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a b s t r a c t 

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 1 H and 13 C 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 ···π interaction 

and/or π—π 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 

produced using the optimized structures. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The present investigation is a continuation of our broad pro- 

ramme work on the synthesis and structural study of methoxy- 

aphthalenes and its derivatives and to understand the geometri- 

al features and the underlying intermolecular interactions. Sub- 

tituted naphthalenes are important constituents of many natural 

roducts, pharmaceuticals and bioactive compounds [1-5] , which 

ave two aromatic rings (A-ring and B-ring), such as marmelin 

6] , parvinaphthol B [7] , lawsonaphthoate A [8] , guieranone A [9] ,

uromollugin [10] and justicidine A [11] ( Fig. 1 ). They are abun- 

ant in plants where they are considered to be the precursors of 

iaryl ring systems and arylnaphthalene lignans [12-15] . A num- 

er of substituted naphthalenes have attracted much attention ow- 

ng to their pharmaceutical and biological importance, which con- 

titute an important group of natural and synthetic products that 
∗ Corresponding authors. 
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ave been screened for a wide range of pharmacological activities 

uch as anti-inflammatory, [ 8 , 12 , 16 ] antitumor [ 6-7 , 17-18 ], antivi-

al [ 10 , 19 ], antidiabetic [20] , antiplatelet [ 11 , 21 ], anti-HIV [22] , and

ntimalarial properties [23] ( Fig. 1 ). The biological applications of 

his class of compounds were recently reviewed [24] . 

More particularly, a number of synthetic and natural methoxy- 

aphthalenes exhibited potent anticancer activity against many 

ancer cell lines. Even simple compounds for example Guiera- 

one A showed considerable anticancer properties. [25] More- 

ver, substituted naphthalene-based compounds offer a high de- 

ree of structural diversity and have proven to be broadly useful 

s therapeutics [24] . The naphthalene moiety is the core structure 

n many drugs such as Naphyrone, Nafimidone, Naftifine, Propra- 

olol, Duloxetine and Nabumetone ( Fig. 2 ) [24] . Additionally, this 

tructural motif is a primary scaffold in numerous applications in 

upramolecular chemistry and material science because of their 

nique photochemical, photoconductivity, and electroluminescent 

roperties [26-30] . 

The development of new methoxynaphthalene-based struc- 

ures requires a great deal of effort in synthesis methodology 

https://doi.org/10.1016/j.molstruc.2021.130947
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130947&domain=pdf
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Fig. 1. Examples of natural products derived from substituted naphthalenes. 

Fig. 2. Some drugs containing the naphthalene moiety. 
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nd architectural design. Several methods for synthesizing 

ethoxynaphthalenes and derivates have been described by 

he scientific community [31-34] , and the most typical reac- 

ion involves the Stobbe condensation method. This method 

onsists in a reaction between an aromatic aldehyde with a 

iethyl or dimethyl succinate [35-37] . In this work, we report 

he synthesis and characterization of a novel series of sub- 

tituted naphthathalene derivatives and, recently, we reported 

he structure of the following three naphthalene derivatives 

thyl 4-acetoxy-3-bromo-6,7-dimethoxy-2-naphthoate ( 8 ) (CCDC: 

050380), 6,7-dimethoxy-9-methyl-1-oxo-1,3-dihydronaphtho[2,3- 

]furan-4-yl trifluoromethanesulfonate ( 14 ) (CCDC: 2050379) and 

thyl 1-cyano-6,7-dimethoxy-4-((trifluoromethylsulfonyl)oxy)-2- 

aphthoate ( 17 ) (CCDC: 2050387) [38] , which were prepared from 

thyl 4-hydroxy-6,7-dimethoxy-2-naphthoate ( 1 ) using the Stobbe 

ondensation reaction method from 3,4-dimethoxy benzaldehyde 

ith diethyl succinate [39] . 

The newly synthesized compounds were characterized using el- 

mental analysis, 1 H and 

13 C NMR, IR and LC-HRMS techniques, 

xcept the compounds 7, 8 and 13 - 17: the synthesis of the lat- 

er is described recently [38] . Further, crystal structures were con- 

rmed using X-ray diffraction method. Quantum chemical calcula- 

ions were carried out using density functional theory (DFT) to an- 

lyze the electronic and geometric frontier molecular orbital and 
2 
olecular electrostatic potential (MEP) map analyses of the com- 

ounds were produced using the optimized structures. 

. Experimental section 

.1. Chemicals and instrumentation 

Starting materials were obtained from commercial suppliers 

nd used without further purification. IR spectra were obtained 

sing an IRAffinity-1S FTIR Infrared spectrophotometer. Measure- 

ents were made by loading the sample directly onto a dia- 

ond cell. The measurements are reported on the wavenumber 

cale (cm 

–1 ). NMR spectra, performed on a Bruker Avance 400 

 

1 H: 400 MHz, 13 C: 100 MHz), are reported in ppm using the sol- 

ent residual peak as an internal standard. High resolution mass 

pectra ( HRMS ) (ESI + ) were determined on a high-resolution Wa- 

ers Micro Q-ToF apparatus. LC −MS was recorded on a Q Exactive 

uadrupole-Orbitrap mass spectrometer coupled to a HPLC Ulti- 

ate 30 0 0 (Kinetex EVO C18; 1.7 μm; 100 mm × 2.1 mm column 

ith a flow rate of 0.45 mL min 

−1 with the following gradient: 

 linear gradient of solvent B from 5% to 95% over 7.5 min (sol- 

ent A = H 2 O + 0.1% formic acid, solvent B = acetonitrile + 0.1%

ormic acid) equipped with a DAD UV/vis 30 0 0 RS detector (UCA- 

artner, Université Clermont Auvergne, Clermont-Ferrand, France). 

hromatographic purifications were performed by column chro- 

atography using 40–63 μm silica gel. Reactions were monitored 

y TLC using fluorescent silica gel plates (60 F254 from Merck). 

elting points (mp) were measured on a Kofler hot bench or Re- 

chert plate-heating microscope and are reported uncorrected. 

.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- 

ively potassium carbonate (1.50 g, 10.86 mmol) and dimethyl sul- 

hate (2.06 mL, 21.72 mmol). The mixture was refluxed at room 

emperature for 12 h, the insoluble fraction was filtered off, and 

he filtrate was concentrated in vacuo . The residue was dissolved in 

H 2 Cl 2 (50 mL), then the CH 2 Cl 2 solution was washed with aque- 

us NH 3 (25%, 3 × 20 mL) and NaOH solution (5%, 50 mL), dried 

ver MgSO 4 , and concentrated in vacuo. Chromatography on silica 

el (10% EtOAc /hexane) gave ethyl 4,6,7-trimethoxy-2-naphthoate 

 (3.0 g, 95% yield) as a white solid. R f = 0. 68 (30% EtOAc/hexane)

p: 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] . 
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IR νmax (cm 

−1 ): 1707, 1587, 1431, 1229, 1217, 1161, 1011,764. 1 H 

MR (400 MHz, CDCl 3 , δ ppm, J Hz) δ: = 1.42 (t, J = 7.1 Hz, 3H),

.98 (s, 3H), 4.02 (s, 3H), 4.03 (s, 3H), 4.41 (q, J = 7.1Hz, 2H), 7.15

s, 1H), 7.30 (s, 1H), 7.50 (s, 1H), 8.06 (s, 1H). 13 C NMR (100 MHz,

DCl 3 ) δ: 167.2, 154.4, 150.8, 150.2, 129.2, 126.3, 123.4, 122.2, 107.4, 

02.1, 101.1, 61.0, 56.0, 55.9, 55.7, 14.5. HRMS (ESI): m/z calcd for 

 16 H 19 O 5 [M + H] + 291.1227; found 291.1231. 

.1.2. Synthesis of diethyl 

2-oxo-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) 

as added dropwise to a stirred solution of diethyl methylphos- 

honate (4.37 mL, 40.37 mmol) in THF (50 mL) under a nitrogen 

tmosphere at -78 °C. The solution was stirred for 10 min at -78 °C. 

hen, a solution of ester 2 in THF (10 mL) was added dropwise 

nd stirred for 2 h at -78 °C, and for 12 h at room temperature.

he mixture was poured into ice and a 2 M HCl aqueous solu- 

ion. The mixture was extracted with EtOAc. The organic layer was 

ashed with water and brine and dried over anhydrous MgSO 4 . 

he solvent was evaporated in vacuo and the residue was chro- 

atographed on silica gel (90% EtOAc /hexane) to produce phos- 

honate 3 (1.28 g, 98% yield) as a green oil. R f = 0.27 (100% EtOAc).

