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Abstract

In the present work, we use the C-3 substituted 2-hydroxy-1,4-naphthoquinones viz. 2-
hydroxynaphthalene-1,4-dione (1), 2-hydroxy-3-methylnaphthalene-1,4-dione (2), and 2-
chloro-3-hydroxynaphthalene-1,4-dione  (3) as starting materials and obtained
naphthoquinoneoxime ethers viz. 3-hydroxy-4-(methoxyimino)naphthalen-1(4H)-one (4), 3-
hydroxy-4-(methoxyimino)-2-methylnaphthalen-1(4H)-one (5) and 2-chloro-3-hydroxy-4-
(methoxyimino)naphthalen-1(4H)-one (6) via a facile and efficient synthesis involving
condensation with methoxyamine hydrochloride. X-ray structure showed that 4 belongs to the
orthorhombic (P2,2;2;) space group, whereas 5 and 6 (P2;/c) crystalize in the monoclinic
crystal system. The isomer ratios derived from NMR experiments elucidating stereoisomerism
in compounds comprised of carbon-nitrogen double bonds have been analyzed; the
naphthoquinone oxime ethers 4, 5, and 6 were also characterized employing the ®B97x-D/6-
311++G (d, p) level of density functional theory. Theoretical studies reveal different
conformational isomers with the ‘amphi’ and ‘syn’ isomers as low-lying structures along their

energy hierarchy in accordance with the X-ray crystallography data. The spectral



characterization of vibrational frequencies and 'H /'*C NMR chemical shifts in unison with
experiments and theory has been presented.
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1. Introduction

Oxime-based ligands are crucial in several areas of chemistry and are extensively used
in analytical chemistry to separate or detect metal ions. For example, dimethylglyoxime is a
common oxime-based ligand used in gravimetric Ni(II) determination. In industry, phenolic
oximes are widely used for copper extraction[1]. Rane et al. [2] discussed syn, anti, and amphi
stereoisomers of naphthoquinone monooximes. Percentages of the conformational isomers
were then derived, exploring the integration method in the 'H NMR spectroscopy. The
formation and stability of their various forms were found to be dependent on quinone moiety
and its structural features. Our research group identified ortho and para tautomerism in 2-
hydroxy-1,4-naphthoqunone-1-oxime [3-5] and o-hydroxyanilino-1,4-naphthoquinone [6]
derivatives, which are HPLC separated; the accompanying tautomeric interconversion was
subsequently investigated through time-dependent NMR studies. Theoretical works by Gejji
et al. on 2-hydroxy-3-methyl-1,4-naphthoquinone-1-oxime employing the HF and H3LYP
density functional methods [7] showed that it exists predominantly in the amphi form.

Oxime and oxime ether constitute functional groups of oxygen linked to imine nitrogen.
Oxime ether-containing compounds are renowned for their diverse and rich chemistry. Such
oxime ether functionalities provide desirable options in the drug designing of various
pharmaceutical agents partly due to their relatively simple synthesis and remarkable medicinal
chemistry applications. The oxime ether group serves as a vital medicinal motif and is present
in numerous pharmaceutically active compounds widely explored in various pesticides. For
example, fenpyroximate is an oxime ether-containing pesticide extensively used worldwide

and shown to be highly effective against acaricides [8]. Chattopadhyay et al. reported that the



thioaryl naphthylmethanone oxime ether derivative demonstrated remarkable anticancer
properties for various cancer cells[9]. Notably, their presence in different medicinal scaffolds
renders them with a wide range of biological and pharmaceutical properties, including
antibacterial [10-12] and antifungal [13-15]. Anti-inflammatory [16-17], antitumor[18-19], and
anti-protozoan[20], the oxime ether group thus is considered to be a privileged group in
Chemistry, and therefore, the oxime ether group; their structures and reactivity are the focus of
attention for quite some years [21-24]. The oxime ether group with the presence of the C=N
group and how it renders isomerism have been investigated from theoretical perspectives in
the literature [25-27]. Stereoisomers possess different physical and chemical properties, with
the physiochemical properties showing a strong dependence on the types and number of atoms
within a molecule. Besides, the spatial arrangement is essential in governing the
physiochemical properties, and the binding from the particular receptor originates from
different spatial arrangements. The isomers, therefore, exhibit diverse biological and
toxicological effects [28-29]. For this reason, knowledge of isomerism is considered necessary
in designing and developing drugs that are primarily potent and less toxic. In this light, we
focus on synthesis and isomerism in new naphthoquinone oxime ether derivatives in the present

investigation, characterized by their structural features and spectroscopic properties.
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Scheme 1 Synthetic pathway for naphthoquinone oxime ether derivatives.
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Fig. 1. Various stereoisomers of naphthoquinone oxime ether.

