a cyclic enamine [1-morpholinocyclohexene] with P-chlorodiphenylphosphine 

in the presence of triethylamine, followed by sulfurization and hydrolytic work-up, according 

to the reported procedure [27]. Reaction of compound (1) with hydroxylamine hydrochloride, 

performed in refluxing ethanol for 24 h in the presence of an equimolar amount of potassium 

hydroxide, led to the desired α-(diphenylphosphorothioyl)cyclohexanone oxime (2) in 87% 

isolated yield (Scheme 1). 

It is important to mention here that compound (2) was obtained as a mixture of Z and E 

isomers in 42:58 ratio, as evidenced by its NMR spectral data. 

 

 

Scheme 1. Synthesis of compound (2). 

 

3.2. FT-IR, NMR and mass spectrometry studies 

The structure of compound (2) was confirmed on the basis of its FT-IR, 
1
H NMR, 

13
C 

NMR, and 
31

P NMR spectral data. The high-resolution mass spectrum of the studied 

compound displayed molecular ion peak at appropriate m/z value. 

 

3.2.1. FT-IR study 

Fourier Transform Infrared spectroscopy (FT-IR) is known as a useful quantitative and 

qualitative analysis tool for both organic and inorganic compounds. Thus, a vibrational study 

using infrared absorption was performed to gain more insights on the structure, the functional 

groups and the types of bonding existing in the title compound. 

The IR bands of the synthesized compound are assigned by comparison with the modes 

and frequencies observed in similar derivatives. The experimental FT-IR spectrum of 

                  



compound (2) (Fig. S1 in Supplementary Information) revealed the presence of a band at 

3343 cm
-1

 corresponding to the O-H vibrator of the oxime group [28]. We also noticed the 

presence of absorption bands of medium intensities between 2991 and 2950 cm
-1

 attributed to 

the stretching vibrations of CH and CH2 groups [29]. The absorption band at 1638 cm
-1

 is 

assigned to the stretching of the C=N double bond of the oxime group [30]. The bands of 

medium intensities between 1374 and 1474 cm
-1

 are assigned to the stretching modes of the 

phenyl C=C double bonds [31]. The absorption at 698 cm
-1

 is attributed to the stretching of 

the thiophosphoryl (P=S) group [32]. In the frequency region between 794 and 1174 cm
-1

, 

bands of medium intensities are present, which could be assigned to the skeletal C-C 

vibrations of the cyclohexane ring [33]. The rest of absorptions between 480 and 997 cm
-1

 are 

attributed to out-of-plane bending modes of C-H bonds [34]. 

 

3.2.2. NMR study 

The 
13

C, 
31

P, and 
1
H NMR spectra of the title compound are given in the 

Supplementary Information. All NMR spectra of compound (2) showed a signal doubling 

indicating that it is obtained as a mixture of Z and E isomers. 

The Z and E configurations were assigned on the basis of the 
13

C chemical shifts of 

carbons in  position with respect to the C=N double bond. Indeed, according to some 

literature data regarding the stereochemistry of oximes [35], the carbon adjacent to the C=N 

double bond resonates at higher field when it is in the syn position relative to the OH group 

on the nitrogen atom. This was ascribed to a screening effect of the syn-OH group. In our 

case, The CH carbon adjacent to the C=N double bond is characterized by two doublets at 

34.8 ppm and 42.2 ppm. Each doublet is characteristic of the coupling with phosphorus with 

a 
1
JCP coupling constant of 39.2 Hz and 42.3 Hz respectively. The first doublet, which 

appears at higher fields, is assigned to the CH carbon when it is syn with respect to the OH 

group (Z isomer). However, the second doublet, which appears at lower fields, is assigned to 

the CH carbon when it is anti to the OH group. This assignment corresponds to the E isomer. 

It is important to note here that the 
13

C chemical shifts of the CH2 carbon, which is in the ’ 

position with respect to the C=N double bond, follow the same correlations as the CH carbon 

atom. 

