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In this study, a novel trans-(1E,2E)-benzil-O,O-dimethylsulfonyl dioxime (BDMDO) monomer was pre-
pared via a one-step dehydrochlorination reaction. BDMDO was characterized by 1H and 13C NMR,
UV–Vis, and FT-IR spectroscopies, CHN elemental analysis, mass spectrometry, energy-dispersive X-ray
spectroscopy, and TGA. According to the X-ray diffraction data, the BDMDO crystal structure was solved
as a trans-isomer dioxime. The lattice structure was stabilized by two types of H-bonds and a sufficient
number of interesting non-covalent supramolecular interactions such as the CAH� � �HAC bonds.
Molecular electrostatic potential measurements and Hirschfeld surface analysis were performed to
understand these interaction modes. The cis–trans isomerization in BDMDO as well as the structural,
vibrational, NMR, highest occupied molecular orbital/lowest unoccupied molecular orbital bandgap, den-
sity of states, and electronic properties were computed by the density functional theory and subsequently
compared with available experimental 1H and 13C NMR, UV–Vis, and FT-IR spectral data. The thermo-
gravimetric/derivative thermogravimetric behavior of BDMDO was determined experimentally under
an open-room atmosphere.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oximes (>C=N-O–H) and their derivatives such as > C=N-O-SO2-
R are useful building blocks in the preparation of organics with
SNO polar atoms (Türkkan et al., 2012). Generally, oximes are pre-
pared by the reaction of ketones or aldehydes with hydroxylamine.
They are considered as key synthetic precursors because they can
be easily converted to carbonyl, amino, nitro, and cyano groups
(Özyürek et al., 2014). This makes oximes essential in laboratories,
industries, and in our daily life. For example, in Japan,
perillaldehyde-oxime or perilla sugar is used as a synthetic sweet-
ener as it is two thousand times sweeter than sucrose (Adebayo
et al., 2017). Oximes are also used in medicine to treat organophos-
phate poisoning as antibiotics such as mesylate, gemi-floxacin obi-
doxime chloride, and pralidoxime chloride (Türkkan et al., 2012)
and as pesticides and fungicides such as diazinon and malathion
(Adebayo et al., 2017). In addition to their antifungal, antioxidant,
antiviral, and antibacterial properties, oximes reportedly exhibit
tumor growth inhibition activities (Adebayo et al., 2017; Türkkan
et al., 2012; Lorke et al., 2008; Pohanish, 2017; Aakeröy et al.,
2013; Talley et al., 2000). Furthermore, owing to their antioxidant
activities, oximes have numerous industrial applications, e.g., in
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Table 1
Experimental details.

Chemical formula C16H16N2O6S2

CCDC 794,517
Mr 396.43
Crystal system, space group Triclinic, P
Temp. (K) 293
a, b, c (Å) 5.392 (2), 9.300 (4), 9.420

(4)
a, b, c (�) 93.933 (9), 90.198 (11),

106.375 (9)
Z 4
V (Å3) 452.0 (3)
m (mm�1) 0.33
Radiation type Mo Ka
Diffractometer Rigaku RAXIS-RAPID
Crystal size (mm) 0.50 � 0.20 � 0.20
No. of measured, independent, and observed

[I > 2r(I)] reflections
2059, 2059, 1741

Rint 0.052
hmax (�) 58.8
(sin h/k)max (Å�1) 0.649
R[F2 > 2r(F2)], wR(F2), S 0.047, 0.157, 1.05
No. of reflections, parameters 2059, 119
Dqmax, Dqmin (e Å�3) 0.33, �0.43

Fig. 2. (a) ORTEP and (b) optimized B3LYP/6-311G(d) structures of BDMDO, and (c)
H-bonds and (d) CAH� � �HAC bond interactions.
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plastics, textiles, detergents, radical scavengers, and paint materi-
als(Talley et al., 2000; Türkkan et al., 2012; Adebayo et al., 2017;
Lorke et al., 2008; Pohanish, 2017). The chelating properties of oxi-
mes expand their applications and have attracted attention relat-
ing to their use as polar polydentate ligands. In this role, oximes
have been used to evaluate metal ions in environmental samples,
e.g., uranium in seawater, nickel and cobalt in tap water and those
Fig. 1. (a) EDX and (

Scheme 1. Synthes
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present in plant foodstuffs and meat (Görgülü and Dede, 2019;
Zengin et al., 2019; Motaleb and Selim, 2019; Warad et al.,
2018a). Moreover, metal complexes using oximes as ligands have
been used as catalysts because of their mode of coordination and
b) MS of DMDO.

is of BDMDO.