2. Experimental

2.1. General materials and methods



The chemicals used viz 2-hydroxynaphthalene-1,4-dione, 2-methylnaphthalene-1,4-dione, 2,3-
dichloronaphthalene-1,4-dione, methoxyamine hydrochloride, and was obtained from Sigma
Aldrich. Sodium carbonate (Na;COsz), Ammonium bicarbonate (NHsHCO3), Sodium
hydroxide (NaOH), Potassium hydroxide (KOH), conc. HCI, conc. H>SO4 was purchased from
Qualigen Chemicals. HPLC grade Acetonitrile, AR grade DMSO, AR grade methanol, diethyl
ether, and Hydrogen Peroxide (H.0) were obtained from Merck Chemicals. Milli Q water is
used wherever necessary.

The infrared spectra were recorded on Bruker Tenor 37 (ATR) spectrophotometer in
the solid state between 4000 cm™! to 400 cm™ (Fig.S1 to Fig.S3 in ESI¥). 'H, *C, HSQC, and
COSY NMR were recorded on Bruker NMR spectrometer (400 MHz and 100 MHz) in DMSO-
ds using TMS as an internal reference (Fig.S4 to Fig.S15 in ESIT) chemical shift values
presented in ppm, with splitting patterns denoted as s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublet), and m (multiplet). The UV-visible spectra were recorded in
DMSO on the Shimadzu UV 1800 spectrophotometer (Fig.S16 of ESIT). MALDI time of flight
(TOF) spectra were recorded on MALDI-TOF-Mass spectroscopy 4800 (Fig S17 to Fig S19 in
ESIf), Shimadzu Prominence LC-20AD liquid chromatogram has been used to separate
isomers, and SPD-20A UV/VIS detector was employed with a manual injection system,
connected with LC solution with a multiple channel module. 2-hydroxy-3-methylnaphthalene-
1,4-dione (2) and 2-chloro-3-hydroxynaphthalene-1,4-dione (3) were synthesized using
previously reported methods [30-31] (Scheme 1).

The Agilent Eclipse plus C 18 column [length=100 mm, internal diameter=4.6 mm,
particle size=3.5 um, pore size=95 A] has been used to separate isomers. The mobile phase,
consisting of ammonium bicarbonate and acetonitrile, was used in various proportions. The
detector was set at 254 nm. The detailed chromatographic conditions used for isomer separation

are mentioned in the supplementary information (Fig.S20 in ESI¥).



2.2. General synthetic procedure for 4, 5 and 6

The following procedure was used to synthesize oxime ether derivatives 4, S, and 6
from precursors 1, 2, and 3, respectively (Scheme 1). To the solution of 0.5 g (2.87 mmol of 1
for 4, 2.65 mmol of 2 for 5, and 2.39 mmol of 3 for 6) in 30 ml 2N, NaOH, 5 ml aqueous solution
of methoxy amine hydrochloride (4.30 mmol for 4, 3.97 mmol for 5 and 3.59 mmol for 6) was
added. The mixture was magnetically stirred and heated at 60°C for 2 hours. The reaction
mixture was cooled and neutralized with 2N conc. HCI. After neutralizing, a yellow-colored
precipitate was obtained. It was filtered, washed with cold water, and dried in a vacuum to get
naphthoquinone oxime ethers 4, 5, and 6. During the execution of an independent experiment
related to synthesizing the copper complex 5, yellow crystals of ‘syn” isomer were obtained in
the filtrate as an unreacted starting material; they are designated as Sb¥*.
2.3. Characterization of 3-hydroxy-4-(methoxyimino)naphthalen-1(4H)-one (4)
Yellow solid, yield: 0.55g (95 %); FT-IR (ATR): v(cm™) = 3296, 2955, 1660, 1641, 1592,
1571, 1460, 1385, 1344, 1325, 1287, 1187, 1158, 1026, 901, 823, 774, 699, 586. "H NMR (400
MHz, DMSO-ds, 6 (ppm)): 4.17 (amphi), 4.26 (syn) (3H, s, N-OCH3), 5.88 (amphi), 5.93 (syn)
(1H, s, allylic hydrogen), 7.56-7.70 (2H, m, Ar-H), 8.05 (1H, d, J= 6.4 Hz, Ar-H), 8.76 (1H,
d, J= 7.2 Hz, Ar-H), 11.07 (amphi), 11.29 (syn) (1H, s, O-H). 3C NMR (100 MHz, DMSO-ds,
d (ppm)): 65.32, 106.39, 108.63, 123.78, 125.10, 126.13, 126.89, 129.98, 130.41, 131.32,
132.09, 132.89, 141.45. 163.87, 184.04. UV-Vis; (Amax(nm), DMSO): 296, 339. MALDI-
TOF/TOF: Calc. For [C11HoNOs+H]" m/z 204.07, Found m/z 204.55.
2.4. Characterization of 3-hydroxy-4-(methoxyimino)-2-methylnaphthalen-1(4H)-one (5)
Yellow solid, yield: 0.55 g (96 %); FT-IR (ATR): v (cm™): 3328, 2942, 1658, 1633, 1591,
1572, 1551, 1459, 1376, 1354, 1277, 1189, 1028, 897, 844, 775, 684, 568. 'H NMR (400 MHz,

