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Abstract 
Several types of solid acid catalysts were prepared based on oxides like (ZrO2, 
TiO2, HfO2, MCM-41 and SBA-15), using two main preparation methods: the 
precipitation and the sol-gel methods. Each catalyst was subjected to two 
types of impregnations: sulfate ions using sulfuric acid as precursor and nio-
bium using niobium oxalate as precursor. These prepared catalysts were tested 
in the etherification reaction of 2-naphtol, where the catalysts showed both 
acidic and redox properties. The acidic character was manifested through the 
formation of 2-butoxynaphtalene (with moderate yields) when oxide is sul-
fated, and the redox character (when impregnated with niobium) manifested 
through the formation of the interesting product 2-ethylnaphtofuran (with 
low yields) and other products that were a result of oxidative coupling of two 
2-naphtol molecules (binol and acetal of binol). However despite the effort, 
several attempts to increase the yield of 2-ethylnaphtofuran did not work. All 
products prepared were obtained in pure form and characterized by 1H and 
13C NMR, GC and MS. 
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1. Introduction 

Tightening environmental legislation is driving the fine and specialty chemicals 
industries to consider alternative processes that avoid the use of conventional 
mineral acids. Research nowadays is focused on the use of heterogeneous acid 
catalysts. By using these solid acid catalysts, chemical processes become more 
productive and more environmentally friendly. In fact, they are being used in 
many industrial chemical processes from the largest chemical process of catalytic 
cracking in petroleum refining to the synthesis of various fine chemicals [1] [2], 
the preparation of active and selective heterogeneous acid catalysts is a chal-
lenge. 

The chemistry of ethers are of great interest due to the vast presence of the 
C-O-C group in different domains of chemistry: pharmaceutical, agrochemicals 
and the petroleum industry. In our work, the main focus was on the various eth-
ers of 2-naphthol, which are commercially attractive due to their extensive ap-
plications in the fine chemical industry. 

The current practice for the manufacture of these ethers is based on William-
son type synthesis using base and toxic alkyl halides [3] [4]. More recently, ho-
mogeneous acid-catalyzed reactions were also described [5]. Thus, studies in the 
etherification of 2-naphthol with different alcohols in the presence of solid acid 
catalysts appear to be relevant having both academic and industrial context. In 
our work, several types of known solid acid catalysts were prepared based on 
oxides like (ZrO2, TiO2, HfO2, MCM-41 and SBA-15), using two preparation 
methods: the precipitation and the sol-gel methods. Each catalyst received two 
types of impregnations: sulfate ions and niobium using sulfuric acid and nio-
bium oxalate as precursors respectively. We chose these types of impregnations 
since both sulfate and niobium doping are reported to induce strong acidity to 
the oxides on which they are impregnated. These prepared catalysts were first 
screen tested in the etherification reaction of 2-naphtol with butanol to deter-
mine which has the highest acidity by comparing butoxynaphtalene (2) yields 
since the reaction of aromatic ether formation requires strong acids, where the 
catalyst that gave the highest yield of butoxynaphtalene would be the one with 
high acidity. During these tests, both acidic and redox properties appeared 
which will be discussed later. The optimization of the reaction conditions (time, 
temperature and catalyst loading) for this reaction will be discussed and the de-
tailed preparation methods for each catalyst will be given. 

2. Experimental 
2.1. Materials and Equipment 

Chemicals were supplied by Sigma-Aldrich, Fluka, Lancaster, Acros Organics, 
UNI-chem, Strem chemicals, VWR and Alfa Aesar. All products were used as 
received without further purification. NMR spectra were acquired on Bruker 300 
spectrometer (1H, 300 MHz; 13C, 75 MHz) at 293 K. Melting points were meas-
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ured using a Kofler Heizbank apparatus and noted in ˚C. A muffle furnace 
(MF-120) was used to conduct the calcinations of all our catalysts under static 
air conditions. After drying, the materials were powdered, calcined and finally 
sealed in an ampoule until use. Before each reaction, the catalyst was heated at 
200˚C under vacuum for 3 h (done in a vacuum oven). 

2.2. Surface Acidity Determination Method 

The acidity of all the prepared solid acid catalysts were measured by previously 
reported titrimetric method [6]. This method insured the detection of the total 
acid content. For this, 0.02 g of the solid catalyst were added to 10 mL of 0.01 M 
NaOH solution and stirred for 3 h. Then it was filtered without washing and ti-
trated with 0.01 M HCl using phenolphthalein as indicator. The consumed 
amount of NaOH was measured, from this calculated amount, the total acidic 
sites of the catalyst were calculated. The acidity was reported as mmol of H+ per 
g of catalyst. The results of these measurements are listed in tables for each set of 
catalysts. 

2.3. Catalysts Preparations 

Several solid acid catalysts were prepared: microporous oxides (ZrO2, TiO2, 
HfO2) and siliceous mesoporous materials (MCM-41 and SBA-15). The prepara-
tions of these solids were taken from known published methods in the literature 
[7]-[13]. 

2.3.1. Zirconium Oxide Catalysts 
To prepare the zirconium catalysts using zirconium oxychloride as precursor, 
two general methods were used: the first was the precipitation method followed 
by impregnation (sulfate or niobium doping). The second was the sol-gel me-
thod based on using Zirconium n-propoxide as precursor. This method was 
done in two different synthesis mediums: acidic and basic. The idea behind all 
these variations of preparation methods was to obtain a wide variety of zirco-
nium catalysts that were either in-situ or post sulfated plus niobium impreg-
nated. 

1) Zirconium Catalysts Prepared by the Precipitation Method [7] 
20 g of zirconium oxychloride (ZrOCl2∙8H2O) were dissolved in 200 mL of 

distilled water. Aqueous Ammonia solution (NH3(aq) 35%) was added drop wise 
into solution with stirring until the mixture reached a pH value of 9.Then the 
system was left for 24 h without stirring. The reaction mixture was filtered then 
washed with distilled water until no chloride ions could be detected (confirmed 
with 0.5 M AgNO3 solution). The solid obtained was dried at 100˚C for 24 h. 

The obtained dried hydroxide was the subjected to three separate treatments; 
It was directly calcined at 650˚C for 4 h in air to obtain the pure zirconium oxide 
ZrO2. In the second treatment it was impregnated with 0.5 M H2SO4 solution (15 
mL H2SO4 per 1 g of Zr(OH)4) under constant stirring for 24 h. The solution was 
filtered and the residue was dried at 100˚C for 24 h before calcinations in air at 
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650˚C for 3 h. The third treatment was the impregnation of the zirconium oxide 
with niobium using as precursor niobium oxalate (C10H5NbO20∙xH2O). The 
impregnation was carried out on the calcined ZrO2, by using an aqueous so-
lution of niobium oxalate in 0.1 M oxalic acid solution to obtain niobium weight 
percentages in the resulting catalysts of 3% and 5%. The solids were then 
dried at 100˚C for 24 h and calcined in air at 650˚C for 4 h to finally yield the 
ZrO2/Nb. 

