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Polysubstituted naphthalenes and their analogues have been found in nature or synthesized, and have at-
tracted increasing attention due to their numerous pharmacological and biological activities. The present
study describes a synthesis of novel series of methoxynaphthalene derivatives using the Stobbe condensa-
tion reaction method. The chemical structures of these compounds were confirmed by spectroscopic tech-
niques such as 'H and 3C NMR, IR, LC-HRMS spectral data and X-ray crystallography. The supramolecular
assembly in the structures reported here is dominated by C—H---O hydrogen bonds for compounds 5, 6,
8, 11, 14 and 17 and O—H---O for compound 12. The molecules are also arranged by C-H.--7 interaction
and/or w—m stacking, which are responsible for the formation and stability of the molecular assem-
blies. Hirshfeld surface analysis was also performed in order to obtain reliable structural information in
concurrence with experimental results, and intermolecular interactions that exist inside the crystal have
been investigated. Additionally, DFT calculations have been used to analyze the electronic and geomet-
ric frontier molecular orbital and Molecular Electrostatic Potential map analyses of the compounds were
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produced using the optimized structures.
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1. Introduction

The present investigation is a continuation of our broad pro-
gramme work on the synthesis and structural study of methoxy-
naphthalenes and its derivatives and to understand the geometri-
cal features and the underlying intermolecular interactions. Sub-
stituted naphthalenes are important constituents of many natural
products, pharmaceuticals and bioactive compounds [1-5], which
have two aromatic rings (A-ring and B-ring), such as marmelin
[6], parvinaphthol B [7], lawsonaphthoate A [8], guieranone A [9],
furomollugin [10] and justicidine A [11] (Fig. 1). They are abun-
dant in plants where they are considered to be the precursors of
biaryl ring systems and arylnaphthalene lignans [12-15]. A num-
ber of substituted naphthalenes have attracted much attention ow-
ing to their pharmaceutical and biological importance, which con-
stitute an important group of natural and synthetic products that
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have been screened for a wide range of pharmacological activities
such as anti-inflammatory, [8,12,16] antitumor [6-7,17-18], antivi-
ral [10,19], antidiabetic [20], antiplatelet [11,21], anti-HIV [22], and
antimalarial properties [23] (Fig. 1). The biological applications of
this class of compounds were recently reviewed [24].

More particularly, a number of synthetic and natural methoxy-
naphthalenes exhibited potent anticancer activity against many
cancer cell lines. Even simple compounds for example Guiera-
none A showed considerable anticancer properties. [25] More-
over, substituted naphthalene-based compounds offer a high de-
gree of structural diversity and have proven to be broadly useful
as therapeutics [24]. The naphthalene moiety is the core structure
in many drugs such as Naphyrone, Nafimidone, Naftifine, Propra-
nolol, Duloxetine and Nabumetone (Fig. 2) [24]. Additionally, this
structural motif is a primary scaffold in numerous applications in
supramolecular chemistry and material science because of their
unique photochemical, photoconductivity, and electroluminescent
properties [26-30].

The development of new methoxynaphthalene-based struc-
tures requires a great deal of effort in synthesis methodology
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Fig. 1. Examples of natural products derived from substituted naphthalenes.
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Fig. 2. Some drugs containing the naphthalene moiety.

and architectural design. Several methods for synthesizing
methoxynaphthalenes and derivates have been described by
the scientific community [31-34], and the most typical reac-
tion involves the Stobbe condensation method. This method
consists in a reaction between an aromatic aldehyde with a
diethyl or dimethyl succinate [35-37]. In this work, we report
the synthesis and characterization of a novel series of sub-
stituted naphthathalene derivatives and, recently, we reported
the structure of the following three naphthalene derivatives
ethyl 4-acetoxy-3-bromo-6,7-dimethoxy-2-naphthoate (8) (CCDC:
2050380), 6,7-dimethoxy-9-methyl-1-oxo-1,3-dihydronaphtho([2,3-
c]furan-4-yl trifluoromethanesulfonate (14) (CCDC: 2050379) and
ethyl  1-cyano-6,7-dimethoxy-4-((trifluoromethylsulfonyl)oxy)-2-
naphthoate (17) (CCDC: 2050387) [38], which were prepared from
ethyl 4-hydroxy-6,7-dimethoxy-2-naphthoate (1) using the Stobbe
condensation reaction method from 3,4-dimethoxy benzaldehyde
with diethyl succinate [39].

The newly synthesized compounds were characterized using el-
emental analysis, 'H and '3C NMR, IR and LC-HRMS techniques,
except the compounds 7, 8 and 13-17: the synthesis of the lat-
ter is described recently [38]. Further, crystal structures were con-
firmed using X-ray diffraction method. Quantum chemical calcula-
tions were carried out using density functional theory (DFT) to an-
alyze the electronic and geometric frontier molecular orbital and

molecular electrostatic potential (MEP) map analyses of the com-
pounds were produced using the optimized structures.

2. Experimental section
2.1. Chemicals and instrumentation

Starting materials were obtained from commercial suppliers
and used without further purification. IR spectra were obtained
using an IRAffinity-1S FTIR Infrared spectrophotometer. Measure-
ments were made by loading the sample directly onto a dia-
mond cell. The measurements are reported on the wavenumber
scale (cm™!). NMR spectra, performed on a Bruker Avance 400
('H: 400 MHz, 13C: 100 MHz), are reported in ppm using the sol-
vent residual peak as an internal standard. High resolution mass
spectra (HRMS) (ESI+) were determined on a high-resolution Wa-
ters Micro Q-ToF apparatus. LC—MS was recorded on a Q Exactive
Quadrupole-Orbitrap mass spectrometer coupled to a HPLC Ulti-
mate 3000 (Kinetex EVO C18; 1.7 um; 100 mm x 2.1 mm column
with a flow rate of 0.45 mL min~! with the following gradient:
a linear gradient of solvent B from 5% to 95% over 7.5 min (sol-
vent A = H,0 + 0.1% formic acid, solvent B = acetonitrile + 0.1%
formic acid) equipped with a DAD UV/vis 3000 RS detector (UCA-
Partner, Université Clermont Auvergne, Clermont-Ferrand, France).
Chromatographic purifications were performed by column chro-
matography using 40-63 um silica gel. Reactions were monitored
by TLC using fluorescent silica gel plates (60 F254 from Merck).
Melting points (mp) were measured on a Kofler hot bench or Re-
ichert plate-heating microscope and are reported uncorrected.

2.1.1. Synthesis of ethyl 4,6,7-trimethoxy-2-naphthoate (2)

To a solution of ethyl 4-hydroxy-6,7-dimethoxy-2-naphthoate 1
[39] (3.0 g, 10.86 mmol) in acetone (100 mL) were added succes-
sively potassium carbonate (1.50 g, 10.86 mmol) and dimethyl sul-
phate (2.06 mL, 21.72 mmol). The mixture was refluxed at room
temperature for 12 h, the insoluble fraction was filtered off, and
the filtrate was concentrated in vacuo. The residue was dissolved in
CH,Cl, (50 mL), then the CH,Cl, solution was washed with aque-
ous NH3 (25%, 3 x 20 mL) and NaOH solution (5%, 50 mL), dried
over MgS0Qy,, and concentrated in vacuo. Chromatography on silica
gel (10% EtOAc [hexane) gave ethyl 4,6,7-trimethoxy-2-naphthoate
2 (3.0 g, 95% yield) as a white solid. Ry = 0. 68 (30% EtOAc/hexane)
mp: 112-113°C.
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Fig. 3. The structures of 5, 6, 8, 11, 12, 14 and 17 showing the atom numbering with ellipsoids drawn at the 50% probability level. * ref [38].

IR vmax (cm~1): 1707, 1587, 1431, 1229, 1217, 1161, 1011,764. 'H
NMR (400 MHz, CDCls, 8 ppm, ] Hz) 8: = 142 (t, ] = 7.1 Hz, 3H),
3.98 (s, 3H), 4.02 (s, 3H), 4.03 (s, 3H), 441 (q, ] = 7.1Hz, 2H), 7.15
(s, TH), 7.30 (s, 1H), 7.50 (s, 1H), 8.06 (s, 1H). 13C NMR (100 MHz,
CDCl3) §: 167.2, 154.4, 150.8, 150.2, 129.2, 126.3, 123.4, 122.2, 107.4,
102.1, 1011, 61.0, 56.0, 55.9, 55.7, 14.5. HRMS (ESI): m/z calcd for
Ci6H1905 [M+H] * 291.1227; found 291.1231.