DMSO-ds, & (ppm)): 1.91 (amphi), 1.94 (syn) (3H, s, -CH3), 4.20 (amphi), 4.28 (syn) (3H, s, -



OCHa), 7.66 (1H, m, Ar-H), 7.81 (1H, m, Ar-H), 7.99 (1H, t, J = 8.4 Hz Ar-H), 8.74 (1H, d,
J=17.6 Hz, Ar-H), 10.03 (amphi), 10.95 (syn) (1H, s, O-H). *C NMR (100 MHz, DMSO-d5s, &
(ppm)): 8.88, 9.03, 65.26, 65.46, 120.41, 123.36, 126.12, 129.97, 132.49, 133.58, 134.88,
155.98, 158.01, 181.17, 185.18. UV-Vis; (Amax(nm), DMSO): 306, 334. MALDI-TOF/TOF:
Calc. For [C12H11NOs+H]" m/z 218.07, Found m/z 218.60.

2.5. Characterization of 2-chloro-3-hydroxy-4-(methoxyimino)naphthalen-1(4H)-one (6)
Yellow solid, yield: 0.53 g (94 %); FT-IR (ATR): v (cm™): 3268, 2940, 1633, 1559, 1452,
1368, 1325, 1271, 1201, 1031, 893, 850, 720, 680. 'H NMR (400 MHz, DMSO-ds, § (ppm)):
4.22 (amphi), 4.32 (syn) (3H, s, O-CH3), 7.44 (2H, m, Ar-H), 7.99 (1H, dd, J=7.6 Hz, J= 7.8
Hz, Ar-H), 8.12 (1H, d, J = 7.6 Hz, Ar-H), 8.75 (1H, d, J = 8 Hz Ar-H). 3C NMR (100 MHz,
DMSO-ds, & (ppm)): 65.21, 65.90, 111.71, 115.65, 123.72, 125.44, 125.99, 126.92, 129.08,
130.17, 130.53, 131.70, 133.46, 135.89, 140.46, 140.82, 155.74, 158.97, 176.26, 177.59. UV-
Vis; (Amax(nm), DMSO): 296, 339. MALDI-TOF/TOF: Calc. For [CiiHs CINO3+H]" m/z

238.03, Found m/z 238.09.



2.6. X-ray crystallographic data collection and refinement of structures for 4, 5, and 6

X-ray quality crystals of 4, 5, and 6 were harvested after slow evaporation of the
methanol. The crystals of appropriate size were chosen for data collection. The data for 4 and
6 was collected on a D8 venture PHOTON 100 CMOS diffractometer using graphite
monochromated MoKa radiation (A = 0.71073 A) from a Mo-target rotating-anode X-ray
source (for 5b*, MoKa. radiation (A = 1.54184 A)). Final cell constants were obtained from the
least-squares fit of several thousand strong reflections. Intensity data were corrected for
absorption using intensities of redundant reflection with the program SADABS [32]. The
structures were solved readily by direct method and subsequent difference Fourier techniques.
The Siemens SHELXTL software package was used for the structure's solution and artwork;
SHELXL 2018/3, based on F?, was used to refine the structures [33]. All non-hydrogen atoms
were anisotropically refined, and hydrogen atoms were placed at the calculated position and
refined as riding atoms with isotropic displacement parameters. The crystal packing diagrams
(Fig.4 to Fig.7) were drawn using Mercury 3.8 software. The m-m stacking distances were
obtained from this software.

Data of 5 was collected on the ChemMatCARS Sector 15 beamline at the Advanced
Photon Source. The crystal was mounted on a fine glass fiber, and data was collected at a

wavelength of 0.41328 A on a Huber goniometer equipped with a Dectris active pixel detector.

2.7. Computational Details

Different conformation isomers of 4, 5, and 6 were generated varying spatial
orientations of hydroxyl and the methoxy groups. These were optimized using the
GAUSSIAN-16 suite of programs [34]. We employ the hybrid ®B97x-D exchange-correlation
functional-based density functional theory in conjunction with the internally stored 6-

311++G(d, p) basis set incorporating polarized and diffuse functions on all-atom centers in



these isomers. The appraisal of charge distribution in these systems was carried out through
the frontier molecular orbitals computed from theory. The computed expected vibration
frequencies confirm the stationary point structures as local minima on multivariate potential
energy surfaces. The GAUSSVIEW-6 program was utilized for acuminous visualization.
Furthermore, the 'H NMR chemical shifts (3u) were calculated by subtracting the nuclear
magnetic shielding tensors of protons in isomers from those in tetramethylsilane (reference)
using the gauge-independent atomic orbital (GIAO) theory [35]. The effect of solvation on
relative stabilization energies was simulated through the self-consistent reaction field (SCRF)

theory incorporating the polarizable continuum model (PCM) [36].