Table 2
Selected experimental XRD and DFT-B3LYP calculated angles and bond lengths.

Bond no. Bond (Å) Exp. XRD DFT/B3LYP Angles no. Angles (�) Exp. XRD DFT/B3LYP

1 S(1) O(1) 1.618(2) 1.6907 1 O(1) S(1) O(2) 101.8(1) 108.44
2 S(1) O(2) 1.412(2) 1.4589 2 O(1) S(1) O(3) 110.0(1) 109.68
3 S(1) O(3) 1.413(2) 1.4564 3 O(1) S(1) C(8) 102.3(1) 94.24
4 S(1) C(8) 1.743(2) 1.7969 4 O(2) S(1) O(3) 120.1(1) 121.15
5 O(1) N(1) 1.438(3) 1.4266 5 O(2) S(1) C(8) 111.0(1) 110.04
6 N(1) C(7) 1.281(3) 1.2857 6 O(3) S(1) C(8) 109.9(1) 109.94
7 C(1) C(2) 1.383(4) 1.395 7 S(1) O(1) N(1) 110.3(1) 110.25
8 C(1) C(6) 1.372(3) 1.3782 8 O(1) N(1) C(7) 109.3(2) 110.96
9 C(2) C(3) 1.352(4) 1.3556 9 C(2) C(1) C(6) 119.9(2) 119.28
10 C(3) C(4) 1.353(4) 1.3544 10 C(6) C(7) C(7) 120.8(2) 121.22

Fig. 3. (a) XRD/DFT bond length relation and its graphical correlation; (b), (c) DFT/XRD angle relation and its graphical correlation (d).

Scheme 2. Trans–cis isomerization studied by DFT.
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Fig. 4. Energy and structure profiles of trans–[TSQTS2]–cis isomerization.

Fig. 5. (a) dnorm, (b) shape index, (c) curvedness struct
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structural stability (Gup et al., 2017; Stoumpos et al., 2010;
Westcott et al., 2016; Bulatov et al., 2014). Information pertaining
to the energetic, structural, molecular, vibrational, magnetic, and
electronic behavior of these compounds has been obtained by
the density functional theory (DFT), which has facilitated investi-
gation into the design, synthesis, and characterization of novel
materials based on oximes (Aouad et al., 2018).

To the best of our knowledge, neither the experimental spectra
of trans-(1E,2E)-benzil-O,O-dimethylsulfonyl dioxime (BDMDO)
nor DFT-quantum chemical calculations have been reported to
date. In this study, we have reported the synthesis and character-
ization of the trans-dioxime, DMDO. The DFT/experimental struc-
tural and spectral parameters were matched in this study.
Hirschfeld surface analysis (HSA) and molecular electrostatic
potential (MEP) computational analysis were employed to under-
stand the X-ray diffraction (XRD) packing connections. The cis–
trans isomerization process was computed successfully by DFT.
The thermal behavior of the desired dioxime was determined
experimentally using thermogravimetry/derivative thermo-
gravimetry (TG/DTG).
ures, and (d) inside/outside 2D-FP plot of BDMDO.



Fig. 6. 1H NMR: (a) experimental and (b) GIAO, and 13C NMR: (c) experimental and
(d) GIOA spectra of BDMDO.
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2. Experimental section

2.1. Instruments, software, and calculations

The chemicals used in this study were purchased from Sigma-
Aldrich Chemicals and used as received. The XRD structural analy-
sis was performed on a Rigaku RAXIS-RAPID 1000 diffractometer
fitted with a charge-coupled device. The UV–Vis analysis was con-
ducted on a Thermo Scientific Genesys 10 s spectrophotometer.
Mass spectrometry (MS) measurements were conducted on a Var-
ian MAT 711 spectrometer. The CHN elemental analysis was con-
5

ducted using Perkin-Elmer Series I1 CHNSlO Analyzer 2400 and
IR analysis was performed using a Nicolet Nexus spectrometer.
The 1H and 13C NMR spectra were recorded on a JEOL ECS 400 or
LAMBDA 400 spectrometer. DFT calculations at the B3LYP level of
theory with a 6–311 G(p) basis set were performed using the Gaus-
sian09 software (Wolff et al., 2012). The XRD structure was solved
and refined using the SHELXT program)Sheldrick, 1997) and HSA
was carried out using the CRYSTAL EXPLORER 3.1 software
(Frisch et al., 2009).