The loading of niobium on each of the impregnated zirconium oxides is cal-
culated theoretically, and was not determined experimentally. The formula used 
to calculate the quantity of niobium oxalate that should be dissolved in the 0.1 M 
oxalic acid solution is: 

2
1 1

2

mm M
M

∗=  

m1: mass of niobium oxalate; 
M1: molecular weight of niobium oxalate; 
m2: mass of niobium required to obtain a specific loading on a chosen oxide 

support; 
M2: molar mass of niobium. 
A full list of all zirconium oxide catalysts prepared by the precipitation me-

thod is shown in Table 1. 
The optimal loadings of sulfate ions (0.5 - 1 M) and niobium (3% - 5%) dop-

ings used on various oxides (ZrO2, TiO2, HfO2, MCM-41 and SBA-15) were 
chosen as seen in Table 1 after an optimization study that we conducted, to de-
termine the optimal loading for each type of impregnation that gave the highest 
yields and the highest surface acidity. It turns out that no significant increase in 
yield or surface acidity were observed while increasing sulfuric acid concentra-
tion above 1 M or niobium loadings above 5% during impregnation step. 

2) Zirconium Catalysts Prepared by the Sol-Gel Method 
Sulfated zirconia samples were prepared by the one step as well as the two-step 

sol-gel technique. In the one step method (acid medium), addition of sulfuric 
acid was done directly in the synthesis mixture, which yielded the in-situ sul-
fated zirconia. In the two-steps procedure, it was done in alkaline medium with 
aqueous ammonia, then followed by sulfating with H2SO4 in the second step. 
 
Table 1. Zirconium catalysts prepared by precipitation method. 

Catalyst 
code 

Catalyst 
composition 

Precursor 

ALH 1 ZrO2 ZrOCl2∙8H2O 

ALH 2 2
2 4ZrO / SO −  (0.5M) ZrOCl2∙8H2O 

ALH 3 2
2 4ZrO / SO −  (1M) ZrOCl2∙8H2O 

ALH 4 ZrO2/Nb2O5 (3%) ZrOCl2∙8H2O 

ALH 5 ZrO2/Nb2O5 (5%) ZrOCl2∙8H2O 
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a) Method 1: Sol-Gel in Acid Medium [8] 

20 mL of zirconium n-propoxide Zr(OPr)4 was mixed with 26.6 mL of 
n-propanol under stirring. A mixture of 0.51 mL H2SO4 (98% purity) and 3.2 mL 
of distilled water were added drop wise under vigorous stirring to the initial 
mixture which turned instantly into a white yellowish gel. After adding the acid-
ic solution, the gel was kept for 1 h at room temperature, then heated at 75˚C for 
18 h to remove the alcohol. The temperature in the oven was raised to 120˚C for 
another 12 h. Finally the solid obtained was well ground to fine white powder 
and calcined at 650˚C for 4 h in air to yield the in-situ sulfated zirconium oxide 

2
2 4ZrO -SO − . 

b) Method 2: Sol-Gel in Basic Medium [8] 

20 mL of zirconium n-propoxide Zr(OPr)4 was mixed with 26.6 mL of n- 
propanol. An aqueous ammonia solution (33%) was added dropwise while stir-
ring until a pH range 9 - 10. The gel obtained was aged for 1 h, then it dried at 
room temperature for 24 h, then at 110˚C for another 24 h. Finally the solid was 
calcined at 650˚C for 4 h in air. When the sulfate ions are in-situ impregnated, it 
is indicated as 2

2 4ZrO -SO −  and when they are impregnated by post treatment 
(after oxide preparation), it is indicated as 2

2 4ZrO / SO − . A full list of zirconium 
oxides catalysts prepared by the sol-gel method is shown in Table 2. 

2.3.2. Titanium Oxide Catalysts 
Titanium catalysts were prepared by three different methods. The first method 
was precipitation using TiCl4 as precursor, the second and third methods were 
the sol-gel and templated sol-gel techniques during which titanium isopropoxide 
Ti(OiPr)4 was used as precursor. 

1) Titanium Catalysts Prepared by the Precipitation Method [9] 
11 mL of titanium tetrachloride TiCl4 were added dropwise to 520 mL distilled 

water in an ice bath (0.2 M TiCl4). Ammonia solution (NH3(aq)35%) was added 
dropwise while stirring until the solution reached pH 9. The obtained precipitate 
was aged for 24 h, filtered and washed with hot distilled water until no chloride 
ions could be detected (0.5 M AgNO3(aq) test). The obtained precipitate Ti(OH)4 
was dried at 100˚C for 24 h then calcined at 500˚C for 5 h. The obtained 
 
Table 2. Zirconium catalysts prepared by sol-gel method. 

Catalyst 
code 

Catalyst 
composition 

Medium 
Batcha 

Composition 

ALH 6 ZrO2 basic 1 Zr(OPr)4:10.3n-propanol:(NH3 pH = 9 - 10) 

ALH 7 2
2 4ZrO / SO −  (0.5 M) basic 1 Zr(OPr)4:10.3n-propanol:(NH3 pH = 9 - 10) 

ALH 8 2
2 4ZrO / SO −  (1 M) basic 1 Zr(OPr)4:10.3n-propanol:(NH3 pH = 9 - 10) 

ALH 9 ZrO2/Nb (3%) basic 1 Zr(OPr)4:10.3n-propanol:(NH3 pH = 9 - 10) 

ALH 10 ZrO2/Nb (5%) basic 1 Zr(OPr)4:10.3n-propanol:(NH3 pH = 9 - 10) 

ALH 11 2
2 4ZrO / SO −  acidic 1 Zr(OPr)4:10.3n-propanol:0.2H2SO4:4H2O 

aBatch composition: The batch composition refers to the product of the batch preparation stated in molar 
ratios of oxides, template molecules, neutralization products, reaction media, etc. 
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titanium oxide support TiO2 can be further impregnated with sulfate ions or 
with niobium. A full list of titanium catalysts prepared by the precipitation me-
thod is show in Table 3. 

2) Titanium Catalysts Prepared by the Sol-Gel Method [10] 
12.5 mL of Titanium isopropoxide Ti(OiPr)4 was added to 100 mL of 2-propanol. 

3.2 mL of 1M H2SO4 solution was added drop wise under vigorous stirring. The 
resulting colloidal suspension was stirred for 4 h. The gel obtained was filtered, 
washed with distilled water, dried at 100˚C for 24 h and calcined at 400˚C for 1 
h, to finally yield 2

2 4TiO -SO − . 
To obtain the pure TiO2, the same procedure was followed but only water was 

used instead of H2SO4. The obtained pure TiO2 will receive two separate im-
pregnations as described before: the sulfate ions and the niobium impregnations. 