Compound R Amphi isomer Syn isomer
4 H 4a 4b
5 CH3 Sa Sb
6 Cl 6a 6b

Fig. 2. Two equilibrating isomers of 4, 5, and 6.
3. Result and Discussion
3.1. Synthesis and characterization of 4, S and 6
The precursors 2 and 3 were synthesized according to the reported procedure. Reactions
1, 2, and 3 with methoxy amine hydrochloride led to the formation of desired naphthoquinone
oxime ether derivatives 4, 5, and 6 (Scheme 1). It is essential to note that naphthoquinone

oxime ether derivatives 4, 5, and 6 were obtained as a mixture of stereoisomers. The
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stereochemistry of hydroxy naphthoquinone oximes is well studied[2, 37], where ‘syn” and
‘anti’ forms are stereoisomers while the 'amphi’ form conforms to the ‘anti’ isomer. Similar
types of isomerism were also observed in 4, 5, and 6, shown in Fig.1.

The structure elucidation of newly synthesized compounds was carried out using a
variety of experimental techniques such as 'H NMR (Fig.S4, Fig.S6, Fig.S8 in ESIT) *C NMR
(Fig.S5, Fig.S7, Fig.S9 in ESI), COSY (Fig.S10, Fig.S12, Fig.S14 in ESI{), HSQC (Fig.S11,
Fig.S13, Fig.S15 in ESIT), FT-IR (Fig.S1 through Fig.S3 in ESIT), UV-Visible spectroscopy
(Fig.S16 in ESIT), MALDI (Fig.S17 through Fig.S19 in ESIf), in combination single X-ray
diffraction studies (Fig.S21 through Fig.S28 ESIT) and Theoretical DFT studies. Syn and amphi
isomers can convert into one other, and this conversion may occur based on several
experimental conditions such as pH, solvation, and temperature. NMR Spectroscopy is a
technique that is most frequently used to determine the syn and anti-isomers of compounds. In
this study, "H NMR of synthesized compounds was taken, and the percentage of isomers was
determined by integration values obtained from 'H NMR data.

3.2. FT-IR, 'H, 3C NMR and UV-Visible studies

The FT-IR bands of synthesized compounds are assigned by comparing the frequencies
observed with similar derivatives. The FT-IR spectra of 4, 5, and 6 (Fig. S1 through Fig. S3 of
ESIt) revealed the presence of a band at ~3296, ~3328, and ~3268 cm™' respectively was
assigned to v.on vibrations. The medium intensity bands around 2945 cm™ in all three
compounds attributed to stretching vibrations of the -CH3 group. The absorption bands between
1559-1571 cm™ are assigned to the vc-n stretch. Other important stretching frequencies are
summarized in Table 1.

'H and '*C NMR of 4, 5, and 6 exhibit complex profiles because of isomers that may
be present in the solution. The atoms are numbered in the same order as in Fig. 2. "H NMR of

5 shows two sets of proton signals; quite similar types of profiles were observed in '"H NMR
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of 4 and 6 (Fig. S4, Fig. S6, Fig. S8 in ESIt) which indicate the presence of isomers syn/amphi
in solution. Table 2 describes the percentage of isomers obtained from integration values of 'H
NMR spectra of 4, 5, and 6. However, the relative percentage of syn and amphi isomers was
estimated from the integration of methoxy proton (-OCH3) as this proton is a singlet and is
present in all three derivatives. "H NMR of 5 shows two singlet signals at 1.91 and 1.94 ppm
for hydrogens at different isomers. H(12) is attributed to amphi isomer whereas H(12’) is for
syn isomer (Fig. S6 in ESIf). Furthermore, two broad singlets at 10.03 and 10.95 ppm are
ascribed to H(1) and H(1’) hydroxyl protons; likewise, H(11) and H(11”) are attributed to
methoxy protons. Amphi isomers were predominant in all three molecules, probably due to less
molecular crowding than syn isomers. In the 3C NMR spectrum of 4, 5, and 6, some duplicate
signals were noticed (Fig.S5, Fig.S7, and Fig.S9 in ESIt), 3C NMR of 5 (Fig.S7 in ESIY)
showed a signal at 141.54 and 140.22 ppm corresponding to carbon C(1) and C(1)’ of
respective stereoisomer. The methoxy carbon (-OCH3) C(11) and C(11° )(Fig.S7 in ESIY) in
compound 5 appear at 65.26 and 65.46 for amphi and syn isomers respectively.

UV-visible spectra (Fig. S16 in ESIt) of synthesized compounds 4, 5, and 6 were
investigated at room temperature in DMSO with 10~ M concentration. The literature report on
closely related compounds assigns the UV-visible absorption bands [22, 38]. The UV-visible
absorption spectra of 4, 5, and 6 exhibited two expected bands at 290+10 nm and 330+ 20 nm

regions mainly arising due to t=—n* electronic transitions.
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Table 1 Experimental and optimized vibrational frequencies (v in cm™) of 4, 5, and 6.

