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Abstract: 11H-Indeno[1,2-b]quinoxalin-11-one oxime (IQ-1) and tryptanthrin-6-oxime are potent
c-Jun N-terminal kinase 3 (JNK-3) inhibitors demonstrating neuroprotective, anti-inflammatory and
anti-arthritic activity. However, the stereochemical configuration of the oxime carbon–nitrogen
double bond (E- or Z-) in these compounds was so far unknown. In this contribution, we report the
results of the determination of the double bond configuration in the solid state by single crystal X-ray
diffraction and in solution by 1D and 2D NMR techniques and DFT calculations. It was found that
both in the solid state and in solution, IQ-1 adopts the E-configuration stabilized by intermolecular
hydrogen bonds, in contrast to previously assumed Z-configuration that could be stabilized only by
an intramolecular hydrogen bond.

Keywords: kinase inhibitor; oxime; crystal structure; nuclear magnetic resonance; rotation barrier

1. Introduction

Every year, the number of diseases associated with inflammatory processes in the body,
heart dysfunction and the regulation of metabolism is increasing [1]. Enzymes of the c-Jun
N-terminal kinase (JNK) family are known to play an important role in human body func-
tioning [2]. JNKs are involved in the regulation of inflammation [3], participate in signaling
pathways leading to apoptosis and necrosis [4,5], and regulate some transcriptional and
non-transcriptional processes that damage the brain neurons and cardiomyocytes during
ischemia/reperfusion [6,7]. JNKs are also involved in the embryonic development of the
heart, the regulation of metabolism [8], and the normal functioning of the myocardium.
JNK activation is an important link in the pathogenesis of cancer [9], obesity [10], diabetes
mellitus [11], insulin resistance [10], and metabolic syndrome [8].

11H-Indeno[1,2-b]quinoxalin-11-one derivatives are effective and specific inhibitors
of the c-Jun N-terminal kinases (JNK) and can be considered as basic compounds for the
development of anti-inflammatory drugs [12]. In particular, IQ-1, the oxime derivative
of 11H-indeno[1,2-b]quinoxalin-11-one (Scheme 1) inhibited the activity of three isoforms
of the JNK enzyme and, consequently, the production of proinflammatory cytokines in
murine and human monocytic cells [13]. Subsequently, it was shown that IQ-1 suppresses
inflammation and cartilage destruction processes are associated with collagen-induced
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arthritis [14] and also protect against reperfusion injury in acute cerebral ischemia in
mice [15–17]. Recently, for sodium salt of IQ-1 known as IQ-1S, an antihypertensive
effect associated with the attenuation of blood viscosity and a decrease in endothelin-1
production was reported [18]. Several derivatives of IQ-1 with the substituents in the
aromatic rings inhibited lipopolysaccharide (LPS)-induced nuclear factor-κB/activating
protein 1 (NF-κB/AP-1) activation and interleukin-6 (IL-6) production, which is important
for anti-inflammatory activity [19]. Nie et al. demonstrated that IQ-1S protected the mice
from sepsis through inhibiting the JNK signaling pathway [20]. The mechanism of IQ-1S
anti-inflammatory activity was studied by Seledtsov et al., and it was found that IQ-1S
suppresses functionality of both macrophages and T cells [21]. Zhdankina et al. proposed
IQ-1S as a promising prophylactic agent for age-related macular degeneration, since it
significantly improved the retinal ultrastructure and increased the number of mitochondria
in rats [22].
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A number of indenoquinoxaline derivatives were synthesized and studied for antitu-
mor activity in [23]. The most active compound was 11-{[3-(dimethylamino)propoxy]imino}-
N-[3-(dimethylamino)propyl]-11H-indeno[1,2-b]quinoxaline-6-carboxamide, which demon-
strated antiproliferative activity against cell lines of adenocarcinoma of the breast (MB231),
adenocarcinoma of the prostate (PC-3) and hepatocarcinoma (Huh-7). Phosphonate deriva-
tives of IQ-1 proved to be active against two carcinoma cell lines—human hepatocellular
carcinoma (HePG2) and human Caucasian breast adenocarcinoma (MCF7) [24]. Arene–
ruthenium complexes with IQ-1 demonstrated cytotoxicity against pancreatic adenocarci-
noma (PANC-1) [25] and cisplatin-resistant breast cancer (MCF7CR) [26] cells.

The natural alkaloid tryptanthrin can be considered as a structural analogue of 11H-
indeno-[1,2-b]-quinoxalin-11-one. Tryptanthrin contains a quinazoline fragment annulated
to indole with two carbonyl groups at positions 6 and 12. A large number of natural
and synthetic tryptanthrin derivatives containing various substituents at six positions
of the indolo[2,1-b]quinazoline core are known [27–30]. Tryptanthrin-6-oxime (Trp-Ox,
Scheme 1) was shown to express JNK3 inhibitory activity comparable to that of IQ-1 [31].
Trp-Ox significantly attenuated the development of collagen-induced arthritis and collagen–
antibody-induced arthritis in mice, indicating it as a promising agent against the rheuma-
toid arthritis [32]. An O-acyl derivative of Trp-Ox demonstrated strong binding with
JNK1-3 isoforms with nanomolar values of dissociation constants and inhibited the pro-
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duction of proinflammatory cytokines, indicating the potential of Trp-Ox derivatives as
anti-inflammatory drugs [33].

Despite a wide range of potential therapeutic activity, the stereochemistry of the oxime
C=N double bond in IQ-1 and Trp-Ox is still unknown; in some works, they were assigned
as individual Z- or E-isomers, or considered as a mixture of dynamically interconverting
isomers [34]. However, it is well known that the stereochemical configuration of drugs plays
a crucial role in their activity, including the active pharmaceutical ingredients among the
class of oximes [35,36]. Thus, fluovoxamine expresses the antidepressant only in the form
of E-isomer [37]. For better understanding of the mechanisms of action of the oximes IQ-1
and Trp-Ox, it is therefore important to establish the correct stereochemical configurations
of these compounds. In this work, we report the experimental, i.e., X-ray diffraction in the
solid state and NMR in solution and theoretical investigation of E/Z-isomerism or IQ-1
and Trp-Ox that allowed to unambiguously assign them as E-isomers.

2. Materials and Methods
2.1. NMR and X-ray Diffraction Equipment

NMR spectra were recorded on a Bruker Advance 500 instrument (Billerica, MA, USA).
The solvent residual peaks were used as internal standards. The operating frequencies
were 500.13 MHz for 1H, 125.76 MHz for 13C and 50.69 MHz for 15N. The default pulse
sequences supplied with the NMR software were used in 2D NMR experiments.

Diffraction data for single crystals of compounds IQ-1 and Trp-Ox·Py were collected
with a Bruker D8 Venture diffractometer (Bruker Corporation, Billerica, MA, USA) with a
CMOS PHOTON III detector and IµS 3.0 source (mirror optics, λ(CuKα) = 1.54178 Å). The
ϕ- andω-scanning techniques were employed to measure the intensities.

Diffraction data for single crystals of Trp-Ox were obtained on the “Belok/XSA” beam-
line [38,39] (λ = 0.7527 Å) of the National Research Center “Kurchatov Institute” (Moscow,
Russian Federation) using a Rayonix SX165 CCD detector (Rayonix LLC, Evanston, IL,
USA). The data were indexed, integrated and scaled, and absorption correction was applied
using the XDS program package [40,41].

The structures were solved by the dual-space algorithm (SHELXT [42]) and refined
by the full-matrix least-squares technique (SHELXL [43]) in the anisotropic approximation
(except hydrogen atoms). Positions of the hydrogen atoms were calculated geometrically
and refined in the riding model.

2.2. Computational Chemistry Details
2.2.1. NMR Chemical Shift Calculations

The calculations were performed using Gaussian 09 package [44]. The structures
of IQ-1 and Trp-Ox were fully optimized at the DFT level of theory employing the
three-parameter hybrid B3LYP functional [45–48] and 6-31+G(d,p) or 6-311+G(2d,p) basis
set [49–52]. The energy minimum character of the found stationary points was confirmed
by the absence of imaginary frequencies calculated in a harmonic approximation. Grimme’s
empirical dispersion correction with Becke–Johnson damping (GD3BJ) [53] was applied
for all B3LYP calculations. Solvation effects were taken into account using the IEFPCM
dielectric continuum model [54] and dimethyl sulfoxide as a solvent.

The calculation of the magnetic shielding constants (σ) was performed by the gauge-
independent atomic orbital (GIAO) method [55] within the DFT framework using the
following functionals and basis sets: WP04 [56]/aug-cc-pVDZ [57]; mPW1PW91 [58]/
6-311+G(2d,p) [49–52]; mPW1LYP [58]/6-311+G(2d,p) [49–52]; PBE0 [59,60]/6-311+
G(2d,p) [49–52]; mPW1LYP [58]/def2-TZVP [61,62]. The IEFPCM model and the DMSO
solvent were used in all the GIAO calculations. The values of chemical shifts relative to TMS
(δ, ppm) were calculated by the equation δ = (σ− b)/a; the slope a and intercept b values for
the selected computational models were taken from the corresponding publications [63,64].
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2.2.2. Thermodynamic Calculations for IQ-1 and Trp-Ox

The calculations were carried out using the ORCA 5.0 software package [65]. The
search for energy minima and the calculation of the thermodynamic characteristics of the
E- and Z-isomers of the studied oximes were carried out for the “in” and “out” O-H bond
orientations. The D3BJ dispersion correction [53] was taken into account in all the cases of
the DFT method application. Model chemistries B3LYP[G] [45–48,53]/6-31+G(d) [49–52]/
IEFPCM(DMSO) [54] and RI-B2PLYP [66,67]/def2-SVP [61,62]/SMD(DMSO) [68] were
used for the geometry optimization of E- and Z-isomers and transition states for E/Z-
isomerization. Gibbs free energies were calculated using the Quasi-RRHO approach [69]
which provides the most correct account for low-frequency normal vibrations, especially
important in calculations using the microsolvation model. Nudged Elastic Band with
Climbing Image (NEB-CI) methodology [70] was used for finding the transition states of
E/Z-isomerization reactions.