IR νmax (cm 

−1 ): 1661, 1601, 1510, 1481, 1429, 1366, 1337, 1256, 

110, 1167, 1020, 1007, 960, 793. 1 H NMR (400 MHz, CDCl 3 , δ ppm, 

 Hz): δ = 7.96 (s, 1H), 7.43 (s, 1H), 7.25 (s, 1H), 7.12 (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,

H), 1.21 (t, J = 7.1 Hz, 6H). 13 C NMR (100 MHz, CDCl ): δ = 191.4,
3 

3 
54.6, 151.3, 150.2, 132.8, 128.9, 124.0, 123.6, 107.8, 101.0, 100.2, 

2.5, 56.0, 55.8, 55.6, 38.0 ( J = 131 Hz), 16.2, 16.3. HRMS (ESI): m/z

alcd for C 19 H 25 O 7 P [M + H] + 397.1411; found 397.1403. 

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

Compound 2 (1.0 g, 3.44 mmol) was dissolved in 5% 

OH/MeOH: H 2 O (19:1) (100 mL) at 60 °C, and the mixture was 

tirred at room temperature for 3 h. The reaction was quenched 

ith aqueous citric acid and extracted with AcOEt. The organic 

ayer was washed with brine, dried over MgSO 4 , and evaporated. 

he residue was purified by column chromatography to afford 

,6,7-trimethoxy-2-naphthoic acid (0.860 g, 95% yield) as a white 

owder. 

A solution of acid (0.800 g, 3.5 mmol), 1,1 ′ -carbonyldiimidazole 

0.6 60 g, 3.6 6 mmol) and methoxy(methyl)amine hydrochloride 

0.893 g, 9.15 mmol) in dry CH 2 Cl 2 (50 mL) was stirred at room 

emperature for 24 h. The mixture was washed with water (20 

L) and brine (20 mL), and the combined aqueous phases were 

xtracted with CH 2 Cl 2 (2 × 30 mL). The combined organic layers 

ere dried over MgSO 4 , filtered, concentrated in vacuo and puri- 

ed by column chromatography to afford the title compound 4 as 

 white solid (0.645 g, 69%. R f = 0.33 (50% EtOAc/hexane); mp: 

18-119 °C. 

IR νmax (cm 

−1 ): 1614, 1580, 1514, 1485, 1396, 1367, 1258, 1217, 

165, 1015, 841, 741. 1 H NMR (400 MHz, Acetone-d 6 , δ ppm, J Hz): 

= 7.71 (s, 1H), 7.51 (s, 1H), 7032 (s, 1H), 7.05 (s, 1H), 4.03 (s, 3H),

.94 (s, 3H), 3.92 (s, 3H), 3.64 (s, 3H), 3.33 (s, 3H). 13 C NMR (100

Hz, Acetone-d , δ ppm, J Hz): δ = 170.7, 154.8, 151.5, 151.4, 131.3, 
6 



E.-M. Ourhzif, I. Abrunhosa-Thomas, P. Chalard et al. Journal of Molecular Structure 1244 (2021) 130947 

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

direction. 
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30.2, 122.5, 120.4, 108.2, 103.0, 101.5, 61.2, 56.0, 55.9, 55.9, 34.1. 

RMS (ESI): m/z calcd for C 16 H 20 O 5 N [M + H] + 306.1336; found

06.1327. 

.1.4. 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.) 

n THF (7 mL) was added in one portion Ba(OH) 2 (0.161 g, 0.85 

mol, 1.25 equiv.) at room temperature. After 30 min, a solution 

f ethanol (0.030 g, 38 μL, 0.68 mmol,1 equiv.) in THF/ H 2 O 40:1 (7

L) was slowly added at room temperature. After 1 h, the reaction 

ixture was quenched with an aqueous solution of ammonium 

hloride and extracted three times with EtOAc. Then the organic 

ayer was dried over MgSO 4 , and concentrated under vacuum. Pu- 

ification by column chromatography on silica gel (10% EtOAc /hex- 

ne) furnished the desired compound as a pale green crystal (0.131 

, 67% yield). R f = 0.46 (30% EtOAc/hexane); mp: 149-150 °C. 

IR νmax (cm 

−1 ): 1661, 1609, 1582, 1510, 1481, 1259, 1180, 1161, 

011, 849, 833, 729. 1 H NMR (400 MHz, Acetone-d 6 , δ ppm, J Hz): 

= 8.12 (s, 1H), 7.52 (s, 1H), 7.42 (s, 1H), 7.33 (s, 1H), 7.28 (dd,

 = 15.5, 1.5 Hz, 1H), 7.10-7.02 (m, 1H), 4.05 (s, 3H), 3.96 (s, 3H),

.95 (s, 3H), 2.00 (dd, J = 6.8, 1.5 Hz, 3H). 13 C NMR (100 MHz,

cetone-d 6 ): δ = 189.3, 155.6, 152.3, 152.0, 143.9, 135.0, 130.3, 

27.9, 124.2, 122.7, 108.9, 101.7, 101.2, 56.0 ( × 3), 18.5. HRMS (ESI): 

/z calcd for C 17 H 19 O 4 [M + H] + 287.1278; found 287.1271. 

.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 

ry THF (12 mL) were added a small piece of iodine and 1- 

romopentane (1.53 mL, 12.37 mmol). The mixture was heated by 

 heat gun and stirred for 0.5 h. To the resulting Grignard reagent 

as 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 

he mixture was stirred for 0.5 h. The reaction was quenched 
4 
ith saturated NH 4 Cl and extracted with AcOEt. The organic layer 

as washed with brine, dried over MgSO 4 , and evaporated. The 

esidue was chromatographed on silica gel to afford 1-(4,6,7- 

rimethoxynaphthalen-2-yl)hexan-1-one 6 (0.241 g, 93% yield) as 

hite crystals. R f = 0.33 (30% EtOAc/hexane); mp: 109-110 °C. 

IR νmax (cm 

−1 ): 1674, 1510, 1481, 1464, 1427, 1404, 1261, 1219, 

159, 1011, 849, 725, 717. 1 H NMR (400 MHz, CDCl 3 , δ ppm, J Hz):

= 7.93 (s, 1H), 7.52 (s, 1H), 7.31 (s, 1H), 7.18 (s, 1H), 4.03 (s,

H), 4.00 (s, 3H), 3.04 (t, J = 7.4 Hz, 2H), 1.77 (qu, J = 7.4 Hz,

H), 1.37 (m, 2H), 0.92 (t, J = 7.0 Hz, 3H). 13 C NMR (100 MHz,

DCl 3 ): δ = 200.5, 154.8, 151.0, 150.3, 133.6, 129.2, 123.7, 121.6, 

07.6, 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 C 19 H 25 O 4 [M + H] + 317.1747; found 317.1740. 

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

9) 

To a magnetically stirred suspension of lithium aluminum hy- 

ride (1.37 g, 36.19 mmol) in THF (50 mL) was added dropwise 

 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

tirred at 0 °C for 30 min and then allowed to warm to room tem-

erature. The reaction was stirred at room temperature for 1 h 

efore being cooled to 0 °C and quenched by the sequential addi- 

ion of water (5 mL), saturated aqueous NH 4 Cl (10 mL) and wa- 

er (5 mL). After stirring for 30 min, the reaction mixture was fil- 

ered through a glass frit and the aqueous layer was extracted with 

tOAC. The combined organic fractions were dried over MgSO 4 and 

oncentrated in vacuo to provide the title compound 9 (4 g, 94%) as 

 light yellow solid. R f = 0.36 (30% EtOAc/hexane); m.p. 220-221 °C. 