Compound Stretching v(O-H) v(OC-H) v(C=0) Vv(C=N)  v(C-0) v(C-C)

4a ( Amphi) 3490 2860 1659 1583 1175 -
s Theoretical =y " 60) 3504 2867 1660 1563 1176 -
Experimental 3206 2955 1660 1571 1187 -
. 5a ( Amphi) 3486 2857 1652 1587 1169 -
5 Theoretical “gp ™ ey 3503 2865 1652 1564 1188 -
Experimental 3328 2942 1658 1572 1189 -

. 6a (Amphi) 3476 2861 1659 1583 1175 636

¢ Theoretical = ¢ 3483 2867 1673 1558 1342 825

Experimental 3268 2940 1633 1559 1203 680

Table 2 shows the Assignment of 'H NMR signals (in ppm) and the syn/amphi isomer ratios

of 4, 5, and 6.

Compound 6 (ppm) o (ppm) o (ppm) %
H(1)/H(1*)  (Amphi/Syn)
H(3)/H(3)’ H(11)/H(11")

4 5.88/5.93  4.17/4.26 11.08/11.28 58:42
5 - 4.20/4.28 10.03/10.95 53:47
6 - 4.22/4.32 - 60:40
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3.3. Single crystal X-ray diffraction Studies

Table 3 Single Crystal X-ray data for 4, 5, Sb*and 6

Identification code 4 5 5b* 6

CCDC No 2298742 2298744 2329132 2298743
Empirical formula CitHy N O; C12H11NOs Ci2Hi1NO; C11HsCINO;
Formula weight 203.19 217.22 217.22 237.63
Temperature 298(2) K 100(2) K 100(2) K 100(2) K
Wavelength 0.71073 A 0.41328 A 1.54184 A 0.71073 A
Crystal system, space Orthorhombic, P2;2;2;  Monoclinic, P2 Monoclinic, P2 Monoclinic, P2
group

Unit cell dimensions

Volume, A3

Z, Calculated density
Absorption coefficient
F(000)

Theta range for data
collection

Limiting indices

Reflections collected /
unique

Completeness to theta =

25.242°
Refinement method

Data/restraints/parameters

Goodness-of-fit on F2
Final R indices [ 1>
2sigma(1)]

R indices (all data)

Extinction coefficient
Largest diff. Peak and
hole

a=3.9212(6)A,
b = 13.366(8) A
c = 18.145(3)

951.03)
4, 1.419 Mg/m?
0.105 mm’!

424

2.245 10 26.390 °

-3<h<4,-16<k<
16,-22<1<22

17297 / 1937[R(int) =
0.0799]

99.3 %

Full-matrix least-
squares on F?
1937/72/ 168

1.032
R1 = 0.0397, WR2 =
0.0797

R1 = 0.0498, WR2 =
0.1040

n/a

0.131 and -0.127 e.A"

a=13.883(6) A
b =3.8754(16) A
B = 97.608(8)°

¢ = 18.898(8) A
1007.8(7)
4,1.432 Mg/m?
0.042 mm!

456

0.632 to 14.966°

-17<h<17,-4<k <
4,23<1<23

25872 /2062 [R(int) =
0.1325]

97.8%

Full-matrix least-
squares on F2
2062/ 72/ 181

1.046

R =0.0771, wRy =
0.2102

R =0.1075, wRy =
0.2431

0.06(3)
0.718 and -0.629 e. A"

a=9.6818(2) A
b=16.81694) A, B =
106.456(3)°

¢ = 12.8540(4) A
2007.13(9)

8, 1.438 Mg/m?

0.865 mm!

912

4.447 t0 76.170°

-12<=h<=12, -
20<=k<=20, -
16<=I<=15

110814/ 4176 [R(int) =
0.2131]

100.0 %

Semi-empirical from

equivalents
4176/0/299

1.145
R1=10.0887, wR2 =
0.2103

R1=0.0985, wR2 =
0.2169

n/a

0.624 and -0.336 ¢.A-3

a=4.69910(10) A,
b=15.2192(4) A
B=95.7050(10)°
c=14.2486(2) A
1013.96(4)
4,1.557 Mg/m®
0.366 mm""!

488

1.963 to0 36.370°

-5<h<7,-25<k<
24,-23<1<23

46673 / 4668 [R(int)
=0.0421]

97. 0%

Full-matrix least-
squares on F?
4668 /0/150

1.078

R1 = 0.0314, WRz =
0.0896

R1 = 0.0374, WRz =
0.0921

n/a
0.388 and -0.468 ¢. A"
3
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Table 4 Selected bond distances and bond angles of 4, 5 and 6

Compound Bond Bond Z o

distance

4 C(1)-N(H# 1.305(3) C(1)-N(1)-0(3)# 112.7(2),
C(1)-N(1A) 1.35(2) C(1)-N(1A)-O(3A) 103.4(16)
0(2)-C(4)# 1.227(3) N(1)-0O3)-C(11)# 109.9(2)
C(2)-0(1)# 1.353(3) N(1A)-O(3A)-C(11A) 112.6(18)
C(2)-C(3)# 1.337(4) C(2)-0(1)-H(10)# 109.5
C(11)-0(3) # 1.433(4)

C(11A)-0(3A) 1.43(4)