2.3. Preparation of Single Crystals for X-ray Diffraction Analysis
2.3.1. 11H-Indeno[1,2-b]quinoxalin-11-one Oxime (IQ-1)

Powder of oxime IQ-1 was prepared as previously reported [31]. A sample of 10 mg
of IQ-1 was placed in a mixture of 400 µL of acetone and 20 µL of water; the mixture was
refluxed on a hot plate until complete dissolution of the solid phase and allowed to cool to
room temperature while remaining on a powered-off hot plate.

2.3.2. Tryptanthrin-6-oxime (Trp-Ox)

Powder of oxime Trp-Ox was prepared as previously reported [31]. A sample of 5 mg
Trp-Ox was placed in a mixture of 600 µL of dimethylformamide and 420 µL of water; the
mixture was refluxed on a hot plate until complete dissolution of the solid phase and then
placed in a temperature-controlled oven, in which it was allowed to cool from 100 ◦C to
30 ◦C at a rate of 1.4 ◦C/h (during 50 h).

2.3.3. Tryptanthrin-6-oxime Pyridine Solvate (Trp-Ox·Py)

A sample of 18 mg Trp-Ox was dissolved in 200 µL of pyridine at 80 ◦C and allowed
to naturally cool to room temperature.

3. Results and Discussion
3.1. X-ray Crystal Structures
3.1.1. Crystal Structure of 11H-Indeno[1,2-b]quinoxalin-11-one Oxime (IQ-1)

Single crystals of IQ-1 were obtained by recrystallization from the acetone–water
mixture with slow cooling of the solution. The oxime IQ-1 crystallizes in a monoclinic
crystal system, space group Ia (Table 1). The asymmetric unit consists of one formula unit
(Figure 1) and the unit cell contains four formula units.
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Table 1. Crystallographic parameters and details of structure refinement for the studied oximes.

Parameter IQ-1 Trp-Ox·Py Trp-Ox

Chemical formula C15H9N3O C15H9N3O2·C5H5N C15H9N3O2
Mr 247.26 342.35 263.25

Crystal system, space group Monoclinic, Ia Monoclinic, P21/n Monoclinic, P21
Temperature (K) 150 92 100

a, b, c (Å)
4.4961 (1),
23.1804 (4),
14.3978 (3)

5.0745 (1),
12.3974 (2),
25.5587 (4)

13.614 (3),
4.898 (1),
17.322 (4)

β (◦) 98.812 (1) 92.126 (1) 90.12 (3)
V (Å3) 1482.85 (5) 1606.81 (5) 1155.1 (4)

Z 4 4 4
Radiation type Cu Kα Cu Kα Synchrotron, 0.7527 Å
µ (mm−1) 0.59 0.77 0.12

Crystal size (mm) 0.17 × 0.10 × 0.05 0.24 × 0.16 × 0.1 0.15 × 0.01 × 0.01
Tmin, Tmax 0.689, 0.753 0.689, 0.754 0.806, 1.000

No. of measured,
independent and

observed (I > 2σ(I)) reflections
4268, 2054, 1983 16,109, 3131, 2209 7050, 4249, 3075

Rint 0.023 0.061 0.076
(sin θ/λ)max (Å−1) 0.595 0.625 0.610

R[F2 > 2σ(F2)], wR(F2), S 0.037, 0.106, 1.06 0.046, 0.125, 1.03 0.066, 0.171, 1.03
No. of reflections 2054 3131 4249
No. of parameters 175 238 542
No. of restraints 2 – 1075

∆〉max, ∆〉min (e Å−3) 0.14, −0.17 0.25, −0.30 0.61, −0.24

Based on the X-ray crystal structure, the configuration of the oxime C=N double bond
was unambiguously determined as an E-isomer (Figure 1). The geometrical parameters of the
oxime group are d(C11–N3) = 1.293(4) Å, d(O1–N3) = 1.386(3) Å, ∠(C11–N3–O1) = 112.3(2)◦;
the dihedral angle Θ(C11N3O1H1) = 169(4)◦.

The molecules are linked into supramolecular chains via hydrogen bonds between
the OH oxime group and the nitrogen atom at position 5 of indeno[1,2-b]quinoxaline
fragment (Figure 2a), d(O1–H1···N1) = 2.731(3) Å, ∠(O1–H1···N1) = 162(5)◦. These chains
are oriented along the crystallographic axis c and the neighboring chains resemble mirror
images of each other, resulting in a non-centrosymmetric space group.
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The aromatic tetracyclic systems of IQ-1 are involved in π-π stacking interactions
which join them into perpendicular chains. The distance between the planes of the cycles is
3.345 Å (Figure 2b).

3.1.2. Crystal Structure of Tryptanthrin-6-oxime-pyridine Solvate (Trp-Ox·Py)

Crystallization of tryptanthrin-6-oxime from pyridine provided single crystals of the
solvate Trp-Ox·Py. This compound crystallizes in a monoclinic crystal system, space
group P21/n (Table 1). The asymmetric unit is represented by one Trp-Ox molecule and
one pyridine molecule (Figure 3a); the unit cell contains four formula units. The solvate
pyridine molecule is bound to the oxime group of Trp-Ox through a hydrogen bond,
d(O2–H2···N4) = 2.633(2) Å, ∠(O2–H2···N4) = 176◦. The oxime and pyridine molecules
are placed almost perpendicular to each other, and the angle between the planes of two
molecules is 84.5◦ (Figure S1). The geometrical configuration of the oxime C=N double
bond is E- with C2–N3 and N3–O2 bond lengths of 1.293(2) and 1.376(2) Å, and a bond
angle ∠(C2–N3–O2) = 110.7(2)◦. The dihedral angle Θ(C2N3O2H2) is 178(1)◦.
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Figure 3. Features of Trp-Ox·Py crystal structure: (a) Asymmetric unit of the structure, thermal
ellipsoids are drawn at 50% probability level; hydrogen atoms are shown as spheres of an arbitrary
radius; cyan dashed line indicates a hydrogen bond; (b) Supramolecular chains formed by N···HO
hydrogen bonds and O···HC short contacts; (c) Chains of Trp-Ox·Py molecules formed by π-π
stacking interactions.

Several types of intermolecular interactions were identified in crystal packing of Trp-
Ox·Py. Thus, pyridine molecules and the neighboring Trp-Ox molecules are involved in
C–H···O short contacts via the hydrogen atoms of pyridine rings at position 4 and the car-
bonyl groups at position 12 of the tryptanthrin tetracycles, d(C18–H18···O1) = 3.347(2) Å,
∠(C18–H18···O1) = 167.7◦. These contacts join the molecules into supramolecular chains
(Figure 3b). In turn, Trp-Ox molecules are involved in π-π stacking which packs the
molecules into perpendicular chains (Figure 3c). The distance between the planes of
tryptanthrin tetracycles is 3.326 Å.

3.1.3. Crystal Structure of Tryptanthrin-6-oxime (Trp-Ox)

In order to avoid the formation of solvate with pyridine, which can make one of the
geometrical oxime isomers more favorable and thus influence the geometry of the C=N
oxime bond, a series of other solvents (DMSO, DMF, acetone, acetonitrile, their mixtures
with water) and crystallization conditions were evaluated to obtain single crystals suitable
for X-ray structure determination. It was found that almost in all the tested crystallization
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conditions, Trp-Ox formed amorphous precipitates or microcrystalline conglomerates
unsuitable for structural analysis. Only slow cooling of the Trp-Ox solution in DMF water
afforded a microcrystalline product, the crystal structure of which was determined using
synchrotron X-ray radiation.

Tryptanthrin-6-oxime (Trp-Ox) crystallizes in a monoclinic crystal system, space group
P21 (Table 1). The asymmetric unit consists of two formula units of the oxime. One of
the Trp-Ox molecules in the asymmetric unit is disordered over two equally populated
positions differing in the relative orientation of two crystallographically independent
molecules (Figure S2). Similarly to the structure of Trp-Ox·Py, the oxime C=N bond adopts
E-configuration (Figure 4). Therefore, formation of pyridine solvate described above is
not the main factor determining the C=N bond configuration. The geometrical parame-
ters of the oxime group in Trp-Ox are close to those in Trp-OX·Py, only the oxime C=N
double bond is somewhat longer, d(C11–N3) = 1.319(8) Å, and the N3–O2 bond is slightly
shorter (1.347(7) Å), angle ∠(C11–N3–O2) = 113.6(5)◦; the dihedral angle Θ(C11N3O2H2)
is 180(1)◦. The differences in the bond length probably result from different hydrogen
bonding networks in Trp-Ox and Trp-Ox·Py.
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The Trp-Ox molecules are interconnected by hydrogen bonds involving the oxime
OH groups and the nitrogen atoms at position 5 of the tryptanthrin tetracycles (Figure 5a),
d(O2–H2···N2) = 2.735(7) Å, ∠(O2–H2···N2) = 161.1◦. These hydrogen bonds join the
molecules in ladder-type chains oriented along the crystallographic axis b (Figure 5b). The
chains in the crystal are packed in a spiral fashion, resulting in a chiral space group P21.

Summarizing the results obtained from X-ray diffraction analysis, one can conclude
that intermolecular hydrogen bonds involving the oxime group can form only for the
E-isomer. For the Z-isomer, such bonding is sterically hindered and only intramolecular in-
teractions are possible. Apparently, multiple intermolecular interactions involving E-oxime
molecules are more energetically favorable than single intramolecular hydrogen bonds in
the Z-isomer, and only the E-isomer crystallizes in the solid phase.

3.2. Evaluation of the Oxime Group Configuration in IQ-1 and Tpr-Ox in Solution by
NMR Methods

As shown in the previous section, in the solid state, both IQ-1 and Trp-Ox oximes
have the double bond E-configuration. At the same time, for biomedical applications, it is
important to know the spatial structure of the drug in solution.