IR νmax (cm 

−1 ): 3478, 3198, 1614, 1589, 1493, 1402, 1252, 1207, 

182, 1148, 1016, 997, 972, 847, 768. 1 H NMR (400 MHz, DMSO-d 6 , δ
pm, J Hz): δ = 9.87 (bs, 1H), 7.38 (s, 1H), 7.17 (s, 1H), 7.12 (s, 1H),

.75 (s, 1H), 5.15 (bs, 1H), 4.52 (s, 2H), 3.85 (d, J = 2.2 Hz, 6H). 13 C

MR (101 MHz, DMSO-d , δ ppm): δ = 152.0, 149.5, 148.0, 138.9, 
6 
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Fig. 5. ( a ) C—H…O hydrogen bond interactions in compound 6 , ( b ) C—H…π interactions, ( c ) view of the supramolecular structure via C—H �O hydrogen bond and C—H �π

interactions and ( d ) view of the supramolecular structure for 6 along the c-axis direction. 
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30.1, 118.6, 114.4, 106.5, 106.9, 101.0, 63.4, 55.3, 55.2. HRMS (ESI): 

/z calcd for C 13 H 15 O 4 [M + H-H 2 O] + 217.0859; found 217.0854. 

.1.7. Synthesis of 

-bromo-3-(hydroxymethyl)-6,7-dimethoxynaphthalen-1-ol (10) 

To a stirred solution of 3-(hydroxymethyl)-6,7- 

imethoxynaphthalen-1-ol 9 (3.0 g, 12.81 mmol) in THF (100 

L) at 0 °C was added pyridinium tribromide (4.30 g, 13.45 mmol) 

n five portions over 1 h. Stirring was continued for an additional 

our, and water was added to dissolve precipitated pyridinium 

ydrobromide. The product was extracted with Et 2 O and washed 

wice with 10% Na 2 S 2 O 3 . The aqueous layers were extracted once 

ith Et 2 O and the combined organics were dried over MgSO 4 and 

oncentrated in vacuo . The crude residue was purified by column 

hromatography (50% EtOAc/hexane) on silica gel to afford 10 

3.85 g, 96%) as a yellow solid. R f = 0.37 (50% EtOAc/hexane); m.p. 

00-202 °C. 

IR νmax (cm 

−1 ): 3474, 3289, 1609, 1497, 1393, 1254, 1153, 

030, 984, 845, 777. 1 H NMR (400 MHz, DMSO-d 6 , δ ppm, J Hz): 

= 10.23 (s, 1H), 7.46 (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). 13 C NMR (101

Hz, DMSO-d 6 , δ ppm): δ = 151.9, 150.7, 148.5, 137.8, 128.1, 119.6, 

06.9, 106.8, 106.0, 101.5, 63.3, 55.4, 55.3. HRMS (ESI): m/z calcd 

or C 13 H 14 O 4 
79 Br [M + H-H 2 O] + 294.9964; found 294.9964. 
5 
.1.8. Synthesis of 

-bromo-3-(hydroxymethyl)-6,7-dimethoxynaphthalen-1-yl acetate 

11) 

To a stirred solution of 4-bromo-3-(hydroxymethyl)-6,7- 

imethoxynaphthalen-1-ol 10 (1.0 g, 3.19 mmol) and K 2 CO 3 (1.32 

, 9.58 mmol) in MeCN (50 mL) under argon atmosphere at room 

emperature was added acetyl chloride (0.341 mL, 4.79 mmol). 

he reaction mixture was then stirred at room temperature for 

8 h. The reaction was then quenched with water (30 mL) and 

xtracted with EtOAc (3 × 50 mL). The combined organics were 

ashed with brine (20 mL), dried over MgSO 4 , concentrated under 

educed pressure and purified by column chromatography (20% 

tOAc /hexane) to afford the title compound 11 (0.99 g, 87%) as 

 yellow crystalline solid. R f = 0.31 (30% EtOAc/hexane); m.p. 

53-154 °C. 

IR νmax (cm 

−1 ): 3512, 1744, 1611, 1611, 1510, 1485, 1435, 1369, 

310, 1259, 1204, 1180, 1142, 845, 777. 1 H NMR (400 MHz, CDCl 3 , 

ppm, J Hz): δ = 7.51 (s, 1H), 7.28 (s, 1H), 7.02 (s, 1H), 5.28 (s,

H), 4.85 (s, 2H), 4.03 (s, 3H), 3.98 (s, 3H), 2.44 (s, 3H). 13 C NMR

101 MHz, CDCl 3 , δ ppm): δ = 169.4, 151.2, 150.4, 145.2, 136.3, 

29.2, 122.5, 117.2, 116.6, 106.3, 100.0, 65.4, 56.1, 56.0, 21.14. HRMS 

ESI): m/z calcd for C 15 H 16 O 5 
79 Br [M + H-H 2 O] + 337.0070; found

37.0057. 
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.1.9. Synthesis of (1-bromo-4-((tert-butyldimethylsilyl)oxy)-6,7- 

imethoxynaphthalen-2-yl)methanol hydrate 

12) 

A solution of 4-bromo-3-(hydroxymethyl)-6,7- 

imethoxynaphthalen-1-ol 10 (800 mg, 2.55 mmol), imidazole 

347.8 mg, 5.11 mmol), 4-(dimethylamino)pyridine (156.0 mg, 

.28 mmol), and TBSCl (577.5 mg, 3.83 mmol) in CH 2 Cl 2 (50 

L) was stirred at room temperature for 8 h. The reaction was 

hen quenched with water (30 mL) and extracted with CH 2 Cl 2 
3 × 50 mL). The combined organics were washed with brine (20 

l), dried over MgSO 4 , concentrated under reduced pressure and 

urified by column chromatography (5% EtOAc /hexane) to afford 

he title compound 12 (850 mg, 78%) as a yellow crystalline solid. 

 f = 0.44 (20% EtOAc/hexane); m.p. 119-120 °C. 

IR νmax (cm 

−1 ): 3536, 1601, 1512, 1438, 1431, 1317, 1258, 1207, 

157, 1043, 833, 781. 1 H NMR (400 MHz, CDCl 3 , δ ppm, J Hz): δ
 7.49 (s, 1H), 7.46 (s, 1H), 6.93 (s, 1H), 4.86 (s, 2H), 4.03 (s, 3H),

.98 (s, 3H), 2.27 (bs, 1H), 1.10 (s, 9H), 0.27 (s, 6H). 13 C NMR (101

Hz, CDCl 3 , δ ppm): 150.9, 150.5, 149.3, 136.2, 129.2, 123.6, 112.1, 

12.0, 106.1, 101.9, 66.0, 56.0, 55.9, 25.9 ( × 3), 18.5, -4.1 ( × 2). 

RMS (ESI): m/z calcd for C 19 H 27 O 4 Si 79 Br [M + H-H 2 O] + 409.0829;

ound 409.0814. 

.2. Single crystal X-ray data collection 

For all crystal structure determinations, the X-ray intensity data 

ere collected on a Bruker APEX -II CCD diffractometer with MoK α
adiation ( λ= 0.71073 ̊A) monochromated by graphite at 173K. The 

ollowing software was used: Frame integration, Bruker SAINT soft- 

are package and data were corrected for Lorentz-Polarization ef- 

ects and for absorption by the numerical semi-empirical method 

mplanted in SADABS [40] . The structures were solved by direct 

ethods using SHELXT-2014/5 [41] and refined by the full ma- 

rix least-square method on F 2 to convergence using the SHELXL- 

018/3 program [42] . Anisotropic thermal factors were assigned 

o all the non-hydrogen atoms. The C-bound H atoms were ge- 

metrically placed (C—H = 0.93–0.98 Å) and refined as riding 

ith U iso (H) = 1.2–1.5 U eq (C). The O-bound H-atom in the hydroxyl 

roup and the water molecule for compounds 11 and 12, respec- 

ively, were located in a difference Fourier map and refined freely. 

rystal data, data collection and structure refinement details for 5, 

, 8, 11, 12, 14 and 17 are summarized in Table 1 . Details on the

rystallographic studies, as well as atomic displacement parame- 

ers, are given as Supporting Information in the form of cif files. 

isualization of the structures was made with the Diamond pro- 

ram [43] . 