2.1.2. Synthesis of diethyl
(2-0x0-2-(1,4,6,7-tetramethoxynaphthalen-2-yl)ethyl) phosphonate (3)
Butyl lithium solution in hexanes (2.5 M, 16.5 mL, 41.33 mmol)
was added dropwise to a stirred solution of diethyl methylphos-
phonate (4.37 mL, 40.37 mmol) in THF (50 mL) under a nitrogen
atmosphere at -78°C. The solution was stirred for 10 min at -78°C.
Then, a solution of ester 2 in THF (10 mL) was added dropwise
and stirred for 2 h at -78°C, and for 12 h at room temperature.
The mixture was poured into ice and a 2 M HCl aqueous solu-
tion. The mixture was extracted with EtOAc. The organic layer was
washed with water and brine and dried over anhydrous MgSOy.
The solvent was evaporated in vacuo and the residue was chro-
matographed on silica gel (90% EtOAc /hexane) to produce phos-
phonate 3 (1.28 g, 98% yield) as a green oil. Rf = 0.27 (100% EtOAc).
IR vmax (cm~1): 1661, 1601, 1510, 1481, 1429, 1366, 1337, 1256,
1110, 1167, 1020, 1007, 960, 793. 'H NMR (400 MHz, CDCl3, § ppm,
J Hz): 8 = 7.96 (s, 1H), 7.43 (s, 1H), 7.25 (s, 1H), 712 (s, 1H), 4.08
(qu, J = 7.1 Hz, 4H), 3.96 (s, 6H), 3.92 (s, 3H), 3.68 (s, 1H), 3.62 (s,
1H), 1.21 (t, ] = 7.1 Hz, 6H). 13C NMR (100 MHz, CDCl3): § = 191.4,

154.6, 151.3, 150.2, 132.8, 128.9, 124.0, 123.6, 107.8, 101.0, 100.2,
62.5, 56.0, 55.8, 55.6, 38.0 (J = 131 Hz), 16.2, 16.3. HRMS (ESI): m/z
caled for CigH,507P [M+H] * 397.1411; found 397.1403.

2.1.3. Synthesis of NA4,6,7-tetramethoxy-N-methyl-2-naphthamide (4)

Compound 2 (1.0 g, 3.44 mmol) was dissolved in 5%
KOH/MeOH: H,0 (19:1) (100 mL) at 60°C, and the mixture was
stirred at room temperature for 3 h. The reaction was quenched
with aqueous citric acid and extracted with AcOEt. The organic
layer was washed with brine, dried over MgS0O4, and evaporated.
The residue was purified by column chromatography to afford
4,6,7-trimethoxy-2-naphthoic acid (0.860 g, 95% yield) as a white
powder.

A solution of acid (0.800 g, 3.5 mmol), 1,1’-carbonyldiimidazole
(0.660 g, 3.66 mmol) and methoxy(methyl)amine hydrochloride
(0.893 g, 9.15 mmol) in dry CH,Cl, (50 mL) was stirred at room
temperature for 24 h. The mixture was washed with water (20
mL) and brine (20 mL), and the combined aqueous phases were
extracted with CH,Cl; (2 x 30 mL). The combined organic layers
were dried over MgSQy, filtered, concentrated in vacuo and puri-
fied by column chromatography to afford the title compound 4 as
a white solid (0.645 g, 69%. Ry = 0.33 (50% EtOAc/hexane); mp:
118-119°C.

IR vmax (cm~1): 1614, 1580, 1514, 1485, 1396, 1367, 1258, 1217,
1165, 1015, 841, 741. '"H NMR (400 MHz, Acetone-dg, § ppm, J Hz):
8 = 7.71 (s, 1H), 7.51 (s, 1H), 7032 (s, 1H), 7.05 (s, 1H), 4.03 (s, 3H),
3.94 (s, 3H), 3.92 (s, 3H), 3.64 (s, 3H), 3.33 (s, 3H). 13C NMR (100
MHz, Acetone-dg, § ppm, J Hz): § = 170.7, 154.8, 151.5, 151.4, 131.3,
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(b)

Fig. 4. (a) Parts of the crystal structure of 5 showing C—H--O hydrogen bond and C—H--7 interactions and (b) view of the supramolecular structure for 5 along the c-axis

direction.

130.2, 122.5, 120.4, 108.2, 103.0, 101.5, 61.2, 56.0, 55.9, 55.9, 34.1.
HRMS (ESI): m/z calcd for CigHp9OsN [M+H] * 306.1336; found
306.1327.

2.14. Synthesis of
(E)-1-(4,6,7-trimethoxynaphthalen-2-yl)but-2-en-1-one (5)

To a solution of phosphonate 3 (0.290 g, 0.68 mmol, 1 equiv.)
in THF (7 mL) was added in one portion Ba(OH), (0.161 g, 0.85
mmol, 1.25 equiv.) at room temperature. After 30 min, a solution
of ethanol (0.030 g, 38 pL, 0.68 mmol,1 equiv.) in THF/ H,0 40:1 (7
mL) was slowly added at room temperature. After 1 h, the reaction
mixture was quenched with an aqueous solution of ammonium
chloride and extracted three times with EtOAc. Then the organic
layer was dried over MgSQy, and concentrated under vacuum. Pu-
rification by column chromatography on silica gel (10% EtOAc /hex-
ane) furnished the desired compound as a pale green crystal (0.131
g, 67% yield). Ry = 0.46 (30% EtOAc/hexane); mp: 149-150°C.

IR vmax (cm~1): 1661, 1609, 1582, 1510, 1481, 1259, 1180, 1161,
1011, 849, 833, 729. 'H NMR (400 MHz, Acetone-dg, § ppm, J Hz):
8 = 812 (s, 1H), 7.52 (s, 1H), 7.42 (s, 1H), 7.33 (s, 1H), 7.28 (dd,
J = 15.5, 1.5 Hz, 1H), 7.10-7.02 (m, 1H), 4.05 (s, 3H), 3.96 (s, 3H),
3.95 (s, 3H), 2.00 (dd, ] = 6.8, 1.5 Hz, 3H). 13C NMR (100 MHz,
Acetone-dg): § = 189.3, 155.6, 152.3, 152.0, 143.9, 135.0, 130.3,
127.9, 124.2, 122.7, 108.9, 101.7, 101.2, 56.0 (x 3), 18.5. HRMS (ESI):
my/z caled for C17H19O4 [M+H] + 287.1278; found 287.1271.

2.1.5. Synthesis of 1-(4,6,7-trimethoxynaphthalen-2-yl)hexan-1-one
(6)

To a suspension of Mg turnings (0.472 g, 19.54 mmol) in
dry THF (12 mL) were added a small piece of iodine and 1-
bromopentane (1.53 mL, 12.37 mmol). The mixture was heated by
a heat gun and stirred for 0.5 h. To the resulting Grignard reagent
was added amide N,4,6,7-tetramethoxy-N-methyl-2-naphthamide 4
(0.250 g, 0.82 mmol) in THF (5 mL) at room temperature, and
the mixture was stirred for 0.5 h. The reaction was quenched

with saturated NH4Cl and extracted with AcOEt. The organic layer
was washed with brine, dried over MgSO4, and evaporated. The
residue was chromatographed on silica gel to afford 1-(4,6,7-
trimethoxynaphthalen-2-yl)hexan-1-one 6 (0.241 g, 93% yield) as
white crystals. Ry = 0.33 (30% EtOAc/hexane); mp: 109-110°C.

IR vmax (cm~1): 1674, 1510, 1481, 1464, 1427, 1404, 1261, 1219,
1159, 1011, 849, 725, 717. 'TH NMR (400 MHz, CDCl3, § ppm, J Hz):
8 = 793 (s, 1H), 7.52 (s, 1H), 7.31 (s, 1H), 7.18 (s, 1H), 4.03 (s,
6H), 4.00 (s, 3H), 3.04 (t, ] = 74 Hz, 2H), 1.77 (qu, ] = 74 Hz,
2H), 1.37 (m, 2H), 0.92 (t, ] = 7.0 Hz, 3H). 13C NMR (100 MHz,
CDCl3): § = 200.5, 154.8, 151.0, 150.3, 133.6, 129.2, 123.7, 121.6,
107.6, 101.2, 100.3, 56.1, 56.0, 55.7, 38.4, 31.8, 24.7, 22.7, 14.1. HRMS
(ESI): m/z calcd for C1gHy504 [M+H] + 317.1747; found 317.1740.

