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The title benzimidazole compounds, namely, 2-(4-methoxynaphthalen-1-yl)-1H-
benzo[d]imidazole, CigH4N,O (I) and 2-(4-methoxynaphthalen-1-yl)-1-[(4-
methoxynaphthalen-1-yl)methyl]-1H-benzo[d]imidazole ethanol monosolvate,
C30H24N,0,-C,HgO (II), were synthesized by the condensation reaction of
benzene-1,2-diamine with 4-methoxynaphthalene-1-carbaldehyde in the ratios
1:1 and 1:2, respectively. In I, the mean plane of the naphthalene ring system is
inclined to that of the benzimidazole ring by 39.22 (8)°, while in II, the corre-
sponding dihedral angle is 64.76 (6)°. This difference is probably influenced by
the position of the second naphthalene ring system in II; it is inclined to the
benzimidazole ring mean plane by 77.68 (6)°. The two naphthalene ring systems
in IT are inclined to one another by 75.58 (6)°. In the crystal of I, molecules are
linked by N—H---N hydrogen bonds to form chains propagating along the
a-axis direction. Inversion-related molecules are also linked by a C—H: - -«
interaction linking the chains to form layers lying parallel to the ac plane. In the
crystal of II, the disordered ethanol molecule is linked to the molecule of II by
an O—H---N hydrogen bond. There are a number of C—H. - .7 interactions
present, both intra- and intermolecular. Molecules related by an inversion
centre are linked by C—H- - -7 interactions, forming a dimer. The dimers are
linked by further C—H- - -7 interactions, forming ribbons propagating along the
b-axis direction. The interatomic contacts in the crystal structures of both
compounds were explored using Hirshfeld surface analysis. The molecular
structures of I and Il were determined by density functional theory (DFT)
calculations at the M062X/6-311+g(d) level of theory and compared with the
experimentally determined molecular structures in the solid state. Local and
global reactivity descriptors were computed to predict the reactivity of the title
compounds. Both compounds were shown to exhibit significant anticorrosion
properties with respect to iron and copper.

1. Introduction

Benzimidazole is a naturally occurring bicyclic compound
(Townsend et al, 1990; Ahmed et al., 2020) and consists of
fused benzene and imidazole rings. Corrosion is a serious
problem of great relevance in a wide range of industrial
applications and products (Finsgar & Jackson, 2014; Gutiérrez
et al., 2016). Upgrading materials, process control, chemical
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inhibition and blending of production fluids are different ways
of preventing corrosion damage. Corrosion inhibitors are
synthetic or natural substances which, added in small amounts
to a corrosive solution, decrease the rate of attack by the
environment on metals (Hamadi et al., 2018; Chen et al., 2019).
The inhibitory action of organic compounds depends on the
nature of the molecular structure, inhibitor planarity, electron-
donating functional groups, nonbonding elections on hetero-
atoms, ie. oxygen, nitogen and sulfur, and the presence of
m-bonds in the aromatic ring (Yadav & Quraishi, 2012). In
recent years, corrosion scientists have been interested in
finding green and environmentaly friendly inhibitors (Sastri,
2012). Several authors reported the effectiveness of organic
inhibitors which generally protect the metal from corrosion by
forming a film on the metal surface (Chen et al., 2019).
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Scheme 1

The use of benzimidazoles as anticorrosion agents has been
reviewed a number of times recently (Singh er al, 2020;
Marinescu, 2019). In view of this interest, we report herein on
the syntheses of 2-(4-methoxynaphthalen-1-yl)-1H-benzo[d]-
imidazole] (I) and 2-(4-methoxynaphthalen-1-yl)-1-[(4-methoxy-
naphthalen-1-yl)methyl]-1H-benzo[d]imidazole ethanol mono-
solvate (II). The structures of both compounds were fully
characterized by spectroscopic techniques. The optimized
geometries of both compounds and their molecular properties
have also been calculated in order to estimate their geome-
trical parameters and their reactivity indices.

2. Experimental
2.1. Measurements and materials

All reagents used for the syntheses of compounds I and II
were purchased from Sigma-Aldrich and were used without
further purification. The NMR spectra were recorded on a
Bruker Avance DPX 250 MHz spectrometer. A PerkinElmer

1000-FT-IR instrument was used to record the FT-IR spectra
using the KBr pellet technique in the range 500-4000 cm ™.

2.2. Preparation of the corrosive solution

The corrosion solution used was 0.5 M H,SO,, diluted from
98% concentrated acid, with different concentrations of the
inhibitors.

2.2.1. Inhibitors. The molecular structures of the studied
inhibitors are shown in Scheme 1.

2.2.2. Mild steel specimen. The working electrode is made
of steel (API 5L grade C) coated with epoxy resins and has an
exposed area of 0.144 cm®. It was polished with abrasive
papers of different grades (400, 800, 1500 and 2000 grid),
rinsed and degreased with ethanol, rinsed several times with
distilled water and finally dried.

A conventional three-electrode cylindrical glass cell was
used for both potentiodynamic polarization analysis and
electrochemical impedance spectroscopy. The electrodes used
for electrochemical measurements were a platinum electrode
as the counter electrode and a saturated calomel electrode as
the reference electrode. Polarization and impedance mea-
surements were performed using a potentiostat/galvanostat/
ZRA ‘GAMRY-Reference 3000’. Potentiodynamic polariza-
tion experiments were performed in the potential range from
—800 to —200 mV using a scan rate of 1 mV s~ '. Inhibition
efficiency (IE, %) values are obtained by this method using
Equation (1):

IE (0/0) = Icorr(()) - Icorr(inh)/lcorr(()) x 100 (1)

Ieore and Ieor(oy are the current densities in the presence or
absence of the investigated inhibitors, respectively.

Electrochemical impedance spectroscopy (EIS) was per-
formed at an open circuit potential (E,.,,) over the frequency
range from 100 kHz to 10 mHz, with a 10 mV peak-to-peak
amplitude using the AC signal. Here the inhibition efficiency
was calculated starting from the charge transfer resistance, as
in Equation (2):

IE (%) = R (inn) — Rct(())/ R iy < 100 ()

2.3. Computational details

The geometries of the title compounds were fully optimized
using the M062X density functional with the 6-311+g(d) basis
set (Petersson & Al-Laham, 1991; Petersson et al., 1988).
MO062X is a hybrid meta-GGA functional with 57% of the
Hartree-Fock exchange to consider dispersion forces (Zhao &
Truhlar, 2008; Abbasi et al., 2018). The molecular optimization
was performed without imposing any symmetry constraints.
The resulting molecular geometry was then confirmed as a
local minimum on the potential energy surface by performing
harmonic frequency calculations at the same level of
approximation. In this work, all quantum chemical calcula-
tions were carried out using GAUSSIAN09 (Frisch et al.,
2009). The global chemical reactivity descriptors, such as
chemical hardness (1), electronic chemical potential (u),
electronegativity () and global electrophilicity index, can be
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Table 1

Selected IR frequencies (cm™") for I and II and their assignments.
Assigment I 11
N—H 3376 -
U(C_H)arumalic 3261 3251
V(C—H)aiiphatic 2935 2937
8(C—H)(C=C)aromatic 1614 1677
C=N 1580 1587
8(C—H) 1508 1507
V(C—C)aromatic 1448 1490
v(C aromatic)—O—C 1243 1242
C—N 1090 1089

Notes: v is the elongation vibration and § is the deformation vibration.

evaluated from the frontier orbital energies HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital), denoted ey and ep, respectively (Cherm-
ette, 1999; Parr et al., 1999), according to Equations (3)—(5):

pw=1/2(ey + &) 3)
& — &y “4)
w= ,u2/2 )

The chemical potential (i) characterizes the tendency of
electrons to escape from the equilibrium system. The chemical
hardness (1) measures the stability of a compound in terms of
resistance to electron transfer. The global electrophilicity
index (w), introduced by Parr & Pearson (1983), expresses the
ability of a molecule to accept electrons from the environ-
ment.

Table 2

Experimental details.

During the interaction between two molecular systems, the
electrons flow from the lower electronegativity (nucleophile,
Nu) to the higher electronegativity (electrophile, E) until the
chemical potential becomes equalized. The fraction of the
transferred electron, AN, was estimated according to Pearson
(Parr & Pearson, 1983; Hannachi et al., 2015; Fellahi et al.,
2021) using Equation (6):

AN = py, — tge/2(ny + 18) (6)

On the other hand, the Fukui function f(r) and dual
descriptor Af(r) are local reactivity descriptors and reflect the
ability of a compound site to donate or accept electrons.

The Fukui function proposed by Parr (Parr & Pearson,
1983; Parr & Yang, 1984) can be evaluated for nucleophilic
attack (f;"), electrophilic attack (f,") and radical (neutral)
attack (f) using Equations (7)—(9):

fi = py(r) — py_i(r) — for electrophilic attack  (7)
fif = pysi(r) — py(r) — for nucleophilic attack  (8)

£ =1/2py5.1(r) — py_,(r) — for radical attack  (9)

where pn(r), pn_1(r) and px.(r) represent the electron
densities of a system at the N electron (neutral), N—1 electron
(cationic) and N+1 electron (anionic), respectively. It is argued
that the reactive site should possess a higher value of the
Fukui function in comparison to other sites.

The dual descriptor Af(r) developed by Morell ez al. (2005)
and Roy et al. (1998) is more convenient than the Fukui

Experiments were carried out at 293 K with Mo Ko radiation using a Bruker APEXII CCD diffractometer.