.3. Hirshfeld surface and 2D fingerprint plots 

The Hirshfeld surfaces calculated for compounds 5, 6, 8, 11, 

2, 14 and 17 provide additional information on the distinctive 

ontributions made to the molecular packing by the independent 

olecules. Thus, a Hirshfeld surface analysis [44] and the associ- 

ted two-dimensional fingerprint plots [45] were performed using 

rystal Explorer 17.5 [46] to figure out the normalized contact dis- 

ance ( d norm 

), which depends on contact distances to the closest 

toms outside ( d e ) and inside ( d i ) the surface. The electrostatic po-

ential was generated using the STO-3G basis set at the Hartree- 

ock of theory for all the compounds investigated. 

.4. Quantum chemical calculations 

Optimization of the geometry of all the molecules was per- 

ormed by means of the Gaussian 09 W program and GaussView 

olecular visualization software [ 47 , 48 ], based on density func- 

ional theory DFT, using Beck’s three parameters hybrid functional 
6 
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Scheme 1. Conditions for synthesis of compounds 5 and 6 . Reagents and conditions: a) (CH 3 ) 2 SO 4 , K 2 CO 3 , acetone, reflux, 12 h, 95%; b) n-BuLi, THF, -78 °C, (EtO) 2 P(O)Me, 

98%; c) C 2 H 4 O, Ba(OH) 2 / H2O, THF/H 2 O (40:1), 20 °C, 2 h, 68%; d) 5% KOH/MeOH:H 2 O (19:1), 60 °C, 3 h, then C 2 H 8 ClNO, CDI, CH 2 Cl 2 , 69% overall yield; e) C 5 H 11 MgBr THF, 

93%. 
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xchange [49] , with 6-311G (d, p) basis sets and Lee-Yang-Parr cor- 

elation functional (B3LYP) [ 50 , 51 ]. Molecular Electrostatic Poten- 

ial (MEP) maps allowed us to visualize the variably charged re- 

ions of all the molecules ( 5, 6, 8, 11, 12, 14 and 17 ). 

. Results and discussion 

.1. Synthesis and characterization 

The synthetic route followed for the preparation of compounds 

 and 6 is outlined in Scheme 1 . The starting compound ethyl 4-

ydroxy-6,7-dimethoxy-2-naphthoate 1 was synthesized according 

o previously reported procedures [39] using 3,4-dimethoxy ben- 

aldehyde and diethyl succinate by Stobbe condensation and was 

btained in a 65% yield over two steps followed by reaction with 

imethyl sulphate to give compound 2 in an excellent yield of 92%. 

eaction with diethyl methylphosphonate in the presence of butyl 

ithium led to phosphonate 3 in a 98% yield. Horner-Wadsworth- 

mmons (HWE) olefination with ethanal afforded compound 5 in 

8% yield. Keto compound 6 was prepared in two steps: first, 

ompound 2 was hydrolyzed to the corresponding carboxylic acid 

hich was transformed to the Weinreb amide 4 by reaction with 

-methoxy methylamine in the presence of CDI [52-55] , then, the 

eaction of 4 with pentyl magnesium bromide [56] produced com- 

ound 6 in 93% yield ( Scheme 1 ). 

The synthetic route followed for the preparation of compounds 

 [38] , 11 and 12 is depicted in Scheme 2 . As previously reported

he synthetic pathway of compounds 7 [38] and 10 was based on 

he regioselective bromination of naphthalene core. This bromina- 

ion is affected by the brominating agents and solvents used, to- 

ether with the substituents on the naphthalene system [57-59] . 

he best conditions tested were on one hand, the regioselective 

romination of the naphthol system 1 with pyridinium tribromide 

t 0 °C in THF, which gave ester 7 in excellent yield, this was then

cetylated to 8 with acetyl chloride in good yield [38] ( Scheme 2 ).

aphthol 1 was reduced to 9 by lithium aluminium hydride 

60] and the reaction of 9 with pyridinium tribromide [59] gave 

he 1-bromo compound 10 in excellent yield. The resulting 10 

as followed by acetylation [61] and tert-butyldimethylsilylation 

62] of the phenol afforded the protected naphthols 11 and 12 re- 

pectively ( Scheme 2 ). 

As indicated in Scheme 3 , according to the published proce- 

ure [38] our starting material for the preparation of compound 14 

38] was ethyl 4-hydroxy-6,7-dimethoxy-2-naphthoate 1 . The chlo- 
7 
oformylation procedure [63] of starting ester 1 , resulted in the 

ormation of the desired lactone ring 13 [38] , which was followed 

y treatment with trifluoromethane sulfonic-anhydride [64] to give 

actone 14 in a good yield of 91% ( Scheme 3 ). 

The synthetic utility of 8 as a building block for the novel 

yano derivative 16 [38] was investigated as outlined in Scheme 

 [38] . Thus, the reaction of 8 with NBS in dry DMF [57] af-

orded the dibromo compound 15 [38] in very good yield. The 

eaction with CuCN in the presence of L-proline [65] yielded the 

ono cyano derivative 16 which was finally treated with trifluo- 

omethane sulfonic–anhydride under anhydrous conditions giving 

he respective sulfonate 17 [38] whose spectral data were in ac- 

ordance with the structure proposed (see experimental section) 

 Scheme 4 ). 

All the isolated compounds were characterized by elemental 

nalyses, as well as their spectral data which agree with the pro- 

osed structures and are summarized in the synthetic section 

bove. The structures of the crystalline compounds 5, 6, 8, 11, 12, 

4 and 17 were confirmed by IR, 1 H-NMR, 13 C-NMR and LC/HRMS 

s well as by single crystal structure analyses (see Supporting in- 

ormation). 

.1.1. IR spectral analysis 

The IR spectra of the synthesized compounds provided evidence 

or the presence of all the expected functional groups. The forma- 

ion of compounds 5 and 6 was confirmed by the appearance of 

n intense band of the carbonyl group C = O at 1661-1674 cm 

−1 . In

he IR spectrum of compound 8 , after the formation of the acetate 

roup in the final product 8 , the characteristic strong band of the 

ydroxyl group of the intermediate compound 7 , which appeared 

t 3385 cm 

−1 disappeared. Two significant stretching bands asso- 

iated with carbonyl were observed at 1737 cm 

−1 and 1620 cm 

−1 , 

hich correlate with compound 8 . The IR spectrum contained a 

road hydroxyl stretching band at 3512 cm 

−1 and one sharp car- 

onyl band at 1744 cm 

−1 , which correlate with compound 11 . In 

ddition the IR spectrum of 12 was devoid of a hydroxyl stretching 

and at 3536 cm 

−1 . The presence of a nitrile group C 

≡N in com-

ounds 16 and 17 was identified by its absorption band at 2212 

nd 2220 cm 

−1 , respectively. The lactone rings in compounds 13 

nd 14 were confirmed by their characteristic bands in a region of 

715-1755 cm 

−1 . 

.1.2. 1 H and 13 C NMR spectral analysis 

The 1 H NMR spectra of compounds 5 and 6 show a character- 

stic signal at δ 4.05 ppm (s), 3.96 ppm (s) and 3.95 ppm (s) 
H 
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Scheme 2. Conditions for synthesis of compounds 8, 11 and 12 . Reagents and conditions: a) PyrH 

+ Br 3 
− , THF, 0 °C, 1 h, 98%; b) K 2 CO 3 /DMF, 80 °C then acetyl chloride, 18 h, 

80%; c) LiAlH 4 , 0 °C to rt, 1.5 h, 94%; d) PyrH 

+ Br 3 
− , THF, 0 °C, 1h, 96%; e) CH 3 COCl, K 2 CO 3 , MeCN, Ar atm, reflux, 18 h, 87%; f) TBSCl, Imidazole, DMAP, CH 2 Cl 2 , 8 h, rt, 78%. 

Scheme 3. Conditions for synthesis of compound 14 . Reagents and conditions: a) 30% HCHO, 37% HCl, CH 3 CO 2 H, 100 °C, 1 h, 40%; Tf 2 O, NEt 3 , CH 3 CN, 0 °C to rt, 24 h, 91% 

[38] . 