The relative proportions of the Z and E isomers were estimated from the 
31

P{
1
H} NMR 

spectrum where a singlet for each isomer is present. The E stereoisomer was found to be the 

predominant form (E/Z = 58:42) probably due to the steric hindrance between the 

phosphorothioyl and hydroxyl groups, which destabilizes the Z isomer. The 
1
H NMR 

                  



spectrum of the studied compound showed, in particular, a broad singlet at 9.0 ppm, 

ascribable to the OH group. It also exhibited the presence of the CH and CH2 groups of the 

cyclohexane ring between 1.42 and 4.90 ppm, and the aromatic protons in the range of 7.29-

8.18 ppm. 

 

3.3. Single crystal X-ray diffraction analysis 

Single crystals (colorless crystals) of C18H20NOPS (2) were obtained by slow 

evaporation at room temperature of a methanol/hexane/ethyl acetate solution. Crystal data 

and experimental parameters used for the intensity data collection for the studied compound, 

are summarized in Table 1. CCDC 1992904 contain the supplementary crystallographic data 

for this compound and can be obtained free of charge via 

www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data 

Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44-1223-336033; or 

deposit@ccdc.cam.ac.uk). 

 

Table 1. Crystallographic data and structure refinement parameters for compound (2). 

Empirical formula 

Formula weight [g mol
-1

] 

Temperature (K) 

Wavelength 

Crystal system 

Space group 

a [Å]  

b [Å] 

c [Å] 

α (°) 

β (°) 

γ (°) 

V (Å
3
) 

Z 

ρcalc [g cm
-3

] 

Absorption coefficient μ [mm
-1

] 

F(000)  

Crystal size (mm
3
) 

2 θ range [°] 

h, k, l ranges 

Reflections collected 

Independent reflections [Rint] 

C18H20NOPS 

329.38 

100(1) 

1.54184 

Monoclinic 

P21/c 

15.66750(10) 

9.21860(10) 

12.40990(10) 

90 

110.9130(10) 

90 

1674.32(3) 

4 

1.307 

1 2.618 

696.0 

0.247 × 0.14 × 0.055 

6.038 to 147.732 

9, 28,11 

30497 

3382 

                  



Completeness to θ 

Refinement method  

Data/restraints/parameters 

Goodness-of-fit on F
2
  

Final R indices [I > 2σ(I)] 

R indices (all data) 

Largest diff. peak/hole [e Å
−3

] 

98.7% 

Full-matrix least squares on F
2
 

3382/0/202 

1.043 

R1 = 0.0275, wR2 = 0.0718 

R1 = 0.0304, wR2 = 0.0742 

0.36/-0.24 

 

Oxime (2) was found to crystallize in the monoclinic system with centrosymmetric 

P21/c space group (Table 1). A perspective view of the asymmetric unit of the structure of (2) 

with 50% probability thermal ellipsoids is depicted in Fig. 1. It consists of a 

diphenylphosphorothioyl moiety linked to a cyclohexanone oxime ring in position 2. 

The title compound crystallized as the E isomer, although this material gave an E/Z 

ratio of 58:42 in CDCl3 solution as mentioned by NMR spectroscopy. This could be ascribed 

to crystal lattice forces overcoming the E/Z energy difference which was calculated as 4.7 

kcal.mol
-1

 in favor of the E isomer (see paragraph 3.4).  

The molecule exhibits a regular spatial configuration with usual distances and angles 

(Table 2 and Fig. 1). The dihedral angle between the two phenyl groups on the phosphorus 

atom is 105.03°, showing a quasi-orthogonal arrangement of the two phenyl rings due to 

steric reasons. The P-S distance of 1.9559(4) Å is consistent with a P-S double bond. 

The cyclohexanone oxime ring is in the characteristic chair conformation and its 

geometrical parameters are reported in Table 2 indicating that the C-C and C-N distances as 

well as the C-C-C and C-C-N angles are in accordance with those observed in similar 

compounds [36-41]. The conformation of the cyclohexanone oxime six-membered ring can 

be described in terms of Cremer and Pople puckering coordinates [42], i.e., evaluating the 

parameters Q (total puckering amplitude), q2, q3, θ and φ. Their calculated values for the 

C1–C2–C3–C4–C5–C6 ring are: Q = 0.5974 Å, q2 = 0.0518 Å, q3 = 0.5952 Å, θ = 4.98° and 

φ = 56.85°, indicating that the cyclohexanone oxime ring has been slightly distorted from the 

standard chair conformation by the oxime group.  