1
Crystal data
Chemical formula CgH4N,O
M, 274.31
Crystal system, space group Orthorhombic, Pca2;
a, b, c(A) 9.1548 (5), 9.7791 (5), 15.6336 (9)
a, B,y (°) 90, 90, 90
V (A%) 1399.61 (13)
V4 4
u (mm™") 0.08

Crystal size (mm)

Data collection
No. of measured, independent and observed
[1 > 20(1)] reflections

6139, 2442, 2235

Rin i 0.026

(sin O/A ) max (AT 0.617
Refinement

R[F? > 20(F%)], wR(F?), S 0.036, 0.090, 1.07
No. of reflections 2442

No. of parameters 195

No. of restraints 1

H-atom treatment

0.03 x 0.02 x 0.01

H atoms treated by a mixture of independent

I

C30H24N>0,-C,HO

490.58

Triclinic, P1

10.7065 (3), 10.9434 (3), 12.8256 (4)
69.029 (1), 82.871 (1), 67.515 (1)
1296.37 (7)

2

0.08
0.03 x 0.02 x 0.01

20872, 4611, 3587

0.022
0.600

0.054, 0.162, 1.09

4611

358

5

H-atom parameters constrained

and constrained refinement

APumaxs APumin (€ A7) 0.14, —0.15

0.31, —0.26

Computer programs: APEX2 (Bruker, 2012), SAINT (Bruker, 2012), SHELXT2018 (Sheldrick, 2015a), Mercury (Macrae et al., 2020), PLATON (Spek, 2020), SHELXL2018 (Sheldrick,

2015b) and pubICIF (Westrip, 2010).
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Figure 1
A view of the molecular structure of I, showing the atom labelling.
Displacement ellipsoids are drawn at the 50% probability level.

function (Chen et al, 2022). It can be approximated by
Equation (10):

Af(r) = py1(r) + oy-1(r) = 205(r) (10)

The sign of dual descriptor Af(r) is an important criterion of
the reactivity site within a molecule.

If Af(r) > 0O, then the site is favourable for a nucleophilic
attack.

If Af(r) <0, then the site is favourable for an electrophile
attack.

Furthermore, the local philicity index (}) can be evaluated
easily from Equation (11) (Meneses et al., 2004; Chattaraj et
al., 2003):

Figure 2

Figure 3
A view of the crystal structure of III (CSD refcode PEYBEB; Eltayeb et
al., 2007).

wy = ofy (11)

Where o = + or — refer to nucleophilic or electrophilic attack,
respectively.

2.4. Synthesis, crystallization and spectroscopy

2.4.1. Preparation of I. A mixture of 1 equivalent of
benzene-1,2-diamine and 1 equivalent of 4-methoxynaphtha-
lene-1-carbaldehyde in methanol was stirred for 1-2 h. At the
end of the reaction, the solvent was evaporated in vacuo. The
resulting residue was recrystallized from ethanol to give small
yellow block-like crystals. 'H NMR (250 MHz, CDCl;, §): the
aromatic protons appear as multiple signals in the 7.7-6.5
range, 4.0 (s, 3H, O—CHj), 1.3 (s, 1H, NH).

2.4.2. Preparation of Il. A mixture of 1 equivalent of ben-
zene-1,2-diamine and 2 equivalents of 4-methoxynaphthalene-
1-carbaldehyde in ethanol was refluxed for 1-2 h. The mixture

(b)

(a) A view of the molecular structure of II, showing the major component of the disordered ethanol molecule of crystallization and the atom labelling.
The displacement ellipsoids are drawn at the 50% probability level. The intermolecular O—H- - -N hydrogen bond (Table 4) is shown as a dashed line. (b)
A ball-and-stick view of the disordered ethanol solvent molecule in compound II.

Acta Cryst. (2023). C79, 292-304
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(a)
Figure 4

(b)

The best structural overlap of the benzimidazole ring planes of (a) compounds I (green) and II (blue), with an r.m.s. deviation of ca 0.012 A, and (b)
compounds II (blue) and III (red), with an r.m.s. deviation of ca 0.017 A. The O and N atoms are shown as balls.

was then allowed to stand for several days, whereupon small
yellow crystals were obtained. "H NMR (250 MHz, CDCl;, §):
2.1-2.4 (s, 2H, CH,—N), 6.5-8.4 (m, 16H, H-ar), 3.9-4.0 (s,
3H, O—CH,3). '*C NMR: § 70.22 (-CH,—0), 55.70-55.60
(-CH5;—0), 120.10-128.78 (-C=C- aromatic).

2.4.3. FT-IR spectroscopic analysis of 1 and Il. The solid-
state FT-IR experimental spectra (KBr disc) of compounds I
and II are compared in Table 1. Many vibrational modes are
similar due to the structural similarities of the two compounds.
For I, the appearance of the band at 3376 cm ™" assigned to the
N—H stretching mode confirms its structure.

2.5. Refinement

Crystal data, data collection and structure refinement
details are summarized in Table 2. The N—H H atom of I was
located in a difference Fourier map and refined freely. In II,
the ethylene moiety of the ethanol solvent molecule is disor-
dered over two positons and was refined with an occupancy
ratio of 0.85:0.15. In the final cycles of refinement, their C—O
and C—C bond lengths were restrained to 1.40 (2) and
1.50 (2) A, repectively. The O—H H atom of the ethanol
solvent molecule was positioned geometrically (O—H =
0.82 A) and refined as riding, with Ujso(H) = 1.5U¢4(O). The
C-bound H atoms in both compounds were positioned
geometrically (C—H = 0.93-0.97 A) and refined as riding with
Uiso(H) = 1.5U4(C) for methyl H atoms and 1.2U4(C) for
methylene and aromatic H atoms.

3. Results and discussion
3.1. Molecular and crystal structures

The molecular structure of 2-(4-methoxynaphthalen-1-yl)-
1H-benzo[d]imidazole (I) is illustrated in Fig. 1 and the mol-
ecular structure of the ethanol solvate II, namely, [2-(4-
methoxynaphthalen-1-yl)-1-[(4-methoxynaphthalen-1-yl)methyl]-

1H-benzo[d]imidazole, is illustrated in Fig. 2. A search of the
Cambridge Structural Database (CSD, Version 5.43, last
update November 2022; Groom et al, 2016) indicated the
presence of only one similar compound, viz. 2-(2-methoxy-
naphthalen-1-yl)-1-[(2-methoxynaphthalen-1-yl)methyl]-1H-
benzo[d]imidazole (IIT) (CSD refcode PEYBEB; Eltayeb et
al., 2007) (see Fig. 3). This structure is included here in order
to compare it to the structures of compounds I and II. The
structural overlap of molecules I and II is shown in Fig. 4(a),
and that of molecules II and III is shown in Fig. 4(b). In all
three compounds, the naphthalene ring systems are planar to
within 0.019-0.058 A and the benzimidazole ring systems are
planar to within 0.007-0.016 A.

In I, the mean plane of the naphthalene system (C8-C17) is
inclined to the benzimidazole ring mean plane (N1/N2/C1-C7)
by 39.22 (8)°. In II and III, the corresponding dihedral angles
are 64.76 (6) and ca 68.19°. This difference is probably influ-
enced by the position of the second naphthalene ring system
(C20-C28) in II and III; it is inclined to the benzimidazole ring
mean plane (N1/N2/C1-C7) by 77.68 (6) and ca 78.44°,
respectively. The two naphthalene ring systems are inclined to
each another by 75.58 (6) and ca 58.69°, respectively. The
methoxy groups lie in the planes of the rings to which they are
attached, with the dihedral angles of the CH;—O—C, omatic
group in relation to the respective naphthalene ring mean
plane being 1.5 (3)° in I and 0.36 (18) (involving atom O1) and
1.79 (19)° (involving atom O2) in II. The corresponding
dihedral angles in III are ca 3.42 and 7.15°.

In the crystal of I, molecules are linked by N—H:.-N
hydrogen bonds to form chains propagating along the a-axis
direction (Table 3 and Fig. 5). Inversion-related molecules are
also linked by a C—H- - -7 interaction, thus linking the chains
to form layers lying parallel to the ac plane (Table 3 and Fig. 5)

In the crystal of II, the disordreed ethanol solvent molecule
is linked to the molecule of I by an O—H- - -N hydrogen bond
(Table 4 and Figs. 2 and 6). There are a number of C—H- - -

296  Ghichiet al. + Two 1H-benzo[dlimidazole derivatives
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Table 3 .
Hydrogen-bond geometry (A, °) for L.

Cg?2 is the centroid of ring N1/N2/C1/C6/C7.

D—H---A D—H H A DA D—H---A
NI—HIN.--N2' 0.93 (3) 1.91 (3) 2.829 (3) 170 (2)
Cl4—H14- - -Cg2" 0.93 2.82 3.647 (3) 148

Symmetry codes: (i) x — % —y+2,z; (i) —x + % y.z+ %

interactions present, both intra- and intermolecular (Table 4).
Molecules related by an inversion centre are linked by
C—H.- - -7 interactions forming a dimer. The dimers are linked

Figure 5
A view along the b axis of the crystal packing of I. Hydrogen bonds are
shown as dashed lines and the C—H- - -7 interactions as blue arrows (see
Table 3).

Table 4 .
Hydrogen-bond geometry (A, °) for IL

Cgl, Cg2, Cg3 and Cg4 are the centroids of rings N1/N2/C1/C6/C7, C1-C6,
C8-C11/C16/C17 and C12-C17, respecively.

D-H--A D—H H--A D---A D—H--A
03—H30-- N2 0.82 2.15 2913 (3) 156
C21—H21---Cgl 0.93 2.95 3575 (2) 126
C19—H194. - -Cg2' 0.97 2.85 3.600 (2) 135
C26—H26. - -Cg3" 0.93 2.82 3.626 (2) 146
C25—H25. - -Cg4™ 0.93 2.66 3.528 (2) 155

Symmetry codes: (i) —x 4+ 1, —y, —z +2; (ii)) —x+1, =y + 1, —z + 2.

by further C—H-- -7 interactions, forming ribbons propa-
gating along the b-axis direction (Fig. 6 and Table 4).