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 2 O, 

NEt 3 , CH 3 CN, 0 °C to rt, 24 h, 80% [38] . 
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or compound 5 and peaks at δH 4.03 (s), and 4.00 (s) for com- 

ound 6 , these peaks corresponded to hydrogen atoms from three 

ethoxy groups. The peaks in the range of 7.18-8.12 ppm are due 

o the hydrogen atoms bound to the aromatic ring for naphthalene. 

n addition, the peak at δH 7.28 (dd, J = 15.5, 1.5 Hz, 1H), 7.10-

.02 (m, 1H) was attributed to doublets referring to α, β unsatu- 

ated hydrogens of compound 5 . 13 C NMR revealed in compounds 

 and 6 three carbons of the methoxy groups at δC (56.0 × 3), 

5.7, 56.0 and 56.1 ppm, respectively. In addition, four aromatic 

lefinic carbons are observed at 101.2, 101.7, 108.9, 122.7 ppm and 

00.3 101.2, 107.6, 121.6 ppm for compounds 5 and 6, respectively. 

he ketone absorbeds at 189.3 and 200.5 ppm, for compounds 5 

nd 6 , respectively. The olefinic carbons for compound 5 were ob- 

erved at 127.9 (C α) and 143.9 ppm (C β). The CH 2 carbons of the

lkyl chain of compound 6 were observed at δC 22.7, 24.7, 31.8 and 

8.4 ppm. 
t

8 
The 1 H NMR spectrum of compound 8 lacked the hydroxyl 

roton signal observed in the spectrum of the precursor 7 , but 

he singlet integrating for three protons at δH 2.51 ppm indicated 

he presence of the acetate group. Moreover, the ester side chain 

as also shown to be present by a characteristic quartet at δH 

.42 ppm and an accompanied triplet at 1.42 ppm that integrated 

or two and three protons respectively. The 13 C NMR spectrum 

ontained two carbonyl peaks at δC 168.3 and 166.0 ppm corre- 

ponded to ester carbonyl and acetate. The two aromatic methoxy 

roups gave rise to signals at δC 56.0 and 56.1 ppm. 

The 1 H NMR spectra of compounds 11 and 12 were very in- 

icative of the reaction’s success. Additionally, the 1 H NMR spec- 

rum of compound 10 contained signals attributed to five protons, 

hich were assigned to ester chain. The emergence of a singlet at 

H 4.63 ppm was suggestive of a benzylic CH 2 which confirmed 

hat the ester group reduction was successful. The 13 C NMR spec- 

rum 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. 
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ew signal at δC 63.3 ppm was once again indicative of a CH 2 

roup adjacent to an aromatic ring system. The spectral data of the 

rimary alcohol correlate with those reported for compounds 11 

nd 12 . 

The 1 H NMR of 11 showed the appearance of a new signal at 

H 2.44 ppm, that corresponded to the acetate protons. The ap- 

earance of the methyl proton at δH 0.23 ppm and 1.13 ppm that 

ntegrated for six and nine protons respectively for compound 12 , 

ogether with the disappearance of the naphthol proton at δH 5.42 

pm from the starting material 10 . Three new signals were present 

n the 13 C RMN spectrum of 12 , which were all assigned to the 

resence of a tert-butyldimethylsilyl protecting group. These sig- 

als were at δC 25.9 ( × 3) ppm and -4.1 ppm for the methyl car-

on atoms, whereas the tertiary carbon atom directly attached to 

he silicon atom appeared at δC 18.5 ppm. 

The 1 H NMR spectrum of compound 14 closely resembled that 

f the parent compound 13 as expected, but lacked the signal cor- 

esponded to the naphthol proton at δH 9.98 ppm. A distinct sin- 

let signal at δH 5.49 ppm, integrated for two protons OCH 2 char- 

cteristic of the lactone ring, was also observed. Thus, the methyl 

roup was assigned to the presence of a sharp singlet at δH 2.99 

pm. The 13 C NMR spectrum, showed the appearance of the car- 

onyl group of lactone at δ 169.4 ppm and the peak at δ 65.5 
C C 1

9 
pm was due to a CH 2 moiety. The presence of methyl signals that 

ere also evident in the 13 C NMR spectrum at δC 12.2 ppm rein- 

orced our proposed structure of compound 14 . The 1 H NMR spec- 

rum of compound 17 compared very well with that of naphtha- 

ene 16 save one difference, namely the disappearance of the OH 

roton at δH 11.51 ppm for compound 16 . The aromatic region only 

isplayed three naphthalene proton signals as expected. In addi- 

ion, the 13 C NMR spectrum showed a characteristic signal at δC 

7.9 ppm and 99.3 ppm, which refer to the carbons of the nitrile 

roup (C 

≡N) for compounds 16 and 17 , respectively. 

.1.3. Mass spectrometry 

The mass spectral data of compounds 5 and 6 confirmed their 

ormation with molecular ion peaks at m/z 287.1271 [M + H] + for 

 and 317.1740 for 6 , respectively, which was consistent with their 

olecular formula masses. The HRMS data of compounds 8, 11 and 

2 showed intense molecular ion peaks at m/z 397.0261 [M + H] 
 , 337.0057 [M + H-H 2 O] + and 407.0407 [M + H-H 2 O] + for com-

ounds 8, 11 and 12 , respectively, in agreement with their respec- 

ive molecular formulae, confirming the presence of bromine in the 

olecules. Moreover, the HRMS data for the naphthalene lactone 

4 and naphthalene 17 were in agreement with the calculated val- 
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Table 2 

Hydrogen bonds ( ̊A, °), C—H…π and π…π interactions for compounds 5, 6, 8, 11, 12, 14 and 17 

Cg1, Cg2, Cg3, Cg4, Cg5 represent the centroids of the, C1–C3/C8-C10 , C3–C8, O4/C5/C6/C13/C14, C1B–

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

D—H…A D—H H…A D…A or Cg…Cg D—H…A Symmetry codes 

5 C13—H13C ···O4 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 ···O1 0.98 2.57 3.484(2) 154 x,-1/2-y,-1/2 + z 

C13—H13A ···O4 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 x,y,-1 + z 

8 C7B—H7B ···O5B 0.95 2.52 3.345(4) 146 1-x,-y,-z 

C11B—H11E ···O1A 0.98 2.55 3.306(4) 134 -x,-y,-z 

C11B—H11E ···O2A 0.98 2.49 3.443(4) 165 -x, -y, -z 

C12A—H12B ···O5A 0.98 2.57 3.428(4) 146 1-x,1-y,1-z 

C14B—H14F ···O5B 0.98 2.56 3.226(5) 126 1-x,1-y,-z 

C16A—H16A ···O4B 0.99 2.57 3.150(4) 117 2-x,1-y,1-z 

C16A—H16B ···O1B 0.99 2.49 3.470(4) 171 1 + x,1 + y,1 + z 

Cg2 ···Cg2 3.785(2) 2-x,1-y,1-z 

Cg4 ···Cg4 3.889(2) -x,-y,-z 

Cg4 ···Cg5 3.643(2) -x,-y,-z 

Cg5 ···Cg5 3.873(2) 1-x,-y,-z 

11 O4—H4 O ···O1 0.98(4) 1.99(4) 2.962(3) 167 x,-1 + y,z 

O4—H4 O ···O2 0.98(4) 2.57(4) 3.156(2) 118 x,-1 + y,z 

C5—H5 ···O4 0.95 2.47 3.328(3) 150 1-x,-y,1-z 

C11—H11B ···O5 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 O1W—H1W ···O4 0.87(2) 1.94(2) 2.801(2) 171 1 + x,y,z 