2.2. Synthesis

A portion of methanesulfonyl chloride (0.8 g, 7.2 mmol) was
dissolved in a mixture of 8 mL of pyridine and 40 mL of tetrahydro-
furan (THF). The solution was cooled to �5 �C, and treated drop-
wise with 0.84 g (3.5 mmol) of diphenylglyoxime in THF for 1 h.
The mixture was continuously stirred for 6 h at room temperature,
and subsequently treated with 40 mL of dichloromethane and
200 mL of water in a 500 mL separating funnel. The dichloro-
methane layer was separated, followed by evaporation to obtain
the desired product as white crystals in 80% yield (Warad et al.,
2010). 1H NMR (CDCl3, ppm): d 3.5 (s, 6H), 7.2–8.0 (3 m, 10H-
ph), 13C NMR d 28.0 (2CH3), 120.0–130.0 (12C-ph), 134.5 (2C=N)
(See Table 1).
3. Results and discussion

3.1. Synthesis, CHN elemental analysis, and energy-dispersive X-ray
(EDX) analyses

BDMDO was synthesized by the dehydrogenation of 1 equiv. of
(1E,2E)-benzil dioxime and 2 equiv. of methanesulfonyl chloride in
dry THF using pyridine as a soft base. The elemental analysis indi-
cated the theoretical values for the formation of a 1:2 mononuclear
dioxime, as shown in Scheme 1.

The EDX analysis results reflected the stereochemistry of the
components that combined to form DMDO. The EDX analysis
results of the BDMDO structure indicated the presence of four
types of atoms, including S, O, N, and C atoms, in its backbone, as
shown in Fig. 1a.

The MS results of BDMDO (m/z = 396.1 (observed), 396.52 (the-
oretical), Fig. 1b), exhibited sufficient correlation with C16H16N2O6-
S2: Anal. Calcd C, 48.47; H, 4.07; N, 7.07, found: C, 48.36; H, 4.08; N,
7.01%.

3.2. X-ray single crystal diffraction and DFT calculations

The ORTEP and DFT-optimized structures of BDMDO are illus-
trated in Fig. 2a and b, respectively. The bond length and angle val-
ues obtained by DFT and XRD are summarized in Table 2. BDMDO
was crystallized in the lattice with triclinic and P space groups
without any solvent molecules in the crystal lattice. Only the
anti-isomer was detected by XRD, where the N–SO2CH3 functional
groups were pointed far away from each other because of steric
hindrance. No sterically disfavored syn isomer was detected by
XRD, which is consistent with the previous report of the cis oxime
being the less stable isomer [24]. The C@NAOAS torsion angle of
177.8� indicated a preference for close planarity; the N@C� � �C@N
dihedral angle was found to be 180�, which is assumed to be a
stable trans-conformation isomer of BDMDO. The S-O, OAN, and
C@N bond lengths of 1.619, 1.438, and 1.281 Å, respectively, and
the OAN@C, SAOAN, and SAOAC angles of 109.32�, 110.26�, and
102.25�, respectively, were consistent with literature data (Plater
et al., 2019). In the XRD packing system, the BDMDO molecules
were linked by 2H-bond types, such as CPh-H� � �O=SO2- and CMe-



Fig. 7. Infrared spectra of BDMDO: (a) Experimental, (b) B3LYP/IR, and (c) Exp./DFT relation.

Fig. 8. UV–Visible and TD-DFT spectra of BDMDO in MeOH.
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H� � �O=SO2- with 2.611 and 2.702 Å bond lengths, respectively, as
shown in Fig. 2c, and interesting supramolecular non-covalent
interactions such as CAH� � �HAC bonds with a bond length of
2.378 Å, as shown in Fig. 2d.

There was an excellent agreement between the DFT/XRD bond
lengths and angles, as shown in Fig. 3a and c, respectively. The
graphical correlation (R2) of the bonds is 0.9798 (Fig. 3b), while
that of the angles is 0.9801 (Fig. 2d). Thus, a significant correlation
was established between the XRD/DFT structural parameters.
3.3. Trans–cis isomerization in DMDO

Based on the analysis of the XRD patterns recorded in this
study, the trans-isomer was preferentially isolated over the cis-
isomer in accordance with steric effect rules. As other researchers
have been able to detect cis isomers of oximes by XRD, we believe
that it is possible for the dioxime to be isomerized from trans to cis
under mild conditions.