In the crystal of III, Eltayeb et al. (2007) indicated the
presence of both 7—m and a number of C—H- - -7 interactions.

3.2. Hirshfeld surface (HS) analysis and two-dimensional
(2D) fingerprint plots

The Hirshfeld surface analysis (Spackman & Jayatilaka,
2009) and the associated 2D fingerprint plots (McKinnon et al.,
2007) were performed and created with CrystalExplorer
(Version 21; Spackman et al., 2021) following the protocol of
Tiekink and collaborators (Tan et al., 2019). The Hirshfeld
surfaces are colour-mapped with the normalized contact
distance, dpom, varying from red (distances shorter than the
sum of the van der Waals radii) through white to blue
(distances longer than the sum of the van der Waals radii).

The Hirshfeld surfaces (HS) of I, II and III, mapped over
dnorm are compared in Fig. 7. There are important contacts
present in the crystals; the stronger hydrogen bonds are
indicated by the small and large red zones in Fig. 7.

The 2D fingerprint plots for I, II and III are compared in
Figs. 8, 9 and 10, respectively. For compound I, they reveal that

Figure 6

A view along the a axis of the crystal packing of the ethanol solvent molecule of compound II. Hydrogen bonds and C—H- - - interactions are indicated
by dashed lines (see Table 4). For clarity, only the major component of the disordered ethanol molecule of crystallization and the H atoms (grey balls)

involved in these interactions have been included.
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the principal contributions to the overall HS surface involve
H. - -H contacts at 48.7% and C. - -H/H- - -C contacts at 33.0%.
These are followed by the N- - -H/H- - -N contacts at 6.7 %, with
very sharp and long spikes at d; + d, >~ 1.8 A. These are of
course related to the N—H---N hydrogen bonds present in
the crystal (see Table 3 and Fig. 5). The C- - -C contacts are at
54% and the O---H/H---O contacts at 4.9%. The C---N
contacts amount to only 1.3%.

For compound II, the principal contributions to the overall
HS surface involve H- - -H contacts at 61.9% and C- - -H/H- - -C
contacts at 24.5%. These are followed by the O---H/H---O
contacts at 8.4%. The C.--C contacts are at 2.1% and the
N.--H/H: - N contacts are at 1.8%. The C.--O and C---N
contacts amount to only 0.8 and 0.3%, respectively.

For compound I1I, the principal contributions to the overall
HS surface involve H---H contacts at 55.7%. The C.--H/

H. - -C contacts at 28.7%, with sharp spikes at d; + d. >~ 2.55 A,
and the C. - -C contacts at 6.7%, with a sharp spike d; + d. =
3.4 A, reflect the presence of both m—m and a number of
C—H- - -m interactions in the crystal structure (Eltayeb et al.,
2007). The N---H/H- - -N contacts are at 5.3% and the O- - -H/
H- - -O contacts are at 3.4%. The C---O contacts amount to
only 0.2%.

3.3. Anticorrosion studies

3.3.1. The open-circuit potentials tests. Determining the
stability status by measuring the open circuit potential (OCP)
change with working pole time is necessary before electro-
chemical measurements of the corrosion rate. Fig. 11 shows an
electric Cummins change of the corrosion process with a time
function of steel in a solution of 0.5 M H,SO, in the absence

(a (b) (©

Figure 7
The Hirshfeld surfaces of I, II and III mapped over d,o, in the colour ranges —0.6321 to 1.3019, —0.3792 to 1.5146 and —0.1488 to 1.5333 a.u.,
respectively.

o[ % 2[00 HCA JETTTTTTTITITTT

AT C..H/H..C33.0% N..H/H..N 6.7%¢

3 de N de . ds

" C...C 5.4% 4 0. H/H.O 4.9%4"c. N 1.3% :

The 2D fingerprint plots for I and those delineated into H- - -H, C---H/H---C, N---H/H. --N, C---C, O---H/H- - -O and C- - -N contacts.
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d j d

Al
d. ‘ds
€.C2.1% ¢ N..H/H..N1.8%d

Figure 9

cA ‘ d,

C..H/H..C24.5%3  O..H/H..08.4%

5 ¢

€.008% 4 C.NO3%

The 2D fingerprint plots for II and those delineated into H- - -H, C---H/H---C, O---H/H---O, C---C, N---H/H---N, C---O and C- - -N contacts.

and presence of inhibitors. In the solution free of inhibitor, the
OCP value was —475 mV. When the inhibitors were added the
variance values for the open circuit voltage were observed to
be —502 mV for inhibitor I and —465 mV for inhibitor II.
From these values, I and II can be described as mixed-type
inhibitors; the offset in the OCP values being less than
+85mV compared to the reference value (Solomon &
Umoren, 2016; Solomon et al., 2019). This result is in good
agreement with other reports (Gerengi et al., 2016).

3.3.2. Potentiodynamic polarization studies. Several
studies have examined the kinetics and corrosion mechanism
of steel in a medium of sulfuric acid on a large scale. One of
the methods used is the dynamic polarization method and is
generally used to obtain relevant information about the

ds de

Q

Al 4 H..H55.7%

o o

‘N...H/H...N 5.3%d., OH/HO 3.4%d.
Figure 10

electrochemical corrosion parameters (Said et al., 2016, 2023).
The Tafel curves of APISL Class C steel in H,SO, (0.5 M)
medium without and with inhibitors are shown in Fig. 11(a).
The electrochemical dissolution of iron can be expressed by
the following mechanism (Khaled et al., 2011; Antonijevié et
al., 2009):

Fe — Fe> + 2¢e~
2H" +2¢~ — H,

Fig. 11(b) shows that when the inhibitors are added they
have an effect on the corrosion mechanism, which is reflected
on the anodic and cathodic curves, of reducing the current
densities relative to the reference curve. Where this displa-

'da vdﬂ

C..H/H..C28.7% C..C6.7%

A

€..002% 4

The 2D fingerprint plots for III and those delineated into H---H, C---H/H---C, C.--C, N---H/H- - :N, O---H/H- - -O and C- - -O contacts.
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(a) Open circuit potential, (b) potentiodynamic polarization curves and (c¢) Nyquist plot of steel API 5L grade C immersed in 0.5 M H,SO, with and

without inhibitors at 6 x 107> mole 17,

cement is more pronounced in the cathodic region, this is what
makes it a mixed-type inhibitor with a predominance of the
cathodic side. In addition, the value of the almost constant
Tafel slopes decreases for the branches according to the table
without any change in the shapes of the curves. Which means
that the corrosion mechanism occurs unchanged without or in
the presence of the inhibitor, that is, the corrosion process is
controlled by activation inhibition (Solomon et al., 2019;
Kumari et al., 2016).

The polarization curves shift towards a negative value in the
presence of the inhibitors. Since the offset of the E,,,, value is
less than 85 mV, we can classify the studied compound as a
mixed-type inhibitor with a low predominance of the cathodic
side (Solomon & Umoren, 2016; Gerengi et al., 2016).

Table 5
Polarization measurements for steel API 5L grade C corrosion in the
absence and presence of inhibitors at 6 x 10~ mole 17! mM concen-
tration.

The electrochemical corrosion parameters, corrosion
current densities (I.), corrosion potentials (FE.,,) and
anodic and cathodic Tafel slopes [Figs. 11(a) and 11(c)] were
obtained by extrapolation of the polarization curves and the
values obtained are listed in Table 5. They show that the
inhibition efficiency is 98.34% for I and 98.23% for II.

3.3.3. Impedance measurements. To study the surface
properties of steel and the mechanism of the processes on the
electrode, we performed electrochemical impedance mea-
surements on API SL grade B steel in 0.5 M H,SO, solution
with and without inhibitor. The results are shown in Fig. 11(¢).

To obtain information about the double layer, we per-
formed electrochemical impedance spectroscopy measure-
ments. As shown in Fig. 11(c), all high-frequency loops have
the format of compressed half circles. This is the result of the
scattering factors due to the inhomogeneity of the working
electrode (Lebrini et al., 2007). The diameters of these capa-
citive loops increase with in the presence of inhibitor, which
means the increase of resistance (R.), that is, of the charge
transfer process (Abd El Rehim et al., 2004; Kissi et al., 20006).

The impedance data obtained above were analyzed using an
electrochemical equivalent circuit shown in Fig. 12, where R,
R, and CPE are the resistance solution, charge transfer
resistance and constant phase element, respectively. The term
CPE was introducing to replace a double-layer capacitance

ECO[T ﬂa ﬂc ICO[T

(mV/ECS) (mV/dec) (mV/dec) (HA cmfz) EI (%)
Blank —465 163.3 266.2 934 -
Inhibitor I —506 86.3 128.5 15.5 98.34
Inhibitor I —476 81.1 175.2 16.5 98.23
300 Ghichiet al. - Two 1H-benzo[dlimidazole derivatives
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Yo x 107° (Snem? Q71 Cai (UF cm™?) 1E (%)
21.38 8.32 -
39.76 10.7 96.08
36.73 10.6 95.61

Table 6

Impedance parameters for steel API 5L grade B in 0.5 M H,SO, solution in the absence and presence of inhibitor.
Cinh (mM) R, (2 cm?) R (€2 cm?) n

Blank 5.162 51.28 0.8785

Inhibitor I 7.410 1310 0.6931

Inhibitor IT 4.068 1169 0.7172

Table 7

Experimental (Exp.) and calculated (Calc.) bond lengths (A) and angles (°) of I and II (the numbering scheme used is that shown in Figs. S1 and S2).