                  



Table 2. Bond lengths [Å] and angles [°] for compound (2). 

Selected bond Lengths 

Atom Atom Length[Å] Atom Atom Length[Å] 

P1 S1 1.9559(4) C7 C12 1.3904(19) 

P1 C1 1.8297(12) C8 C9 1.389(2) 

P1 C7 1.8255(13) C9 C10 1.384(2) 

P1 C13 1.8137(13) C10 C11 1.380(2) 

C1 C2 1.5110(16) C11 C12 1.392(2) 

C1 C6 1.5463(17) C13 C14 1.3923(18) 

C2 C3 1.5030(17) C13 C18 1.4003(18) 

C2 N1 1.2782(16) C14 C15 1.3879(19) 

C3 C4 1.5354(18) C15 C16 1.386(2) 

C4 C5 1.5293(17) C16 C17 1.3913(19) 

C5 C6 1.5327(17) C17 C18 1.391(4) 

C7 C8 1.3913(19) O1 N1 1.4147(13) 

Selected Angles 

Atom Atom Atom Angle [°] Atom Atom Atom Angle [°] 

S1 P1 C1 116.32(4) C8 C7 P1 119.50(10) 

S1 P1 C7 111.29(4) C12 C7 P1 121.19(10) 

O1 P1 C13 110.71(12) C12 C7 C8 119.22(12) 

C2 N1 O1 111.42(10) C9 C8 C7 120.49(13) 

C7 P1 C1 101.49(6) C10 C9 C8 119.92(14) 

C7 P1 C13 105.03(6) C11 C10 C9 120.01(13) 

C13 P1 C1 106.66(6) C10 C11 C12 120.29(14) 

C2 C1 P1 118.24(9) C7 C12 C11 120.06(14) 

C2 C1 C6 107.46(10) C14 C13 P1 118.40(10) 

C6 C1 P1 111.26(8) C14 C13 C18 119.42(12) 

C3 C2 C1 113.06(10) C18 C13 P1 122.05(10) 

N1 C2 C1 119.82(11) C15 C14 C13 120.30(13) 

N1 C2 C3 126.46(11) C16 C15 C14 120.19(13) 

C2 C3 C4 107.27(10) C17 C16 C15 119.91(13) 

C5 C4 C3 111.29(10) C16 C17 C18 120.33(13) 

                  



C6 C5 C4 112.09(11) C17 C18 C13 119.82(13) 

C5 C6 C1 110.44(10)     

 

The crystal Packing of the title compound showed that the molecules are interconnected 

via O-H…N intermolecular hydrogen bonds to form dimers of C18H20NOPS units extending 

parallel to the crystallographic b-axis (Fig. 2), with H1…N1 distance of 2.865 Å (Table 3). 

The packing is further stabilized by several H...O, H...S, H...N, H...H, H...C, O...N and O...S 

interactions with the distances between 2.3 and 3.0 Å (Fig. 3), and by weak CH… 

intermolecular interactions: the distances H6…Cg1 and H1…Cg1 (Cg1 is the centroid of the 

C7-C8-C9-C10-C11-C12 phenyl ring) are 3.358 and 3.785 Å respectively. The distances 

from hydrogens H3 and H12 to the centroid Cg2 (Cg2 is the centroid of the C13-C14-C15-

C16-C17-C18 phenyl ring) are 3.461 and 3.344 Å respectively (Fig. 4).  

 

Table 3. Hydrogen-bond geometry (Å, º) for compound (2). 