O1W—H2W ···O1 0.84(2) 2.19(2) 2.966(2) 154 1-x,1-y,1-z 

O1W—H2W ···O2 0.84(2) 2.33(2) 3.001(2) 137 1-x,1-y,1-z 

O4—H4 ···O1W 0.89(2) 1.91(2) 2.791(2) 174 1-x, -y, 1-z 

C12—H12A ···Cg2 0.98 2.84 3.550(2) 130 -x, 1-y, 1-z 

Cg1 ···Cg2 3.452(1) 1-x, 1-y, 1-z 

Cg1 ···Cg1 3.821(1) 1-x, 1-y, 1-z 

14 C11—H11A ···O5 0.97 2.57 3.405(2) 145 -x,1-y,1-z 

C12—H12B ···O2 0.97 2.52 3.285(2) 136 1-x,-y,1-z 

Cg3 ···Cg1 3.509(1) -x,1-y,1-z 

Cg1 ···Cg2 3.858(1) -x,1-y,1-z 

Cg2 ···Cg2 3.607(1) -x,1-y,1-z 

17 C11A—H11C ···O4A 0.96 2.47 2.840(2) 103 x, 1 + y, z 

C11B—H11F ···O4B 0.96 2.52 2.871(2) 101 x, -1 + y, z 

C12A—H12B ···O2B 0.96 2.55 3.491(2) 166 1-x, 1-y, 1-z 

C12A—H12C ···O1B 0.96 2.45 3.398(2) 167 -1 + x, y, z 

C12B—H12F ···O1A 0.96 2.53 3.456(2) 162 1 + x, y, z 

C16A—H16B ···O6B 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 
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es for these compounds at m/z 407.0399 [M + H] + and [M + NH 4 ]
 451.0767, respectively. 

.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 

vaporation of the solvent system (hexane/ethyl acetate) at room 

emperature. Compounds 5 and 6 crystallize in the monoclinic sys- 

em with the P 2 1 /c space group, while 8, 11, 12, 14 and 17 crystal-

ize in the triclinic system with the P ̄1 space group. The crystal- 

ographic asymmetric-unit contents are shown in Fig. 3 . Selected 

ond lengths and angles of these compounds are also given in Ta- 

le S1. Hydrogen bond distances and angles together with details 

f offset C—H ···π and π ···π contacts for all compounds are shown 

n Table 2 . In each of the compounds reported here, the naphtha- 

ene unit of the molecules is very planar. The molecular structures 

f the compounds 5, 6, 8, 11, 12, 14 and 17 are sufficiently similar

o be discussed together as they vary only in the substitution pat- 

ern on the naphthalene ring at position C4, C5, C6 or C7 atoms. In

,7-dimethoxynaphthalene, the C1—O1 and C10—O2 bond lengths 

ange from 1.353 to 1.365 Å and 1.350-1.365 Å respectively, indicat- 

ng the presence of a single bond between oxygen and a sp 

2 car- 

on atom, whereas the single bond lengths C11—O1 (1.420-1.432 
˚ ) and C12—O2 (1.422-1.429 Å) are slightly longer due to oxygen 

nd a sp 

3 carbon. 
10 
The supramolecular assembly in the structures reported here 

s dominated by C—H ···O hydrogen bonds for compounds 5, 6, 8, 

1, 14, 17 and O—H ···O for compounds 11 and 12 . In addition, a

eak C—H ···π interaction involving different donor groups and ac- 

eptor π-ring systems is present in all crystals except compounds 

, 14 and 17 . The π ···π contacts between aromatic rings observed 

n compounds 8, 12, 14 and 17 can be considered to be quite sig- 

ificant. 

Compounds 5 and 6 crystallize with a single molecule in the 

symmetric parts of the unit cells similar dimensions ( Table 1 ). 

he geometric parameters of molecules of these two compounds 

re similar. All non-hydrogen atoms of the molecule are almost 

oplanar with deviation from the mean plane (r.m.s = 0.077 Å for 

 and 0.069 ̊A for 6 ). In both compounds, strong intermolecular 

—H �O interactions occur between oxygen atoms of the carbonyl 

nd methoxy groups in position C4 of naphthalene ( Figs. 4 a and 

 a). Other interactions in compound 6 are observed between –

CH 3 group protons in position C1 and C10. These contacts are 

upplementared by the weak C—H �π stacking interactions (C11—

11A ···Cg2 2.64 Å for 5 and C11—H11C ···Cg2 2.68 Å and C17—

17B ···Cg2 2.86 Å for 6 ) ( Figs. 4 a and 5 b). Thus, the intermolecu-

ar interactions give to the formation of the supramolecular crystal 

acking assembly in all three dimensions ( Figs. 4 b and 5 c-d). 

The asymmetric unit of compound 8 consists of two indepen- 

ent 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 �O4 which is related to them via a bifurcated hydroxy-methoxy O—H �O and methoxy-carbonyl 

C11—H11B �O5 interactions and (b) crystal packing viewed along the a axis. Hydrogen bonds are drawn as dashed orange lines. 
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try as shown in Fig. 3 . In the crystal structure, each molecule 

orms an inversion dimer by hydrogen bonds. The dimer of Mol 

 is formed by C12A—H12B �O5A hydrogen bonds, which are con- 

ected into a chain along the a-axis through a π—π stacking inter- 

ction between the naphthalene rings [centroid-centroid distance 

f 3.785(2) ̊A between C3A-C8A rings] ( Table 2 and Fig. 6 a). The

imer of Mol B formed by C7B—H7B �O5B is associated via C14B—

14F �O5B hydrogen bonding into a ribbon that extends approx- 

mately parallel to the b-axis through a π—π stacking interac- 

ion between the naphthalene rings [centroid-centroid distance of 

.643(2) ̊A between C3B-C8B and C1B-C3B/C8B-C10B rings; 3.890(2) 

etween C1B-C3B/C8B-C10B rings] ( Table 2 and Fig. 6 b). The two 

heets of molecules Mol A and Mol B are connected by C16A—

16A ···O4B, C16A—H16B ···O1B and C11B—H11E ···O1A/O2A hydro- 

en bonds, forming slabs lying parallel to the ac plane ( Fig. 6 c). 

In compound 11 , the mean plane formed by Br/C1-C12/C15 is 

lmost planar (r.m.s = 0.031) and the acetate group is twisted 

round this mean plane with 64.58(10) °. In the crystal structure, 

he molecular packing of the title compound is mainly stabilized 

y two O—H �O and two C—H �O hydrogen bonds ( Fig. 7 a, Table 2 ).
11 
airs of C5—H5 �O4 hydrogen bonds form inversion dimers with an 

 

2 
2 
( 10 ) ring motif ( Fig. 7 a). The dimers are additionally linked via a

ifurcated hydroxy-methoxy O—H �O and methoxy-carbonyl C11—

11B…O5 interactions, forming chains along the b direction. These 

hains are related by C—H �π interactions, leading to the forma- 

ion of layers parallel to the (011) plane ( Fig. 7 b). 

Compound 12 crystallizes as a monohydrate with two formula 

nits in the asymmetric unit. The naphthalene ring is almost pla- 

ar with r.m.s = 0.023 ̊A. The Si—C bond length of 1.856(2) to 

.876(2) Å, with an Si—O bond length of 1.665(1) Å indicates an 

lmost tetrahedral geometry around this silicon atom and the an- 

les around the Si atom vary from 103.33(6) to 112.31(8) °. One 

f the hydrogen bonds donated by water is bifurcated between 

wo acceptors O1 and O2. The oxygen atom of the water molecule 

cts as acceptor for the hydroxyl hydrogen atom of the neigh- 

oring molecule via O4—H4 ···O1W interactions, while the two hy- 

rogen atoms interact with the O atoms of the methoxy and 

ydroxyl groups of neighboring molecules via O1W—H1W ···O4, 

1W—H2W ···O1, O1W—H2W ···O2 and O1W—H1W ···O4 hydrogen 

onds, 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 �π interactions (c) crystal packing of 12 , viewed down [001]. 

C-bound H atoms have been omitted for clarity. 
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ibbons are R 4 
4 
( 22 ) as well as R 4 

4 
( 10 ) rings. Weak interactions C—

 �π and π�π ( Fig. 8 b) help to consolidate the packing crystal 

 Fig. 8 c). 