Therefore, in the gaseous state and by ignoring any molecular
interaction, the trans–cis isomerization in BDMDO was simulated
using DFT/B3LYP/6-311G(d) via a 180� flip rotation around the
highlighted Csp2–Csp2 bond, as shown in Scheme 2. The transition
state (TS) structure of BDMDO was investigated using the QTS2
model. The stereo-chemical variation between the trans and cis iso-
mers was simulated by performing a 180� flip rotation around the
6

highlighted N@C*� � �C*@N sp2–sp2 bond; a dramatic change
occurred in the dihedral angle of trans N@C� � �C@N from 180� to
0� as in the cis-isomer; meanwhile, the DFT/QTS2 system TS dihe-
dral angle was found to be ~ 90�. The global-minimum energy of
the trans-isomer was determined to be � 1976.31730871 a.u. with
Etrans = 0.0 kJ (zero reference energy) as it was more stable com-
pared to the cis-isomer. Meanwhile, the global-minimum energy
of the cis-isomer was determined to be � 1976.31495695 a.u. with
Ecis = 6.10 kJ. The energy of the TS was found to be � 1976.3130
7314 a.u. with ETS = 11.12 kJ. The TS structure was recorded in
between the trans–cis structures with a N@C� � �C@N dihedral angle
of ~ 90�. The isomer energy profile was consistent with the XRD
result since it displayed the trans-isomer as the more stable isomer
(less sterically hindered) as compared to the cis-isomer (more
steric hindrance). The trans–cis isomerization energy in the gas-
eous state was very low, which is not surprising because a simple
180� single bond Csp2–Csp2 flip rotation was performed, as shown
in Fig. 4.
3.4. Hirschfield and fingerprint (FP) surface computation

The calculations for elucidating HSA and FP(Titi et al., 2020;
Barakat et al., 2018; Warad et al., 2018b; Aouad et al., 2019) of
the molecular surface interactions in BDMDO were performed
using the original crystallographic information (Fig. 5). The HSA
result reflected the formation of a cross-like structure with four
red points around the O atoms, which built the O� � �H bonds. No
N. . .H bonds were detected, which supports the XRD packing result.
The percentage ratio of atom. . .atom FP contacts decrease in the
order of H� � �H (32.0%) > H� � �O (22%) > H� � �C (6%) > H� � �N and
H� � �S (<1%), as shown in Fig. 5d.
3.5. NMR investigation

The r bonds for the C and H atoms in BDMDO are theoretically
supported by the gauge-including atomic orbital (GIAO) approach,
and the experiments were performed with CDCl3 as the solvent.
The 1H NMR spectrum showed a signal at 3.5 ppm, corresponding
to the CH3 group of methylsulfonyl, and three peaks, which
belonged to the aromatic hydrogen between 7.2 and 8.0 ppm, as
illustrated in Fig. 6a. The GIAO calculated rH reveals an excellent



Fig. 9. (a, b) MEP, (c) HOMO/LUMO energy gap, and (d) density of states of BDMDO.

Fig. 10. TG/DTG curves of BDMDO.
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correlation with the corresponding experimental result, as shown
in Fig. 6b (rH of CH3 is ~ 3.45 and rH of H-Ph is ~ 7–8 ppm).

The experimental 13C NMR spectrum showed one signal for
three carbons in the aliphatic region corresponding to the CH3

group at 28 ppm, six signals corresponding to 12C-Ph at 120–
130 ppm, and one signal corresponding to two carbons of C@N at
165 ppm, as shown in Fig. 6c. The GIAO calculated carbon chemical
shifts revealed a good correlation with the experimental result
except for the C@N carbon, which was observed at 134.5 ppm, as
shown in Fig. 6d.
7

3.6. Experimental/DFT–IR investigation

The experimental IR spectrum of BDMDO exhibited many bands
corresponding to CPh-H, CMe-H, C@N, S@O, NAO, SAO, and SAC
stretching vibrations. The stretching vibrations of the main func-
tional groups are indicated as follows: the broadest band in the
BDMDO spectra was assigned to ʋC=N at 1602 cm�1; aromatics
exhibited multiple bands in the 3110–3020 cm�1 region due to
CPh-H. For the methoxy group, CMe-H appeared in the 2880–
2800 cm�1 range, and the sulfonyl group S@O bands appeared in
the 1380–1260 cm�1 range. Other functional groups were assigned
to their expected positions, as shown in Fig. 7a. The IR scaled fol-
lowing the DFT/B3LYP/6-311G(p) method was found to be close
to the experimental result (Fig. 7b). The DFT frequencies were
slightly higher than those obtained from the experimental IR anal-
ysis because the B3LYP-IR was computed in the gaseous state,
while the experimental IR analysis was performed in the solid-
state. In general, an excellent correlation was observed between
the experimental and DFT/IR analyses, as evidenced by the correla-
tion coefficient of 0.9984 (see Fig. 7c).
3.7. UV–Visible and TD-DFT/B3LYP comparison