5 N(1)-C(4), 1.295(5) C(4)-N(1)-0(3) 115.7(3)
N(1A)-C(4)# 1.51(7) O(BA)-N(1A)-C(4)# 107(5)
O(1)-C(1) 1.232(4) N(1)-0(3)-C(12) 108.7(3)
0(2)-C(3) 1.363(4) N(1A)-O(3A)-C(12A)  111(5)
0(3)-C(12), 1.450(6) C(3)-0(2)-H(1) 103(3)
OBA)-C(12A)  1.38(8)

C(2)-C(3) 1.347(5)

S5b* N(1A)-C(4A)# 1.303(4) C(4A)-N(1A)-O(BA# 114.4(2)
O(1A)-C(1A)# 1.226(4) N(1A)-O(3A)-C(12A)# 108.5(2)
O(A)-C3A)# 1.352(4) C(BA)-OQRA)-H(1AA#  109(3)
OBA)-C(12A)# 1.436(4)

6 N(1)-C(4) 1.2994(9) C(4)-N(1)-0(3) 116.41(7)
O(1)-C(1) 1.2326(9) N(1)-0(3)-C(11) 108.03(7)
0(2)-C(3) 1.3314(9) C(3)-0(2)-H(20) 111.1(12)
0@3)-C(11) 1.4506(10)

C(2)-C(3) 1.3603(10)

# “syn’ isomer
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The ORTEP diagrams of compounds 4, 5, and 6 are shown in Fig. 3. The crystal data
is presented in Table 3, and the selected bond distances and angles are presented in Table 4.
The hydrogen bonding geometries are shown in Table S3 in ESIT. Compound 4 crystallizes in
the orthorhombic space group P2;2;2; whereas 5, Sb*, and 6 crystallize in the monoclinic
space group P2;/C. The oxime functional group (C=N-OMe) shows disorders in 4 and 5 from
the additional Q peaks for this group due to stereoisomers in the crystal data. Two CIF files
were generated from the intensity of the Q peaks, and these are assigned as major isomers
designated as 'b’ (intramolecular O-H---O bonding) and minor isomers 'a’ (intramolecular O-
H---N bonding) in compound 4. The structure motifs reveal that the major isomer is a 'syn’ (b)
isomer, and the minor isomer is an 'amphi’ (a) isomer in compound 4. In contrast, in
compounds 5 and 6, the major isomer is ‘amphi’ (a) isomer (intramolecular O-H---N bonding),
and 'syn’ (b) (intramolecular O-H:--O bonding) isomer is a minor isomer.

The bond distances of the ‘amphi’ isomer of 4a were evaluated by Mercury 3.8
software. The carbonyl bond distance of all compounds is ~ 1.23 A and is similar to several
other naphthoquinone compounds [4, 7, 39]. The C=N bond distances vary in isomers (Table
4). The ‘syn’ isomer of ‘4b’ is connected to six similar molecules via C-H---O and O-H---O
hydrogen bonding interaction (Fig. S21 in ESI). Four similar molecules are connected via C-
H---O interaction, whereas two molecules via O-H---O hydrogen bonding interaction. The
oxygen O(2) shows bifurcated hydrogen bonding with methoxy hydrogen H(11C) and
benzenoid hydrogen H(7)(Fig. 4). Fig. 4 shows the polymeric chain of 4b molecule formed
through the C-H:--O interaction of methoxy hydrogen (H(11C)) and quinonoid oxygen (O(2)),
and two such chains are connected through O-H:--O (O(1)-H(10)---O(1), -1/2+x,1/2-y,1-z) and
C-H---O (C(7)-H(7A)---O(2), 2-x,-1/2+y,1/2-7) interactions.

The ‘amphi’ isomer 4a is connected to seven similar molecules via C-H---O and O-

H---O hydrogen bonding interaction (Fig.S22 in ESIt). Five similar molecules are connected
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via C-H:--O interaction, whereas two molecules via O-H:--O hydrogen bonding interaction.
Hydrogens H(7) and H(8) of the benzenoid ring both take part in C-H:--O interaction; this is
the difference compared to isomer 4b. There is a difference in the intramolecular hydrogen
bonding in 4a and 4b isomers. 4b isomer shows O-H:--O, whereas 4a isomer shows O-H---N
interaction. The bond distance of C(1)-N(1) in 4b isomer is 1.305(3) A and for longer 4a
isomer C(1)-N(1A) is 1.35(2)A (Table 4).

For compound 5, the major isomer is observed as an ‘amphi’ isomer and is designated
as Sa. Each molecule of isomer Sa is in the vicinity of four similar molecules via O-H:--O and
C-H:---O interactions. A polymeric chain of 5a molecules is facilitated via C-H:--O interaction
by methoxy hydrogen and oxygen O(1) (Fig.5). The neighboring C-H:--O bonded chain is in
the reverse direction when viewed down the b-axis. Two such C-H:--O bonded are connected
via O-H:--O interaction. The benzenoid and quinonoid rings are n-n stacked with a distance of
~3.875 A (Fig. S23 in ESIY). The molecule 5b is in the vicinity of five similar molecules. This
isomer lacks the C-H---O interaction by methoxy proton (Fig.S25 in ESIT); however, the
molecules show O-H:--O when viewed down the b-axis.