The solubility of IQ-1 and Trp-Ox in water (about 0.54 mg/L, 2 µM) is insufficient for
their study by NMR in water; therefore, dimethyl sulfoxide-d6 was used as a solvent.

The 1H NMR spectrum of the oxime IQ-1 contains two signals at 13.36 and 13.26 ppm
in the region characteristic of the hydroxyl protons of the oxime group (Figure S3). The
ratio of the integral signal intensities is 1.00:0.11. In the resonance region of aromatic
protons (7.6–8.6 ppm), the signals of the two forms overlap, but the integral intensity of
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the signals corresponds to the ratio indicated above (Figure S3). It is obvious that two
sets of signals arise from the E- and Z-isomers of the oxime, with one of them noticeably
predominating. In the 13C NMR spectrum of compound IQ-1, there is a set of 15 signals
related to the main isomer, but there are also weak signals that can be attributed to the
second isomer (Figure S4).
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In the 1H and 13C NMR spectra of Trp-Ox, only one set of signals is observed
(Figures S5 and S6); therefore, in a solution, this compound is almost completely repre-
sented by one isomer. The signal of the oxime proton is located at 13.63 ppm (Figure S5).

The assignment of signals in the 1H and 13C NMR spectra of IQ-1 and Trp-Ox was
performed using 2D NMR spectroscopy methods HSQC (1H/13C), HMBC (1H/13C), HMBC
(1H/15N). The 2D NMR spectra plots are shown in Figures S7–S12 and the assignment of
the signals is given in Table 2.

Nuclear Overhauser effect 2D NMR spectroscopy (NOESY) was used to identify IQ-1
and Trp-Ox isomers. Two possible correlations for the isomeric forms of both oximes are
shown in Scheme 2. In the experimental NOESY spectra of both IQ-1 (Figure S13) and
Trp-Ox (Figure S14), only one cross-peak involving the oxime proton is observed, and in
both cases it corresponds to the interactions only possible for E-isomers (Scheme 2). NOESY
interaction of OH protons with H8 (IQ-1) or H4 (Trp-Ox) in E-isomers should not take
place because the distance between these atoms (~7 Å) surpasses the upper limit for NOE
cross-peak observation (4–5 Å) [71]. In Z-isomers, the internuclear distance for OH and
H4/H8 pair is in the suitable range (3.3–3.4 Å), but the corresponding cross-peaks are not
detected in the NOESY spectra probably due to low concentration of this minor isomer.
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Table 2. Assignment of the signals in NMR 1H and 13C of IQ-1 and Trp-Ox in DMSO-d6.

IQ-1
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Atom Label δ, ppm Atom Label δ, ppm

H-1 (d) 8.56 H-1 (d) 8.27
H-2 (t) 7.74 H-2 (t) 7.60
H-3 (t) 7.72 H-3 (t) 7.87
H-4 (d) 8.20 H-4 (d) 7.80
H-6 (d) 8.15 H-7 (d) 8.35
H-7 (t) 7.86 H-8 (t) 7.44
H-8 (t) 7.83 H-9 (t) 7.64
H-9 (d) 8.16 H-10 (d) 8.52

OH 13.37 OH 13.63
C-1 128.58 C-1 126.52

C-1a 135.9 C-2 127.48
C-2 131.81 C-3 134.65
C-3 132.28 C-4 128.08
C-4 122.02 C-4a 146.96

C-4a 132.94 C-5a 148.3
C-4b 152.73 C-6 144.21
C-6 129.72 C-6a 118.83

C-6a 141.73 C-7 127.36
C-7 130.66 C-8 126.62
C-8 129.69 C-9 132.04
C-9 129.18 C-10 116.23

C-9a 141.42 C-10a 139.28
C-10a 150.66 C-12 158.45
C-11 147.01 C-12a 121.54
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To obtain additional confirmation of the oxime double bond geometry, DFT calcula-
tions of NMR chemical shifts for E- and Z-isomers of IQ-1 and Trp-Ox were carried out.
Development of computational resources rendered quantum–chemical calculations of NMR
spectral parameters a powerful tool for establishing the structures of organic compounds,
including complex natural products [72–75] and even stereoisomers [76,77].

Five computational protocols known for their good accuracy in predicting 1H and 13C
chemical shifts for organic compounds were chosen for the calculations; these protocols
are further referred to as Methods A-E. The model chemistries used together with their
benchmark root mean square deviations (RSMD) for 1H and 13C chemical shifts are given
in Table 3.

Table 3. Computational models used in this work for the calculation of NMR chemical shifts.

Optimization Functional/
Basis Set a

NMR Calculation
Functional/Basis Set a,b

1H Slope/
Intercept c

13C Slope/
Intercept c RMSD 1H RMSD 13C

Method/
Reference

B3LYP[GD3BJ]/
6-31+g(d,p),

WP04/
aug-cc-pVDZ

−1.0138/
31.7867

−0.9862/
184.1552 0.0789 3.0255 A/[63]

B3LYP[GD3BJ]/
6-311+g(2d,p)

mPW1PW91/
6-311+g(2d,p)

−1.0942/
31.9142

−1.0466/
186.1689 0.1592 2.4351 B/[64]

B3LYP[GD3BJ]/
6-311+g(2d,p)

mPW1LYP/
6-311+g(2d,p)

−1.0804/
31.9940

−1.0507/
181.9422 0.1584 2.7796 C/[64]

B3LYP[GD3BJ]/
6-311+g(2d,p)

PBE0/
6-311+g(2d,p)

−1.0962/
31.8652

−1.0464/
186.9614 0.1622 2.4284 D/[64]

B3LYP[GD3BJ]/
6-311+g(2d,p)

mPW1LYP/
Def2TZVP

−1.0786/
31.9641

−1.0508/
181.8634 0.1684 2.852 E/[64]

a IEFPCM solvation model in DMSO was used in all cases; b all NMR calculations were performed using GIAO
approach; c slope (a) and intercept (b) are the coefficients of the linear equation σ = aδ + b (σ—calculated isotropic
shielding constant; δ—calculated chemical shift, ppm).

Using the indicated model chemistries, isotropic magnetic shielding constants for E-
and Z-isomers of IQ-1 and Trp-Ox were calculated, and the obtained values were converted
to NMR chemical shifts in DMSO using the corresponding slope and intercept coefficients
(Table 3). The complete list of the calculated chemical shifts is given in Tables S1-S2 and the
observed values of RMSD and linear correlation coefficients between the calculated and
the experimental chemical shifts (r2) are given in Table 4. The obtained prediction accuracy
parameters indicate that Method A showed the best performance in terms of RMSD, while
Method B provided the best linear correlation between the calculated and the experimental
values, which is consistent with the benchmark performance of these computational proto-
cols (Table 3). Representative examples of the correlation plots (obtained for 1H chemical
shifts using Method A) are shown in Figure 6, and the complete set of the plots is shown
in Figures S15–S24.

Table 4. Root mean square deviations and correlation coefficient between the calculated and the
experimental NMR chemical shifts in 1H and 13C spectra of E- and Z-isomers of IQ-1 and Trp-Ox.

Method A Method B Method C Method D Method E

E-Isomer Z-Isomer E-Isomer Z-Isomer E-Isomer Z-Isomer E-Isomer Z-Isomer E-Isomer Z-Isomer

IQ-1

RMSD
1H/13C 0.11/2.8 0.26/2.9 0.18/2.1 0.32/3.4 0.22/2.3 0.35/3.6 0.18/2.0 0.32/3.4 0.20/2.1 0.33/3.4

r2 1H/13C
0.9455/
0.9546

0.2911/
0.9413

0.9937/
0.9702

0.4464/
0.9134

0.9892/
0.9656

0.4742/
0.9101

0.9930/
0.9708

0.4382/
0.9120

0.9906/
0.9675

0.4657/
0.9106

Trp-Ox

RMSD
1H/13C 0.08/2.5 0.19/2.6 0.13/1.6 0.25/3.1 0.16/1.7 0.27/3.2 0.13/1.6 0.25/3.1 0.15/1.4 0.26/3.0

r2 1H/13C
0.9649/
0.9813

0.7285/
0.9633

0.9851/
0.9951

0.7620/
0.9659

0.9834/
0.9950

0.7662/
0.9619

0.9855/
0.9953

0.7653/
0.9650

0.9886/
0.9949

0.7808/
0.9613
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Figure 6. Correlation plots between the experimental and the calculated 1H NMR chemical shifts
(Method A) for: (a) E-IQ-1; (b) Z-IQ-1; (c) E-Trp-Ox; (d) Z-Trp-Ox.

As one can see from Figure 6 and Table 4, much better calculation–experiment correla-
tions were observed for E-isomers of IQ-1 and Trp-Ox for all computational models used.
Therefore, a dominating isomer in solution of IQ-1 as well as the only detected isomer of
Trp-Ox should be identified as E-isomers.

3.3. Calculation of Thermodynamic Parameters of the Isomeric IQ-1 and Trp-Ox

Having established the dominating forms of IQ-1 and Trp-Ox in the solid state and
in solution, it was necessary to estimate the relative thermodynamic stability of E- and
Z-isomers as well as evaluate the possibility of their interconversion. For this purpose, DFT
calculations were carried out for E- and Z-isomers of IQ-1 and Trp-Ox and the transition
state for E/Z-isomerization.

Geometry optimization of IQ-1 and Trp-Ox isomers in DMSO using the B3LYP func-
tional, the 6-31+G(d) basis set, and the CPCM solvation model leads to the results presented
in Table 5. For both isomers, two possible conformers designated as “in” and “out” with
respect to the position of the oxime proton were considered in the calculations.

For both oximes, the E-isomer has a thermodynamically more stable “out” conformer,
which is obviously explained by a steric repulsion between the hydrogen atoms of the oxime
group and the heterocycle in the “in” conformers. Z-isomers of IQ-1 and Trp-Ox are more
stable in the form of “in”-conformers, probably due to the formation of an intramolecular
hydrogen bond OH···N.
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Table 5. Calculated enthalpies and Gibbs free energies for E- and Z-isomers and conformers of IQ-1
and Trp-Ox in DMSO.