2.1.6. Synthesis of 3-(hydroxymethyl)-6,7-dimethoxynaphthalen-1-ol
9)

To a magnetically stirred suspension of lithium aluminum hy-
dride (1.37 g, 36.19 mmol) in THF (50 mL) was added dropwise
a solution of ester, Ethyl 4-hydroxy-6,7-dimethoxy-2-naphthoate 1
(6 g, 18.10 mmol) in THF (50 mL) at 0°C. The ensuing mixture was
stirred at 0°C for 30 min and then allowed to warm to room tem-
perature. The reaction was stirred at room temperature for 1 h
before being cooled to 0°C and quenched by the sequential addi-
tion of water (5 mL), saturated aqueous NH4Cl (10 mL) and wa-
ter (5 mL). After stirring for 30 min, the reaction mixture was fil-
tered through a glass frit and the aqueous layer was extracted with
EtOAC. The combined organic fractions were dried over MgSO,4 and
concentrated in vacuo to provide the title compound 9 (4 g, 94%) as
a light yellow solid. Ry = 0.36 (30% EtOAc/hexane); m.p. 220-221°C.

IR vmax (cm~1): 3478, 3198, 1614, 1589, 1493, 1402, 1252, 1207,
1182, 1148, 1016, 997, 972, 847, 768.'H NMR (400 MHz, DMSO-dg, §
ppm, J Hz): § = 9.87 (bs, 1H), 7.38 (s, 1H), 7.17 (s, 1H), 7.12 (s, 1H),
6.75 (s, 1H), 5.15 (bs, 1H), 4.52 (s, 2H), 3.85 (d, ] = 2.2 Hz, 6H). 13C
NMR (101 MHz, DMSO-dg, § ppm): § = 152.0, 149.5, 148.0, 138.9,
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Fig. 5. (a) C—H...O hydrogen bond interactions in compound 6, (b) C—H...7 interactions, (c) view of the supramolecular structure via C—H--O hydrogen bond and C—H--7
interactions and (d) view of the supramolecular structure for 6 along the c-axis direction.

130.1, 118.6, 114.4, 106.5, 106.9, 101.0, 63.4, 55.3, 55.2. HRMS (ESI):
my/z calcd for C3H1504 [M+H-H,0] + 217.0859; found 217.0854.

2.1.7. Synthesis of
4-bromo-3-(hydroxymethyl)-6,7-dimethoxynaphthalen-1-ol (10)

To a  stirred  solution  of  3-(hydroxymethyl)-6,7-
dimethoxynaphthalen-1-ol 9 (3.0 g, 12.81 mmol) in THF (100
mL) at 0°C was added pyridinium tribromide (4.30 g, 13.45 mmol)
in five portions over 1 h. Stirring was continued for an additional
hour, and water was added to dissolve precipitated pyridinium
hydrobromide. The product was extracted with Et;0 and washed
twice with 10% Na,S,03. The aqueous layers were extracted once
with Et,0 and the combined organics were dried over MgS0O4 and
concentrated in vacuo. The crude residue was purified by column
chromatography (50% EtOAc/hexane) on silica gel to afford 10
(3.85 g, 96%) as a yellow solid. Rf = 0.37 (50% EtOAc/hexane); m.p.
200-202¢°C.

IR vmax (cm~1): 3474, 3289, 1609, 1497, 1393, 1254, 1153,
1030, 984, 845, 777. 'H NMR (400 MHz, DMSO-dg, § ppm, J Hz):
6 = 10.23 (s, 1H), 746 (s, 1H), 7.39 (s, 1H), 7.07 (s, 1H), 5.42
(bs, 1H), 4.63 (s, 2H), 3.91 (s, 3H), 3.89 (s, 3H). 13C NMR (101
MHz, DMSO-dg, § ppm): § = 151.9, 150.7, 148.5, 137.8, 128.1, 119.6,
106.9, 106.8, 106.0, 101.5, 63.3, 55.4, 55.3. HRMS (ESI): m/z calcd
for C13H140,47°Br [M+H-H,0] t 294.9964; found 294.9964.

2.1.8. Synthesis of
4-bromo-3-(hydroxymethyl)-6,7-dimethoxynaphthalen-1-yl acetate
(11)

To a stirred solution of 4-bromo-3-(hydroxymethyl)-6,7-
dimethoxynaphthalen-1-ol 10 (1.0 g, 3.19 mmol) and K,CO3 (1.32
g, 9.58 mmol) in MeCN (50 mL) under argon atmosphere at room
temperature was added acetyl chloride (0.341 mL, 4.79 mmol).
The reaction mixture was then stirred at room temperature for
18 h. The reaction was then quenched with water (30 mL) and
extracted with EtOAc (3 x 50 mL). The combined organics were
washed with brine (20 mL), dried over MgSOy4, concentrated under
reduced pressure and purified by column chromatography (20%
EtOAc /hexane) to afford the title compound 11 (0.99 g, 87%) as
a yellow crystalline solid. Rf = 0.31 (30% EtOAc/hexane); m.p.
153-154°C.