In an attempt to synthesize Cu(Il) complex of 5 in methanol, crystals of unreacted
ligand are yielded in the filtrate. The crystal structure shows a predominant ‘syn’ isomer
(intramolecular O-H:--O bonding) of 5 and is designated as Sb*. The concentration of
stereoisomers of 5 in DMSO is 53:47, as revealed from 'H NMR. Moreover, the conversion is
facilitated by ~5 kJ mol™! (supra DFT studies) of energy. Two n-n stacked molecules in the
asymmetric unit Sb* differed in minor differences in bond distances and angles. The polymeric
chain of 5b* molecules is formed via C-H:--O interaction, and the chains were also connected
via C-H:--O and n-m interactions (Fig. 6).

For compound 6, only the ‘amphi’ isomer is observed. The quinonoid carbonyl and

C=N bond distances in 6 are (C(1)-O(1) = 1.2326(9)A, N(1)-C(4) = 1.2994(9) A) respectively
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(Table 4), similar to the oxidized form of naphthoquinone and similar oximes[4, 7, 40]. Each
molecule of 6 is connected to eight similar molecules via C-H---Cl, O-H---O, and C-H---O
interactions (Fig.7). The oxygen O(1) shows bifurcated hydrogen bonding interaction. The
intramolecular O(2)-H(20)---N(1) hydrogen bonding observed in 6 molecule. Slipped n-nt
stacking interaction was observed to the molecules through C(1) and C(6) (3.367(1), -1+x,y,z )

to 6 molecules (Fig.S28 in ESIT).
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Fig. 5. Molecular packing of 5a down the b-axis.
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Fig. 7. Molecular packing of 6 down a-axis.
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3.4. DFT Investigations

The naphthoquinone oxime ether derivatives 4, 5, and 6 adopt various spatial
orientations of hydroxyl and methoxy groups, converging to four other structures. Optimized
structures obtained from the ®B97x-D /6-311++G(d,p) theory are shown in Fig.8. The zero-
point energy corrected stabilization energies relative to the lowest energy isomer are given in
parentheses. As shown, the isomer 4a turns out to be the lowest energy for 4 can be attributed
to O-H--"N (1.958 A) and C-H---O (2.109 A) interactions that engender five and six-
membered rings depicted in Fig. 8. The 4b conformer next lower in the energy order possesses
O-H---0O (1.723 A) interactions only. The weaker C—H---O (2.082 A) interactions along with
N---O repulsions (separations of ~ 2.521 A) can be inferred for the 4¢ isomer, which turns out
to be 19.7 kJ mol™! higher in energy compared to the lowest energy isomer 4a. Lastly, the 4d
isomer, void of the hydrogen bonding, is largely destabilized. The energy hierarchy: 4a> 4b >
4c¢ > 4d in the case of 4 thus can be explained in terms of intramolecular interactions. Similar
inferences are drawn for 5 or 6 analogues. These inferences are consistent with the earlier
studies on the isomerization of naphthoquinone oximes reported in the literature [7].
Conformational isomers in naphthoquinone derivatives 4, 5, and 6 are portrayed in Fig.9.
Selected structural parameters in the two low-lying energy isomers obtained from the present
theory are reported in Table S4 in ESIf.

The ramifications of the structural attributes of different isomers to their vibrational
spectra were analyzed through normal vibration analyses. Selected frequencies of salient
vibrations in the two low energy isomers of 4, 5, and 6 are summarized in Table 1. The
calculated vibrational frequencies are harmonic and are usually scaled appropriately before
comparison with the experiment, as indicated in Table 1. The scaling factor (equal to 0.938)
has been chosen such that the scaled frequency of the vc-o stretching vibration is congruent

with the characteristic carbonyl in the observed infrared spectra of 4, 5, or 6. A strong hydrogen
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bonding renders ample stability to the 4a conformer; the O-H stretching was predicted to be at
3490 cm™! vibration, which is found to be 14 cm™ lower wavenumber when compared with the
isomer 4b. The low-lying energy isomers in 5 and 6 led to similar inferences for the hydrogen-
bonded hydroxyl vibrations.

The 'H NMR chemical shifts for the two lowest energy conformers DMSO-ds
simulated with the help of SCRF-PCM theory are compared to the experiment in Table 5. The
SCRF-PCM model using DMSO-d5s as solvent led to the hierarchy of du values: H(8) > H(5) >
H(7) ~ H(6) > H(3) > H(11) for the 4a isomer, which matches pretty well with the experiment.
The hydroxyl proton H(1) in the lowest energy isomers has not been included. Moreover, the
C-H---O interactions in 4a evince upfield du signal at 9.42 ppm for the H(8) proton in the 4a
isomer. In comparison, the H5 proton was deshielded and showed its signal near 6 8.73 ppm
owing to the electron-withdrawing carbonyl group. On the other hand, the methyl proton
emerges with up-field 5y signals (4.3 ppm) in the calculated 'H NMR. The signals for H(6) and
H(7) protons were predicted to be near 8.1 ppm. For the 4b isomer, the shielding (0.77 ppm)
of the H(8) proton was noticed. Similar inferences can be drawn for the isomers 5 and 6.
Calculated '"H NMR chemical shifts for the two high-energy isomers have been presented in
Table S2 in ESIf.