Structure
B3LYP[G]/6-31+G(d)/CPCM(DMSO) RI-B2PLYP/def2-SVP/SMD(DMSO)

H298, kJ/mol G298, kJ/mol H298, kJ/mol G298, kJ/mol

E-IQ-1 (in) 25.8 24.2 32.1 29.6
E-IQ-1 (out) 0 0 7.20 6.10
Z-IQ-1 (in) 1.15 2.05 0 0

Z-IQ-1 (out) 6.24 5.94 13.7 12.3
IQ-1_TS 214 214 214 213

E-Trp-Ox (in) 26.0 27.7 34.5 30.7
E-Trp-Ox (out) 0.13 0 9.56 8.19
Z-Trp-Ox (in) 0 0.92 0 0

Z-Trp-Ox (out) 9.31 8.79 19.5 18.0
Trp-Ox_TS 211 210 213 212

The search for transition states (TS) of oxime isomerization was carried out using
the Nudged Elastic Band with Climbing Image (NEB-CI) methodology [70] followed by
refinement of the TS structures. The analysis of normal vibrations shows the presence
of a single imaginary frequency, which unambiguously indicates the attainment of the
first-order saddle points. The imaginary frequency for both IQ-1_TS and Trp-Ox_TS
corresponds to the in-plane inversion of the oxime nitrogen atom, i.e., the isomerization
occurs without rotation around the C=N bond and is not accompanied by breaking of
the π-bond. This is consistent with the experimental and theoretical results obtained for
other compounds containing the C=N bond [78,79]. In this regard, the geometric structure
of the found transition states is characterized by an approximately linear arrangement
of the C=N–O atomic group. The calculated barriers for the E/Z-isomerization are about
200 kJ/mol (Table 5). Hence, at room temperature in DMSO, the interconversion of the
isomers is extremely unlikely.

According to the results presented in Table 5, the E-isomers of the studied oximes are
thermodynamically more stable than the corresponding Z-isomers. Thus, the difference
in the Gibbs free energies of two isomers (in the form of the most stable conformers) is
2.05 kJ/mol for IQ-1 and 0.92 kJ/mol for Trp-Ox. However, the use of the double hybrid
B2PLYP functional that accounts for the electron correlation in the framework of the second-
order perturbation theory, along with the SMD solvation model, more accurate for the
solvation energy estimation [68], leads to a greater thermodynamic stability of the Z-isomer
for both oximes (Table 5). The RI-B2PLYP calculations were carried out by refining the
previously optimized structures. In this case, the transition states were optimized using
the OptTS option of ORCA 5.0 program. The nature of the refined saddle points remained
the same, i.e., the single imaginary frequency corresponded to a planar inversion of the
oxime nitrogen atom through an approximately linear configuration of the C=N–O atomic
group (Figure 7a,b).

The use of a more accurate approximation does not significantly change the calculated
isomerization barriers compared to the data obtained with the B3LYP functional and the
CPCM solvation model. However, the calculated stability of IQ-1 and Trp-Ox Z-isomers
becomes higher than that of the corresponding E-isomers by 6–8 kJ/mol (Table 5). It
should be noted that the additional thermochemistry calculations for the E (out) and
Z (in) conformers of IQ-1 at other levels of theory using the SMD model led to similar
results. Thus, the values of ∆G◦298 (Z/E) and barrier heights (in kJ/mol) are 3.1 and 222
(RI-B2PLYP/def2-TZVP), 3.5 and 217 (B3LYP/6-311++G(2d,2p)), 4.0 and 226 (RI-MP2/def2-
SVPD). In all of these cases, the sign of ∆G◦298 (Z/E) does not agree with the results of
NMR experiments (Section 3.2) indicating a higher stability of E-isomers of oximes IQ-1
and Trp-Ox. This discrepancy can be explained by a specific solvation of the oximes by a
DMSO molecule which can form an intermolecular hydrogen bond with the oxime OH
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group in the “out” orientation. To evaluate the effect of such interactions on the relative
stability of geometric isomers, DFT calculations of IQ-1 and Trp-Ox were performed using
the microsolvation model with one explicit DMSO molecule.
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Figure 7. Energy diagrams and optimized structures for E- and Z-isomers and the transition
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A preliminary search for optimal orientations of one DMSO molecule relative to E
(out) or Z (out) conformers of two studied oximes, as well as the transition states of Z/E-
isomerization, was carried out using the PBEh-3c composite method [80] that provides
high speed and acceptable accuracy of calculations. The effect of bulk solvent was taken
into account within the CPCM model. Geometry optimizations of the “oxime·DMSO” or
“TS·DMSO” microsolvates led to an almost linear arrangement of O-H···O atom group
(Figure 7c,d) with an internuclear distance H···O near 1.5 Å indicative of a very strong
binding between the highly polar DMSO molecule and the oxime group. The angles
H···O=S are about 124–125◦. It should be noted that according to the Cambridge Structural
Database, similar intermolecular interactions between oximes and DMSO solvate molecules
are observed in 22 solid-state structures [81–95] with the mean O-H···O distance 1.816 Å
and the shortest distances of 1.65–1.69 Å [88,89].
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Based on the optimization results for several structures of each microsolvate dif-
fering in the angles of the DMSO molecule rotation about the O-H···O axis and the di-
rection of pyramidal sulfur atom inversion, the structures with the lowest energy were
selected for further optimization using a double hybrid functional at the RI-B2PLYP/def2-
SVP/SMD(DMSO) level of theory. For the E- and Z-isomers of oximes IQ-1 and Trp-Ox
(conformers E (out) or Z (out)), such structures are characterized by the DMSO methyl
group orientation towards the oxime nitrogen atom, whereas in a transition state microsol-
vate, the sulfur atom of DMSO is directed towards the nitrogen atom of the heterocycle
and to the nearest proton of the benzene ring (Figure 7c,d). The vibrational analysis of mi-
crosolvates of E- and Z-isomers confirms the attainment of energy minima on the potential
energy surface, while the “TS·DMSO” microsolvates have a single imaginary frequency,
which again corresponds to the planar inversion of the oxime nitrogen atom. Table 6 shows
the Gibbs free energies and some geometric characteristics of the calculated microsolvates.

Table 6. Gibbs free energies and some geometric characteristics of microsolvates with one explicit
DMSO molecule for geometric isomers of IQ-1, Trp-Ox and the transition states of Z/E-isomerization
calculated in the RI-B2PLYP/def2-SVP/SMD(DMSO) approximation.

Structure H298, kJ/mol G298, kJ/mol r(OH···O), Å ∠(H···O=S), ◦

E-IQ-1·DMSO (out) 0 0 1.525 123.0
Z-IQ-1·DMSO (out) 12.5 10.9 1.539 121.8

IQ-1_TS·DMSO 199 198 1.493 123.7

E-Trp-Ox-1·DMSO (out) 0 0 1.511 122.7
Z-Trp-Ox·DMSO (out) 15.7 14.0 1.523 122.7

Trp-Ox_TS·DMSO 196 196 1.479 123.4

In microsolvates, the distance r(OH···O) for transition states is somewhat shorter than
that for the E- and Z-isomers of compounds IQ-1 and Trp-Ox, in accordance with the larger
s-character of the oxime nitrogen atom at the top of the inversion barrier than in the minima
on the PES. The corresponding increase in the nitrogen electronegativity can be responsible
for the transition state stabilization by the DMSO molecule and for the decrease in the
calculated isomerization barriers by about 15 kJ/mol compared with the results obtained
using purely continuum solvation models (Table 5; Table 6).

Accounting for the specific solvation with dimethyl sulfoxide leads to higher calculated
stabilities of E-isomers relative to Z-isomers (Table 6), in accordance with the experimental
results. Thus, the calculated ∆G◦298 values for the isomerization process Eout·DMSO→
Zout·DMSO are approximately 11.0 and 14.1 kJ/mol for IQ-1 and Trp-Ox, respectively.
The reason for a lower thermodynamic stability of the Z-isomer may be its transition
from “in” to “out” conformation due to the formation of an intermolecular hydrogen
bond with the DMSO molecule and the resulting break of the intramolecular hydrogen
bond between the OH group and the nitrogen atom of heterocycle. This is confirmed, for
example, by Gibbs energies of the solvate formation in processes (1) and (2) calculated in
the RI-B2PLYP/def2-SVP/SMD(DMSO) approximation:

Eout + DMSO→ Eout·DMSO; ∆G◦298 = −23.6 kJ/mol (IQ-1), −25.2 kJ/mol (Trp-Ox), (1)

Zin + DMSO→ Zout·DMSO; ∆G◦298 = −6.5 kJ/mol (IQ-1), −3.0 kJ/mol (Trp-Ox). (2)

On the other hand, the E-isomer, along with the effect of specific solvation, remains
stabilized due to the weak intramolecular hydrogen bond between the oxime oxygen atom
and the nearest hydrogen atom in the benzene ring: the corresponding distances O···H are
2.42 and 2.47 Å in the microsolvates of IQ-1 and Trp-Ox.

We also performed DFT calculations of the microsolvates, each containing one explicit
water molecule as a hydrogen bond acceptor attached to the oxime OH group of the
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transition states and of the E- and Z-isomer “out” conformers in an aqueous solution.
The calculations made in the RI-B2PLYP/def2-SVP/SMD (Water) approximation led to
the results very similar to those obtained for the DMSO microsolvates. The calculated
∆G◦298 values for the Eout·H2O→ Zout·H2O interconversion equal 6.1 and 12.1 kJ/mol
for IQ-1 and Trp-Ox, while the TS·H2O microsolvates display Gibbs energies 194.5 and
190.4 kJ/mol above the corresponding Eout·H2O species formed by IQ-1 and Trp-Ox,
respectively (Figure 8). However, water solubilities of the investigated parent oximes are
very low, and efforts were undertaken to synthesize more soluble derivatives like oximates
of alkali metals [13,17] and compounds containing amine or carboxylic substituents in the
benzene rings [19] of IQ-1 and Trp-Ox.
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Figure 8. Energy diagrams and optimized structures for E- and Z-isomers and the transition states
for their interconversion: (a) IQ-1·H2O microsolvates; (b) Trp-Ox·H2O microsolvates.