I

I

Exp. Calc. Exp. Calc.
a: C10—N2 1.361 1.380 o: C23—N3 1.370 1.386
p: C10—N3 1.333 1.307 p: C23—N4 1.316 1.309
y: C10—Cl11 1.467 1.471 y: C10—Cl11 1.479 1.474
8: C14—01 1.360 1.352 8: C27—02 1.362 1.353
01—-C14—C20 114 115 02—-C27—-C33 115 115
01-C14—C13 125 124 02—-C27—C26 124 124
N2—C10—C11—-C12 —37 —35 N4—-C23—-C24—C32 63 47
N3—-C10—-C11-C19 —37 —38 N3—-C23—-C24—-C25 62 47
R.m.s. error (A) 0.229 R.m.s. error (A) 0.381

(Cq) for a more accurate fit. The impedance constant phase
element (Zcpg) is represented by Sakki et al. (2021):

Zepe = Yo(Jo)" (12)

where Y is a proportionality coefficient, J in an imaginary unit
(* = —1), n is a CPE exponent with values between 0 and 1,
and can be used to gauge the surface inhomogeneity, and w is
the angular frequency given by w = 2nf;,.«. The CPE com-
ponents Y, and n were used in the calculation of the double-
layer capacitance (Cg) of the adsorbed film following Equa-
tion (13) (Sakki et al., 2021):

Cy = (Yy- R (13)

The accuracy of the parabolic circuit fit was verified by
plotting Nyquist curves with simulations. These data show us
that as the inhibitor increases, the EPC values decrease and
the R, values increase. This decrease in capacitance results
from a decrease in the dielectric constant and/or an increase in
the thickness of the electrical double layer, and indicates that
the mechanism of the studied damper is via adsorption at the
metallic interface of steel and electrolyte (Chauhan et al.,
2018; Singh et al., 2016). In this case, it can be assumed that the
inhibitor displaces the water molecules adsorbed on the
surface of the steel. The inhibition efficiency is 96.08 and
95.61% (Table 6) at 6 x 10> mole ™" in the presence of
inhibitors of I and II, respectively, confirming the results
obtained by the polarization curve method.

3.4. DFT calculations

3.4.1. DFT-optimized geometry. The geometries of com-
pounds I and IT were optimized using DFT and are illustrated
in Fig. 13. The calculated bond lengths and angles of the
compounds are summarized in Table 7. The optimized struc-
tures compare well with the experimental data. For I and II, it
can be observed that the 8 and y calculated bond lengths are
smaller than the experimental values (~0.017 and 0.008 A,
respectively), whereas the « bond is longer than the experi-

mental value by ca 0.017 A. On the other hand, the geometry
parameters of I (o, B and y) are slightly larger than those of I,
which can be attributed to the R fragment. Furthermore, the
superposition of the X-ray crystallographic structure and the
optimized geometries of I and II are illustrated in Fig. 14; the
values of the r.m.s. errors are 0.229 and 0.381 A for I and 11,
respectively. From this result, we can conclude that the
calculated geometries (bond lengths and angles) are in ex-
cellent agreement with the experimental data.

3.4.2. Inhibition mechanism. In order to study the reaction
between the inhibitor molecule and the bulk metal surface (Fe
and Cu), the global and local reactivity indexes were calcu-
lated and are listed in Table 8 (see also Tables S1 and S2 in the
supporting information).

The quantum chemical calculations show that II exhibits the
highest values of chemical hardness, indicating greater stabi-
lity compared to I, which has the smallest hardness value.
Additionally, the potential chemistry value of II is larger,
indicating that II has a greater tendency to donate electrons
than I. Based on the global electrophilicity scale (Domingo et
al., 2002; Hannachi et al., 2021), inhibitor molecules I and II
can both be classified as moderate electrophiles (1.172 and
1.122 eV, respectively).

The electronegativity (x) determines the direction of elec-
tron flow between the metal surface and the inhibitor com-

90—1 2 =
RE. T R—Cl W.E.
Y0
n
Figure 12

Equivalent circuit diagrams used to fit impedance data.
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Table 8
Global reactivity indexes of I and II.
2 n w ANNi(LI/Cu ANwi(LnyFe
I —3.800 6.157 1172 —0.706 —0877
I ~3.730 6.200 1122 ~0.695 —0.865

pound until a balance in chemical potential is achieved. When
an inhibitor molecule is adsorbed onto a metal surface, such as
iron or copper with electronegativities of 7 and 4.9eV,
respectively (Alaoui Mrani er al., 2021; Michaelson, 1977
Lesar & Milosev, 2009), electrons are expected to be trans-
ferred from the system with lower electronegativity to the
system with higher electronegativity. This transfer of electrons
is based on the difference in electronegativity between the
metal surface and the inhibitor compound. The calculations
indicate that I and II exhibit lower electronegativity (3.8 and
3.73 eV) compared to iron and copper, which implies that they
are more prone to transferring electrons to the metal surface.

The number of transferred electrons [A Ny mymetal] 1S an
effective quantum chemical descriptor for studying metal-
inhibitor interactions. The calculations reported in Table 8
indicate that the ANy mymetar Value for M(LII)/Fe is larger

Figure 13 (a)
The optimized geometries of () I and (b) IL

(a)
Figure 14

than for M(LII)/Cu, which means there is an excellent inter-
action between the corrosion inhibitor and the iron surface.
Additionally, compound I displays a larger ANypnerar Value
than II, indicating that I has a better potential for releasing
electrons into the low-lying vacant d orbitals of the metal
(Alaoui Mrani et al., 2021) than IL

Tables S1 and S2 (see supporting information) display the
Fukui function, dual descriptor and local philicity index values
for compounds I and II following nucleophilic and electro-
philic attacks.

Upon analyzing the results, it can be observed that the
highest values of " are localized on atoms C11 and C14 for the
molecule of I, and on atoms C5 and C12 for the molecule of II
(Fig. S1). This suggests that these sites function as electron
acceptors. On the other hand, high values of f~ are observed
on atoms O1, N3, C4 and C6 for I, and on atoms O2, N4, C7
C24 and C29 for II (Fig. S2). This indicates that these sites are
electron donors. The dual descriptor [Af(r)] and the local
philicity index show that the favourable nucleophilic site is C4
for I and C24 for Il [Af(r) = —0.050 and —0.155, respectively]
(see Fig. 15). It can be observed that II has a larger local
reactivity descriptor value than I, which can be attributed to
the R fragment present in II at atom N3. We conclude that the

(b)

Atom-by-atom superimposition of the X-ray structure (blue) on the calculated geometry (red) of (a) I and () IL
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Af (r) =+0. 0« Af
/ 9
C13
Af (r) =-0.046

(a)
Figure 15

Af (1) = -0.155

9
Af (r) =-0.044

;J
2 A0 <o
9 | A >0
(b)

Maps of the dual descriptor for (@) I and (b) II, plotted using 0.0054 a.u. isovalues.

introduction of the R group (at the N3 atom) can effectively
enhance the local reactivity descriptors.

Based on this research, it has been determined that I and II
are able to form strong bonds with the surfaces of Fe and Cu,
thereby providing effective protection against corrosion. The
primary mode of interaction between the corrosion inhibitors
and the metal atoms is through atoms C13 and C24 of I and II,
respectively.

4. Conclusions

In the present work, the new compounds 2-(4-methoxy-
naphthalen-1-yl)-1H-benzo[d]imidazole (I) and 2-(4-methoxy-
naphthalen-1-yl)-1-[(4-methoxy-naphthalen-1-yl)methyl]-1H-
benzo[d]imidazole ethanol monosolvate (II) have been syn-
thesized via condensation processes in good yield and char-
acterized by IR, 'H and "*C NMR spectroscopy, and X-ray
diffraction. The Hirshfeld surface analysis was carried out and
indicated the dominance of the H---H (48.7 and 61.0%,
respectively) in the both compounds, and C---H/H---C (33.0
and 25.2%, respectively). The results obtained by both
methods show that compounds I and II could serve as an
effective corrosion inhibitor of API 5L Class C steel in 0.5 M
H,SO,. The geometric parameters calculated (bond lengths
and angles) represent a good approximation to the experi-
mental data. On the other hand, the corrosion inhibition
potentials of both compounds were investigated using quan-
tum chemical calculations with the M062X/6-311+g(d) basis
set in the gas phase and in solvents. Furthermore, it was
concluded that compound II has a larger local reactivity
descriptor value than L
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Synthesis and crystal structures of two 1H-benzo[d]imidazole derivatives: DFT

and anticorrosion studies, and Hirshfeld surface analysis

Nadir Ghichi, Amel Djedouani, Douniazed Hannachid, Mohamed Elhadi Said, Ali
Benboudiaf, Hocine Merazig, Louiza Ouksel, Abdelkader Hellal and Helen Stoeckli-Evans

Computing details

For both structures, data collection: APEX2 (Bruker, 2012); cell refinement: SAINT (Bruker, 2012); data reduction:
SAINT (Bruker, 2012); program(s) used to solve structure: SHELXT2018 (Sheldrick, 2015a); program(s) used to refine
structure: SHELXL2018 (Sheldrick, 2015b); molecular graphics: Mercury (Macrae et al., 2020); software used to prepare
material for publication: PLATON (Spek, 2020), SHELXL2018 (Sheldrick, 2015b) and pubICIF (Westrip, 2010).

2-(4-Methoxynaphthalen-1-yl)-1H-benzo[d]limidazole (I)

Crystal data

CisH14N,O
M,.=274.31
Orthorhombic, Pca2,
a=9.1548 (5) A
b=9.7791 (5) A
c=15.6336(9) A
V'=1399.61 (13) A3
Z=4

F(000) =576

Data collection

Bruker APEXII CCD
diffractometer
Radiation source: fine-focus sealed tube
Detector resolution: 18.4 pixels mm!
¢ and w scans
6139 measured reflections
2442 independent reflections

Refinement

Refinement on F?

Least-squares matrix: full

R[F?>20(F?)]=0.036

wR(F?) = 0.090

§=1.07

2442 reflections

195 parameters

1 restraint

Primary atom site location: structure-invariant
direct methods

D,=1302Mgm3

Mo Ka radiation, 1 =0.71073 A

Cell parameters from 2195 reflections
0=4.6-29.2°

4 =0.08 mm™!