IR vmax (cm~1): 3512, 1744, 1611, 1611, 1510, 1485, 1435, 1369,
1310, 1259, 1204, 1180, 1142, 845, 777. 'H NMR (400 MHz, CDCl3,
6 ppm, J Hz): § =751 (s, 1H), 7.28 (s, 1H), 7.02 (s, 1H), 5.28 (s,
1H), 4.85 (s, 2H), 4.03 (s, 3H), 3.98 (s, 3H), 2.44 (s, 3H). 13C NMR
(101 MHz, CDCl3, § ppm): 6 = 169.4, 151.2, 150.4, 145.2, 136.3,
129.2, 122.5, 117.2, 116.6, 106.3, 100.0, 65.4, 56.1, 56.0, 21.14. HRMS
(ESI): m/z caled for Cy5Hq057°Br [M+H-H,0] * 337.0070; found
337.0057.
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2.1.9. Synthesis of (1-bromo-4-((tert-butyldimethylsilyl Joxy)-6,7- R
dimethoxynaphthalen-2-yl)methanol hydrate © < . -
(12) s 5 8¢ % 5 ¢
A solution of 4-bromo-3-(hydroxymethyl)-6,7- ~|» w2 S = E ~ o~ — B
. L N -~ . — 3 ©
dimethoxynaphthalen-1-ol 10 (800 mg, 2.55 mmol), imidazole % S & ~8%% 28 ~588 &g % o
(347.8 mg, 511 mmol), 4-(dimethylamino)pyridine (156.0 mg, 2E,¢ FESRE . STF O ¥ SeER S
. S, E — H 3} y i o £ '
1.28 mmol), and TBSCl (577.5 mg, 3.83 mmol) in CH,Cl, (50 ElZRE50NaB8asY Zunzeily 9982
g R S| St EoVoFfoO ™ SNYESENK 2K rTE ©
mL) was stirred at room temperature for 8 h. The reaction was O|UFFARdRAa~~T=2cc@mZacS~ ST 3 oS
then quenched with water (30 mL) and extracted with CH,Cl, ° @
(3 x 50 mL). The combined organics were washed with brine (20 w9 neg g . g
. - QJ
ml), dried over MgSQ,4, concentrated under reduced pressure and ST - 3 = E
purified by column chromatography (5% EtOAc /hexane) to afford Tl _ =_2 o % égg 8 gnfs
the title compound 12 (850 mg, 78%) as a yellow crystalline solid. = S 5 @%%5@ 3ggR2e ZI g E
Ry = 0.44 (20% EtOAc/hexane); m.p. 119-120°C. é ZHE 88288 & X8 g g SE g SEE =
) . g
IR vmax (cm~1): 3536, 1601, 1512, 1438, 1431, 1317, 1258, 1207, SleeE8e-Ssqn S29RESE5A 2al§ S
1157, 1043, 833, 781. '"H NMR (400 MHz, CDCls, 8§ ppm, J Hz): § g
=749 (s, 1H), 7.46 (s, 1H), 6.93 (s, 1H), 4.86 (s, 2H), 4.03 (s, 3H), g g
3.98 (s, 3H), 2.27 (bs, 1H), 1.10 (s, 9H), 0.27 (s, 6H). 13C NMR (101 g & E E
MHz, CDCl3, § ppm): 150.9, 150.5, 149.3, 136.2, 129.2, 123.6, 112.1, ° ® o o8¢ w . BE E
112.0, 106.1, 101.9, 66.0, 56.0, 55.9, 25.9 (x 3), 18.5, -4.1 (x 2). ) g 3 SOJ g 2 gic
HRMS (ESI): m/z calcd for C1gHy;04Si7°Br [M+H-H,0] * 409.0829; I 228wy s, EEs
found 409.0814. 2|1g % &Bte&ss 353 &F S478:28
B|RNE w8 mwin 3 XH'EAO,OO‘ O,EE‘UEC.’
al| aw = + F >~ = = [ ~ (&) ST & .
22 Sinel | Xoray d lecti ElTsSamlna98 osXxsEsqges Q8RE2g
2. single crystal X-ray data collection S|UIECRAEEIRaNERSEZRS® SRS 8a
o — E
For all crystal structure determinations, the X-ray intensity data § < o 2
were collected on a Bruker APEX-II CCD diffractometer with MoKa = El E .
radiation (A= 0.71073A) monochromated by graphite at 173K. The = e ow ° o2
following software was used: Frame integration, Bruker SAINT soft- $ 0 =t E = 9 2R g
ware package and data were corrected for Lorentz-Polarization ef- = o0 x i S o : ; £5e
fects and for absorption by the numerical semi-empirical method =K E g 3 & ‘;’ § = 8z & S g g § 2
implanted in SADABS [40]. The structures were solved by direct g|%w é’ ;'f,l ;lvu: 3 xg = ~oe =9 E SES
methods using SHELXT-2014/5 [41] and refined by the full ma- E|B82nl3,2358 oknEESS 2 IfREgg
trix least-square method on F? to convergence using the SHELXL- GlemE T e =i SNoc@Zacn onTISIS
2018/3 program [42]. Anisotropic thermal factors were assigned e =
to all the non-hydrogen atoms. The C-bound H atoms were ge- ] § neg g _ ¢
ometrically placed (C—H = 0.93-0.98 A) and refined as riding 8 3 S et é .o =R
with Ujso(H) = 1.2-1.5Ueq(C). The O-bound H-atom in the hydroxyl ® & E e © - 5 e é 53 £=2 T o
group and the water molecule for compounds 11 and 12, respec- g 5 g Ygeoer S < § N2 z 2 % ;5 2
tively, were located in a difference Fourier map and refined freely. El£RE R2RFE € XEEESy dESE o
R R P05l onNPESENRY ST TE &
Crystal data, data collection and structure refinement details for 5, S|CREERRETI ExSaocomzdocs S83x8 o
6, 8, 11, 12, 14 and 17 are summarized in Table 1. Details on the =
crystallographic studies, as well as atomic displacement parame- o 3 o = 8:,’.;' g ~ 5
ters, are given as Supporting Information in the form of cif files. g g z = c; = 9. : z £
Visualization of the structures was made with the Diamond pro- £ st g oY X253 Yafw _
gram [43] £lE|lg E Sced © 3%gTRe" Zxs82 8
' $|8|%28 R v 3 x5Esioz -SEE T
M e w e Y X SeEho Q83 -
X X v | E|HFO05nRE . © c2REEERS IXTFE R
2.3. Hirshfeld surface and 2D fingerprint plots Z|S|UmE"EC8 SvSScdzdcS S8 o
1=}
=] ~
= =2} o a v 4]
The Hirshfeld surfaces calculated for compounds 5, 6, 8, 11, z L s 2 EBE % g &
12, 14 and 17 provide additional information on the distinctive i g Sa% XTS5 2 - E
. . . . < - ) = i
contributions made to the molecular packing by the independent §|= g 258 & SE-858 9IET o
. . . =} 55 g wvm- [ o< ufN ¥ S = g N
molecules. Thus, a Hirshfeld surface analysis [44] and the associ- 82| %=T8 298 o &y x:zE = g S EE <9
. . . . =222 Qo~ ~ X LR —oS58¢% -
ated two-dimensional fingerprint plots [45] were performed using S|E|l®rg é Réis 9 E SAE EZ gy IgFe 9
Crystal Explorer 17.5 [46] to figure out the normalized contact dis- g|9|@NETT=e ~Y¥Scomz@ce SNTO S
tance (dnorm), Which depends on contact distances to the closest i E
atoms outside (d.) and inside (d;) the surface. The electrostatic po- E 25 o
) - ; £
tential was generated using the STO-3G basis set at the Hartree- 2 % =R - g
Fock of theory for all the compounds investigated. ) & - §§ = E .
> ot g < % @ 9
g 8 . E ESES, <<
2.4. Quantum chemical calculations E = 9’.0 E g g8 25 é L
= %) —- = = =i =
. Z 15 B B g8 gimis g
Optimization of the geometry of all the molecules was per- g - Bz T TG Es E;g g = g
formed by means of the Gaussian 09 W program and GaussView _ 2 £ TS Y o % E = g g £ “ % A :5 5
molecular visualization software [47,48], based on density func- & & SsPES T T TofREz Eg2LER S
. . . . 2 > U=S0r s 8 >NEICAT =ZoEAQT <
tional theory DFT, using Beck’s three parameters hybrid functional £ S
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Scheme 1. Conditions for synthesis of compounds 5 and 6. Reagents and conditions: a) (CH3),SO4, K,CO3, acetone, reflux, 12 h, 95%; b) n-BuLi, THF, -78°C, (EtO),P(0)Me,

98%; ¢) CH,0, Ba(OH), | H20, THF/H,0
93%.

exchange [49], with 6-311G (d, p) basis sets and Lee-Yang-Parr cor-
relation functional (B3LYP) [50,51]. Molecular Electrostatic Poten-
tial (MEP) maps allowed us to visualize the variably charged re-
gions of all the molecules (5, 6, 8, 11, 12, 14 and 17).

3. Results and discussion
3.1. Synthesis and characterization

The synthetic route followed for the preparation of compounds
5 and 6 is outlined in Scheme 1. The starting compound ethyl 4-
hydroxy-6,7-dimethoxy-2-naphthoate 1 was synthesized according
to previously reported procedures [39] using 3,4-dimethoxy ben-
zaldehyde and diethyl succinate by Stobbe condensation and was
obtained in a 65% yield over two steps followed by reaction with
dimethyl sulphate to give compound 2 in an excellent yield of 92%.
Reaction with diethyl methylphosphonate in the presence of butyl
lithium led to phosphonate 3 in a 98% yield. Horner-Wadsworth-
Emmons (HWE) olefination with ethanal afforded compound 5 in
68% yield. Keto compound 6 was prepared in two steps: first,
compound 2 was hydrolyzed to the corresponding carboxylic acid
which was transformed to the Weinreb amide 4 by reaction with
N-methoxy methylamine in the presence of CDI [52-55], then, the
reaction of 4 with pentyl magnesium bromide [56] produced com-
pound 6 in 93% yield (Scheme 1).

The synthetic route followed for the preparation of compounds
8 [38], 11 and 12 is depicted in Scheme 2. As previously reported
the synthetic pathway of compounds 7 [38] and 10 was based on
the regioselective bromination of naphthalene core. This bromina-
tion is affected by the brominating agents and solvents used, to-
gether with the substituents on the naphthalene system [57-59].
The best conditions tested were on one hand, the regioselective
bromination of the naphthol system 1 with pyridinium tribromide
at 0°C in THF, which gave ester 7 in excellent yield, this was then
acetylated to 8 with acetyl chloride in good yield [38] (Scheme 2).
Naphthol 1 was reduced to 9 by lithium aluminium hydride
[60] and the reaction of 9 with pyridinium tribromide [59] gave
the 1-bromo compound 10 in excellent yield. The resulting 10
was followed by acetylation [61] and tert-butyldimethylsilylation
[62] of the phenol afforded the protected naphthols 11 and 12 re-
spectively (Scheme 2).

As indicated in Scheme 3, according to the published proce-
dure [38] our starting material for the preparation of compound 14
[38] was ethyl 4-hydroxy-6,7-dimethoxy-2-naphthoate 1. The chlo-

(40:1), 20°C, 2 h, 68%; d) 5% KOH/MeOH:H,0 (19:1), 60°C, 3 h, then C;HgCINO, CDI, CH,Cl,, 69% overall yield; e) CsH;; MgBr THF,

roformylation procedure [63] of starting ester 1, resulted in the
formation of the desired lactone ring 13 [38], which was followed
by treatment with trifluoromethane sulfonic-anhydride [64] to give
lactone 14 in a good yield of 91% (Scheme 3).