3) Titanium Catalysts Prepared by the Templated Sol-Gel Method [11] 
2.36 g of hexadecyltrimethyl-ammonium bromide (CTAMBr) were dissolved 

in 24 mL ethanol. On another hand a mixture of 12 mL Ti(OiPr)4, 22.8 mL EtOH 
and 4.72 mL HCl solutions was prepared. The first solution was added slowly to 
the second mixture, then 8.24 mL of distilled water were added drop wise to the 
mixture and stirred for 15 min. The resulting mixture was transferred to a large 
crystallizing dish and heated at 60˚C for 7 days. A yellowish solid was obtained 
and further received a stabilization step with NaOH, where 50 mL of 0.112 M 
NaOH solution were added, and the suspension was refluxed for 48 h. After fil-
tration the solid obtained was washed with distilled water, dried at room tem-
perature and calcined at 300˚C for 1 h to yield TiO2. 

The obtained pure TiO2 was subjected to two separate impregnations as de-
scribed before: the sulfate ions impregnation and the niobium impregnation. A 
full list of titanium catalysts prepared by the sol-gel and templated sol-gel me-
thod is shown in Table 4. 

2.3.3. Hafnium Oxide Catalysts [12] 
10 g of hafnium tetrachloride HfCl4 were dissolved in 200 mL distilled water. To 
this solution a 0.4 M aqueous solution of KOH were slowly added dropwise 
while stirring. The suspension was stirred for 3 h. In this particular case the pre-
cipitate was difficult to filtrate, therefore it was centrifuged at 4000 rpm for 10 
min and washed with distilled water, The process was repeated several times un-
til the precipitate was free of chloride ions (0.5 M AgNO3(aq) test). The obtained 

 
Table 3. Titanium catalysts prepared by precipitation method. 

Catalyst 
code 

Catalyst 
composition 

Precursor 

ALH 12 TiO2 TiCl4 

ALH 13 2
2 4TiO / SO −  (0.5 M) TiCl4 

ALH 14 2
2 4TiO / SO −  (1 M) TiCl4 

ALH 15 TiO2/Nb (3%) TiCl4 

ALH 16 TiO2/Nb (5%) TiCl4 
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Table 4. Titanium catalysts prepared by both sol-gel methods. 

Catalyst 
code 

Catalyst 
composition 

Batch 
composition 

ALH 17 TiO2 1 Ti(OiPr)4:32.68n-propanol:4.34H2O 

ALH 18 2
2 4TiO -SO −  (1 M) 1 Ti(OiPr)4:32.68n-propanol:0.078H2SO4:3.91H2O 

ALH 19 2
2 4TiO / SO −  (0.5 M) 1 Ti(OiPr)4:32.68n-propanol:4.34H2O 

ALH 20 2
2 4TiO / SO −  (1 M) 1 Ti(OiPr)4:32.68n-propanol:4.34H2O 

ALH 21 TiO2/Nb (3%) 1 Ti(OiPr)4:32.68 n-propanol:4.34H2O 

ALH 22 TiO2/Nb (5%) 1 Ti(OiPr)4:32.68n-propanol:4.34H2O 

ALH 23 TiO2 1 Ti(OiPr)4:0.16CTAB:1.4HCl:17H2O:20EtOH 

ALH 24 2
2 4TiO / SO −  (0.5 M) 1 Ti(OiPr)4:0.16CTAB:1.4HCl:17H2O:20EtOH 

ALH 25 2
2 4TiO / SO −  (1 M) 1 Ti(OiPr)4:0.16CTAB:1.4HCl:17H2O:20EtOH 

ALH 26 TiO2/Nb (3%) 1 Ti(OiPr)4:0.16CTAB:1.4HCl:17H2O:20EtOH 

ALH 27 TiO2/Nb (5%) 1 Ti(OiPr)4:0.16CTAB:1.4HCl:17H2O:20EtOH 

 
Hf(OH)4 precipitate was dried in an oven at 100˚C for 1 h. Further calcination at 
500˚C for 2 h formed HfO2. The obtained hafnium oxide was impregnated with 
sulfate ions and niobium as described before. 

A full list of hafnium catalysts prepared by precipitation is shown in Table 5. 

2.3.4. MCM-41 Prepared Materials [13] 
Two well-known families of highly ordered mesoporous silica materials (MCM-41 
and SBA-15) were prepared by the templated sol-gel method, using two types of 
surfactants; the cationic surfactant hexadecyltrimethyl-ammonium bromide 
CTAMBr and the non-ionic block copolymer pluronic P123, respectively and 
using tetraethyl orthosilicate (TEOS) as silica precursor. 

These materials were subjected to three separate treatments; in the first, nio-
bium was incorporated into the framework of the material during preparation to 
get Nb-MCM-41 and Nb-SBA-15. In the second, niobium was loaded on the 
surface of the materials by post impregnation using an aqueous solution of nio-
bium oxalate and oxalic acid. In the third, impregnation with sulfate ion was 
realized using aqueous solution of known concentration of sulfuric acid. 

1) Nb-MCM-41 Catalyst 
9.6 g of hexadecyltrimethyl-ammonium bromide (CTAMBr) were dissolved in 

200 mL of distilled water and 200 mL ethanol. 61.2 mL of aqueous ammonia so-
lution (32 wt∙%) were added to the surfactant solution. The mixture was stirred 
for 10 min and 14.46 mL of TEOS and 1.07 g of niobium oxalate were added (the 
niobium oxalate mass was calculated to get a Si/Nb ratio of 32). After stirring for 
2 h the resulting solid was recovered by filtration, washed with distilled water 
and dried in air. The template was removed by calcination at 550˚C for 8 h. 

2) MCM-41 Catalyst 
To obtain the bare MCM-41, the same procedure is followed as previously, 

but without adding niobium precursor. A full list of meso-structured silica  
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Table 5. List of hafnium catalysts prepared by precipitation method. 

Catalyst 
code 

Catalyst 
composition 

Precursor 

ALH 28 HfO2 HfCl4 

ALH 29 2
2 4HfO / SO −  (0.5 M) HfCl4 

ALH 30 2
2 4HfO / SO −  (1 M) HfCl4 

ALH 31 HfO2/Nb (3%) HfCl4 

ALH 32 HfO2/Nb (5%) HfCl4 

 
MCM-41 catalysts prepared by templated sol-gel method is shown in Table 6. 