T=293K

Block, yellow

0.03 x 0.02 x 0.01 mm

2235 reflections with 1> 2a(1)
R =0.026

Ormax = 26.0°, O, = 4.6°
h=-9—-11

k=-11-12

[=-19—13

Secondary atom site location: difference Fourier
map

Hydrogen site location: mixed

H atoms treated by a mixture of independent
and constrained refinement

w = 1/[c*(F?) + (0.0538P)?]
where P = (F,2 + 2F2)/3

(A/6)max < 0.001

Apmax = 0.14 ¢ A7

Appin=—0.15¢ A3
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Special details

Geometry. All esds (except the esd in the dihedral angle between two L.s. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate

(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (42)

X y z Uiso®/Ueq
01 0.3131 (2) 0.52301 (16) 0.93251 (13) 0.0412 (5)
N1 —0.00899 (19) 1.02574 (19) 0.73581 (14) 0.0263 (4)
HIN —-0.093 (3) 0.973 (3) 0.741 (2) 0.050 (8)*
N2 0.21774 (19) 1.10680 (18) 0.75222 (15) 0.0290 (5)
Cl —0.0048 (2) 1.1488 (2) 0.69231 (17) 0.0274 (5)
C2 —0.1096 (3) 1.2187 (3) 0.64483 (18) 0.0344 (6)
H2 —0.203721 1.184813 0.637785 0.041%*
C3 —0.0661 (3) 1.3414 (3) 0.60867 (18) 0.0399 (7)
H3 —0.132910 1.391782 0.576859 0.048*
C4 0.0756 (3) 1.3910 (3) 0.6188 (2) 0.0418 (7)
H4 0.100724 1.473768 0.593533 0.050%*
C5 0.1795 (3) 1.3212 (3) 0.66521 (19) 0.0377 (6)
H5 0.273829 1.355079 0.671248 0.045%*
C6 0.1378 (3) 1.1978 (2) 0.70284 (17) 0.0282 (5)
C7 0.1251 (2) 1.0062 (2) 0.77114 (15) 0.0259 (5)
Cs8 0.1642 (2) 0.8822 (2) 0.81900 (17) 0.0257 (5)
C9 0.1102 (3) 0.7580 (2) 0.79235 (17) 0.0308 (6)
H9 0.041559 0.755725 0.748542 0.037*
C10 0.1563 (3) 0.6344 (2) 0.82968 (19) 0.0334 (6)
H10 0.117488 0.551745 0.810930 0.040*
Cl1 0.2579 (3) 0.6360 (2) 0.89339 (18) 0.0293 (5)
C12 0.4194 (3) 0.7659 (2) 0.99209 (17) 0.0310 (6)
H12 0.453990 0.684294 1.015005 0.037*
Cl13 0.4703 (3) 0.8869 (2) 1.02326 (18) 0.0342 (6)
H13 0.540653 0.887781 1.066164 0.041*
Cl4 0.4160 (3) 1.0105 (2) 0.99026 (17) 0.0338 (6)
H14 0.448095 1.093153 1.012901 0.041*
Cl15 03168 (2) 1.0103 (2) 0.92548 (17) 0.0298 (5)
H15 0.281960 1.093191 0.904660 0.036*
Cl6 0.2653 (2) 0.8866 (2) 0.88893 (16) 0.0244 (5)
c17 03147 (2) 0.7620 (2) 0.92542 (18) 0.0256 (5)
C18 0.2671 (4) 0.3925 (2) 0.9025 (2) 0.0520 (8)
H18A 0.313464 0.322192 0.935724 0.078*
H18B 0.293768 0.382376 0.843502 0.078*
H18C 0.162984 0.384795 0.908214 0.078*
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Atomic displacement parameters (4°)

Ull U22 l/‘33 U12 U13 l]23
01 0.0609 (12) 0.0211 (8) 0.0418 (11) 0.0018 (7) —0.0097 (10) 0.0030 (8)
N1 0.0226 (9) 0.0279 (9) 0.0285 (11) 0.0011 (8) —0.0020 (8) 0.0001 (8)
N2 0.0263 (9) 0.0268 (9) 0.0340 (13) 0.0002 (7) —0.0044 (9) 0.0052 (9)
Cl 0.0277 (11) 0.0296 (11) 0.0248 (13) 0.0061 (9) 0.0022 (10) —0.0036 (10)
C2 0.0301 (12) 0.0432 (13) 0.0300 (15) 0.0089 (10) —0.0019 (11) —0.0009 (11)
C3 0.0453 (16) 0.0432 (14) 0.0311 (16) 0.0166 (13) —0.0039 (12) 0.0072 (12)
C4 0.0537 (17) 0.0349 (13) 0.0369 (18) 0.0055 (12) —0.0015 (14) 0.0140 (12)
Cs 0.0376 (14) 0.0342 (13) 0.0413 (17) —0.0012 (10) —0.0025 (12) 0.0084 (12)
C6 0.0298 (12) 0.0285 (11) 0.0263 (13) 0.0041 (9) —0.0009 (10) 0.0020 (10)
C7 0.0260 (11) 0.0255 (11) 0.0262 (14) 0.0018 (9) —0.0026 (9) —0.0014 (9)
C8 0.0237 (11) 0.0255 (11) 0.0279 (14) 0.0003 (8) 0.0018 (10) 0.0024 (10)
C9 0.0273 (12) 0.0304 (13) 0.0346 (15) —0.0025 (9) —0.0044 (11) —0.0006 (10)
C10 0.0380 (13) 0.0240 (11) 0.0383 (17) —0.0052 (10) —0.0004 (12) —0.0014 (11)
Cl1 0.0374 (12) 0.0226 (11) 0.0280 (15) —0.0001 (10) 0.0031 (11) 0.0047 (10)
Cl2 0.0347 (14) 0.0308 (13) 0.0276 (14) 0.0031 (9) 0.0004 (11) 0.0059 (10)
C13 0.0376 (13) 0.0395 (13) 0.0256 (14) —0.0037 (10) —0.0064 (11) 0.0025 (11)
Cl4 0.0439 (14) 0.0285 (12) 0.0288 (15) —0.0078 (10) —0.0038 (11) —0.0024 (10)
Cl15 0.0359 (12) 0.0232 (11) 0.0302 (14) —0.0008 (9) —0.0010 (11) 0.0037 (10)
Cl16 0.0246 (10) 0.0239 (10) 0.0247 (14) —0.0007 (9) 0.0020 (9) 0.0021 (10)
Cl17 0.0277 (11) 0.0244 (11) 0.0248 (13) 0.0015 (8) 0.0056 (10) 0.0018 (10)
C18 0.078 (2) 0.0206 (12) 0.058 (2) —0.0041 (12) —0.0144 (17) 0.0026 (13)
Geometric parameters (4, )
01—Cl1 1.360 (3) C8—C16 1.433 (3)
01—C18 1.424 (3) C9—C10 1.407 (3)
N1—C7 1.360 (3) C9—H9 0.9300
N1—C1 1.383 (3) C10—Cl11 1.363 (4)
N1—HIN 0.93 (3) C10—H10 0.9300
N2—C7 1.332 (3) Cl11—C17 1.428 (3)
N2—C6 1.387 (3) C12—C13 1.363 (3)
Cl—C2 1.393 (3) C12—C17 1.416 (4)
C1—Co 1.400 (3) C12—H12 0.9300
C2—C3 1.385 (4) C13—C14 1.405 (3)
C2—H2 0.9300 CI13—H13 0.9300
C3—C4 1.394 (4) C14—C15 1.360 (4)
C3—H3 0.9300 Cl4—H14 0.9300
C4—C5 1.376 (4) C15—C16 1.419 (3)
C4—H4 0.9300 C15—H15 0.9300
C5—Co 1.396 (3) Cl16—C17 1.419 (3)
C5—HS 0.9300 CI18—HI18A 0.9600
C7—C8 1.469 (3) C18—H18B 0.9600
Cc8—C9 1.375 (3) C18—H18C 0.9600
Cl11—01—C18 118.1 (2) C10—C9—H9 119.2
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C7—N1—C1
C7—N1—HIN
C1—N1—HIN
C7T—N2—C6
N1—C1—C2
N1—C1—C6
C2—C1—C6
C3—C2—C1
C3—C2—H2
C1—C2—H2
C2—C3—C4
C2—C3—H3
C4—C3—H3
C5—C4—C3
C5—C4—H4
C3—C4—H4
C4—C5—C6
C4—C5—H5
C6—C5—HS5
N2—C6—C5
N2—C6—Cl1
C5—C6—Cl1
N2—C7—NI1
N2—C7—C8
N1I—C7—C8
C9—C8—C16
C9—C8—C7
Cl16—C8—C7
C8—C9—C10
C8—C9—H9

C7—N1—C1—C2
C7T—N1—C1—C6
N1—C1—C2—C3
C6—C1—C2—C3
C1—C2—C3—C4
C2—C3—C4—C5
C3—C4—C5—C6
C7T—N2—C6—C5
C7T—N2—C6—C1
C4—C5—C6—N2
C4—C5—C6—C1
N1—C1—C6—N2
C2—C1—C6—N2
N1—C1—C6—C5
C2—C1—C6—C5
C6—N2—C7—N1
C6—N2—C7—C8

107.27 (18)
129.1 (18)
123.5 (18)
105.17 (18)
132.1 (2)
105.44 (19)
122.5 (2)
116.4 (2)
121.8

121.8

121.5 (2)
119.2

119.2

122.0 (2)
119.0

119.0

117.5 (2)
121.3

121.3

130.2 (2)
109.7 (2)
120.1 (2)
112.37 (19)
124.6 (2)
122.87 (19)
119.3 (2)
119.1 (2)
121.4 (2)
121.7 (2)
119.2