4. Conclusions

In summary, using solid-state X-ray diffraction analysis, 1D and 2D NMR spectroscopy
in DMSO solution and DFT calculations it was confirmed that the preferable stereochemistry
of the oxime double bond in JNK3 inhibitors IQ-1 and Trp-Ox is E-configuration. In a
solid state, E-isomers are stabilized by intermolecular hydrogen bonds involving the oxime
OH group and nitrogen atoms of the heterocyclic rings. In a DMSO solution, according to
DFT calculations, the oxime OH group forms a strong hydrogen with the oxygen atom of
the solvent molecule, resulting in the stabilization of the E-isomer, while for the Z-isomer,
formation of the indicated hydrogen bond is sterically hindered. The energy barrier between
Z- and E-isomers in DMSO is about 200 kJ/mol at 298 K, making their interconversion
almost impossible at room temperature. Therefore, in biomedical studies involving IQ-1
and Trp-Ox inhibitors, they should be considered as E-isomers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15071802/s1, Figure S1: Fragment of the crystal
structure of Trp-Ox·Py showing the relative orientation of pyridine and tryptanthrin rings; Figure S2:
Crystal packing diagram of Trp-Ox showing two disordered positions of molecules (orange and
green), view along axis b; Figure S3: 1H NMR spectrum of IQ-1 in DMSO-d6 at 500 MHz; Figure S4:
13C NMR spectrum of IQ-1 in DMSO-d6 at 125 MHz; Figure S5: 1H NMR spectrum of Trp-Ox in
DMSO-d6 at 500 MHz; Figure S6: 13C NMR spectrum of Trp-Ox in DMSO-d6 at 125 MHz; Figure S7:
2D HSQC (1H/13C) NMR spectrum of IQ-1 in DMSO-d6; Figure S8: 2D HMBC (1H/13C) NMR
spectrum of IQ-1 in DMSO-d6; Figure S9: 2D HMBC (1H/15N) NMR spectrum of IQ-1 in DMSO-d6;
Figure S10: 2D HSQC (1H/13C) NMR spectrum of Trp-Ox in DMSO-d6; Figure S11: 2D HMBC
(1H/13C) NMR spectrum of Trp-Ox in DMSO-d6; Figure S12: 2D HMBC (1H/15N) NMR spectrum
of Trp-Ox in DMSO-d6; Figure S13: 2D NOESY (1H/1H) NMR spectrum of IQ-1 in DMSO-d6;
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Figure S14: 2D NOESY (1H/1H) NMR spectrum of Trp-Ox in DMSO-d6; Figure S15: Correlation plots
between the experimental and the calculated NMR chemical shifts (Method A) for IQ-1; Figure S16:
Correlation plots between the experimental and the calculated NMR chemical shifts (Method B) for
IQ-1; Figure S17: Correlation plots between the experimental and the calculated NMR chemical shifts
(Method C) for IQ-1; Figure S18: Correlation plots between the experimental and the calculated NMR
chemical shifts (Method D) for IQ-1; Figure S19: Correlation plots between the experimental and
the calculated NMR chemical shifts (Method E) for IQ-1; Figure S20: Correlation plots between the
experimental and the calculated NMR chemical shifts (Method A) for Trp-Ox; Figure S21: Correlation
plots between the experimental and the calculated NMR chemical shifts (Method B) for Trp-Ox;
Figure S22: Correlation plots between the experimental and the calculated NMR chemical shifts
(Method C) for Trp-Ox; Figure S23: Correlation plots between the experimental and the calculated
NMR chemical shifts (Method D) for Trp-Ox; Figure S24: Correlation plots between the experimental
and the calculated NMR chemical shifts (Method E) for Trp-Ox; Table S1: Calculated chemical shifts
in NMR 1H and 13C spectra of E- and Z-isomers of IQ-1 and experimental chemical shifts in DMSO-d6;
Table S2: Calculated chemical shifts in NMR 1H and 13C spectra of E- and Z-isomers of Trp-Ox and
experimental chemical shifts in DMSO-d6; crystallographic information files (CIF) and CheckCIF
reports for compounds Trp-Ox, IQ-1 and Trp-Ox·Py.

Author Contributions: Conceptualization, A.S.P. and A.I.K.; methodology, P.V.D. and V.A.L.; investi-
gation, V.V.M., D.I.P., A.R.K., T.S.S., E.H.S., P.V.D. and V.A.L.; writing—original draft preparation,
A.I.K., A.R.K.; writing—review and editing, A.S.P.; supervision, A.S.P.; funding acquisition, A.S.P.
and A.I.K. All authors have read and agreed to the published version of the manuscript.

Funding: The research was supported by Tomsk Polytechnic University development program
Priority 2030 (project Priority-2030-NIP/IZ-009-375-2023) and the Ministry of Science and Higher
Education of the Russian Federation (project 121031700321-3).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Experimental data associated with this research are available from the
authors. Crystallographic data for the structural analysis were deposited at the Cambridge Crystallo-
graphic Data Centre, CCDC No. 2249116 for Trp-Ox, 2249117 for IQ-1 and 2249118 for Trp-Ox·Py.
Copies of the data can be obtained free of charge from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK (fax: +44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Acknowledgments: The Siberian Branch of the Russian Academy of Sciences (SB RAS) Siberian
Supercomputer Centre is gratefully acknowledged for providing supercomputer facilities.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Bapat, S.P.; Whitty, C.; Mowery, C.T.; Liang, Y.; Yoo, A.; Jiang, Z.; Peters, M.C.; Zhang, L.; Vogel, I.; Zhou, C.; et al. Obesity alters

pathology and treatment response in inflammatory disease. Nature 2022, 604, 337–342. [CrossRef]
2. Widmann, C.; Gibson, S.; Jarpe, M.B.; Johnson, G.L. Mitogen-Activated Protein Kinase: Conservation of a Three-Kinase Module

from Yeast to Human. Physiol. Rev. 1999, 79, 143–180. [CrossRef]
3. Anfinogenova, N.D.; Quinn, M.T.; Schepetkin, I.A.; Atochin, D.N. Alarmins and c-Jun N-Terminal Kinase (JNK) Signaling in

Neuroinflammation. Cells 2020, 9, 2350. [CrossRef] [PubMed]
4. Davis, R.J. Signal Transduction by the JNK Group of MAP Kinases. Cell 2000, 103, 239–252. [CrossRef]
5. Wada, T.; Penninger, J.M. Mitogen-activated protein kinases in apoptosis regulation. Oncogene 2004, 23, 2838–2849. [CrossRef]
6. Shvedova, M.; Anfinogenova, Y.; Atochina-Vasserman, E.N.; Schepetkin, I.A.; Atochin, D.N. c-Jun N-Terminal Kinases (JNKs) in

Myocardial and Cerebral Ischemia/Reperfusion Injury. Front. Pharmacol. 2018, 9, 715. [CrossRef]
7. Shvedova, M.V.; Anfinogenova, Y.D.; Shchepetkin, I.A.; Atochin, D.N. c-Jun N-Terminal Kinases and Their Pharmacological

Modulation in Ischemic and Reperfusion Brain Injury. Neurosci. Behav. Physiol. 2018, 48, 721–728. [CrossRef]
8. Manieri, E.; Sabio, G. Stress kinases in the modulation of metabolism and energy balance. J. Mol. Endocrinol. 2015, 55, R11–R22.

[CrossRef] [PubMed]
9. Wagner, E.F.; Nebreda, Á.R. Signal integration by JNK and p38 MAPK pathways in cancer development. Nat. Rev. Cancer 2009, 9,

537–549. [CrossRef]

https://doi.org/10.1038/s41586-022-04536-0
https://doi.org/10.1152/physrev.1999.79.1.143
https://doi.org/10.3390/cells9112350
https://www.ncbi.nlm.nih.gov/pubmed/33114371
https://doi.org/10.1016/S0092-8674(00)00116-1
https://doi.org/10.1038/sj.onc.1207556
https://doi.org/10.3389/fphar.2018.00715
https://doi.org/10.1007/s11055-018-0622-4
https://doi.org/10.1530/JME-15-0146
https://www.ncbi.nlm.nih.gov/pubmed/26363062
https://doi.org/10.1038/nrc2694


Pharmaceutics 2023, 15, 1802 17 of 20

10. Solinas, G.; Becattini, B. JNK at the crossroad of obesity, insulin resistance, and cell stress response. Mol. Metab. 2017, 6, 174–184.
[CrossRef]

11. Kim, E.K.; Choi, E.-J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta-Mol. Basis Dis.
2010, 1802, 396–405. [CrossRef] [PubMed]

12. Schepetkin, I.A.; Plotnikov, M.B.; Khlebnikov, A.I.; Plotnikova, T.M.; Quinn, M.T. Oximes: Novel Therapeutics with Anticancer
and Anti-Inflammatory Potential. Biomolecules 2021, 11, 777. [CrossRef]

13. Schepetkin, I.A.; Kirpotina, L.N.; Khlebnikov, A.I.; Hanks, T.S.; Kochetkova, I.; Pascual, D.W.; Jutila, M.A.; Quinn, M.T.
Identification and characterization of a novel class of c-Jun N-terminal kinase inhibitors. Mol. Pharmacol. 2012, 81, 832–845.
[CrossRef] [PubMed]

14. Schepetkin, I.A.; Kirpotina, L.N.; Hammaker, D.; Kochetkova, I.; Khlebnikov, A.I.; Lyakhov, S.A.; Firestein, G.S.; Quinn, M.T.
Anti-inflammatory effects and joint protection in collagen-induced arthritis after treatment with IQ-1S, a selective c-Jun N-terminal
kinase inhibitor. J. Pharmacol. Exp. Ther. 2015, 353, 505–516. [CrossRef]