2.3.5. SBA-15 Prepared Materials [13] 

1) Nb-SBA-15 Catalysts 
6 g of (PEG-PPG-PEG) Pluronic P-123 were dissolved in 132 mL of 0.63 M 

HCl solution (the complete dissolution of the surfactant took about 3 h). After-
wards, 12.76 mL of tetraethyl orthosilicate TEOS and 0.94 g of niobium oxalate 
were added in order to get a Si/Nb atomic ratio of 32. The mixture was stirred at 
60˚C for 8 h. Then left at 80˚C for 16 h. The precipitate was filtered, washed with 
distilled water and dried at 60˚C for 24 h. After calcination at 550˚C for 8 h in 
air, the mesoporous Nb-SBA-15 was obtained. 

2) SBA-15 Catalysts 
To prepare the pure SBA-15, the previous procedure is followed but without 

adding the niobium oxalate. A full list of SBA-15 catalysts prepared by templated 
sol-gel method is shown in Table 7. 

2.4. Catalysts Characterizations 

All catalysts used in this work were prepared by known published methods in 
the literature, therefore both morphological properties of these solids (surface 
area and crystalline phase) were taken from these references, which will be de-
tailed in the results and discussions part. As mentioned earlier The acidity of all 
the prepared solid acid catalysts were measured by previously reported titrime-
tric method [6], the results of acidity measurements are listed in tables for each 
set of catalysts. 

2.5. Catalytic Test 

General procedure for 2-naphtol etherification: In a typical run, 1.4417 g (10 
mmol) of 2-naptol and 9.1 ml of butanol (10 eq) were added to 0.28 g of catalyst 
(20 wt∙%), the reaction mixture was stirred and the temperature was maintained 
at 115˚C (reflux). After 24 h, the reaction mixture was cooled down to room 
temperature and filtered. The catalyst was thoroughly washed with ethyl acetate. 
The filtrate was concentrated under vacuum to give the crude product and to 
eliminate butanol. 

The main products for the solid acid-catalyzed etherification of 2-naphtol and 
the reaction are as follows in Scheme 1. 
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Table 6. MCM-41 catalysts prepared. 

Catalyst 
code 

Catalyst 
composition 

Batch 
composition 

ALH 33 MCM-41 1 TEOS:0.4CATB:52.5EtOH:16.01NH3:170.5H2O 

ALH 34 Nb-MCM-41 1 TEOS:0.4CATB:0.031NbOx:52.5EtOH:16.01NH3:170.5H2O 

ALH 35 
2
4MCM-41/ SO −   

(0.5 M) 
1 TEOS:0.4CATB:52.5EtOH:16.01NH3:170.5H2O 

ALH 36 2
4MCM-41/ SO −  (1 M) 1 TEOS:0.4CATB:52.5EtOH:16.01NH3:170.5H2O 

ALH 37 MCM-41/Nb (3%) 1 TEOS:0.4CATB:52.5 EtOH:16.01 NH3:170.5H2O 

ALH 38 MCM-41/Nb (5%) 1 TEOS:0.4 CATB:52.5 EtOH:16.01 NH3:170.5H2O 

 
Table 7. SBA-15 catalysts prepared. 

Catalyst 
code 

Catalyst 
composition 

Batch 
composition 

ALH 39 SBA-15 1 TEOS:0.017P123:1.44HCl:120.67H2O 

ALH 40 Nb-SBA-15 1 TEOS:0.017P123:1.44HCl:0.031NbOx:120.67H2O 

ALH 41 2
4SBA-15 / SO −  (0.5 M) 1 TEOS:0.017P123:1.44HCl:120.67H2O 

ALH 42 2
4SBA-15 / SO −  (1 M) 1 TEOS:0.017P123:1.44HCl:120.67H2O 

ALH 43 SBA-15/Nb (3%) 1 TEOS:0.017P123:1.44HCl:120.67H2O 

ALH 44 SBA-15/Nb (5%) 1 TEOS:0.017P123:1.44HCl:120.67H2O 

 

 
Scheme 1. Etherification reaction of 2-naphtol with 1-butanol. 

 
The crude was purified by silica column chromatography (hexane/ethyl ace-

tate: 9/1). The conversions were calculated based on the limiting reactant 
(2-naphtol), also the yields of the other products were determined from the mass 
of the obtained fractions from the silica column separation. 

In all cases, butanol was taken in excess (10 eq) with respect to 2-naphthol to 
drive the equilibrium toward ether formation. It was interesting to note that the 
reaction mixture released a remarkable odor, a fruity raspberry/strawberry taste, 
of 2-butoxy-naphthyl ether as the reaction proceeded. 

Characterization of the products: 
2-butoxynaphthalene (2) 
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1H NMR (300 MHz, CDCl3, δ ppm): 7.75 (d, 1 h), 7.72 (d, 2H), 7.43 (t, 1 h), 
7.33 (t, 1 h), 7.16 (d, 1 h), 7.14 (s, 1 h), 4.09 (t, 2H), 1.85 (m, 2H), 1.54 (m, 2H), 
1.01 (t, 3 h). 13C NMR (75 MHz, CDCl3): 157.3 (Cq), 134.8 (Cq), 129.4 (CH), 
129.0 (Cq), 127.8 (CH), 126.8 (CH), 126.4 (CH), 123.6 (CH), 119.2 (CH), 106.7 
(CH), 67.8 (CH2), 31.4 (CH2), 19.5 (CH2), 14.0 (CH3). mp < 50˚C (yellow solid), 
Rf: 0.55 (aluminum sheets coated with silica gel Merck 60 F254 0.25 mm, hex-
ane/ethyl acetate: 9/1). 

4-propyldinaphtho[2,1-d:1',2'-f][1,3]dioxepine (3) 
1H NMR (300 MHz, CDCl3, δ ppm): 8.28 (d, 2H), 7.90 (d, 2H), 7.80 (d, 2H), 

7.64 (t, 2H), 7.48 (t, 2H), 7.41 (d, 2H), 5.58 (t, 1 h), 2.03 (m, 2H), 1.03 (m, 2H), 
0.63 (t, 3 h). 13C NMR (75 MHz, CDCl3): 14.21 (CH3), 18.25 (CH2), 31.17 (CH2), 
38.31 (CH3), 116.82 (2 CH), 117.68 (2 CH), 122.58 (2 CH), 124.19 (2 CH), 126.69 
(2 CH), 128.27 (2 CH), 128.96 (2 CH), 131.14 (2 Cq), 131.57 (2 Cq), 150.08 (2 
Cq). mp 220˚C - 222˚C (light brown solid). Rf: 0.45 (aluminum sheets coated 
with silica gel Merck 60 F254 0.25 mm, hexane/ethyl acetate: 9/1). 