The synthetic utility of 8 as a building block for the novel
cyano derivative 16 [38] was investigated as outlined in Scheme
4 [38]. Thus, the reaction of 8 with NBS in dry DMF [57] af-
forded the dibromo compound 15 [38] in very good yield. The
reaction with CuCN in the presence of L-proline [65] yielded the
mono cyano derivative 16 which was finally treated with trifluo-
romethane sulfonic-anhydride under anhydrous conditions giving
the respective sulfonate 17 [38] whose spectral data were in ac-
cordance with the structure proposed (see experimental section)
(Scheme 4).

All the isolated compounds were characterized by elemental
analyses, as well as their spectral data which agree with the pro-
posed structures and are summarized in the synthetic section
above. The structures of the crystalline compounds 5, 6, 8, 11, 12,
14 and 17 were confirmed by IR, 'TH-NMR, 3C-NMR and LC/HRMS
as well as by single crystal structure analyses (see Supporting in-
formation).

3.1.1. IR spectral analysis

The IR spectra of the synthesized compounds provided evidence
for the presence of all the expected functional groups. The forma-
tion of compounds 5 and 6 was confirmed by the appearance of
an intense band of the carbonyl group C=0 at 1661-1674 cm~!. In
the IR spectrum of compound 8, after the formation of the acetate
group in the final product 8, the characteristic strong band of the
hydroxyl group of the intermediate compound 7, which appeared
at 3385 cm~! disappeared. Two significant stretching bands asso-
ciated with carbonyl were observed at 1737 cm~! and 1620 cm™!,
which correlate with compound 8. The IR spectrum contained a
broad hydroxyl stretching band at 3512 cm~! and one sharp car-
bonyl band at 1744 cm~!, which correlate with compound 11. In
addition the IR spectrum of 12 was devoid of a hydroxyl stretching
band at 3536 cm~!. The presence of a nitrile group C=N in com-
pounds 16 and 17 was identified by its absorption band at 2212
and 2220 cm~!, respectively. The lactone rings in compounds 13
and 14 were confirmed by their characteristic bands in a region of
1715-1755 cm~1.

3.1.2. 'H and 3C NMR spectral analysis
The 'H NMR spectra of compounds 5 and 6 show a character-
istic signal at §y 4.05 ppm (s), 3.96 ppm (s) and 3.95 ppm (s)
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Scheme 4. Conditions for synthesis of compound 17. Reagents and conditions: a) NBS, DMF, rt, 16 h, 86%; b) CuCN, L-Proline, DMF, Argon atm., 150°C, 24 h, 63%; c) Tf,0,

NEt;, CH5CN, 0°C to rt, 24 h, 80% [38].

for compound 5 and peaks at §y 4.03 (s), and 4.00 (s) for com-
pound 6, these peaks corresponded to hydrogen atoms from three
methoxy groups. The peaks in the range of 7.18-8.12 ppm are due
to the hydrogen atoms bound to the aromatic ring for naphthalene.
In addition, the peak at 8y 7.28 (dd, J = 15.5, 1.5 Hz, 1H), 7.10-
7.02 (m, 1H) was attributed to doublets referring to «, B8 unsatu-
rated hydrogens of compound 5. 3C NMR revealed in compounds
5 and 6 three carbons of the methoxy groups at §¢ (56.0 x 3),
55.7, 56.0 and 56.1 ppm, respectively. In addition, four aromatic
olefinic carbons are observed at 101.2, 101.7, 108.9, 122.7 ppm and
100.3 101.2, 107.6, 121.6 ppm for compounds 5 and 6, respectively.
The ketone absorbeds at 189.3 and 200.5 ppm, for compounds 5
and 6, respectively. The olefinic carbons for compound 5 were ob-
served at 127.9 (Ca) and 143.9 ppm (CB). The CH, carbons of the
alkyl chain of compound 6 were observed at ¢ 22.7, 24.7, 31.8 and
38.4 ppm.

The 'H NMR spectrum of compound 8 lacked the hydroxyl
proton signal observed in the spectrum of the precursor 7, but
the singlet integrating for three protons at éy 2.51 ppm indicated
the presence of the acetate group. Moreover, the ester side chain
was also shown to be present by a characteristic quartet at dy
4.42 ppm and an accompanied triplet at 1.42 ppm that integrated
for two and three protons respectively. The 13C NMR spectrum
contained two carbonyl peaks at §c 168.3 and 166.0 ppm corre-
sponded to ester carbonyl and acetate. The two aromatic methoxy
groups gave rise to signals at §¢ 56.0 and 56.1 ppm.

The 'H NMR spectra of compounds 11 and 12 were very in-
dicative of the reaction’s success. Additionally, the "H NMR spec-
trum of compound 10 contained signals attributed to five protons,
which were assigned to ester chain. The emergence of a singlet at
Sy 4.63 ppm was suggestive of a benzylic CH, which confirmed
that the ester group reduction was successful. The 13 C NMR spec-
trum also showed the disappearance of ester carbon signal but a
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Fig. 6. (a) dimeric molecular aggregates of Mol A, (b) dimeric molecular aggregates of Mol B and (c) Packing and hydrogen-bonding interactions of 8 viewed along the b
axis. Hydrogen bonds are drawn as dashed lines and, for the sake of clarity, the H atoms bonded to C atoms have been omitted.

new signal at 8¢ 63.3 ppm was once again indicative of a CH,
group adjacent to an aromatic ring system. The spectral data of the
primary alcohol correlate with those reported for compounds 11
and 12.

The 'H NMR of 11 showed the appearance of a new signal at
8y 2.44 ppm, that corresponded to the acetate protons. The ap-
pearance of the methyl proton at §y 0.23 ppm and 1.13 ppm that
integrated for six and nine protons respectively for compound 12,
together with the disappearance of the naphthol proton at 6y 5.42
ppm from the starting material 10. Three new signals were present
in the 13C RMN spectrum of 12, which were all assigned to the
presence of a tert-butyldimethylsilyl protecting group. These sig-
nals were at §c 25.9 (x 3) ppm and -4.1 ppm for the methyl car-
bon atoms, whereas the tertiary carbon atom directly attached to
the silicon atom appeared at §c 18.5 ppm.

The 'H NMR spectrum of compound 14 closely resembled that
of the parent compound 13 as expected, but lacked the signal cor-
responded to the naphthol proton at §y 9.98 ppm. A distinct sin-
glet signal at 8y 5.49 ppm, integrated for two protons OCH, char-
acteristic of the lactone ring, was also observed. Thus, the methyl
group was assigned to the presence of a sharp singlet at §y 2.99
ppm. The 3C NMR spectrum, showed the appearance of the car-
bonyl group of lactone at §c 169.4 ppm and the peak at §¢ 65.5

ppm was due to a CH, moiety. The presence of methyl signals that
were also evident in the '3C NMR spectrum at §¢ 12.2 ppm rein-
forced our proposed structure of compound 14. The 'H NMR spec-
trum of compound 17 compared very well with that of naphtha-
lene 16 save one difference, namely the disappearance of the OH
proton at 8y 11.51 ppm for compound 16. The aromatic region only
displayed three naphthalene proton signals as expected. In addi-
tion, the 13C NMR spectrum showed a characteristic signal at ¢
97.9 ppm and 99.3 ppm, which refer to the carbons of the nitrile
group (C=N) for compounds 16 and 17, respectively.

3.1.3. Mass spectrometry

The mass spectral data of compounds 5 and 6 confirmed their
formation with molecular ion peaks at m/z 287.1271 [M+H] * for
5 and 317.1740 for 6, respectively, which was consistent with their
molecular formula masses. The HRMS data of compounds 8, 11 and
12 showed intense molecular ion peaks at m/z 397.0261 [M+H]
+, 337.0057 [M+H-H,0] * and 407.0407 [M+H-H,0] * for com-
pounds 8, 11 and 12, respectively, in agreement with their respec-
tive molecular formulae, confirming the presence of bromine in the
molecules. Moreover, the HRMS data for the naphthalene lactone
14 and naphthalene 17 were in agreement with the calculated val-
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Hydrogen bonds (A, ©), C—H...7 and x...w interactions for compounds 5, 6, 8, 11, 12, 14 and 17
Cgl, Cg2, Cg3, Cg4, Cg5 represent the centroids of the, C1-C3/C8-C10, C3-C8, 04/C5/C6/C13/C14, C1B-

C3B/C8B-C10B, C3B-C8B rings, respectively.