D—H···A D—H H···A D···A D—H···A 

C3—H3B···O1
(1)

 0.990 2.692 2.277 103.85 

C8—H8···S1
(1)

 0.950 3.347 3.487 (2) 112.80 

C14—H14···S1
(1)

 0.950 3.424 2.951 112.13 

C1—H1A···S1
(2)

 1.000 3.733 2.743 170.36 

C4—H4B···N1
(3)

 0.990 3.667 2.856 139.68 

C5—H5A···O1
(3)

 0.990 3.500 2.785 129.60 

C3—H3A···O1
(3)

 0.990 3.569 2.902 125.52 

C4—H4B···O1
(3)

 0.990 3.400 2.864 114.77 

O1—H1···N1
(4)

 0.831 2.865 2.084 156.48 

O1—H1···S1
(4)

 0.831 3.282 2.861 113.48 

O1—H1···O1
(4)

 0.831 3.258 2.703 125.67 

C16—H16···S1
(5)

 0.950 3.844 2.957 156.03 

 

Symmetry codes: (1) x,y,z; (2) x,-y+½+1,+z+½; (3) -x+1,+y+½,-z+½+1; (4) -x+1,-y+1,-z+1; 

(5) x,-y+½,+z+½. 

 

 

                  



 

Figure 1. X-ray molecular structure of compound (2) with the atom numbering scheme. 

Displacement ellipsoids are drawn at the 50% probability level. 

 

 

Figure 2. The hydrogen-bonded dimer structure of (2) in an E configuration, formed via 

intermolecular O-H···N. 

                  



 

Figure 3. A projection along the a-axis showing various short interactions in the crystal 

packing of (2). 

 

 

Figure 4. Illustration of C-H…π intermolecular interactions in C18H20NOPS crystal. 

 

 

                  



3.4. DFT calculations 

In order to get more insights into the Z/E isomerism of oxime (2) and to obtain 

additional validations for experimental results, density functional theory (DFT) calculations 

were performed. The geometries of the Z and E isomers of compound (2) were optimized at 

the B3LYP/6-311++G(d,p) level of theory both in the gas phase and in a simulated CHCl3 

solvent field (Fig. S2 in Supplementary Information). The respective relative energies are 

given in Table 4. Our calculations predict the E isomer to be preferred by 4.5 kcal.mol
-1

 in 

the gas phase. In a simulated chloroform environment, it remains the most stable isomer by 

4.7 kcal.mol
-1

, in agreement with the E/Z ratio of 58:42 determined by NMR spectroscopy in 

CDCl3 solution. Such a predominance of the E isomer could be ascribed to the steric 

hindrance between the phosphorothioyl and hydroxyl groups, which may destabilize the Z 

isomer. 

DFT calculations also play an important role in predicting the biological activity of 

compounds and drugs [43]. It is indeed well established that a molecule with a smaller 

LUMO-HOMO energy gap is considered as more chemically reactive and therefore more 

energetically favorable to extract electrons from a high-lying HOMO or to add electrons to a 

low-lying LUMO, which leads to a better interaction with the target enzyme and 

consequently to a higher biological activity [43].  

We have recently reported that compound (2), as a mixture of Z and E isomers, 

exhibited very promising antibacterial activity against both Gram-positive and Gram-negative 

bacteria [12]. Here, we attempted to compare the antibacterial activities of both Z and E 

isomers of (2) in correlation with their LUMO-HOMO energy gap. It should be mentioned 

that, despite our efforts, we were unable to separate and isolate these two isomers, and 

therefore a direct determination of their respective antibacterial activities, based on in vitro 

tests, was not possible.  

The results of DFT calculations, both in the gas phase and in a simulated chloroform 

environment (Table 4 and Fig. S3 in Supplementary Information), revealed that the Z-(2) 

isomer has the smaller LUMO-HOMO energy gap, indicating a predicted better antibacterial 

activity than E-(2) isomer. Such results could explain the general tendency observed in our 

previous study on similar compounds [12], showing that oximes more rich in Z isomer 

exhibited a better antibacterial activity.  

 

 

 

                  



 

Table 4. Relative energies and frontier molecular orbitals (HOMO and LUMO) energies for 

the Z and E isomers of compound (2) both in the gas phase and in a simulated CHCl3 

solution. 