179.9 (3)
1.0 (2)
~179.3 (2)
—0.6 (4)
0.6 (4)
-0.1(5)
—0.4 (4)
~179.8 (3)
-0.3(3)
179.9 (3)
0.4 (4)
-0.4 (3)
~179.5 (2)
179.1 (2)
0.1(4)

1.0 3)
176.5 (2)

C11—C10—C9
C11—C10—H10
C9—C10—H10
01—C11—C10
01—C11—C17
C10—C11—C17
C13—C12—C17
C13—C12—H12
C17—C12—H12
C12—C13—C14
Cl12—C13—HI13
Cl14—C13—HI13
C15—C14—C13
C15—Cl14—H14
C13—C14—H14
C14—C15—C16
C14—C15—HI15
Cl6—C15—HI15
C17—C16—C15
C17—C16—C8
C15—C16—C8
C12—C17—C16
C12—C17—C11
Cl6—C17—Cl11
O1—C18—H18A
01—C18—HI18B
HI8A—C18—H18B
01—C18—HI18C
HI8A—C18—HI8C
H18B—C18—HI18C

C8—C9—C10—Cl11
C18—01—C11—C10
C18—01—C11—C17
C9—C10—C11—01
C9—C10—C11—C17
C17—C12—C13—C14
C12—C13—C14—C15
C13—C14—C15—C16
C14—C15—C16—C17
C14—C15—C16—C8
C9—C8—C16—C17
C7T—C8—C16—Cl17
C9—C8—C16—C15
C7—C8—C16—C15
C13—C12—C17—C16
C13—C12—C17—C11
C15—C16—C17—C12

119.8 (2)
120.1
120.1
124.9 (2)
114.1 (2)
121.0 (2)
121.2 (2)
119.4
119.4
119.7 (2)
120.2
120.2
120.6 (2)
119.7
119.7
121.5 (2)
119.2
119.2
117.7 (2)
119.1 (2)
1232 (2)
119.2 (2)
121.8 (2)
118.9 (2)
109.5
109.5
109.5
109.5
109.5
109.5

—0.6 (4)
3.1(4)
~177.6 (2)
~178.3 (2)
2.5 (4)

1.4 (4)
~2.3(4)
~0.2 (4)
3.4 (3)
~178.1 (2)
4.1(3)
~171.4 (2)
~174.4 (2)
10.1 3)
1.8 (4)
~178.6 (2)
-4.1(3)
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C1—NI—C7—N2 -1.3(3) C8—C16—C17—C12 177.3 (2)
C1—N1—C7—C8 -176.9 (2) C15—C16—C17—C11 176.2 (2)
N2—C7—C8—C9 —138.3 (3) C8—C16—C17—Cl1 -2.303)
NI—C7—C8—C9 36.8 (3) 01—C11—C17—C12 0.1 (3)
N2—C7—C8—C16 372 (4) C10—C11—C17—C12 179.4 (3)
NI1—C7—C8—C16 —147.7 (2) 01—C11—C17—C16 179.7 (2)
C16—C8—C9—C10 -2.7(4) C10—C11—C17—C16 —1.0 (4)
C7—C8—C9—C10 172.9 (2)

Hydrogen-bond geometry (4, °)

Cg2 is the centroid of ring N1/N2/C1/C6/C7.

N1—HI1N-+-N2 1.91 (3) 2.829 (3)
Cl4—H14--Cg2t 2.82 3.647 (3)

Symmetry codes: (i) x—1/2, —y+2, z; (ii) —x+1/2, y, z+1/2.

2-(4-Methoxynaphthalen-1-yl)-1-[(4-methoxynaphthalen-1-yl)methyl]-1H-benzo[d]imidazole ethanol

monosolvate (I1)

Crystal data
C30H24N202‘C2H60 Z= 2
M, =490.58 F(000) = 520

Triclinic, P1
a=10.7065 (3) A
b=10.9434(3) A
c=12.8256 (4) A
0=69.029 (1)°
£=282.871(1)°
y=67.515(1)°
V'=1296.37(7) A3

Data collection

Bruker APEXII CCD
diffractometer
Radiation source: fine-focus sealed tube

D,=1257TMgm

Mo Ko radiation, 2 =0.71073 A

Cell parameters from 6273 reflections
0=2.2-26.5°

4 =0.08 mm™!

T=293K

Block, yellow

0.03 x 0.02 x 0.01 mm

3587 reflections with 7> 2a(1)
Rin=10.022
gmax = 25-30, emin = 3.50

¢ and w scans h=-12—12
20872 measured reflections k=-13—13
4611 independent reflections I=-15-15

Refinement

Refinement on F?

Least-squares matrix: full

R[F?>20(F*)]=0.054

WR(F?)=10.162

§=1.09

4611 reflections

358 parameters

S restraints

Primary atom site location: structure-invariant
direct methods

Secondary atom site location: difference Fourier
map

Hydrogen site location: inferred from
neighbouring sites

H-atom parameters constrained

w = 1/[c*(F*) *+ (0.0966P)* + 0.1721P]
where P = (F 2+ 2F2)/3

(A/6)max = 0.001

Apmax =0.31 e A7

Apmin=—-026 ¢ A

Extinction correction: (SHELXL2018;
Sheldrick, 2015b),
Fc'=kFc[1+0.001xFc?13/sin(26)] 4

Extinction coefficient: 0.029 (7)
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Special details

Geometry. All esds (except the esd in the dihedral angle between two L.s. planes) are estimated using the full covariance
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles;
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate

(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (42)