The charge distribution within the HOMO and LUMO of two low-lying energy isomers
of 4, 5, and 6 are portrayed in Fig.9. As shown, the lowest energy isomers reveal the HOMO
to be mainly residing on the quinonoid ring. At the same time, the LUMO extends over the

entire molecular framework.
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Fig. 8. Optimized Conformational isomers of naphthoquinone derivatives 4, S and 6. Numbers
in parentheses denote zero point corrected relative stabilization energies (in kJ.mol™)

concerning the lowest energy structure
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Table 5 Comparison of 'H NMR chemical shifts (ppm) values in solvent DMSO- ds for low
energy isomers of 4, 5, and 6

4
4a 4b Sa 5b 6a 6b

Theory Exp Theory Exp Theory Exp Theory Exp Theory Exp Theory Exp
H(1) 7.68 11.08 9.33 11.28 7.67 10.03 945 1095 8.07 --- 9.99 ---
H3) 6.17 588 6.12 593 --- --- --- --- --- --- --- ---
HGS) 873 805 853 792 874 810 858 8.08 88l 813 8.62 8.05
H6) 807 765 797 756 804 7779 794 784 809 771 8.00 7.56
H(7) 811 767 801 7.59 807 798 797 798 815 7.74 8.04 7.9
H®) 942 876 8.65 7.70 9.4l 873 864 805 943 875 8.65 7.70
H(11) jii 4.17 jgg 4.26 ji} 4.20 jgg 4.28 jgg 422 440 432
H(12) --- --- --- --- %g 1.91 %;g 1.94 --- --- --- ---
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Fig. 9. Frontier molecular orbitals of lowest energy isomers of 4, 5, and 6.
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3.5. Separation of 3-hydroxy-4-(methoxyimino)naphthalen-1(4H)-one (4) isomers

The isomers of 3-hydroxy-4-(methoxyimino)naphthalen-1(4H)-one (4) were separated
using a mobile phase comprising of ammonium bicarbonate and acetonitrile. Chromatographic
separation is based on gradient elution. The Chromatogram obtained of 4 at pH 8.5 (Fig S20 in
ESIt) shows two distinct peaks, exhibiting good resolution from each other; we designated these
two peaks as isomer X and Y. Peak shape is sharp for isomer X compared to isomer Y. The peak
profile of isomer Y appears broad and exhibits multiple peaks, possibly indicating the presence of

syn, anti, and amphi isomers in the solution [3,5].
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4. Conclusions

The molecular structures of naphthoquinone oxime ethers 4, 5, and 6 have been studied
using an array of experiments, including NMR, FT-IR, MALDI, single crystal X-ray diffraction
experiments combined with the ®B97x-D/6-311++G(d,p) level of density functional theory. An
in-depth structural analysis of conformational isomers of these derivatives indicated the hitherto
compounds represent a mixture of conformational isomers, whose energy hierarchy has largely
been governed by hydrogen bonding interactions. The NMR spectral data in DMSO-ds showed
that the ‘amphi’ form is the predominant conformational isomer for 5 and 6 and the 'syn’ form for
4. These conclusions are further supported by the solid-state structures of all three compounds
derived from single-crystal X-ray diffraction data and further backed by computations based on
the density functional theory. The present endeavor furnishes molecular insights into structural
and spectral characteristics of naphthoquinone oxime ether derivatives and would provide impetus
for potential applications in biological applications.
tElectronic Supplementary Information (ESI) is available: Characterization of all three
compounds by FTIR (Fig.S1-S3), '"H NMR (Fig.S4, Fig.S6, Fig.S8), '*C NMR (Fig.S5, Fig.S7,
Fig.S9), COSY (Fig.S10, Fig.S12, Fig.S14 in ESIf), HSQC (Fig.S11, Fig.S13, Fig.S15 in ESIY),
UV-Visible spectra (Fig.S16), MALDI-TOF (Fig.S17-S19), HPLC Chromatogram of 4 (Fig.S20),
crystallography contacts and molecular packing (Fig.S21-S28), Experimental and calculated '*C
NMR shift values (Table S1), Calculated '"H NMR chemical shift values of isomers higher in
energy (Table S2) and Hydrogen bonding geometry for 4, 5, Sb* and 6 (Table S3), Selected bond
distances (in A) in low-lying energy isomers of 4, 5, and 6 (Table S4)
Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre. They
may be obtained on request quoting the deposition number CCDC numbers 2298742 for 4,
2298744 for 5, 2329132 for 5b* and 2298743 for 6, from the CCDC, 12 Union Road, Cambridge

CB21EZ, UK (fax: +44 1223336 033; E-mail address: deposit@ccdc.cam.ac.uk).
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