2-ethylnaphtho[2,1-b]furan (4) 

1H NMR (300 MHz, CDCl3, δ ppm): 8.13 (d, 1 h), 7.97 (d, 1 h), 7.67 (d, 1 h), 
7.65 (d, 1 h), 7.59 (t, 1 h), 7.49 (t, 1 h), 6.9 (s, 1 h), 2.92 (q, 2H), 1.44 (t, 3 h). 13C 
NMR (75 MHz, CDCl3): 160.44 (Cq), 151.95 (Cq), 130.35 (Cq), 128.79 (CH), 
127.61 (Cq), 126.01 (CH), 124.25 (CH), 123.93 (CH), 123.53 (CH), 112.24 (CH), 
100.26 (CH), 22.1 (CH2), 12.26 (CH3). mp < 50˚C (grey solid), Rf: 0.5 (aluminum 
sheets coated with silica gel Merck 60 F254 0.25 mm, hexane/ethyl acetate: 9/1). 

[1,1'-binaphthalene]-2,2'-diol (BINAP) (5) 

1H NMR (300 MHz, CDCl3, δ ppm): 8 (d, 2H), 7.91 (d, 2H), 7.41 (d, 2H), 7.36 
(t, 2H), 7.31 (t, 2H), 7.17 (d, 2H). 13C NMR (75 MHz, CDCl3): 150.8 (2 Cq), 
132.06 (2 Cq), 129.54 (2 CH), 127.08 (2 Cq), 126.85 (2 CH), 124.76 (2 CH), 
123.28 (2 CH), 121.22 (2 CH), 117.46 (2 CH), 113.28 (2 Cq). mp 210˚C - 213˚C 
(light brown solid), Rf: 0.1 (aluminum sheets coated with silica gel Merck 60 
F254 0.25 mm, hexane/ethyl acetate: 9/1). 

3. Results and Discussions 
3.1. Optimization of Catalyst Loading 

Since this reaction had been done with known solid acid catalysts like amber-
lyst-15 and Nafion [14], and its conditions (reaction time and temperature) were 
already optimized, it was only necessary for us to find the optimal catalyst load-
ing that will yield the most of the aromatic ether 2-butoxynaphtalene (2). For 
this purpose, one specific catalyst was chosen, the 2

2 4ZrO / SO −  (1 M) ALH 8. 
These optimal conditions were applied for all the following catalytic tests done 
with the remaining catalysts. 

Optimal catalyst loading was determined for higher 2-butoxynaphtalene (2) 
yields. Etherification of 2-naphtol was done following the general procedure de-
tailed previously (Section 2.5), but in this case several catalyst loadings were 
tested using as mentioned before 2

2 4ZrO / SO −  (1 M) ALH 8 to determine which 
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gave the best yields (0.07 g, 0.14 g, 0.28 g, 0.43 g and 0.57 g). The obtained results 
are shown in Figure 1. 

As shown in Figure 1, when the catalyst amount is increased from 0.07 g (5 
wt∙%) to 0.28 g (20 wt∙%), the yield of 2-butoxynaphtalene (2) increases from 5 
to 31%. Above 0.28 g (20 wt∙%) of the catalyst, no significant change in the ob-
tained yield. The optimum catalyst loading is found to be 0.28 g (20 wt∙%) for 
the optimal formation of 2-butoxynaphtalene (2). 

3.2. Catalysts Characterizations 

In this part, we present in details both properties (surface area and crystalline 
phase) for some of the prepared catalysts taken from the references that were 
used to prepare them as mentioned before. We present also the surface acidity 
titrations for all prepared catalysts will be given. 

3.2.1. Zirconium Oxide Catalysts Characterization 
The sulfated zirconia 2

2 4ZrO / SO −  (1M) ALH 3, prepared by the precipitation 
method has a surface area of 65.3 m2/g. On the other hand the in-situ sulfated 
zirconia ALH 11 prepared by the sol-gel method in acid medium has a higher 
surface area of 88 m2/g, but the sulfated zirconia ALH 7 prepared by the sol-gel 
method in basic medium showed the highest surface area of 101 m2/g. all three 
catalysts showed tetragonal phases. The surface acidity measurements for both 
series of zirconium catalysts prepared by the precipitation and the sol-gel me-
thod (acid and basic medium) are listed in Table 8 and Table 9. 

Comparing the acidity measurement results in Table 8 and Table 9, we can 
see a general trend, where the none impregnated oxide has the lowest acidity. 
This was expected since metal oxides are known to have very weak to non-surface 
acidity. Impregnation with niobium showed very weak acidity with no signifi-
cant difference between both niobium loadings chosen (3% and 5%). These ob-
tained acidity measurements were expected since in literature only sulfated met-
al oxides are the most acidic (super acidic). 
 

 
Figure 1. Effect of catalyst amount on butoxynaphtalene yield. 
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Table 8. Acidity measurements of zirconium catalysts prepared by precipitation method. 

Catalyst 
code 

Catalyst 
composition 

Acidity 
nH+ (mmol/g) 

ALH 1 ZrO2 1.5 

ALH 2 2
2 4ZrO / SO −  (0.5 M) 8 

ALH 3 2
2 4ZrO / SO −  (1 M) 9.2 

ALH 4 ZrO2/Nb (3%) 3.1 

ALH 5 ZrO2/Nb (5%) 3 

 
Table 9. Acidity measurements of zirconium catalysts prepared by sol-gel method. 

Catalyst 
code 

Catalyst 
composition 

Acidity 
nH+ (mmol/g) 

ALH 6 ZrO2 1.6 

ALH 7 2
2 4ZrO / SO −  (0.5 M) 8.5 

ALH 8 2
2 4ZrO / SO −  (1 M) 9.8 

ALH 9 ZrO2/Nb (3%) 3.2 

ALH 10 ZrO2/Nb (5%) 3.3 

ALH 11 2
2 4ZrO -SO −  10.5 

3.2.2. Titanium Oxide Catalysts Characterization 
The sulfated titanium 2

2 4TiO / SO −  (0.5M) ALH 13 prepared by precipitation 
method has a surface area of 104 m2/g. The in-situ sulfated titanium catalyst 

2
2 4TiO -SO −  (1M) ALH 18 prepared by the sol-gel method has a surface area of 

142.8 m2/g and the titanium catalyst TiO2 ALH 23 prepared by the templated 
sol-gel method has the largest surface area of 250 m2/g. All three titanium cata-
lysts showed Anatase phases. All surface acidity measurements are listed in 
Tables 10-12. 

From the acidity measurements of all titanium catalysts prepared in Tables 
10-12, it was clear that the surface acidity variations of these oxides followed the 
same direction seen with the acidity variations of zirconium oxides, and this ob-
servation will also be seen with the rest of catalysts prepared (HfO2, MCM-41 
and SBA-15). 

3.2.3. Hafnium Oxide Catalysts Characterization 
The hafnium catalysts prepared by the precipitation method showed pure mo-
noclinic phase. No data was present regarding the surface area of hafnium oxide 
HfO2 ALH 28. The surface acidity measurements for all hafnium catalysts are 
listed in Table 13. 