x y z Uio™/Ueq Occ. (<1)
ol 0.79504 (13) 0.57717 (13) 0.55219 (12) 0.0670 (4)
02 ~0.09560 (13) 0.72990 (14) 0.82111 (14) 0.0738 (4)
N1 0.44926 (13) 0.19435 (13) 0.84103 (11) 0.0445 (3)
N2 0.54346 (14) 0.08873 (15) 0.71531 (12) 0.0505 (4)
cl 0.40024 (15) 0.08787 (16) 0.86170 (14) 0.0460 (4)
2 031017 (18) 0.0453 (2) 0.94076 (16) 0.0576 (5)
H2 0.271852 0.089317 0.993196 0.069*
C3 0.2809 (2) ~0.0642 (2) 0.93755 (18) 0.0648 (5)
H3 0.221822 —0.096176 0.989567 0.078*
c4 0.33743 (19) ~0.1296 (2) 0.85801 (19) 0.0635 (5)
H4 0.314703 —0.203600 0.858044 0.076*
Cs 0.42586 (18) ~0.08680 (19) 0.77983 (18) 0.0575 (5)
H5 0.462698 —0.130245 0.726829 0.069*
C6 0.45872 (15) 0.02394 (16) 0.78238 (14) 0.0459 (4)
c7 0.53477 (15) 0.18919 (16) 0.75256 (14) 0.0443 (4)
c8 0.60390 (16) 0.29057 (17) 0.70384 (14) 0.0456 (4)
9 0.52934 (17) 0.43062 (18) 0.65641 (16) 0.0534 (4)
H9 0.435537 0.460380 0.658714 0.064*
C10 0.58899 (18) 0.53055 (18) 0.60465 (16) 0.0558 (5)
H10 0.535260 0.624956 0.573506 0.067*
cll 0.72663 (18) 0.48880 (18) 0.60003 (15) 0.0503 (4)
c12 0.95327 (18) 0.2996 (2) 0.65077 (16) 0.0566 (5)
HI2 0.994730 0.364312 0.615193 0.068*
Cl13 1.03042 (18) 0.1622 (2) 0.70329 (17) 0.0626 (5)
H13 1.124085 0.134150 0.704158 0.075%
Cl4 0.96989 (18) 0.0634 (2) 0.75579 (17) 0.0602 (5)
H14 1.023558 —0.029967 0.791474 0.072%*
Cls 0.83255 (17) 0.10273 (18) 0.75513 (15) 0.0502 (4)
H15 0.793720 0.035493 0.789512 0.060*
Cl16 0.74836 (16) 0.24464 (17) 0.70276 (13) 0.0445 (4)
c17 0.81052 (16) 0.34444 (17) 0.65005 (14) 0.0464 (4)
C18 0.7161 (2) 0.7221 (2) 0.4999 (2) 0.0790 (6)
H18A 0.653487 0.756151 0.552623 0.118*
H18B 0.667131 0.732954 0.437366 0.118*
H18C 0.774556 0.774847 0.474609 0.118*
C19 0.41803 (17) 0.28566 (18) 0.90677 (15) 0.0499 (4)
H19B 0.486805 0.326647 0.894256 0.060%*
HI19A 0.421798 0.229513 0.985259 0.060*
€20 0.28103 (16) 0.40269 (16) 0.88034 (14) 0.0454 (4)
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C21 0.19716 (18) 0.42437 (18) 0.79860 (15) 0.0532 (4)
H21 0.225253 0.364742 0.756752 0.064*
C22 0.06965 (18) 0.53353 (19) 0.77505 (17) 0.0569 (5)
H22 0.015627 0.545888 0.717885 0.068*
C23 0.02555 (17) 0.62098 (17) 0.83610 (16) 0.0531 (5)
C24 0.0637 (2) 0.6897 (2) 0.99028 (17) 0.0610 (5)
H24 -0.021323 0.760820 0.976874 0.073*
C25 0.1429 (2) 0.6710 (2) 1.07352 (18) 0.0681 (6)
H25 0.111530 0.728456 1.117165 0.082*
C26 0.2715 (2) 0.5658 (2) 1.09397 (17) 0.0672 (6)
H26 0.325891 0.554375 1.150515 0.081*
C27 0.3177 (2) 0.4798 (2) 1.03150 (15) 0.0566 (5)
H27 0.403720 0.410497 1.045927 0.068*
C28 0.23752 (17) 0.49370 (16) 0.94519 (14) 0.0458 (4)
C29 0.10793 (17) 0.60308 (16) 0.92365 (14) 0.0481 (4)
C30 —0.1803 (2) 0.7553 (2) 0.7334 (2) 0.0860 (7)
H30A —0.200492 0.673026 0.745416 0.129%*
H30B -0.135112 0.776947 0.663545 0.129*
H30C —0.262803 0.833016 0.731797 0.129*
03 0.6300 (2) 0.1048 (3) 0.48789 (18) 0.1201 (7)
H30 0.604169 0.125404 0.544426 0.180*
C31A 0.7681 (4) 0.0834 (5) 0.4730 (3) 0.1062 (11) 0.85
H31A 0.810206 0.011400 0.438979 0.127* 0.85
H31B 0.811080 0.050081 0.545358 0.127* 0.85
C32A 0.7892 (6) 0.2084 (5) 0.4047 (5) 0.1359 (16) 0.85
H32A 0.745066 0.242897 0.333605 0.204* 0.85
H32B 0.884325 0.188690 0.394075 0.204* 0.85
H32C 0.752345 0.278195 0.440348 0.204* 0.85
C31B 0.7211 (17) 0.183 (2) 0.450 (3) 0.128 (10) 0.15
H31C 0.697732 0.249896 0.488514 0.154* 0.15
H31D 0.702879 0.235819 0.371034 0.154* 0.15
C32B 0.8732 (17) 0.099 (3) 0.465 (2) 0.116 (8) 0.15
H32D 0.889004 0.007762 0.519770 0.175%* 0.15
H32E 0.914982 0.148018 0.489595 0.175%* 0.15
H32F 0.911090 0.089861 0.395180 0.175%* 0.15
Atomic displacement parameters (4°)
Ull l]22 l]33 U12 U13 l]23
(0] 0.0563 (8) 0.0505 (7) 0.0807 (9) —-0.0216 (6) 0.0038 (7) —0.0054 (6)
02 0.0521 (8) 0.0540 (8) 0.1025 (11) —0.0008 (6) —0.0093 (8) —-0.0284 (7)
N1 0.0395 (7) 0.0415 (7) 0.0497 (8) —-0.0104 (6) 0.0005 (6) —-0.0170 (6)
N2 0.0450 (8) 0.0491 (8) 0.0592 (9) —-0.0156 (6) 0.0057 (6) —-0.0238 (7)
C1 0.0365 (8) 0.0407 (8) 0.0532 (9) —-0.0081 (7) —-0.0043 (7) —-0.0119 (7)
C2 0.0482 (10) 0.0571 (11) 0.0588 (11) —0.0158 (8) 0.0045 (8) —-0.0147 (9)
C3 0.0519 (10) 0.0596 (11) 0.0735 (13) —-0.0250 (9) 0.0009 (9) —0.0069 (10)
Cc4 0.0535 (10) 0.0503 (10) 0.0842 (14) —0.0211 (8) —-0.0121 (10) —0.0134 (10)
C5 0.0495 (10) 0.0488 (10) 0.0750 (12) —-0.0124 (8) —0.0060 (9) —-0.0257 (9)
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Co6 0.0369 (8) 0.0406 (8) 0.0548 (10) —0.0086 (6) —0.0037 (7) —0.0144 (7)
C7 0.0347 (8) 0.0427 (8) 0.0503 (9) —0.0075 (6) —0.0012 (7) —0.0164 (7)
C8 0.0432 (8) 0.0453 (9) 0.0470 (9) —0.0128 (7) 0.0006 (7) —0.0177 (7)
Cc9 0.0404 (9) 0.0493 (10) 0.0627 (11) —0.0114 (7) —0.0009 (8) —0.0149 (8)
C10 0.0506 (10) 0.0425 (9) 0.0628 (11) —0.0094 (7) —0.0064 (8) —0.0107 (8)
Cl1 0.0508 (10) 0.0471 (9) 0.0499 (10) —0.0188 (8) 0.0010 (8) —0.0118 (8)
C12 0.0464 (9) 0.0592 (11) 0.0596 (11) —0.0193 (8) 0.0074 (8) —0.0170 (9)
C13 0.0407 (9) 0.0637 (12) 0.0714 (13) —0.0121 (8) 0.0051 (9) —0.0182 (10)
Cl4 0.0475 (10) 0.0498 (10) 0.0673 (12) —0.0066 (8) 0.0000 (9) —0.0135 (9)
C15 0.0469 (9) 0.0451 (9) 0.0534 (10) —0.0135 (7) 0.0032 (8) —0.0150 (8)
Cl16 0.0439 (9) 0.0454 (9) 0.0421 (9) —0.0131 (7) 0.0039 (7) —0.0171 (7)
C17 0.0444 (9) 0.0478 (9) 0.0442 (9) —0.0147 (7) 0.0028 (7) —0.0155 (7)
C18 0.0738 (14) 0.0545 (12) 0.0893 (16) —0.0250 (10) —0.0019 (12) 0.0003 (11)
C19 0.0484 (9) 0.0474 (9) 0.0529 (10) —0.0125 (7) —0.0010 (8) —0.0208 (8)
C20 0.0437 (9) 0.0426 (8) 0.0487 (9) —0.0140 (7) 0.0032 (7) —0.0167 (7)
C21 0.0541 (10) 0.0482 (9) 0.0580 (10) —0.0116 (8) —0.0027 (8) —0.0253 (8)
C22 0.0518 (10) 0.0511 (10) 0.0646 (11) —0.0129 (8) —0.0114 (9) —0.0182 (9)
C23 0.0457 (9) 0.0379 (8) 0.0685 (11) —0.0118 (7) 0.0035 (8) —0.0144 (8)
C24 0.0629 (11) 0.0490 (10) 0.0713 (13) —0.0218 (9) 0.0190 (10) —0.0250 (9)
C25 0.0913 (16) 0.0625 (12) 0.0646 (12) —0.0362 (12) 0.0202 (11) —0.0348 (10)
C26 0.0894 (15) 0.0697 (13) 0.0568 (11) —0.0385 (12) 0.0058 (10) —0.0290 (10)
C27 0.0644 (11) 0.0560 (10) 0.0527 (10) —0.0244 (9) 0.0014 (9) —0.0196 (8)
C28 0.0509 (9) 0.0416 (8) 0.0474 (9) —0.0214 (7) 0.0068 (7) —0.0151 (7)
C29 0.0512 (9) 0.0391 (8) 0.0537 (10) —0.0198 (7) 0.0112 (8) —0.0150 (7)
C30 0.0556 (12) 0.0619 (13) 0.120 (2) —0.0045 (10) —0.0196 (13) —0.0195 (13)
03 0.1062 (15) 0.167 (2) 0.0894 (14) —0.0483 (15) 0.0195 (11) —0.0536 (14)
C31A 0.103 (3) 0.093 (3) 0.104 (3) —0.021 (2) 0.028 (2) —0.037 (2)
C32A 0.147 (5) 0.108 (3) 0.139 (4) —0.065 (3) 0.018 (3) —-0.011 (3)
C31B 0.105 (16) 0.052 (11) 0.22 (3) —0.033 (11) 0.069 (18) —0.054 (15)
C32B 0.054 (10) 0.15(2) 0.121 (17) —0.021 (12) 0.029 (11) —0.042 (15)
Geometric parameters (A, °)

O1—Cl11 1.362 (2) C18—H18C 0.9600

01—C18 1.426 (2) C19—C20 1.511 (2)
02—C23 1.362 (2) C19—H19B 0.9700

02—C30 1.415 (3) C19—HI19A 0.9700

N1—C7 1.370 (2) C20—C21 1.362 (2)

N1—C1 1.384 (2) C20—C28 1.429 (2)
N1—C19 1.449 (2) C21—C22 1.407 (2)

N2—C7 1.316 (2) C21—H21 0.9300

N2—C6 1.388 (2) C22—C23 1.360 (3)

C1—Co6 1.390 (2) C22—H22 0.9300

Cl1—C2 1.392 (3) C23—C29 1.426 (3)

C2—C3 1.364 (3) C24—C25 1.355(3)

C2—H2 0.9300 C24—C29 1.410 (3)

C3—C4 1.399 (3) C24—H24 0.9300

C3—H3 0.9300 C25—C26 1.397 (3)
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C4—C5
C4—H4
C5—Co
C5—HS5
C7—C8
Cc8—C9
C8—C16
C9—C10
C9—H9
C10—C11
C10—H10
Cl11—C17
C12—C13
C12—C17
Cl12—H]12
C13—Cl14
C13—HI13
C14—C15
Cl14—H14
C15—Cl16
C15—HI15
Cl16—C17
C18—HIBA
C18—HI18B

C11—01—C18
C23—02—C30
C7T—N1—Cl1
C7—N1—CI19
ClI—N1—CI19
C7T—N2—C6
N1—C1—C6
N1—C1—C2
Co—Cl1—C2
C3—C2—C1
C3—C2—H2
C1—C2—H2
C2—C3—C4
C2—C3—H3
C4—C3—H3
C5—C4—C3
C5—C4—H4
C3—C4—H4
C4—C5—C6
C4—C5—H5
C6—C5—H5
N2—C6—Cl1
N2—C6—C5

1.374 (3)
0.9300
1.397 (2)
0.9300
1.479 (2)
1.369 (2)
1.432 (2)
1.398 (3)
0.9300
1.366 (3)
0.9300
1.431 (2)
1.364 (3)
1.415 (2)
0.9300
1.396 (3)
0.9300
1.365 (3)
0.9300
1.417 (2)
0.9300
1.417 (2)
0.9600
0.9600

116.99 (15)
117.04 (17)
106.56 (13)
128.74 (14)
124.63 (14)
105.45 (14)
105.77 (14)
131.48 (16)
122.74 (16)
116.72 (19)
121.6
121.6
121.70 (19)
119.1
119.1
121.35 (18)
119.3
119.3
117.98 (19)
121.0
121.0
109.68 (14)
130.82 (16)