Isomers 
Relative energies 

(kcal.mol
-1

) 
EHOMO (eV) ELUMO (eV) 

ELUMO-HOMO 

(eV) 

E-(2) (gas) 0 -5.8732 -1.2564 4.6168 

Z-(2) (gas) 4.5 -5.8536 -1.2531 4.6005 

E-(2) (CHCl3) 0 -6.2220 -1.3486 4.8734 

Z-(2) (CHCl3) 4.7 -6.1948 -1.3454 4.8494 

 

We then turned our attention to investigate, through DFT-transition state calculations, 

the mechanism of Z/E isomerization in oxime (2). A literature survey showed that the 

mechanisms for this kind of isomerization vary depending on the nature of substituents on the 

C=N double bond [44]. Based on these literature data, we have proposed three possible 

mechanisms for the Z/E isomerization of oxime (2), which involve either the nitrogen 

inversion, or the rotation around the C
+_

N
-
 single bond, or a mixed inversion-rotation 

mechanism (Scheme 2).  

 

Scheme 2. Possible mechanisms, inversion, rotation, or mixed inversion-rotation, for the Z/E 

isomerization of oxime (2); G and T are the CNO bond angles in the ground and transition 

states (TS), respectively. 

                  



 

Fully optimized structures of the ground states [Z-(2) and E-(2)] and transition states 

[TS1, TS2 and TS3] and the corresponding activation energies, were determined at the 

B3LYP/6-311++G(d,p) level of theory in the gas phase (Table 5). Vibrational analyses 

confirmed that Z-(2) and E-(2) isomers have zero imaginary frequencies, and that transition 

states are true first-order saddle points on the potential energy surface. Intrinsic reaction 

coordinate (IRC) calculations [45] were followed to check the energy profiles connecting 

each transition state, through a vibration analysis, to the expected Z and E forms (Fig.5).  

The TS1 was found to be more stable than TS2 and TS3 with an activation energy of 

41.8 kcal.mol
-1 

(Table 5 and Fig.5). Such a predominance of TS1 over the others introduces a 

clear-cut evidence that the most probable mechanism by which occur the Z/E isomerization in 

compound (2) is the nitrogen inversion pathway. 

 

Table 5. DFT calculation results for the transition states TS1, TS2 and TS3 obtained during 

the Z/E isomerization of oxime (2) through either inversion, or rotation, or a mixed inversion-

rotation mechanism.  

 

Inversion Rotation Inversion-rotation 

 

 

 

 

 

 

  

Ea1 = 41.8 kcal.mol
-1

 Ea2 = 55.0 kcal.mol
-1

 Ea3 = 46.4 kcal.mol
-1

 

𝛼𝑇
1  = 177.4º 𝛼𝑇

2 = 120.0º 𝛼𝑇
3 = 150.0º 

𝛼𝐺
1  = 123.3º 𝛼𝐺

2  = 119.4º 𝛼𝐺
3  = 123.1º 

dC=N = 1.246 Å dC-N = 1.299 Å dC=N = 1.264 Å 

 

 

TS1 structure 

 

TS2 structure 

 

TS3 structure 

 

 

 

                  



 

 

Figure 5. IRC plots for the transition states TS1, TS2 and TS3 obtained during the Z/E 

isomerization of oxime (2) through either inversion, or rotation, or a mixed inversion-rotation 

mechanism.  

 

3.5. In silico molecular docking study 

With the aim to corroborate the predicted biological activity derived from DFT 

calculations, in silico molecular docking studies in E. coli β-ketoacyl-acyl carrier protein 

synthase III (EcFabH) enzyme active site were performed. FabH catalyzes the first 

condensation step between acetyl-CoA and malonyl-ACP thus initiating the fatty acid 

elongation cycles [46], and has been validated as an attractive drug target [47]. Moreover, 

FabH inhibitors are distinguished because their target is different from that of common 

antibacterial drugs. Therefore, discovery of novel FabH inhibitors might be a potential 

orientation to overcome bacterial resistance. Given the fact that oxime derivatives have been 

shown to inhibit EcFabH [23, 47], in silico molecular docking experiments were conducted 

                  



as described previously with cycloalkanone oxime analogues of compound (2) [12], on both 

Z-(2) and E-(2) isomers to predict and compare their possible interaction modes and binding 

energies, using the reported crystal structure of E. coli FabH (EcFabH) (PDB entry code: 

1HNJ)
 
[25].  