15. Atochin, D.N.; Schepetkin, I.A.; Khlebnikov, A.I.; Seledtsov, V.I.; Swanson, H.; Quinn, M.T.; Huang, P.L. A novel dual NO-donating
oxime and c-Jun N-terminal kinase inhibitor protects against cerebral ischemia–reperfusion injury in mice. Neurosci. Lett. 2016,
618, 45–49. [CrossRef]

16. Plotnikov, M.B.; Chernysheva, G.A.; Aliev, O.I.; Smol’iakova, V.I.; Fomina, T.I.; Osipenko, A.N.; Rydchenko, V.S.; Anfinogenova,
Y.J.; Khlebnikov, A.I.; Schepetkin, I.A.; et al. Protective Effects of a New C-Jun N-terminal Kinase Inhibitor in the Model of Global
Cerebral Ischemia in Rats. Molecules 2019, 24, 1722. [CrossRef]

17. Schepetkin, I.A.; Chernysheva, G.A.; Aliev, O.I.; Kirpotina, L.N.; Smol’yakova, V.I.; Osipenko, A.N.; Plotnikov, M.B.; Kovrizhina,
A.R.; Khlebnikov, A.I.; Plotnikov, E.V.; et al. Neuroprotective Effects of the Lithium Salt of a Novel JNK Inhibitor in an Animal
Model of Cerebral Ischemia–Reperfusion. Biomedicines 2022, 10, 2119. [CrossRef]

18. Plotnikov, M.B.; Aliev, O.I.; Shamanaev, A.Y.; Sidekhmenova, A.V.; Anishchenko, A.M.; Fomina, T.I.; Rydchenko, V.S.; Khleb-
nikov, A.I.; Anfinogenova, Y.J.; Schepetkin, I.A.; et al. Antihypertensive activity of a new c-Jun N-terminal kinase inhibitor in
spontaneously hypertensive rats. Hypertens. Res. 2020, 43, 1068–1078. [CrossRef]

19. Liakhov, S.A.; Schepetkin, I.A.; Karpenko, O.S.; Duma, H.I.; Haidarzhy, N.M.; Kirpotina, L.N.; Kovrizhina, A.R.; Khlebnikov, A.I.;
Bagryanskaya, I.Y.; Quinn, M.T. Novel c-Jun N-Terminal Kinase (JNK) Inhibitors with an 11H-Indeno[1,2-b]quinoxalin-11-one
Scaffold. Molecules 2021, 26, 5688. [CrossRef] [PubMed]

20. Nie, Z.; Xia, X.; Zhao, Y.; Zhang, Y.; Wang, J. JNK selective inhibitor, IQ-1S, protects the mice against lipopolysaccharides-induced
sepsis. Bioorganic Med. Chem. 2021, 30, 115945. [CrossRef]

21. Seledtsov, V.I.; Malashchenko, V.V.; Meniailo, M.E.; Atochin, D.N.; Seledtsova, G.V.; Schepetkin, I.A. Inhibitory effect of IQ-1S, a
selective c-Jun N-terminal kinase (JNK) inhibitor, on phenotypical and cytokine-producing characteristics in human macrophages
and T-cells. Eur. J. Pharmacol. 2020, 878, 173116. [CrossRef] [PubMed]

22. Zhdankina, A.A.; Tikhonov, D.I.; Logvinov, S.V.; Plotnikov, M.B.; Khlebnikov, A.I.; Kolosova, N.G. Suppression of Age-Related
Macular Degeneration-like Pathology by c-Jun N-Terminal Kinase Inhibitor IQ-1S. Biomedicines 2023, 11, 395. [CrossRef]

23. Tseng, C.-H.; Chen, Y.-R.; Tzeng, C.-C.; Liu, W.; Chou, C.-K.; Chiu, C.-C.; Chen, Y.-L. Discovery of indeno[1,2-b]quinoxaline
derivatives as potential anticancer agents. Eur. J. Med. Chem. 2016, 108, 258–273. [CrossRef]

24. Eldeken, G.A.; El-Samahy, F.A.; Zayed, E.M.; Osman, F.H.; Elgemeie, G.E.H. Synthesis, Biological Activities and Molecular
Docking analysis of a Novel Series of 11H-Indeno[1,2-b]quinoxalin-11-one Derivatives. J. Mol. Struct. 2022, 1261, 132929.
[CrossRef]

25. Matveevskaya, V.V.; Pavlov, D.I.; Sukhikh, T.S.; Gushchin, A.L.; Ivanov, A.Y.; Tennikova, T.B.; Sharoyko, V.V.; Baykov, S.V.;
Benassi, E.; Potapov, A.S. Arene-Ruthenium(II) Complexes Containing 11H-Indeno[1,2-b]quinoxalin-11-one Derivatives and
Tryptanthrin-6-oxime: Synthesis, Characterization, Cytotoxicity, and Catalytic Transfer Hydrogenation of Aryl Ketones. ACS
Omega 2020, 5, 11167–11179. [CrossRef]

26. Matveevskaya, V.V.; Pavlov, D.I.; Samsonenko, D.G.; Bonfili, L.; Cuccioloni, M.; Benassi, E.; Pettinari, R.; Potapov, A.S. Arene-
ruthenium(II) complexes with tetracyclic oxime derivatives: Synthesis, structure and antiproliferative activity against human
breast cancer cells. Inorganica Chim. Acta 2022, 535, 120879. [CrossRef]

27. Jahng, Y. Progress in the studies on tryptanthrin, an alkaloid of history. Arch. Pharm. Res. 2013, 36, 517–535. [CrossRef] [PubMed]
28. Kaur, R.; Manjal, S.K.; Rawal, R.K.; Kumar, K. Recent synthetic and medicinal perspectives of tryptanthrin. Bioorg. Med. Chem.

2017, 25, 4533–4552. [CrossRef]
29. Tsai, Y.-C.; Lee, C.-L.; Yen, H.-R.; Chang, Y.-S.; Lin, Y.-P.; Huang, S.-H.; Lin, C.-W. Antiviral Action of Tryptanthrin Isolated from

Strobilanthes cusia Leaf against Human Coronavirus NL63. Biomolecules 2020, 10, 366. [CrossRef]
30. Yang, Q.-Y.; Zhang, T.; He, Y.-N.; Huang, S.-J.; Deng, X.; Han, L.; Xie, C.-G. From natural dye to herbal medicine: A systematic

review of chemical constituents, pharmacological effects and clinical applications of indigo naturalis. Chin. Med. 2020, 15, 127.
31. Schepetkin, I.A.; Khlebnikov, A.I.; Potapov, A.S.; Kovrizhina, A.R.; Matveevskaya, V.V.; Belyanin, M.L.; Atochin, D.N.; Zanoza,

S.O.; Gaidarzhy, N.M.; Lyakhov, S.A.; et al. Synthesis, biological evaluation, and molecular modeling of 11H-indeno[1,2-
b]quinoxalin-11-one derivatives and tryptanthrin-6-oxime as c-Jun N-terminal kinase inhibitors. Eur. J. Med. Chem. 2019, 161,
179–191. [CrossRef] [PubMed]

32. Kirpotina, L.N.; Schepetkin, I.A.; Hammaker, D.; Kuhs, A.; Khlebnikov, A.I.; Quinn, M.T. Therapeutic Effects of Tryptanthrin and
Tryptanthrin-6-Oxime in Models of Rheumatoid Arthritis. Front. Pharmacol. 2020, 11, 1145. [CrossRef] [PubMed]

https://doi.org/10.1016/j.molmet.2016.12.001
https://doi.org/10.1016/j.bbadis.2009.12.009
https://www.ncbi.nlm.nih.gov/pubmed/20079433
https://doi.org/10.3390/biom11060777
https://doi.org/10.1124/mol.111.077446
https://www.ncbi.nlm.nih.gov/pubmed/22434859
https://doi.org/10.1124/jpet.114.220251
https://doi.org/10.1016/j.neulet.2016.02.033
https://doi.org/10.3390/molecules24091722
https://doi.org/10.3390/biomedicines10092119
https://doi.org/10.1038/s41440-020-0446-9
https://doi.org/10.3390/molecules26185688
https://www.ncbi.nlm.nih.gov/pubmed/34577159
https://doi.org/10.1016/j.bmc.2020.115945
https://doi.org/10.1016/j.ejphar.2020.173116
https://www.ncbi.nlm.nih.gov/pubmed/32315671
https://doi.org/10.3390/biomedicines11020395
https://doi.org/10.1016/j.ejmech.2015.11.031
https://doi.org/10.1016/j.molstruc.2022.132929
https://doi.org/10.1021/acsomega.0c01204
https://doi.org/10.1016/j.ica.2022.120879
https://doi.org/10.1007/s12272-013-0091-9
https://www.ncbi.nlm.nih.gov/pubmed/23543631
https://doi.org/10.1016/j.bmc.2017.07.003
https://doi.org/10.3390/biom10030366
https://doi.org/10.1016/j.ejmech.2018.10.023
https://www.ncbi.nlm.nih.gov/pubmed/30347329
https://doi.org/10.3389/fphar.2020.01145
https://www.ncbi.nlm.nih.gov/pubmed/32792961


Pharmaceutics 2023, 15, 1802 18 of 20

33. Schepetkin, I.A.; Kovrizhina, A.R.; Stankevich, K.S.; Khlebnikov, A.I.; Kirpotina, L.N.; Quinn, M.T.; Cook, M.J. Design, synthesis
and biological evaluation of novel O-substituted tryptanthrin oxime derivatives as c-Jun N-terminal kinase inhibitors. Front.
Pharmacol. 2022, 13, 958687. [CrossRef]

34. Lakeev, A.P.; Frelikh, G.A.; Yanovskaya, E.A.; Kovrizhina, A.R.; Udut, V. V Quantification of a promising JNK inhibitor and
nitrovasodilator IQ-1 and its major metabolite in rat plasma by LC–MS/MS. Bioanalysis 2022, 14, 1423–1441. [CrossRef]