C25—H25 0.9300
C26—C27 1.363 (3)
C26—H26 0.9300
C27—C28 1.415 (2)
C27—H27 0.9300
C28—C29 1.422 (2)
C30—H30A 0.9600
C30—H30B 0.9600
C30—H30C 0.9600
03—C31A 1.405 (4)
03—C31B 1.460 (15)
03—H30 0.8200
C31A—C32A 1.421 (5)
C31A—H31A 0.9700
C31A—H31B 0.9700
C32A—H32A 0.9600
C32A—H32B 0.9600
C32A—H32C 0.9600
C31B—C32B 1.528 (17)
C31B—H31C 0.9700
C31B—H31D 0.9700
C32B—H32D 0.9600
C32B—H32E 0.9600
C32B—H32F 0.9600
C20—C19—HI9B 108.8
N1—C19—H19A 108.8
C20—C19—HI9A 108.8
H19B—C19—HI9A 107.7
C21—C20—C28 118.77 (15)
C21—C20—C19 123.07 (15)
C28—C20—C19 118.15 (14)
C20—C21—C22 122.50 (16)
C20—C21—H21 118.7
C22—C21—H21 118.7
C23—C22—C21 119.84 (17)
C23—C22—H22 120.1
C21—C22—H22 120.1
C22—C23—02 125.12 (18)
C22—C23—C29 120.45 (15)
02—C23—C29 114.43 (16)
C25—C24—C29 121.13 (18)
C25—C24—H24 119.4
C29—C24—H24 119.4
C24—C25—C26 120.22 (18)
C24—C25—H25 119.9
C26—C25—H25 119.9
C27—C26—C25 120.4 (2)
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C1—C6—C5
N2—C7—N1
N2—C7—C8
N1—C7—C8
C9—C8—C16
C9—C8—C7
Cl16—C8—C7
C8—C9—C10
C8—C9—H9
C10—C9—H9
C11—C10—C9
C11—C10—H10
C9—C10—H10
01—C11—C10
01—C11—C17
C10—C11—C17
C13—C12—C17
C13—C12—H]12
C17—C12—H]12
C12—C13—C14
C12—C13—H13
C14—C13—H13
C15—C14—C13
C15—C14—H14
C13—C14—H14
C14—C15—C16
C14—C15—H15
Cl6—C15—H15
C15—C16—C17
C15—C16—C8
C17—C16—C8
C12—C17—C16
C12—C17—C11
Cl16—C17—C11
O1—C18—H18A
O1—C18—H18B
HI8A—C18—HI18B
O1—C18—H18C
HI8A—C18—HI18C
H18B—C18—HI18C
N1—C19—C20
N1—C19—H19B

C7T—N1—C1—C6
C19—NI1—C1—C6
C7T—N1—C1—C2
C19—NI1—C1—C2
N1—C1—C2—C3

119.50 (16)
112.53 (14)
125.10 (15)
122.33 (14)
119.00 (16)
119.83 (15)
121.16 (14)
122.43 (16)
118.8
118.8
119.65 (16)
120.2
120.2
124.48 (16)
114.74 (15)
120.76 (16)
120.42 (17)
119.8
119.8
120.54 (17)
119.7
119.7
120.51 (17)
119.7
119.7
120.89 (17)
119.6
119.6
118.26 (15)
122.42 (15)
119.30 (15)
119.37 (15)
121.78 (16)
118.83 (15)
109.5
109.5
109.5
109.5
109.5
109.5
113.88 (14)
108.8

~0.64 (16)
~177.79 (14)
~179.66 (17)
32(3)
178.97 (17)

C27—C26—H26
C25—C26—H26
C26—C27—C28
C26—C27—H27
C28—C27—H27
C27—C28—C29
C27—C28—C20
C29—C28—C20
C24—C29—C28
C24—C29—C23
C28—C29—C23
02—C30—H30A
02—C30—H30B
H30A—C30—H30B
02—C30—H30C
H30A—C30—H30C
H30B—C30—H30C
C31A—03—H30
03—C31A—C32A
03—C31A—H31A
C32A—C31A—H31A
03—C31A—H31B
C32A—C31A—H31B
H31A—C31A—H31B
C31A—C32A—H32A
C31A—C32A—H32B
H32A—C32A—H32B
C31A—C32A—H32C
H32A—C32A—H32C
H32B—C32A—H32C
03—C31B—C32B
03—C31B—H31C
C32B—C31B—H31C
03—C31B—H31D
C32B—C31B—H31D
H31C—C31B—H31D
C31B—C32B—H32D
C31B—C32B—H32E
H32D—C32B—H32E
C31B—C32B—H32F
H32D—C32B—H32F
H32E—C32B—H32F

C7—C8—C16—C17
C13—C12—C17—C16
C13—C12—C17—C11
C15—C16—C17—C12
C8—C16—C17—C12

119.8
119.8
121.36 (18)
119.3

119.3
117.73 (15)
122.86 (16)
119.41 (15)
119.18 (17)
121.80 (16)
119.02 (15)
109.5

109.5

109.5

109.5

109.5

109.5

109.5

112.0 (4)
109.2
109.2

109.2
109.2
107.9
109.5

109.5

109.5

109.5

109.5

109.5

118.1 (18)
107.8
107.8
107.8
107.8

107.1

109.5

109.5

109.5

109.5

109.5

109.5

176.74 (15)
~1.1(3)
177.17 (18)
0.4 (2)
178.80 (15)
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C6—C1—C2—C3 0.1 (2) C15—C16—C17—C11 —177.99 (15)
C1—C2—C3—C4 -0.6 (3) C8—C16—C17—Cl11 0.4 (2)
C2—C3—C4—C5 0.4 (3) 01—C11—C17—C12 1.2 (3)
C3—C4—C5—C6 0.4 (3 C10—C11—C17—C12 =177.09 (17)
C7—N2—C6—C1 =0.65 (17) 01—C11—C17—C16 179.51 (15)
CT7—N2—C6—C5 178.45 (18) C10—C11—C17—C16 1.2 (3)
N1—C1—C6—N2 0.80 (17) C7—N1—C19—C20 104.57 (18)
C2—C1—C6—N2 179.93 (15) Cl—N1—C19—C20 —78.93 (19)
N1—C1—C6—C5 —178.41 (15) NI—C19—C20—C21 -2.9(2)
C2—C1—C6—C5 0.7 (2) N1I—C19—C20—C28 176.49 (14)
C4—C5—C6—N2 —179.98 (17) C28—C20—C21—C22 0.4 (3)
C4—C5—C6—C1 -1.0(2) C19—C20—C21—C22 179.81 (17)
C6—N2—C7—N1 0.24 (17) C20—C21—C22—C23 -0.9 (3)
C6—N2—C7—C8 —177.54 (15) C21—C22—C23—02 =179.97 (17)
Cl—N1—C7—N2 0.26 (17) C21—C22—C23—C29 0.2(3)
C19—NI1—C7—N2 177.25 (15) C30—02—C23—C22 -1.5(3)
C1—N1—C7—C8 178.10 (14) C30—02—C23—C29 178.36 (17)
C19—N1—C7—C8 4.9 (2) C29—C24—C25—C26 0.8 (3)
N2—C7—C8—C9 115.26 (19) C24—C25—C26—C27 -0.9 (3)
N1—C7—C8—C9 —62.3 (2) C25—C26—C27—C28 -0.3(3)
N2—C7—C8—Cl16 —63.2 (2) C26—C27—C28—C29 1.6 (3)
N1—C7—C8—Cl16 119.24 (17) C26—C27—C28—C20 —178.04 (17)
C16—C8—C9—C10 1.4 (3) C21—C20—C28—C27 —179.76 (16)
C7—C8—C9—C10 —177.08 (16) C19—C20—C28—C27 0.8 (2)
C8—C9—C10—C11 0.33) C21—C20—C28—C29 0.6 (2)
C18—01—C11—C10 -2.503) C19—C20—C28—C29 —178.78 (14)
C18—01—C11—C17 179.27 (18) C25—C24—C29—C28 0.503)
C9—C10—C11—01 =179.70 (17) C25—C24—C29—C23 179.72 (17)
C9—C10—C11—C17 -1.6 (3) C27—C28—C29—C24 -1.7(2)
C17—C12—C13—Cl14 0.9 (3) C20—C28—C29—C24 177.94 (15)
C12—C13—C14—C15 0.1 (3) C27—C28—C29—C23 179.13 (15)
C13—C14—C15—Cl16 -0.9 (3) C20—C28—C29—C23 -1.2(2)
C14—C15—C16—C17 0.6 (3) C22—C23—C29—C24 —178.34 (17)
C14—C15—C16—C8 =177.73 (17) 02—C23—C29—C24 1.8 (2)
C9—C8—C16—C15 176.64 (16) C22—C23—C29—C28 0.8 (2)
C7—C8—C16—Cl15 4.9 (2) 02—C23—C29—C28 —179.01 (14)
C9—C8—C16—C17 -1.7(Q2)

Hydrogen-bond geometry (4, )

Cgl, Cg2, Cg3 and Cg4 are the centroid of rings N1/N2/C1/C6/C7, C1-C6, C8-C11/C16/C17 and C12-C17, respecively.

D—H--A4 D—H H--4 DA D—H--A4
03—H30-"N2 0.82 2.15 2913 (3) 156
C21—H21-Cgl 0.93 2.95 3.575 (2) 126
C19—H194-Cg2! 0.97 2.85 3.600 (2) 135
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C26—H26--Cg3ii 0.93 2.82 3.626 (2) 146
C25—H25--Cg4ii 0.93 2.66 3.528 (2) 155

Symmetry codes: (i) —x+1, —y, —z+2; (i) —x+1, —y+1, —z+2.
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