D—H...A D—H H...A D..Aor Cg.Cg D—H..A Symmetry codes

5 C13—H13C.--04 0.98 2.51 3.434(2) 157 x,1/2-y,1/2+z
C11-H11A.-Cg2 0.98 2.64 3.461(2) 142 2-x,-y,1-z

6 C12—H12B--01 0.98 2.57 3.484(2) 154 X,-1/2-y,-1/2+z
C13—H13A.-04 0.98 2.44 3.342(2) 153 x,1/2-y,1/2+z
C11—H11C---Cg2 0.98 2.68 3.495(2) 141 2-x,-y,1-z
C17—H17B---Cg2 0.98 2.86 3.764(2) 153 xy,-1+z

8 C7B—H7B--05B 0.95 2.52 3.345(4) 146 1-X,-y,-2
C11B—H11E.-O1A  0.98 2.55 3.306(4) 134 -X,-Y,-Z
C11B—H11E--02A  0.98 2.49 3.443(4) 165 X, -y, -Z
C12A—H12B--05A  0.98 2.57 3.428(4) 146 1-x,1-y,1-z
C14B—H14F...05B 0.98 2.56 3.226(5) 126 1-x,1-y,-z
C16A—H16A.--04B  0.99 2.57 3.150(4) 117 2-x,1-y,1-z
C16A—H16B--01B  0.99 2.49 3.470(4) 171 1+x,14y,14z
Cg2.-Cg2 3.785(2) 2-x,1-y,1-z
Cg4---Cgd 3.889(2) XY~z
Cg4.--Cg5 3.643(2) -X,-Y,-Z
Cg5--Cg5 3.873(2) 1-X,-y,-2

11 04—H40---01 0.98(4) 1.99(4) 2.962(3) 167 X,-1+y,z
04—H40.---02 0.98(4) 2.57(4) 3.156(2) 118 X,-1+y,z
C5—H5--04 0.95 2.47 3.328(3) 150 1-x,-y,1-z
C11-H11B---05 0.98 2.57 3.484(3) 154 x,1+y,z
C12—H12A.-Cg2 0.98 2.68 3.546(3) 147 1-x,1-y,-z

12 O01W-H1W..04 0.87(2) 1.94(2) 2.801(2) 171 1+xy.z
O01W—H2W...01 0.84(2) 2.19(2) 2.966(2) 154 1-x,1-y,1-z
01W—H2W.-..02 0.84(2) 2.33(2) 3.001(2) 137 1-x,1-y,1-z
04—H4---01W 0.89(2) 1.91(2) 2.791(2) 174 1-%, -y, 1-z
C12—H12A.--Cg2 0.98 2.84 3.550(2) 130 =X, 1-y, 1-z
Cgl.--Cg2 3.452(1) 1-x, 1-y, 1-z
Cg1---Cgl 3.821(1) 1-x, 1-y, 1-z

14 C11-H11A.-05 0.97 2.57 3.405(2) 145 -X,1-y,1-z
C12—H12B---02 0.97 2.52 3.285(2) 136 1-X,-y,1-z
Cg3---Cgl 3.509(1) -x,1-y,1-z
Cgl--Cg2 3.858(1) -x,1-y,1-z
Cg2.--Cg2 3.607(1) -x,1-y,1-z

17 C11A-H11C--04A  0.96 2.47 2.840(2) 103 X, 14y, z
C11B—H11F---04B 0.96 2.52 2.871(2) 101 X, -1+y, z
C12A—H12B---02B 0.96 2.55 3.491(2) 166 1-x, 1-y, 1-z
C12A—H12C.-01B  0.96 2.45 3.398(2) 167 -14x,y, 2
C12B—H12F--01A  0.96 2.53 3.456(2) 162 1+x,y, 2
C16A—H16B--06B  0.96 2.56 3.420(3) 149 2-x,1-y,1-z
Cg2---Cg4 3.885(1) 1-x, 1-y, 1-z

ues for these compounds at m/z 407.0399 [M+H] * and [M+NH,4]
+ 451.0767, respectively.

3.2. Crystal structure of 5, 6, 8, 11, 12, 14 and 17

Crystals of 5, 6, 8, 11, 12, 14 and 17 were obtained by slow
evaporation of the solvent system (hexane/ethyl acetate) at room
temperature. Compounds 5 and 6 crystallize in the monoclinic sys-
tem with the P24/c space group, while 8, 11, 12, 14 and 17 crystal-
lize in the triclinic system with the P1 space group. The crystal-
lographic asymmetric-unit contents are shown in Fig. 3. Selected
bond lengths and angles of these compounds are also given in Ta-
ble S1. Hydrogen bond distances and angles together with details
of offset C—H---w and m---7r contacts for all compounds are shown
in Table 2. In each of the compounds reported here, the naphtha-
lene unit of the molecules is very planar. The molecular structures
of the compounds 5, 6, 8, 11, 12, 14 and 17 are sufficiently similar
to be discussed together as they vary only in the substitution pat-
tern on the naphthalene ring at position C4, C5, C6 or C7 atoms. In
6,7-dimethoxynaphthalene, the C1—01 and C10—02 bond lengths
range from 1.353 to 1.365 A and 1.350-1.365 A respectively, indicat-
ing the presence of a single bond between oxygen and a sp? car-
bon atom, whereas the single bond lengths C11—01 (1.420-1.432
A) and C12—02 (1.422-1.429 A) are slightly longer due to oxygen
and a sp3 carbon.

10

The supramolecular assembly in the structures reported here
is dominated by C—H---O hydrogen bonds for compounds 5, 6, 8,
11, 14, 17 and O—H---O for compounds 11 and 12. In addition, a
weak C—H-..r interaction involving different donor groups and ac-
ceptor m-ring systems is present in all crystals except compounds
8, 14 and 17. The 7 .- contacts between aromatic rings observed
in compounds 8, 12, 14 and 17 can be considered to be quite sig-
nificant.

Compounds 5 and 6 crystallize with a single molecule in the
asymmetric parts of the unit cells similar dimensions (Table 1).
The geometric parameters of molecules of these two compounds
are similar. All non-hydrogen atoms of the molecule are almost
coplanar with deviation from the mean plane (r.m.s= 0.077 A for
5 and 0.069A for 6). In both compounds, strong intermolecular
C—H--0 interactions occur between oxygen atoms of the carbonyl
and methoxy groups in position C4 of naphthalene (Figs. 4a and
5a). Other interactions in compound 6 are observed between -
OCH3 group protons in position C1 and C10. These contacts are
supplementared by the weak C—H--m stacking interactions (C11—
H11A--Cg2 2.64 A for 5 and C11—H11C.-Cg2 2.68 A and C17—
H17B..-Cg2 2.86 A for 6) (Figs. 4a and 5b). Thus, the intermolecu-
lar interactions give to the formation of the supramolecular crystal
packing assembly in all three dimensions (Figs. 4b and 5c-d).

The asymmetric unit of compound 8 consists of two indepen-
dent molecules, labeled A (cyan) and B (purple), of similar geom-
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Fig. 7. (a) dimer hydrogen-bonding motif seen in 11, linked via C5—H5--04 which is related to them via a bifurcated hydroxy-methoxy O—H--O and methoxy-carbonyl
C11—H11B--05 interactions and (b) crystal packing viewed along the a axis. Hydrogen bonds are drawn as dashed orange lines.

etry as shown in Fig. 3. In the crystal structure, each molecule
forms an inversion dimer by hydrogen bonds. The dimer of Mol
A is formed by C12A—H12B--O5A hydrogen bonds, which are con-
nected into a chain along the a-axis through a 7 —m stacking inter-
action between the naphthalene rings [centroid-centroid distance
of 3.785(2)A between C3A-C8A rings] (Table 2 and Fig. 6a). The
dimer of Mol B formed by C7B—H7B--0O5B is associated via C14B—
H14F--05B hydrogen bonding into a ribbon that extends approx-
imately parallel to the b-axis through a m—m stacking interac-
tion between the naphthalene rings [centroid-centroid distance of
3.643(2)A between C3B-C8B and C1B-C3B/C8B-C10B rings; 3.890(2)
between C1B-C3B/C8B-C10B rings] (Table 2 and Fig. 6b). The two
sheets of molecules Mol A and Mol B are connected by C16A—
H16A-.-04B, C16A—H16B---01B and C11B—H11E.-.-O1A/02A hydro-
gen bonds, forming slabs lying parallel to the ac plane (Fig. 6¢).

In compound 11, the mean plane formed by Br/C1-C12/C15 is
almost planar (r.m.s = 0.031) and the acetate group is twisted
around this mean plane with 64.58(10)°. In the crystal structure,
the molecular packing of the title compound is mainly stabilized
by two O—H--0 and two C—H---O hydrogen bonds (Fig. 7a, Table 2).