35. Dhuguru, J.; Zviagin, E.; Skouta, R. FDA-Approved Oximes and Their Significance in Medicinal Chemistry. Pharmaceuticals 2022,
15, 66. [CrossRef] [PubMed]

36. Gergely, A.; Gyimesi-Forras, K.; Horvath, P.; Hosztafi, S.; Kokosi, J.; Nagy, I.P.; Szasz, G.; Szentesi, A. 6-Oxo-Morphinane Oximes:
Pharmacology, Chemistry and Analytical Application. Curr. Med. Chem. 2004, 11, 2555–2564. [CrossRef]

37. Claassen, V.; Davies, J.E.; Hertting, G.; Placheta, P. Fluvoxamine, a specific 5-hydroxytryptamine uptake inhibitor. Br. J. Pharmacol.
1977, 60, 505–516. [CrossRef]

38. Svetogorov, R.D.; Dorovatovskii, P.V.; Lazarenko, V.A. Belok/XSA Diffraction Beamline for Studying Crystalline Samples at
Kurchatov Synchrotron Radiation Source. Cryst. Res. Technol. 2020, 55, 1900184. [CrossRef]

39. Lazarenko, V.A.; Dorovatovskii, P.V.; Zubavichus, Y.V.; Burlov, A.S.; Koshchienko, Y.V.; Vlasenko, V.G.; Khrustalev, V.N. High-
throughput small-molecule crystallography at the ‘Belok’ beamline of the Kurchatov synchrotron radiation source: Transition
metal complexes with azomethine ligands as a case study. Crystals 2017, 7, 325. [CrossRef]

40. Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125–132. [CrossRef]
41. Kabsch, W. Integration, scaling, space-group assignment and post-refinement. Acta Crystallogr. D Biol. Crystallogr. 2010, 66,

133–144. [CrossRef] [PubMed]
42. Sheldrick, G.M. SHELXT-Integrated space-group and crystal-structure determination. Acta Crystallogr. A Found. Adv. 2015, 71,

3–8. [CrossRef]
43. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. C Struct. Chem. 2015, 71, 3–8. [CrossRef]
44. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.;

Petersson, G.A.; et al. Gaussian 09, Rev. D.01; Gaussian, Inc.: Wallingford, CT, USA, 2013.
45. Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev. A 1988, 38,

3098–3100. [CrossRef] [PubMed]
46. Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density.

Phys. Rev. B 1988, 37, 785–789. [CrossRef] [PubMed]
47. Vosko, S.H.; Wilk, L.; Nusair, M. Accurate spin-dependent electron liquid correlation energies for local spin density calculations:

A critical analysis. Can. J. Phys. 1980, 58, 1200–1211. [CrossRef]
48. Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. Ab Initio Calculation of Vibrational Absorption and Circular Dichroism

Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98, 11623–11627. [CrossRef]
49. McLean, A.D.; Chandler, G.S. Contracted Gaussian basis sets for molecular calculations. I. Second row atoms, Z = 11–18. J. Chem.

Phys. 1980, 72, 5639–5648. [CrossRef]
50. Krishnan, R.; Binkley, J.S.; Seeger, R.; Pople, J.A. Self-consistent molecular orbital methods. XX. A basis set for correlated wave

functions. J. Chem. Phys. 1980, 72, 650–654. [CrossRef]
51. Clark, T.; Chandrasekhar, J.; Spitznagel, G.W.; Schleyer, P.V.R. Efficient diffuse function-augmented basis sets for anion calculations.

III. The 3-21+G basis set for first-row elements, Li–F. J. Comput. Chem. 1983, 4, 294–301. [CrossRef]
52. Frisch, M.J.; Pople, J.A.; Binkley, J.S. Self-consistent molecular orbital methods 25. Supplementary functions for Gaussian basis

sets. J. Chem. Phys. 1984, 80, 3265–3269. [CrossRef]
53. Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density functional theory. J. Comput.

Chem. 2011, 32, 1456–1465. [CrossRef] [PubMed]
54. Tomasi, J.; Mennucci, B.; Cancès, E. The IEF version of the PCM solvation method: An overview of a new method addressed to

study molecular solutes at the QM ab initio level. J. Mol. Struct. THEOCHEM 1999, 464, 211–226. [CrossRef]
55. Wolinski, K.; Hinton, J.F.; Pulay, P. Efficient implementation of the gauge-independent atomic orbital method for NMR chemical

shift calculations. J. Am. Chem. Soc. 1990, 112, 8251–8260. [CrossRef]
56. Wiitala, K.W.; Hoye, T.R.; Cramer, C.J. Hybrid Density Functional Methods Empirically Optimized for the Computation of 13C

and 1H Chemical Shifts in Chloroform Solution. J. Chem. Theory Comput. 2006, 2, 1085–1092. [CrossRef]
57. Kendall, R.A.; Dunning, T.H.; Harrison, R.J. Electron affinities of the first-row atoms revisited. Systematic basis sets and wave

functions. J. Chem. Phys. 1992, 96, 6796–6806. [CrossRef]
58. Adamo, C.; Barone, V. Exchange functionals with improved long-range behavior and adiabatic connection methods without

adjustable parameters: The mPW and mPW1PW models. J. Chem. Phys. 1998, 108, 664–675. [CrossRef]
59. Ernzerhof, M.; Scuseria, G.E. Assessment of the Perdew–Burke–Ernzerhof exchange-correlation functional. J. Chem. Phys. 1999,

110, 5029–5036. [CrossRef]
60. Adamo, C.; Barone, V. Toward reliable density functional methods without adjustable parameters: The PBE0 model. J. Chem.

Phys. 1999, 110, 6158–6170. [CrossRef]
61. Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057–1065. [CrossRef] [PubMed]
62. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn:

Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. [CrossRef]

https://doi.org/10.3389/fphar.2022.958687
https://doi.org/10.4155/bio-2022-0193
https://doi.org/10.3390/ph15010066
https://www.ncbi.nlm.nih.gov/pubmed/35056123
https://doi.org/10.2174/0929867043364450
https://doi.org/10.1111/j.1476-5381.1977.tb07528.x
https://doi.org/10.1002/crat.201900184
https://doi.org/10.3390/cryst7110325
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S0907444909047374
https://www.ncbi.nlm.nih.gov/pubmed/20124693
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1103/PhysRevA.38.3098
https://www.ncbi.nlm.nih.gov/pubmed/9900728
https://doi.org/10.1103/PhysRevB.37.785
https://www.ncbi.nlm.nih.gov/pubmed/9944570
https://doi.org/10.1139/p80-159
https://doi.org/10.1021/j100096a001
https://doi.org/10.1063/1.438980
https://doi.org/10.1063/1.438955
https://doi.org/10.1002/jcc.540040303
https://doi.org/10.1063/1.447079
https://doi.org/10.1002/jcc.21759
https://www.ncbi.nlm.nih.gov/pubmed/21370243
https://doi.org/10.1016/S0166-1280(98)00553-3
https://doi.org/10.1021/ja00179a005
https://doi.org/10.1021/ct6001016
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.475428
https://doi.org/10.1063/1.478401
https://doi.org/10.1063/1.478522
https://doi.org/10.1039/b515623h
https://www.ncbi.nlm.nih.gov/pubmed/16633586
https://doi.org/10.1039/b508541a


Pharmaceutics 2023, 15, 1802 19 of 20

63. Pierens, G.K. 1H and 13C NMR scaling factors for the calculation of chemical shifts in commonly used solvents using density
functional theory. J. Comput. Chem. 2014, 35, 1388–1394. [CrossRef]

64. Benassi, E. Benchmarking of density functionals for a soft but accurate prediction and assignment of 1H and 13C NMR chemical
shifts in organic and biological molecules. J. Comput. Chem. 2017, 38, 87–92. [CrossRef]

65. Neese, F.; Wennmohs, F.; Becker, U.; Riplinger, C. The ORCA quantum chemistry program package. J. Chem. Phys. 2020,
152, 224108. [CrossRef]

66. Grimme, S. Semiempirical hybrid density functional with perturbative second-order correlation. J. Chem. Phys. 2006, 124, 34108.
[CrossRef]

67. Lutz, J.J.; Byrd, J.N.; Montgomery, J.A., Jr. Benchmark comparison of dual-basis double-hybrid density functional theory and a
neural-network-optimized method for intermolecular interactions. J. Mol. Spectrosc. 2021, 376, 111406. [CrossRef]

68. Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal Solvation Model Based on Solute Electron Density and on a Continuum
Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113, 6378–6396.
[CrossRef]

69. Grimme, S. Supramolecular Binding Thermodynamics by Dispersion-Corrected Density Functional Theory. Chem.–A Eur. J. 2012,
18, 9955–9964. [CrossRef] [PubMed]

70. Ásgeirsson, V.; Birgisson, B.O.; Bjornsson, R.; Becker, U.; Neese, F.; Riplinger, C.; Jónsson, H. Nudged Elastic Band Method for
Molecular Reactions Using Energy-Weighted Springs Combined with Eigenvector Following. J. Chem. Theory Comput. 2021, 17,
4929–4945. [CrossRef] [PubMed]

71. Neuhaus, D.; Williamson, M.P. The Nuclear Overhauser Effect in Structural and Conformational Analysis; Methods in Stereochemical
Analysis; Wiley: Hoboken, NJ, USA, 2000; ISBN 9780471246756.