The molecule structure of compound 14 is illustrated in Fig. 3 . 

n the molecule, the 1,3-dihydronaphtho[2,3- c ]furan mean plane is 

pproximately planar, with an r.m.s deviation of 0.043 Å. The dihe- 

ral angle between the naphthalene and furan rings is 4.31(5) °. The 

ulfonate group is tilted from the 1,3-dihydronaphtho[2,3- c ]furan 

ean plane with 72.00(7) °. 
Table S1 shows that the sulfonate group exhibits a tetrahedral 

eometry with shorter S = O bonds [S1—O6 = 1.417(2) ̊A and S1—

7 = 1.410(2) ̊A] when compared to the anionic S—O bond (S1—O3 

 1.577(1) Å), as expected. The bond angles between O7—S1—O3 

nd O7—S1—O3 are 110.58(7) and 110.93(6) respectively. Whereas, 

20.6(1) ° is for angle between O7—S1—O6. The three C—F distances 

f the —CF 3 group are on average 1.310 Å. 

In the crystal 14 , each molecule forms hydrogen-bonded dimers 

inked by two weak C11—H11A �O5 hydrogen bonds. These dimers 

re related to them by C12—H12B �O2 hydrogen bonds, resulting 

n the formation of infinite one-dimensional chains in the direc- 

ion of the axis ( Fig. 9 a). In addition, the π—π stacking inter- 

ctions observed between the phenyl and phenyl or furan rings 

ith centroid-centroid distances averaging 3.509(1) – 4.0 0 0(1) Å 

 Table 2 , Fig. 9 b) also contribute to the formation of infinite inter-

olecular hydrogen bonding forces which play a prominent role in 

orming the supramolecular system and determining the physico- 
12 
hemical properties. These chains are connected via O �F contacts 

o form layers parallel to ac plane ( Fig. 10 ). 

The asymmetric unit of compound 17 contains two indepen- 

ent molecules of similar geometry in Mol -A (turquoise) and Mol - 

 (mauve). The naphthalene ring systems are essentially planar 

ith maximum deviations from the mean plane of 0.027 ° in Mol- 

 and 0.016 ° in Mol-B . The dihedral angle between the fused 

ings is 2.16(8) ° in Mol-A and 1.24(8) in Mol-B. The dihedral 

ngles of the C-(C = O)-O-C-C plane [C6A-(C14A = O4A)-O5A-C15A- 

16A and C6B-(C14B = O4B)-O5B-C15B-C16B] and the naphthalene 

ing are 14.87(7) ° and 19.38(8) °, respectively. The three C—S—O an- 

les [C17—S1—O3 (100.0(1) °, C17—S1—O6 (107.3(1) ° and C17—S1—

7 (105.4(1) °] and O—S—O angles [O3—S1—O6 (111.3(1) °, O3—S1—

7 (107.8(1) ° and O6—S1—O7 (122.6(1) (1) °], indicate that the ge- 

metry of the sulfonate group is distorted from an ideal tetrahedral 

eometry. 

In the crystal structure, both molecules from an inversion dimer 

y hydrogen bonds (C12A—H12C �O1B and C12B—H12F �O1A hy- 

rogen bonds, which are connected by C11A—H11C �O4A and 

11B—H11F �O4B hydrogen bonds, forming a chain a along the b- 

xis ( Fig. 11 a). These chains are connected by C12A—H12B �O2B 

nd C16A—H16B �O6B hydrogen bonds, forming slabs lying parallel 

o the ab plane ( Fig. 11 b). These contacts are strongly supported 

y extensive π—π stacking interaction between the naphthalene 

ings [centroid-centroid distance of 3.885(2) ̊A between C3A-C8A 

nd C1B-C3B/C8B-C10B rings] ( Table 2 and Fig. 11 b). 
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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, π—π stacking interactions and O �F contacts as dashed orange, purple and dark lines, 

respectively. 
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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. 
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.3. Hirshfeld surface analysis 

The Hirshfeld surfaces and 2D fingerprint plots of compounds 

, 6, 8, 11, 12, 14 and 17 were used to obtain information about 

on covalent interactions in crystal packing. Calculations of the 

olecular Hirshfeld surfaces (HS) were performed using a standard 

high) surface resolution with the three-dimensional d norm 

surfaces 

apped ( Fig. 12 ). The red points represent closer contacts and neg- 

tive d norm 

values on the surface corresponded to the C—H �O in 

ompounds 5, 6, 8, 11, 14 and 17 and O—H �O in compounds 11 

nd 12 ( Table 3 and Fig. 12 ). The light-red spots indicate their in-

olvement in the other intermolecular C—H �π (compounds 5, 6, 

4 and 8 ) and C �C (compounds 8, 14 and 12 ). The Hirshfeld sur-

ace mapped over the electrostatic potential showed blue regions 

ndicated a positive electrostatic potential, while red spots indicate 

toms with a negative electrostatic potential ( Fig. 12 b). 

The overall 2D fingerprint for the main intermolecular con- 

acts of all compounds is shown in Fig. 13 . The percentage con- 

ributions of the various interatomic contacts to the Hirshfeld sur- 
Table 3 

HOMO–LUMO energies and values of quantum chemical parameters

property Values 

5 6 8 

E T ( eV ) -26105.27 -28277.94 -100200.0

E HOMO ( eV ) -5.600 -5.638 -6.012 

E LUMO ( eV ) -1.812 -1.531 -1.612 


E (LUMO –HOMO) ( eV ) 3.788 4.107 4.400 

Global hardness ( η) 1.894 2.053 2.200 

Softness ( ξ ) 0.264 0.243 0.227 

Chemical potential ( μ) 3.706 3.584 3.812 

Electrophilicity ( ψ ) 3.626 3.122 3.299 

Electronegativity ( χ ) -3.706 -3.584 -3.812 

Dipole moment (D) 2.319 2.666 4.568 

η= 1/2[E LUMO -E HOMO ], ξ= 1/2 η, μ= -[1/2(E LUMO + E HOMO )], ψ= μ2 /2 η, 

14 
aces are summarized in Table S2. The contribution was possible 

or different interactions including H �H and O �H/H �O (for all 

ompounds) and C �H/H �C (in 5, 6, 11 and 12 ). The most impor-

ant interaction was H ···H which contributed 49, 57.4, 41.8, 38 and 

0.8% overall for 5, 6, 8, 11 and 12 respectively, to stabilizing the 

rystal packing. This is reflected in Fig. 13 b as widely scattered 

oints of high density due to the large hydrogen content of the 

olecules with the small split tips at d e ≈ d i ≈ 1.15 - 1.25 Å. 

he higher proportion of hydrogen atoms in structure 12 was af- 

orded by tert-butyldimethylsilyl. These contacts are not visible on 

he corresponding Hirshfeld surfaces because their distances are 

onger than the sum of the van der Waals radii. The structures 

f all molecules are also dominated by O ···H/H ···O contacts, com- 

rising from 19.3% ( 6 ) to 33.9% ( 14 ) ( Fig. 13 c) of the total Hirsh-

eld surface areas. These contacts are shown as two symmetrical 

oints on the top, bottom left and right with the shortest d e + d i 

1.85 – 2.50 ̊A, which is characteristic of the C—H ···O hydrogen 

ond in compounds 5, 6, 8, 11, 14 and 17 and the O—H �O bond

n compounds 11 and 12 . The presence of C—H ···π interactions in 
 calculated by B3LYP/6-311G (d,p). 

11 12 14 17 

5 -96046.65 -108300.33 -50105.98 -52648.39 

-5.854 -5.675 -6.371 -6.590 

-1.299 -1.162 -2.026 -2.568 

4.555 4.513 4.345 4.022 

2.277 2.256 2.172 2.011 

0.219 0.221 0.230 0.249 

3.576 3.418 4.198 4.579 

2.801 2.583 4.054 5.221 

-3.576 -3.418 -4.198 -4.579 

3.504 4.418 4.909 3.584 

χ = - μ
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Fig. 12. View of the three-dimensional Hirshfeld surface of 5, 6, 8, 11, 12, 14 and 17 plotted over (a) d norm , (b) electrostatic potential and (c) shape-indexed features showing 

C—H �π or π…π interactions through dashed lines. 
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Fig. 13. Relative contributions of intermolecular contacts to the Hirshfeld surface area in 5, 6, 8, 11, 12, 14 and 17 and 2D fingerprint plots of observed contacts. 
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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. 
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he structures 5, 6, 11 and 1 2 is indicated by the pair of char-

cteristic wings in the fingerprint plot delineated into C ···H/H ···C 

 Figs. 12 c and 13 d ). The C ···H/H ···C interactions are represented by

he spikes at the bottom right and left (d e + d i ≈ 2.60 – 2.75 ̊A).

he percentage of C ···H/H ···C increases from compound 12 (6.6%) to 

 (23.9%), in agreement with the substituted group. However, un- 

ike these compounds, no significant C—H ···π interaction was ob- 

erved in compounds 8, 14 and 17 . 