Again as mentioned previously the surface acidity variations of hafnium cata-
lysts followed the same trend observed with zirconium and titanium catalysts. 

3.2.4. Meso-Structured Silicon Oxide Based Catalysts 
1) MCM-41 Catalysts 
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Table 10. Acidity measurements of titanium oxide prepared by the precipitation method. 

Catalyst 
code 

Catalyst 
composition 

Acidity 
nH+ (mmol/g) 

ALH 12 TiO2 1.1 

ALH 13 2
2 4TiO / SO −  (0.5 M) 6.2 

ALH 14 2
2 4TiO / SO −  (1 M) 6.8 

ALH 15 TiO2/Nb (3%) 2.1 

ALH 16 TiO2/Nb (5%) 2 

 
Table 11. Acidity measurements of titanium catalysts prepared by sol-gel method. 

Catalyst 
code 

Catalyst 
composition 

Acidity 
nH+ (mmol/g) 

ALH 17 TiO2 0.9 

ALH 18 2
2 4TiO -SO −  (1 M) 7.9 

ALH 19 2
2 4TiO / SO −  (0.5 M) 6 

ALH 20 2
2 4TiO / SO −  (1 M) 6.1 

ALH 21 TiO2/Nb (3%) 1.8 

ALH 22 TiO2/Nb (5%) 2 

 
Table 12. Acidity measurements of titanium catalysts prepared by template sol-gel me-
thod. 

Catalyst 
Code 

Catalyst 
composition 

Acidity 
nH+ (mmol/g) 

ALH 23 TiO2 0.9 

ALH 24 2
2 4TiO / SO −  (0.5 M) 6.5 

ALH 25 2
2 4TiO / SO −  (1 M) 6.7 

ALH 26 TiO2/Nb (3%) 1.9 

ALH 27 TiO2/Nb (5%) 2 

 
Table 13. Acidity measurements of hafnium catalysts prepared by the precipitation me-
thod. 

Catalyst 
code 

Catalyst 
composition 

Acidity 
nH+ (mmol/g) 

ALH 28 HfO2 2.6 

ALH 29 2
2 4HfO / SO −  (0.5 M) 12 

ALH 30 2
2 4HfO / SO −  (1 M) 14 

ALH 31 HfO2/Nb (3%) 3.5 

ALH 32 HfO2/Nb (5%) 4 

 
Both prepared samples MCM-41 and Nb-MCM-41 corresponding to ALH 33 

and ALH 34 respectively, showed typical hexagonal arrangement of pores as 
confirmed by TEM and X-ray diffraction measurements [13] in Table 14. The 
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surface acidity measurements for all prepared MCM-41 catalysts are listed in 
Table 15. 

The same trend in surface acidity variation observed with previous catalysts 
(ZrO2, TiO2 and HfO2) was also repeated with the MCM-41 catalysts, but the 
difference here was that even when sulfated with 1M H2SO4 aqueous solution the 
catalyst showed weak surface acidity. 

2) SBA-15 Catalysts 
SAB-15 ALH 39 and Nb-SBA-15 ALH 40, showed typical hexagonal arrange-

ment of pores confirmed by TEM and X-ray diffraction [13] in Table 16. The 
surface acidity measurements for all prepared SBA-15 catalysts are listed in Ta-
ble 17. 

The surface acidity measurements observed with MCM-41 catalysts was also 
observed with SBA-15 catalysts. These surface acidity measurements observed 
throughout all prepared catalysts were in correlation with the catalytic activity of 
these catalysts in the etherification reaction of 2-naphtol. 

3.3. Catalytic Evaluations 
3.3.1. Catalytic Evaluation of Zirconium Catalysts 

1) Catalytic Evaluation of Zirconium Catalysts Prepared by the Precipita-
tion Method 

 
Table 14. MCM-41 and Nb-MCM-41 physical properties. 

Catalyst 
code 

Catalyst 
composition 

BET surface 
area (m2/g) 

Nature 
of phase 

ALH 33 MCM-41 1090 hexagonal arrangement of pores 

ALH 34 Nb-MCM-41 1050 hexagonal arrangement of pores 

 
Table 15. Acidity measurements of MCM-41 catalysts prepared by templated sol-gel 
method. 

Catalyst 
code 

Catalyst 
composition 

Acidity 
nH+ (mmol/g) 

ALH 33 MCM-41 0.7 

ALH 34 Nb-MCM-41 1.7 

ALH 35 2
4MCM-41/ SO −  (0.5 M) 5.3 

ALH 36 2
4MCM-41/ SO −  (1 M) 5.9 

ALH 37 MCM-41/Nb (3%) 2 

ALH 38 MCM-41/Nb (5%) 2.1 

 
Table 16. SBA-15 and Nb-SBA-15 physical properties. 

Catalyst 
code 

Catalyst 
composition 

BET surface 
area (m2/g) 

Nature 
of phase 

ALH 39 SBA-15 790 hexagonal arrangement of pores 

ALH 40 Nb-SBA-15 660 hexagonal arrangement of pores 
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Table 17. Acidity measurements of SBA-15 catalysts prepared by templated sol-gel me-
thod. 

Catalyst 
code 

Catalyst 
composition 

Acidity 
nH+ (mmol/g) 

ALH 39 SBA-15 0.9 

ALH 40 Nb-SBA-15 1.5 

ALH 41 2
4SBA-15 / SO −  (0.5 M) 5.7 

ALH 42 2
4SBA-15 / SO −  (1 M) 6 

ALH 43 SBA-15/Nb (3%) 2.1 

ALH 44 SBA-15/Nb (5%) 2.1 

 
Zirconium catalysts prepared by the precipitation method were tested in the 

etherification of 2-naphtol with butanol. The obtained results are shown in Ta-
ble 18. 

Zircon zirconium catalysts ZrO2 were unreactive. This is not surprising since 
that zirconium oxide itself has very low acidity on its surface, our acidity mea-
surements confirmed this observation (1.5 mmol H+/g). When sulfated, it 
showed moderate catalytic activity towards butoxynaphtalene (2) formation, this 
revealed an acidic character gained after sulfating, which was expected since sul-
fated zirconium oxide has a strong surface acidity (8 mmol H+/g). Even when 
sulfated with a higher concentration of sulfuric acid during impregnation which 
showed slightly higher surface acidity (9 mmol H+/g), it showed a very small in-
crease in the yield of butoxynaphtalene (2). On the other hand when the zirco-
nium oxide was impregnated with niobium, it showed redox properties and 
weak acidity (3 mmol H+/g), even if very small conversions were obtained but 
the products formed (3), (4) and (5) were a clear evidence of these redox cata-
lytic properties. The proposed mechanisms for the formation of these products 
will be discussed later. 