1

Pairs of C5—H5:-04 hydrogen bonds form inversion dimers with an
R%(lO) ring motif (Fig. 7a). The dimers are additionally linked via a
bifurcated hydroxy-methoxy O—H--O and methoxy-carbonyl C11—
H11B...05 interactions, forming chains along the b direction. These
chains are related by C—H--m interactions, leading to the forma-
tion of layers parallel to the (011) plane (Fig. 7b).

Compound 12 crystallizes as a monohydrate with two formula
units in the asymmetric unit. The naphthalene ring is almost pla-
nar with rms= 0.023A. The Si—C bond length of 1.856(2) to
1.876(2) A, with an Si—0O bond length of 1.665(1) A indicates an
almost tetrahedral geometry around this silicon atom and the an-
gles around the Si atom vary from 103.33(6) to 112.31(8)°. One
of the hydrogen bonds donated by water is bifurcated between
two acceptors O1 and 02. The oxygen atom of the water molecule
acts as acceptor for the hydroxyl hydrogen atom of the neigh-
boring molecule via 04—H4-.-O1W interactions, while the two hy-
drogen atoms interact with the O atoms of the methoxy and
hydroxyl groups of neighboring molecules via O1TW—H1W...04,
O1W—H2W...01, O1W—H2W...02 and O1W—H1W-.--..-04 hydrogen
bonds, forming chains parallel to the b axis (Fig .8a). Within the
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Fig. 8. (a) The O—H--O contacts, which connect the molecules into dimers, are shown as dashed lines, (b) C—H---7 interactions (c) crystal packing of 12, viewed down [001].

C-bound H atoms have been omitted for clarity.

ribbons are le‘(22) as well as Rj(lO) rings. Weak interactions C—
H--m and - (Fig. 8b) help to consolidate the packing crystal
(Fig. 8c).

The molecule structure of compound 14 is illustrated in Fig. 3.
In the molecule, the 1,3-dihydronaphtho[2,3-c]furan mean plane is
approximately planar, with an r.m.s deviation of 0.043 A. The dihe-
dral angle between the naphthalene and furan rings is 4.31(5)°. The
sulfonate group is tilted from the 1,3-dihydronaphtho[2,3-c|furan
mean plane with 72.00(7)°.

Table S1 shows that the sulfonate group exhibits a tetrahedral
geometry with shorter S=0 bonds [S1—06 = 1.417(2)A and S1—
07 = 1.410(2)A] when compared to the anionic S—0 bond (51—03
=1577(1) A), as expected. The bond angles between 07—S1—03
and 07—S1-03 are 110.58(7) and 110.93(6) respectively. Whereas,
120.6(1)° is for angle between 07—S1—06. The three C—F distances
of the —CF5 group are on average 1.310 A.

In the crystal 14, each molecule forms hydrogen-bonded dimers
linked by two weak C11—H11A--0O5 hydrogen bonds. These dimers
are related to them by C12—H12B--02 hydrogen bonds, resulting
in the formation of infinite one-dimensional chains in the direc-
tion of the axis (Fig. 9a). In addition, the w—m stacking inter-
actions observed between the phenyl and phenyl or furan rings
with centroid-centroid distances averaging 3.509(1) - 4.000(1) A
(Table 2, Fig. 9b) also contribute to the formation of infinite inter-
molecular hydrogen bonding forces which play a prominent role in
forming the supramolecular system and determining the physico-

12

chemical properties. These chains are connected via O--F contacts
to form layers parallel to ac plane (Fig. 10).

The asymmetric unit of compound 17 contains two indepen-
dent molecules of similar geometry in Mol-A (turquoise) and Mol-
B (mauve). The naphthalene ring systems are essentially planar
with maximum deviations from the mean plane of 0.027° in Mol-
A and 0.016° in Mol-B. The dihedral angle between the fused
rings is 2.16(8)° in Mol-A and 1.24(8) in Mol-B. The dihedral
angles of the C-(C=0)-0-C-C plane [C6A-(C14A=04A)-05A-C15A-
C16A and C6B-(C14B=04B)-05B-C15B-C16B] and the naphthalene
ring are 14.87(7)° and 19.38(8)°, respectively. The three C—S—O an-
gles [C17—S1-03 (100.0(1)°, C17—S1—06 (107.3(1)° and C17—S1—
07 (105.4(1)°] and O—S—O0 angles [03—S1-06 (111.3(1)°, 03—S1—
07 (107.8(1)° and 06—S1—07 (122.6(1) (1)°], indicate that the ge-
ometry of the sulfonate group is distorted from an ideal tetrahedral
geometry.

In the crystal structure, both molecules from an inversion dimer
by hydrogen bonds (C12A—H12C-~-01B and C12B—H12F--0O1A hy-
drogen bonds, which are connected by C11A—H11C--04A and
C11B—H11F--04B hydrogen bonds, forming a chain a along the b-
axis (Fig. 11a). These chains are connected by C12A—H12B--02B
and C16A—H16B--06B hydrogen bonds, forming slabs lying parallel
to the ab plane (Fig. 11b). These contacts are strongly supported
by extensive w—m stacking interaction between the naphthalene
rings [centroid-centroid distance of 3.885(2)A between C3A-C8A
and C1B-C3B/C8B-C10B rings] (Table 2 and Fig. 11b).
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(b)

Fig. 9. A view of (a) one-dimensional chains along the a-axis, showing C—H--O hydrogen bonds, (b).

Fig. 10. Crystal packing diagram for compound 14 showing C—H--O hydrogen bonds, 7 —m stacking interactions and O--F contacts as dashed orange, purple and dark lines,
respectively.

13
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MR

Fig. 11. (a) The C—H--O contacts, which connect the molecules into dimers, are shown as dashed lines and (b) crystal packing of 17, top-down view [010]. C-bound H atoms

have been omitted for clarity.

3.3. Hirshfeld surface analysis

The Hirshfeld surfaces and 2D fingerprint plots of compounds
5, 6, 8, 11, 12, 14 and 17 were used to obtain information about
non covalent interactions in crystal packing. Calculations of the
molecular Hirshfeld surfaces (HS) were performed using a standard
(high) surface resolution with the three-dimensional dyorm surfaces
mapped (Fig. 12). The red points represent closer contacts and neg-
ative dporm values on the surface corresponded to the C—H--O in
compounds 5, 6, 8, 11, 14 and 17 and O—H--O in compounds 11
and 12 (Table 3 and Fig. 12). The light-red spots indicate their in-
volvement in the other intermolecular C—H--7 (compounds 5, 6,
14 and 8) and C--C (compounds 8, 14 and 12). The Hirshfeld sur-
face mapped over the electrostatic potential showed blue regions
indicated a positive electrostatic potential, while red spots indicate
atoms with a negative electrostatic potential (Fig. 12b).

The overall 2D fingerprint for the main intermolecular con-
tacts of all compounds is shown in Fig. 13. The percentage con-
tributions of the various interatomic contacts to the Hirshfeld sur-

faces are summarized in Table S2. The contribution was possible
for different interactions including H--H and O--H/H--O (for all
compounds) and C--H/H--C (in 5, 6, 11 and 12). The most impor-
tant interaction was H---H which contributed 49, 57.4, 41.8, 38 and
60.8% overall for 5, 6, 8, 11 and 12 respectively, to stabilizing the
crystal packing. This is reflected in Fig. 13b as widely scattered
points of high density due to the large hydrogen content of the
molecules with the small split tips at de ~ d; ~ 115 - 1.25 A.
The higher proportion of hydrogen atoms in structure 12 was af-
forded by tert-butyldimethylsilyl. These contacts are not visible on
the corresponding Hirshfeld surfaces because their distances are
longer than the sum of the van der Waals radii. The structures
of all molecules are also dominated by O---H/H---O contacts, com-
prising from 19.3% (6) to 33.9% (14) (Fig. 13c) of the total Hirsh-
feld surface areas. These contacts are shown as two symmetrical
points on the top, bottom left and right with the shortest de + d;
~ 1.85 - 2.50A, which is characteristic of the C—H..-O hydrogen
bond in compounds 5, 6, 8, 11, 14 and 17 and the O—H--O bond
in compounds 11 and 12. The presence of C—H---7 interactions in

Table 3

HOMO-LUMO energies and values of quantum chemical parameters calculated by B3LYP/6-311G (d,p).
property Values