Consistent with our previous docking results obtained with cyclopentanone oxime 

compounds [12], the best scoring position obtained (i.e., lowest energy complex) showed that 

Z-(2) and E-(2) isomers would be located at the right entrance of the catalytic cleft of the 

EcFabH active site. Moreover, in both cases, the docked isomers would also be positioned at 

a distance >9 Å from the catalytic Cys
112

, thus excluding any covalent interaction (Figs. 6A 

and 7A). Remarkably, these two isomers displayed different and clearly distinct predicted 

binding energy values. With a ΔEZ-(2) = −6.8 kcal.mol
-1

, the Z isomer would therefore exhibit 

a better affinity for the EcFabH active site than the E isomer (ΔEE-(2) = −6.1 kcal.mol
-1

).  

In order to schematically depict the hydrogen bonds and hydrophobic interactions 

between the ligand (i.e., Z-(2) or E-(2) isomer), and the active site residues of EcFabH during 

the binding process, each of the docked Z-(2)-EcFabH and E-(2)-EcFabH complexes was 

further subjected to interactions analysis using Ligplot+ v.1.4 [48]. In the obtained binding 

model (Fig. 6B), the two bulky phenyl groups of Z-(2) may be involved in π-stacking 

interactions with Trp
32

, GLy
152

, Ile
156

, Met
207

, Gly
209

 and Asn210, while the cyclohexanone 

oxime moiety would be stabilized by 2 H-bonding with Arg
36

 and Asn
247

 residues and 

interact with Thr
37

, Phe
213

 and Arg
249

 residues (Fig. 6B).  

 

                  



 

Figure 6. (A) In silico molecular docking of the Z-(2) isomer (yellow color) into the 

crystallographic structure of E. coli FabH in a van der Waals surface representation. The 

Cys
112

-His
244

-Asn
274

 catalytic residues of EcFabH active site are in magenta stick 

representation. Hydrophobic residues (alanine, leucine, isoleucine, valine, tryptophan, 

tyrosine, phenylalanine, proline, and methionine) are highlighted in white. (B) Ligplot+ 

analyses results: 3D representation of the schematic binding mode of Z-(2) (yellow color) in 

complex with EcFabH showing both hydrogen bonds (yellow dashed lines) and hydrophobic 

interactions. Selected residues of the EcFabH binding pocket are shown as gray sticks. The 

stick representation uses the following atom color-code: nitrogen, blue; oxygen, red; sulfur, 

yellow; and phosphorus, orange. Structures were drawn with PyMOL Molecular Graphics 

System (version 1.4, Schrödinger, LLC) using the PDB file 1HNJ [25]. 

 

                  



As depicted in Fig. 7A,B, the highest-scoring productive docking positions of E-(2) led 

to two concurrent and opposite binding modes resulting from a rotation around the Ph-P=S 

axis, i.e., E-(2)1 and E-(2)2 (Fig. 7B) with the same predicted binding energy value. 

Interestingly, despite an opposite orientation of the N-OH due to the Z/E isomerization, the 

binding mode of E-(2)1 is closely superimposable with that of the Z-(2) isomer, and also 

subjected to similar hydrophobic interactions with two H-bonding involving Arg
36

 and Arg
249

 

residues (Fig. 7C). In contrast, no Hydrogen bond was detected in E-(2)2 productive 

orientation, where only hydrophobic interactions were observed (Fig. 7D). Such discrepancy 

between the two binding modes of the E isomer might be a possible explanation for the less 

good predicted binding energy obtained. 