The UV–Visible spectral measurements and time-dependent
DFT (TD-DFT) calculations using B3LYP exchange correlation func-
tional with 6-311G(p) basis set were performed on BDMDO in
methanol and combined as shown in Fig. 8. The observed and
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DFT-predicted wavelengths were in the UV region. In the experi-
mental UV–Vis spectrum, only a p ? p* broad electron band with
kmax = 225 nm was recorded and there was no other peak in the
visible area. The TD-DFT spectrum was consistent with this obser-
vation but with a very small red-shift (kmax = 228 nm with
Dk = 3 nm) (Fig. 8b). The TD-DFT peak corresponds mainly to the
electron transitions from HOMO to LUMO.

3.8. MEP, HOMO/LUMO, and density of states

The MEP is one of the best theoretical methods for predicting
the reactive centers in molecules. It was plotted for BDMDO as
shown in Fig. 9a. The electron-rich (negative charge) area is indi-
cated with red color around the O atoms, while the positive charge
(electron-poor) area is highlighted with blue color around the
methyl protons. The red color of the O region is very suitable for
electrophilic attack by the blue-colored electrophilic protons to
form H� � �O bonds. The green predominant regions correspond to
a potential halfway (red and blue region) in between and do not
induce sufficient binding. Such results match well with the XRD
and HSA results. The HOMO/LUMO molecular orbital shapes and
energy levels were computed using DFTB3LYP/6-311G(d), as illus-
trated in Fig. 9b. The computed fragment molecular orbital pro-
vided sufficient information about the HOMO/LUMO energy gap,
DELUMO–HOMO, and the electronic properties of the HOMO and
LUMO (Bulatov et al., 2014; Aouad et al., 2018; Wolff et al.,
2012; Sheldrick, 1997; Frisch et al., 2009; Warad et al., 2010;
Plater et al., 2019). The chemical reactivity of the systems corre-
sponds to the DELUMO–HOMO value and is associated with the chem-
ical stability of the molecules. Since both HOMO and LUMO have
negative energy values, BDMDO should have been stabilized;
moreover, the DELUMO–HOMO was found to be 0.118 a.u. with
3.211 eV, which is a very small energy gap that facelifted the elec-
tron in accordance with the p-electrons of the 2C = N conjugation
structural system. The small energy gap increased the chemical
reactivity, softness, and polarizability of the desired compound
[24]. The value of DEgap = 3.22 eV obtained by the DOS calculation
(Fig. 9d) is consistent with the energy level calculated by the
HOMO/LUMO method.

3.9. Thermogravimetric analysis

The thermogravimetric/derivative thermogravimetric (TG/DTG)
analysis of BDMDO showed one stage of decomposition pattern
from 25 to 350 �C in an open-air O2 atmosphere at a heating rate
of 10 �C/min. Below 105 �C, BDMDO displayed high thermal stabil-
ity (Fig. 10). The compound was thermally de-structured in broad
steps in the range of 110–200 �C with one TDTG = 130 �C. Therefore,
BDMDO was completely decomposed, and consequently, zero resi-
due weight was detected at T > 200 �C.
4. Conclusion

In this study, BDMDO was synthesized and fully characterized.
The XRD results of BDMDO confirmed the formation of a trans-iso-
mer. DFT studies supported the XRD results and the possibility of
trans–cis isomerization as the energy between the two isomers
was low. The QTS2 model reflected the TS with a N@C� � �C@N dihe-
dral angle of ~90�. The supramolecular assemblies supported the
formation of non-covalent CAH� � �HAC and H-bond interactions
in the molecular lattice; such interactions were successfully com-
puted by MEP and HSA. The NMR spectra sufficiently matched
their corresponding DFT/6-311G(d) parameters, such as HOMO–
LUMO, TD-SCF, B3LYP/IR, and GIAO NMR. The optimized DFT/
B3LYP/6-311G(d) structural parameters also correlated well with
8

the experimental XRD data. The TG/DTG behavior reflected the
good thermal stability of the dioxime and revealed that it decom-
posed via a single-step mechanism.
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