5 6 8 11 12 14 17

Er (eV) -26105.27  -28277.94  -100200.05 -96046.65 -108300.33  -50105.98  -52648.39
Enomo (eV) -5.600 -5.638 -6.012 -5.854 -5.675 -6.371 -6.590
Erumo (eV) -1.812 -1.531 -1.612 -1.299 -1.162 -2.026 -2.568
AE(umo -Homo) (eV) 3.788 4.107 4.400 4.555 4.513 4.345 4.022
Global hardness (1) 1.894 2.053 2.200 2277 2.256 2.172 2.011
Softness (&) 0.264 0.243 0.227 0.219 0.221 0.230 0.249
Chemical potential (1)  3.706 3.584 3.812 3.576 3.418 4,198 4.579
Electrophilicity () 3.626 3.122 3.299 2.801 2.583 4.054 5.221
Electronegativity () -3.706 -3.584 -3.812 -3.576 -3.418 -4.198 -4.579
Dipole moment (D) 2.319 2.666 4.568 3.504 4.418 4.909 3.584

n=1/2[Erumo-Enomol, §=1/27, = -[1/2(Erumo+Eromo)], ¥= u?[2n, x = -p1

14
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Fig. 14. HOMO and LUMO surfaces of 5, 6, 8, 11, 12, 14 and 17 at the B3LYP/6-311G(d,p) level of theory.

the structures 5, 6, 11 and 12 is indicated by the pair of char-
acteristic wings in the fingerprint plot delineated into C.--H/H..-C
(Figs. 12c and 13d). The C.--H/H---C interactions are represented by
the spikes at the bottom right and left (de + d; ~ 2.60 — 2.75A).
The percentage of C---H/H---C increases from compound 12 (6.6%) to
5 (23.9%), in agreement with the substituted group. However, un-
like these compounds, no significant C—H---7r interaction was ob-
served in compounds 8, 14 and 17.

Noteworthy here also the fact that in the crystals 8, 12, 14 and
17, a fairly significant contributor 7.8, 5.2, 8.1 and 5.1% respectively
has C.--C contacts. They are shown on the fingerprint plots as ar-
eas on the diagonal at d. = d; ~ 1.6-1.7A (Fig. 12e). These contacts
correspond to the presence of the above mentioned .- stack-
ing interactions in the crystal structures 8, 12, 14 and 17 (Figs. 12¢
and 13e). The contribution of C---0/0---C contacts in compounds 8
(4.2%), 11 (4.9%) and 17 (6.1%) (Fig. 13f) was due to the presence of
short interatomic C--O (C33—04 and C16—010) contacts between
Mol A and Mol B, and was apparent as the pair of tips at de + d; ~
3.2A in 8, while it was due to the presence of short C13—04 con-
tacts and is apparent as the pair of tips at d. + d; ~ 3.1A in 11 and
of short 04—C11contacts as the pairs of tips at de + d; ~ 3.25A in
17. The structures are further characterized by a significant propor-
tion of H--X/X--H (H--Br/Br--H in 8, 11 and 12 or H--F/F--H in 14)
contacts, comprising from 9.6% to 19.2% for the molecular surface

17

(Fig. 13g). The pair of spikes in the fingerprint plot delineated into
H--F/F--H contacts has tips at de + d; ~ 2.7A. The pair of character-
istic wings in the fringerprint plot delineated into H---Br/Br--H con-
tacts has tips at de + d; ~ 3.05A (8), 3.10 A (11) and 2.9 A (12).The
significant contributions from H--X/X--H contacts indicate that the
interatomic distances are equal to or greater than the sum of their
van der Waals radii, suggesting that they have a limited influence
on the molecular packing.

In compound 14, the structure is further characterized by a
significant proportion of F.--O contacts, comprising about 8.3% of
the molecular surface. The shortest F---O contacts are shown on
the fingerprint plots as a pair of spikes at d. ~ d; 145 A
(Fig. 13h).

The small contributions from the other remaining interatomic
contacts have a negligible influence on the packing (Table S2).

~

3.4. Frontier Molecular Orbitals (FMOs)

The HOMO and LUMO energies provided important clues about
the chemical behaviors of molecules. All molecular calculations
were performed in the gas phase using Density Functional Theory
(DFT) with the B3LYP exchange correlation functional. The bond
lengthsand bond angles, are listed in Table S1, together with the
X-ray parameters. The differences between calculated and exper-
imental bond lengths and angles were within a few Angstroms
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0.020 a.u. and an isodensity of 0.0004 a.u.

and degrees, respectively, when compared to the experimental pa-
rameters which are an isolated molecule in DFT optimization and
the crystalline phase in X-ray crystallography analysis. The frontier
molecular orbitals of the HOMO and LUMO for all compounds are
shown in Fig. 14. The positive and negative phases are shown in
red and green, respectively. The energies of HOMO and LUMO, en-
ergy gap, electronegativity (), chemical hardness (7), global soft-
ness (£), dipole moment (D) and electrophilicity (1) index were
calculated and are presented in Table 3. The HOMO-LUMO en-
ergy gap for 5 is founded to bethelowest, whereas a higher band
gap was observed for the other compounds; this indicates that
compound 5 exhibits higher chemical reactivity. Furthermore, the
chemical potential index for 17 was greater than that of the other
compounds, therefore 17 behaves as good electron donor. The
dipole moment (D) of compound 14 was greater than that of the

18

othercompounds studied , therefore we can say that these com-
pounds are more reactive than the other compounds. The chemi-
cal hardness of 5 was smaller than that of the other compounds,
indicating that the electrons are attracted from compound 5. Ac-
cording to the electrophilicity calculation of all the compounds,
we observed that molecule 17 has a larger global electrophilic in-
dex compared to the other molecules, as a result, it is more stable
than the other compounds. The higher electronegativity value of
molecule 17 is indicative of its chemical reactivity.

3.5. Molecular Properties

3.5.1. Mulliken population analysis
The Mulliken charge values of the synthesized molecules were
calculated using B3LYP functional with 6-311G(d,p) basis set for
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all the structures. The calculated Mulliken charge values of the
molecules are reported in Table S3. The carbon atom has a positive
charge when it is attached to O1, 03, 04, 05 and 06, while the
other carbon atom has a negative charges. Moreover, all the hydro-
gen atoms in the hydroxyl group (11 and 12) and attached to wa-
ter molecule (12) have a net positive charge. In all compounds, all
oxygen atoms possess negative Mulliken charges, but the charges
of O3 are more negative.

3.5.2. Molecular Electrostatic Potential (MEP)

In this study, the molecular electrostatic potential of all the
compounds was computed using B3LYP/6-311G (d, p) optimized
geometry . The contour and surface map is shown in Fig. 15. The
negative electrostatic potential is indicated by red regions (nu-
cleophilic reactivity), the blue region indicates the partially posi-
tive charge (electrophilic reactivity), the yellow region reveals the
slightly rich electron and the green region shows neutral. For all
compounds, the total electron density surface mapped with the
electrostatic potential indicates the presence of a high negative
charge on the 04 atom of the carbonyl oxygen atom (5, 6, 8, 11
and 14), while the rest of the compounds have localized oxygen
atoms of the hydroxyl (11 and 12) and carbonitrile (17) groups. Al-
thoughthe positive regions of the MEP map are related to nucle-
ophilic reactivity, these regions cover C-H bonds, hydroxyl group
(11) and the water molecule (12) (Fig. 15). Analyses of the MEP sur-
face of these compounds represent the availability of electrons for
possible interaction with another group of atoms. The MEP results
are supported by the electrostatic potential contour map showing
the isosurface lines in Fig. 15.

Conclusion

In conclusion, we have developed the synthesis of a novel series
of methoxynaphthalene derivatives: 2-17 in good yield based on
simple and convenient methods. The structure of seven compounds
5, 6, 8, 11, 12, 14 and 17 was identified using single crystal X-
ray crystallography and spectroscopic techniques: IR, 'H, 13C NMR
and LC/HRMS. Moreover, the methods used provide access to vari-
ous substituted naphthalene derivatives whose biological activities
have not been previously described. X-ray crystallographic studies
for 5, 6, 8, 12, 14 and 17 display intermolecular C/O—H--O hydro-
gen bonding, forming layers in the crystal lattice and stabilized by
C—H--m or w7 interactions. The results of HS analysis indicate
that the major interactions were found for H.--H and O---H/H.--O
interactions of the total HS area. Further, the structural parameters
obtained by DFT calculations substantiate the X-ray crystal struc-
ture. The molecular electrostatic potential indicates that the car-
bonyl oxygen atom is the most negative region. As a result, it is
expected that this research will be beneficial for the design, syn-
thesis and various applications of new methoxynaphthalene-based
compounds.
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