Noteworthy here also the fact that in the crystals 8, 12, 14 and 

7 , a fairly significant contributor 7.8, 5.2, 8.1 and 5.1% respectively 

as C ···C contacts. They are shown on the fingerprint plots as ar- 

as on the diagonal at d e = d i ≈ 1.6-1.7 ̊A ( Fig. 12 e). These contacts

orrespond to the presence of the above mentioned π ···π stack- 

ng interactions in the crystal structures 8, 12, 14 and 17 ( Figs. 12 c

nd 13 e). The contribution of C ···O/O ···C contacts in compounds 8 

4.2%), 11 (4.9%) and 17 (6.1%) ( Fig. 13 f) was due to the presence of

hort interatomic C �O (C33—O4 and C16—O10) contacts between 

ol A and Mol B , and was apparent as the pair of tips at d e + d i ≈
.2 ̊A in 8 , while it was due to the presence of short C13—O4 con-

acts and is apparent as the pair of tips at d e + d i ≈ 3.1 ̊A in 11 and

f short O4—C11contacts as the pairs of tips at d e + d i ≈ 3.25 ̊A in

7 . The structures are further characterized by a significant propor- 

ion of H �X/X �H (H �Br/Br �H in 8, 11 and 12 or H �F/F �H in 14 )

ontacts, comprising from 9.6% to 19.2% for the molecular surface 

i

17 
 Fig. 13 g). The pair of spikes in the fingerprint plot delineated into 

 �F/F �H contacts has tips at d e + d i ≈ 2.7 ̊A. The pair of character-

stic wings in the fringerprint plot delineated into H �Br/Br �H con- 

acts has tips at d e + d i ≈ 3.05 ̊A ( 8 ), 3.10 Å ( 11 ) and 2.9 Å ( 12 ).The

ignificant contributions from H �X/X �H contacts indicate that the 

nteratomic distances are equal to or greater than the sum of their 

an der Waals radii, suggesting that they have a limited influence 

n the molecular packing. 

In compound 14 , the structure is further characterized by a 

ignificant proportion of F ···O contacts, comprising about 8.3% of 

he molecular surface. The shortest F ···O contacts are shown on 

he fingerprint plots as a pair of spikes at d e ≈ d i ≈ 1.45 Å 

 Fig. 13 h). 

The small contributions from the other remaining interatomic 

ontacts have a negligible influence on the packing (Table S2). 

.4. Frontier Molecular Orbitals (FMOs) 

The HOMO and LUMO energies provided important clues about 

he chemical behaviors of molecules. All molecular calculations 

ere performed in the gas phase using Density Functional Theory 

DFT) with the B3LYP exchange correlation functional. The bond 

engthsand bond angles, are listed in Table S1, together with the 

-ray parameters. The differences between calculated and exper- 

mental bond lengths and angles were within a few Angstroms 
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Fig. 15. The contour map of electrostatic potential and the total electron density mapped with electrostatic potential of 5, 6, 8, 11, 12, 14 and 17 at an isosurface value of 

0.020 a.u. and an isodensity of 0.0 0 04 a.u. 
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3

nd degrees, respectively, when compared to the experimental pa- 

ameters which are an isolated molecule in DFT optimization and 

he crystalline phase in X-ray crystallography analysis. The frontier 

olecular orbitals of the HOMO and LUMO for all compounds are 

hown in Fig. 14 . The positive and negative phases are shown in 

ed and green, respectively. The energies of HOMO and LUMO, en- 

rgy gap, electronegativity ( χ ), chemical hardness ( η), global soft- 

ess ( ξ ), dipole moment (D) and electrophilicity ( ψ) index were 

alculated and are presented in Table 3 . The HOMO-LUMO en- 

rgy gap for 5 is founded to bethelowest, whereas a higher band 

ap was observed for the other compounds; this indicates that 

ompound 5 exhibits higher chemical reactivity. Furthermore, the 

hemical potential index for 17 was greater than that of the other 

ompounds, therefore 17 behaves as good electron donor. The 

ipole moment (D) of compound 14 was greater than that of the 

c

18 
thercompounds studied , therefore we can say that these com- 

ounds are more reactive than the other compounds. The chemi- 

al hardness of 5 was smaller than that of the other compounds, 

ndicating that the electrons are attracted from compound 5 . Ac- 

ording to the electrophilicity calculation of all the compounds, 

e observed that molecule 17 has a larger global electrophilic in- 

ex compared to the other molecules, as a result, it is more stable 

han the other compounds. The higher electronegativity value of 

olecule 17 is indicative of its chemical reactivity. 

.5. Molecular Properties 

.5.1. Mulliken population analysis 

The Mulliken charge values of the synthesized molecules were 

alculated using B3LYP functional with 6-311G(d,p) basis set for 
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ll the structures. The calculated Mulliken charge values of the 

olecules are reported in Table S3. The carbon atom has a positive 

harge when it is attached to O1, O3, O4, O5 and O6, while the 

ther carbon atom has a negative charges. Moreover, all the hydro- 

en atoms in the hydroxyl group ( 11 and 12 ) and attached to wa-

er molecule ( 12 ) have a net positive charge. In all compounds, all

xygen atoms possess negative Mulliken charges, but the charges 

f O3 are more negative. 

.5.2. Molecular Electrostatic Potential (MEP) 

In this study, the molecular electrostatic potential of all the 

ompounds was computed using B3LYP/6-311G (d, p) optimized 

eometry . The contour and surface map is shown in Fig. 15 . The

egative electrostatic potential is indicated by red regions (nu- 

leophilic reactivity), the blue region indicates the partially posi- 

ive charge (electrophilic reactivity), the yellow region reveals the 

lightly rich electron and the green region shows neutral. For all 

ompounds, the total electron density surface mapped with the 

lectrostatic potential indicates the presence of a high negative 

harge on the O4 atom of the carbonyl oxygen atom ( 5, 6, 8, 11

nd 14 ), while the rest of the compounds have localized oxygen 

toms of the hydroxyl ( 11 and 12 ) and carbonitrile ( 17 ) groups. Al-

houghthe positive regions of the MEP map are related to nucle- 

philic reactivity, these regions cover C-H bonds, hydroxyl group 

 11 ) and the water molecule ( 12) ( Fig. 15 ). Analyses of the MEP sur-

ace of these compounds represent the availability of electrons for 

ossible interaction with another group of atoms. The MEP results 

re supported by the electrostatic potential contour map showing 

he isosurface lines in Fig. 15 . 

onclusion 

In conclusion, we have developed the synthesis of a novel series 

f methoxynaphthalene derivatives: 2 - 17 in good yield based on 

imple and convenient methods. The structure of seven compounds 

, 6, 8, 11, 12, 14 and 17 was identified using single crystal X- 

ay crystallography and spectroscopic techniques: IR, 1 H, 13 C NMR 

nd LC/HRMS. Moreover, the methods used provide access to vari- 

us substituted naphthalene derivatives whose biological activities 

ave not been previously described. X-ray crystallographic studies 

or 5, 6, 8, 12, 14 and 17 display intermolecular C/O—H �O hydro- 

en bonding, forming layers in the crystal lattice and stabilized by 

—H �π or π ···π interactions. The results of HS analysis indicate 

hat the major interactions were found for H ···H and O ···H/H ···O 

nteractions of the total HS area. Further, the structural parameters 

btained by DFT calculations substantiate the X-ray crystal struc- 

ure. The molecular electrostatic potential indicates that the car- 

onyl oxygen atom is the most negative region. As a result, it is 

xpected that this research will be beneficial for the design, syn- 

hesis and various applications of new methoxynaphthalene-based 

ompounds. 
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