In a way to correlate these docking results with the potential respective inhibitory 

activity of Z-(2) and E-(2) isomers towards EcFabH, the (E)-N-((3,4-dihydro-2H-

benzo[b][1,4]dioxepin-7-yl)methylene)-hexadecan-1-amine (i.e., Cpd10), which is a potent 

inhibitor of EcFabH (IC50 = 1.6 µM) [23c], was also docked in the enzyme active site (Fig. 

S4 in Supplementary Information). In this case, the highest-scoring productive docking 

positions led to two reverse binding modes, mainly stabilized by hydrophobic interactions 

(Fig. S4 in Supplementary Information), and exhibiting the same predicted binding energy 

ΔECpd10 = −6.0 kcal.mol
-1

. Noteworthily, a pretty good level of concordance between these 

two favorable docked conformations of Cpd10 and the crystal structure of the Cpd23-

EcFabH (PDB entry code: 5BNR) [26] was also observed (Fig. S4B in Supplementary 

Information). 

Overall, this docking study with both Z-(2) and E-(2) isomers strongly suggest that the 

Z isomer would be able to block the access of the substrate into the EcFabH protein’s active 

site, therefore resulting in a more efficient predicted inhibitory activity than the E isomer, and 

even maybe better than Cpd10, used here as reference inhibitor. 

 

 

                  



 

Figure 7. (A) In silico molecular docking of the E-(2) isomer into the crystallographic 

structure of E. coli FabH in a van der Waals surface representation. The Cys
112

-His
244

-Asn
274

 

catalytic residues of EcFabH active site active site are in magenta stick representation. 

Hydrophobic residues (alanine, leucine, isoleucine, valine, tryptophan, tyrosine, 

phenylalanine, proline, and methionine) are highlighted in white. (B) Superimposition of the 

two equally scoring binding modes obtained, i.e., E-(2)1 (cyan color) and E-(2)2 (green 

color). (C-D) Ligplot+ analyses results: 3D representation of the schematic binding mode of 

E-(2)1 (C; cyan color) and E-(2)2 (D; green color) in complex with EcFabH showing both 

hydrogen bonds (yellow dashed lines) and hydrophobic interactions. Selected residues of the 

EcFabH binding pocket are shown as gray sticks. The stick representation uses the following 

atom color-code: nitrogen, blue; oxygen, red; sulfur, yellow; and phosphorus, orange. 

Structures were drawn with PyMOL Molecular Graphics System (version 1.4, Schrödinger, 

LLC) using the PDB file 1HNJ [25]. 

 

                  



 

4. Conclusion 

The molecular structure of a novel phosphorus-containing oxime [(2-

(hydroxyimino)cyclohexyl)diphenylphosphine sulfide, C18H20NOPS (2)] was studied by 

using various spectroscopic tools including FT-IR, NMR (
1
H, 

31
P, 

13
C), mass spectrometry 

and single crystal X-ray diffraction. The title compound was found to crystallize as the E 

isomer, but this material equilibrates in CDCl3 solution to give an E/Z ratio of 58:42, 

corresponding to an energy difference of 4.7 kcal.mol
-1

 in favor of the E isomer. The different 

mechanisms, inversion, rotation, or mixed inversion-rotation, by which could occur the Z/E 

isomerization, have been investigated computationally through DFT-transition state 

calculations, showing that the most probable mechanism for this isomerization is the nitrogen 

inversion pathway. The antibacterial activities of the Z and E isomers were compared, 

theoretically, in correlation with their LUMO-HOMO energy gap. The results of DFT 

calculations, both in the gas phase and in a simulated chloroform environment, showed that 

the Z isomer has the smaller LUMO-HOMO energy gap, indicating a better antibacterial 

activity than E isomer. This was corroborated by in silico molecular docking studies in 

EcFabH enzyme active site which also showed that the Z isomer exhibited a better predicted 

inhibitory activity than the E isomer, and even maybe better than Cpd10, used here as 

reference inhibitor. Encouraged by these results, other studies on the structural modification 

of such phosphorus-containing oximes, in order to obtain additional analogues enriched in Z 

isomer, are ongoing in our laboratory and will be reported in due course. This might further 

enhance the antibacterial activity of these pharmacophores. 
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