The acidity of supported niobium oxides has been previously investigated [15] 
and showed that mostly Lewis acid sites were detected on supports like (silica, 
magnesia, Titania and zirconia), and that Brönsted acidity was only detected 
when niobium was supported on alumina or silica. Another study [16] showed 
that Brönsted acid sites appeared also on zirconia supports doped with niobium. 

In our particular reaction even though the formation of butoxynaphtalene (2) 
requires Brönsted acid sites instead of Lewis acid sites, it appears that the 
Brönsted acid sites on our prepared ZrO2/Nb weren’t strong enough to catalyze 
the reaction, instead this catalyst showed a redox character. 

2) Catalytic Evaluation of Zirconium Catalysts Prepared by the Sol-Gel 
Method 

The etherification reaction of 2-naphtol was tested with zirconium oxide cat-
alysts prepared by the sol-gel method, either in basic medium or acid medium. 
The obtained results are shown in Table 19. 

If we compare all these results with the previous ones obtained with  
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Table 18. Catalytic evaluation of zirconium catalysts prepared by precipitation method. 

Entry 
Catalyst 

code 
Catalyst 

composition 
Conversion 

% 

Product yield (%) 

(2) (3) (4) (5) 

1 ALH 94 ZrO2 - - - - - 

2 ALH 94 (1) 2
2 4ZrO / SO −  (0.5 M) 32 25 - - - 

3 ALH 94 (2) 2
2 4ZrO / SO −  (1 M) 34 28 - - - 

4 ALH 94 (3) ZrO2/Nb (3%) 5 > - traces traces traces 

5 ALH 94 (4) ZrO2/Nb (5%) 5 > - traces traces traces 

 
Table 19. Catalytic evaluation of zirconium catalysts prepared by sol-gel method. 

Entry 
Catalyst 

code 
Catalyst 

composition 
Conversion 

% 

Product yield (%) 

(2) (3) (4) (5) 

1 ALH 6 ZrO2 - - - - - 

2 ALH 7 2
2 4ZrO / SO −  (0.5 M) 34 28 - - - 

3 ALH 8 2
2 4ZrO / SO −  (1 M) 36 30    

4 ALH 9 ZrO2/Nb (3%) 5 > - traces traces traces 

5 ALH 10 ZrO2/Nb (5%) 5 > - traces traces traces 

6 ALH 11 ZrO2-SO4
2- 40 35 - - - 

 
zirconium oxides prepared by the precipitation method, we will find almost the 
same general catalytic activity, but with the zirconium catalysts prepared by the 
sol-gel method we can see a slight increase in catalytic activity, with small in-
crease in butoxynaphtalene (2) yields. So the sol-gel method is a more efficient 
way to give more active catalysts. However when the zirconium oxide is in-situ 
sulfated (ALH 11 2

2 4ZrO -SO − ) higher yields of butoxynaphtalene (2) were ob-
tained, as surface acidity is higher, this showed that in-situ sulfating gives rise to 
better acidity which translates into higher catalytic activity. 

The catalytic activity observed in both cases showed that when sulfated the 
zirconium oxide showed acidic properties and when impregnated with niobium 
it showed both redox and weak acidic properties. 

3.3.2. Catalytic Evaluation of Titanium Catalysts 
1) Catalytic Evaluation of Titanium Catalysts Prepared by the Precipita-

tion Method 
The etherification reaction of 2-naphtol was tested with titanium oxide cata-

lysts prepared by the precipitation method. The obtained results are shown in 
Table 20. 

Titanium catalysts prepared by precipitation method, showed similar yet 
weaker catalytic activity compared to all zirconium catalysts (lower 2-naphtol 
conversions and product yields), this is probably caused by weaker acidity of tita-
nium catalysts in Tables 10-12 compared to zirconium catalysts in Table 8 and Ta-
ble 9. Even if titanium catalysts ALH 12 have higher surface area 104 m2/g than  
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Table 20. Catalytic evaluation of titanium catalysts prepared by precipitation method. 

Entry 
Catalyst 

code 
Catalyst 

composition 
Conversion 

% 

Product yield (%) 

(2) (3) (4) (5) 

1 ALH 12 TiO2 - - - - - 

2 ALH 13 
2

2 4TiO / SO −  (0.5 
M) 

16 9 - - - 

3 ALH 14 2
2 4TiO / SO −  (1 M) 18 15 - - - 

4 ALH 15 TiO2/Nb (3%) 5 > traces traces traces traces 

5 ALH 16 TiO2/Nb (5%) 5 > traces traces traces traces 

 
zirconium catalyst ALH 3 65.3 m2/g, this does not mean that titanium catalysts 
should have given higher catalytic activity, the probable determining factor was 
the higher surface acidity. 

The same research group that studied the surface acidity of ZrO2/NbOx cata-
lytic systems, also studied [17] [18] the TiO2/NbOx and concluded that the re-
sults obtained with both systems indicate a direct relation between the abun-
dance of Brönsted acid sites and the formation of polymeric NbOx species. But 
TiO2/NbOx system showed that the development of Brönsted acidity as a func-
tion of Nb loading is different from that observed for the ZrO2/NbOx system. In 
our tested reaction (etherification of 2-naphtol) these Brönsted acid sites on 
TiO2/NbOx gave traces of butoxynaphtalene (2) which indicated a slightly higher 
acidity than the ZrO2/NbOx that did not yield the aromatic ether at all. 

2) Catalytic Evaluations of Titanium Catalysts Prepared by the Sol-Gel 
Method 

Titanium oxide catalysts prepared by the sol-gel method were tested with the 
etherification reaction of 2-naphtol. The obtained results are shown in Table 21. 

Titanium catalysts prepared by the sol-gel method, showed similar catalytic 
activity compared to previous catalysts tested: when oxide is sulfated low con-
versions of 2-naphtol (1) and low yields of butoxynaphtalene (2); when oxide is 
impregnated with niobium, redox properties were observed. The in-situ sulfated 
titanium oxide showed small increase in conversion of 2-naphtol (1) and better 
yields of butoxynaphtalene (2), this indicates that in-situ sulfating gave the cata-
lysts with better activity due to higher surface acidity. 

Titanium catalysts prepared by the sol-gel method showed slightly higher cat-
alytic activity than titanium catalysts prepared by the precipitation method, 
probably due to its higher surface area (Section 3.2.2). 

3) Catalytic Evaluations of Titanium Catalysts Prepared by the Templated 
Sol-Gel Method 

Titanium oxides prepared by the templated sol-gel method were tested with 
the etherification reaction of 2-naphtol. The obtained results are shown in Table 
22. 

Titanium oxides prepared by the templated sol-gel method gave catalysts with 
slightly higher but similar activity compared to other titanium catalysts, this is  
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Table 21. Catalytic evaluation of titanium catalysts prepared by sol-gel method. 