72. Rodrigues, C.H.P.; Leite, V.B.P.; Bruni, A.T. Can NMR spectroscopy discriminate between NPS amphetamines and cathinones?
An evaluation by in silico studies and chemometrics. Chemom. Intell. Lab. Syst. 2021, 210, 104265. [CrossRef]

73. Willoughby, P.H.; Jansma, M.J.; Hoye, T.R. A guide to small-molecule structure assignment through computation of (1H and 13C)
NMR chemical shifts. Nat. Protoc. 2014, 9, 643–660. [CrossRef]

74. Iron, M.A. Evaluation of the Factors Impacting the Accuracy of 13C NMR Chemical Shift Predictions using Density Functional
Theory—The Advantage of Long-Range Corrected Functionals. J. Chem. Theory Comput. 2017, 13, 5798–5819. [CrossRef]

75. Cohen, R.D.; Wood, J.S.; Lam, Y.-H.; Buevich, A.V.; Sherer, E.C.; Reibarkh, M.; Williamson, R.T.; Martin, G.E. DELTA50: A Highly
Accurate Database of Experimental 1H and 13C NMR Chemical Shifts Applied to DFT Benchmarking. Molecules 2023, 28, 2449.
[CrossRef] [PubMed]

76. Palivec, V.; Pohl, R.; Kaminský, J.; Martinez-Seara, H. Efficiently Computing NMR 1H and 13C Chemical Shifts of Saccharides in
Aqueous Environment. J. Chem. Theory Comput. 2022, 18, 4373–4386. [CrossRef]

77. Nguyen, T.T. 1H/13C chemical shift calculations for biaryls: DFT approaches to geometry optimization. R. Soc. Open Sci. 2021,
8, 210954. [CrossRef]

78. Weiss, K.; Warren, C.H.; Wettermark, G. cis-trans isomerization about the carbon-nitrogen double bond. Structures of the isomers
of N-benzylideneaniline. J. Am. Chem. Soc. 1971, 93, 4658–4663. [CrossRef]

79. Blanco, F.; Alkorta, I.; Elguero, J. Barriers about Double Carbon-Nitrogen Bond in Imine Derivatives (Aldimines, Oximes,
Hydrazones, Azines). Croat. Chem. Acta 2009, 82, 173–183.

80. Grimme, S.; Brandenburg, J.G.; Bannwarth, C.; Hansen, A. Consistent structures and interactions by density functional theory
with small atomic orbital basis sets. J. Chem. Phys. 2015, 143, 54107. [CrossRef] [PubMed]

81. Tolmacheva, I.A.; Nazarov, A.V.; Dmitriev, M.V.; Boreko, E.I.; Grishko, V. V Synthesis of 1,10-seco-triterpenoids by the Beckmann
fragmentation from allobetulin. Tetrahedron 2017, 73, 6448–6455. [CrossRef]

82. Chand, D.; Parrish, D.A.; Shreeve, J.M. Di(1H-tetrazol-5-yl)methanone oxime and 5,5′-(hydrazonomethylene)bis(1H-tetrazole)
and their salts: A family of highly useful new tetrazoles and energetic materials. J. Mater. Chem. A 2013, 1, 15383–15389. [CrossRef]

83. Xu, J.; Yang, H.; He, L.; Huang, L.; Shen, J.; Li, W.; Zhang, P. Synthesis of (E)-Quinoxalinone Oximes through a Multicomponent
Reaction under Mild Conditions. Org. Lett. 2021, 23, 195–201. [CrossRef]

84. Boone, L.L.; Mroz, A.E.; VanDerveer, D.G.; Hancock, R.D. Metal Ion Coordinating Properties of the Highly Preorganized
Tetradentate Ligand 1,10-Phenanthroline-2,9-dicarboxaldehyde-2,9-dioxime. Eur. J. Inorg. Chem. 2011, 2011, 2706–2711. [CrossRef]

85. Voloshin, Y.Z.; Varzatskii, O.A.; Vorontsov, I.I.; Antipin, M.Y.; Tkachenko, E.Y. Potentially hexadentate bisazine dioximate ligands:
“correct” synthetic procedure and encapsulation reactions of the iron(II) ion. Russ. Chem. Bull. 2002, 51, 1015–1019. [CrossRef]

86. Hoogesteger, F.J.; Jenneskens, L.W.; Kooijman, H.; Veldman, N.; Spek, A.L. Self-complementary hydrogen bonding of 1,1′-
bicyclohexylidene-4,4′-dione dioxixe. Formation of a non-covalent polymer. Tetrahedron 1996, 52, 1773–1784. [CrossRef]

87. Tien, C.-H.; Lough, A.J.; Yudin, A.K. Iminologous epoxide ring-closure. Chem. Sci. 2022, 13, 12175–12179. [CrossRef]
88. Angeloff, A.; Daran, J.-C.; Bernadou, J.; Meunier, B. The Ligand 1,10-Phenanthroline-2,9-dicarbaldehyde Dioxime can Act Both as

a Tridentate and as a Tetradentate Ligand−Synthesis, Characterization and Crystal Structures of its Transition Metal Complexes.
Eur. J. Inorg. Chem. 2000, 2000, 1985–1996. [CrossRef]

89. Curtis, S.; Ilkun, O.; Brown, A.; Silchenko, S.; Gerasimchuk, N. Synthesis, spectroscopic and structural characterization of the
first phenyl bis-cyanoximes: Non-chelating extended ionisable building block ligands for new MOFs. CrystEngComm 2013, 15,
152–159. [CrossRef]

https://doi.org/10.1002/jcc.23638
https://doi.org/10.1002/jcc.24521
https://doi.org/10.1063/5.0004608
https://doi.org/10.1063/1.2148954
https://doi.org/10.1016/j.jms.2020.111406
https://doi.org/10.1021/jp810292n
https://doi.org/10.1002/chem.201200497
https://www.ncbi.nlm.nih.gov/pubmed/22782805
https://doi.org/10.1021/acs.jctc.1c00462
https://www.ncbi.nlm.nih.gov/pubmed/34275279
https://doi.org/10.1016/j.chemolab.2021.104265
https://doi.org/10.1038/nprot.2014.042
https://doi.org/10.1021/acs.jctc.7b00772
https://doi.org/10.3390/molecules28062449
https://www.ncbi.nlm.nih.gov/pubmed/36985422
https://doi.org/10.1021/acs.jctc.2c00127
https://doi.org/10.1098/rsos.210954
https://doi.org/10.1021/ja00748a003
https://doi.org/10.1063/1.4927476
https://www.ncbi.nlm.nih.gov/pubmed/26254642
https://doi.org/10.1016/j.tet.2017.09.044
https://doi.org/10.1039/c3ta13425c
https://doi.org/10.1021/acs.orglett.0c03918
https://doi.org/10.1002/ejic.201100090
https://doi.org/10.1023/A:1019617803429
https://doi.org/10.1016/0040-4020(95)01012-2
https://doi.org/10.1039/D2SC04496J
https://doi.org/10.1002/1099-0682(200009)2000:9&lt;1985::AID-EJIC1985&gt;3.0.CO;2-K
https://doi.org/10.1039/C2CE26395E


Pharmaceutics 2023, 15, 1802 20 of 20

90. Plutenko, M.V.; Moroz, Y.S.; Sliva, T.Y.; Haukka, M.; Fritsky, I.O. A square-planar NiII complex with an asymmetric coordination
of a novel polynucleative 2,6-diacetylpyridine bis-{[2-(hydroxyimino)propanoyl]hydrazone} ligand. Acta Crystallogr. Sect. C 2008,
64, m137–m139. [CrossRef]

91. Otto, S.; Chanda, A.; Samuleev, P.V.; Ryabov, A.D. DFT-Verified Crystallographic Mechanism of Cycloplatination. Eur. J. Inorg.
Chem. 2006, 2006, 2561–2565. [CrossRef]

92. Walton, I.; Davis, M.; Munro, L.; Catalano, V.J.; Cragg, P.J.; Huggins, M.T.; Wallace, K.J. A Fluorescent Dipyrrinone Oxime for the
Detection of Pesticides and Other Organophosphates. Org. Lett. 2012, 14, 2686–2689. [CrossRef]

93. Bolotin, D.S.; Demakova, M.Y.; Legin, A.A.; Suslonov, V.V.; Nazarov, A.A.; Jakupec, M.A.; Keppler, B.K.; Kukushkin, V.Y.
Amidoxime platinum(ii) complexes: PH-dependent highly selective generation and cytotoxic activity. New J. Chem. 2017, 41,
6840–6848. [CrossRef]

94. Pandya, S.U.; Moss, K.C.; Bryce, M.R.; Batsanov, A.S.; Fox, M.A.; Jankus, V.; Al Attar, H.A.; Monkman, A.P. Luminescent
Platinum(II) Complexes Containing Cyclometallated Diaryl Ketimine Ligands: Synthesis, Photophysical and Computational
Properties. Eur. J. Inorg. Chem. 2010, 2010, 1963–1972. [CrossRef]

95. Bakir, M. The first pyridyl N,N’-coordinated di-2-pyridyl ketone oxime, fac-tricarbonylchloro(di-2-pyridyl ketone oxime)rhenium(I)
dimethyl sulfoxide solvate. Acta Crystallogr. Sect. C 2001, 57, 1154–1156. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1107/S0108270108003065
https://doi.org/10.1002/ejic.200600320
https://doi.org/10.1021/ol300799f
https://doi.org/10.1039/C7NJ00982H
https://doi.org/10.1002/ejic.200901159
https://doi.org/10.1107/S0108270101009593
https://www.ncbi.nlm.nih.gov/pubmed/11600769

	Introduction 
	Materials and Methods 
	NMR and X-ray Diffraction Equipment 
	Computational Chemistry Details 
	NMR Chemical Shift Calculations 
	Thermodynamic Calculations for IQ-1 and Trp-Ox 

	Preparation of Single Crystals for X-ray Diffraction Analysis 
	11H-Indeno[1,2-b]quinoxalin-11-one Oxime (IQ-1) 
	Tryptanthrin-6-oxime (Trp-Ox) 
	Tryptanthrin-6-oxime Pyridine Solvate (Trp-OxPy) 


	Results and Discussion 
	X-ray Crystal Structures 
	Crystal Structure of 11H-Indeno[1,2-b]quinoxalin-11-one Oxime (IQ-1) 
	Crystal Structure of Tryptanthrin-6-oxime-pyridine Solvate (Trp-OxPy) 
	Crystal Structure of Tryptanthrin-6-oxime (Trp-Ox) 

	Evaluation of the Oxime Group Configuration in IQ-1 and Tpr-Ox in Solution by NMR Methods 
	Calculation of Thermodynamic Parameters of the Isomeric IQ-1 and Trp-Ox 

	Conclusions 
	References