Entry 
Catalyst 

code 
Catalyst 

composition 
Conversion 

% 

Product yield (%) 

(2) (3) (4) (5) 

1 ALH 17 TiO2 - - - - - 

2 ALH 18 2
2 4TiO -SO −  (1 M) 25 21 - - - 

3 ALH 19 
2

2 4TiO / SO −  (0.5 
M) 

20 18 - - - 

4 ALH 20 2
2 4TiO / SO −  (1 M) 20 17 - - - 

5 ALH 21 TiO2/Nb (3%) 5 > traces traces traces traces 

6 ALH 22 TiO2/Nb (5%) 5 > traces traces traces traces 

 
Table 22. Catalytic evaluation of titanium catalysts prepared by templated sol-gel me-
thod. 

Entry 
Catalyst 

code 
Catalyst 

composition 
Conversion 

% 

Product yield (%) 

(2) (3) (4) (5) 

1 ALH 23 TiO2 - - - - - 

2 ALH 24 2
2 4TiO / SO −  (0.5M) 26 20 - - - 

3 ALH 25 2
2 4TiO / SO −  (1M) 30 26 - - - 

4 ALH 26 TiO2/Nb (3%) 5> traces traces traces traces 

5 ALH 27 TiO2/Nb (5%) 5> traces traces traces traces 

 
due to higher surface area of ALH 23 (250 m2/g) compared to ALH 18 (142.8 
m2/g) and ALH 13 (104 m2/g). The determining factor that gave the catalyst with 
improved activity was the surface area not surface acidity. 

3.3.3. Catalytic Evaluation of Hafnium Catalysts 
Hafnium oxides prepared by precipitation method were tested with the etherifi-
cation reaction of 2-naphtol (1). The obtained results are shown in Table 23. 

With hafnium oxides, a similar but much higher activity was observed than 
previous catalysts tested (ZrO2 and TiO2), higher yields of butoxynaphtalene (2) 
when oxide is sulfated. This is due to the higher surface acidity of sulfated haf-
nium in Table 13. When impregnated with niobium a redox character was also 
observed, this time with traces of butoxynaphtalene (2) formed showing a weak 
acidic character confirmed by the low surface acidity measurements. 

3.3.4. Catalytic Evaluation of Meso-structured Silicon Oxide Based  
Catalysts 

1) Catalytic Evaluation of MCM-41 Catalysts 
MCM-41 catalysts were tested with the etherification reaction of 2-naphtol 

(1). The obtained results are shown in Table 24. 
MCM-41 catalysts showed different catalytic activity than previous catalysts 

tested (ZrO2, TiO2 and HfO2). The bare MCM-41 showed no catalytic activity. 
When sulfated the MCM-41 support had very weak surface acidity compared to  
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Table 23. Catalytic evaluation of Hafnium catalysts prepared by precipitation method. 

Entry 
Catalyst 

code 
Catalyst 

composition 
Conversion 

% 

Product yield (%) 

(2) (3) (4) (5) 

1 ALH 28 HfO2 5> traces - - - 

2 ALH 29 2
2 4HfO / SO −  (0.5 M) 60 55 - - - 

3 ALH 30 2
2 4HfO / SO −  (1 M) 70 62 - - - 

4 ALH 31 HfO2/Nb (3%) 5> traces traces traces traces 

5 ALH 32 HfO2/Nb (5%) 5> traces traces traces traces 

 
Table 24. Catalytic evaluation of MCM-41 catalysts prepared by templated sol-gel me-
thod. 

Entry 
Catalyst 

code 
Catalyst 

composition 
Conversion 

% 

Product yield (%) 

(2) (3) (4) (5) 

1 ALH 33 MCM-41 - - - - - 

2 ALH 34 Nb-MCM-41 45 traces 7 13 23 

3 ALH 35 2
4MCM-41/ SO −  (0.5 M) 15 12 - - - 

4 ALH 36 2
4MCM-41/ SO −  (1 M) 18 16 - - - 

5 ALH 37 MCM-41/Nb (3%) 35 traces 6 10 19 

6 ALH 38 MCM-41/Nb (5%) 36 traces 8 9 16 

 
previous sulfated oxides (ZrO2, TiO2 and HfO2), which explains the relative low 
conversion of 2-naphtol and low yields of butoxynaphtalene. But better redox 
properties were obtained when MCM-41 was impregnated with niobium espe-
cially when in-situ impregnated. This superior redox character could be attributed to 
the much higher surface area and bigger pore volume of meso-structured materials 
than normal porous oxides. 

2) Catalytic Evaluation of SBA-15 Catalysts 
SBA-15 catalysts were tested with the etherification reaction of 2-naphtol (1). 

The obtained results are shown in Table 25. 
SBA-15 catalysts showed similar catalytic activity to MCM-41 catalysts. The 

superior redox properties of Nb-SBA-15 compared to Nb-MCM-41 could be at-
tributed to its higher hydrothermal stability [19], even if the SBA-15 support has 
smaller surface area compared to MCM-41. 

3.4. Proposed Mechanisms for Products Resulting from the  
Etherification Reaction of 2-Naphtol 

In the etherification reaction of 2-naphtol, the expected product was 2-butox- 
ynaphtalene (2), this reaction was used to evaluate surface acidity strength of the 
catalyst. But after the initial screening tests of our catalysts, clear redox character 
was observed alongside their intended acidic nature and the surprising products  
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Table 25. Catalytic evaluation of SBA-15 catalysts prepared by templated sol-gel method. 

Entry 
Catalyst 

code 
Catalyst 

composition 
Conversion 

% 

Product yield (%) 

(2) (3) (4) (5) 

1 ALH 39 SBA-15 - - - - - 

2 ALH 40 Nb-SBA-15 58 traces 10 17 28 

3 ALH 41 2
4SBA-15 / SO −  (0.5 M) 18 15 - - - 

4 ALH 42 2
4SBA-15 / SO −  (1 M) 17 16 - - - 

5 ALH 43 SBA-15/Nb (3%) 41 traces 7 11 22 

6 ALH 44 SBA-15/Nb (5%) 42 traces 8 12 20 

 
formed that were not expected; furan (4), acetal (3) and binol (5). It was inter-
esting for us to understand the mechanism pathways responsible for the forma-
tion of these products. 

3.4.1. Proposed Mechanism for Binol (4) Formation 
Previous studies [14] [20] were done on the formation of binol (4) through the 
oxidative coupling of 2-naphtol, although the mechanism is still not fully un-
derstood, the procedure itself appear to be a potential new methodology for cat-
alytic asymmetric C-C bond formation triggered by an electron-transfer process. 
In our work, binol formation from 2-naphtol was observed when transition met-
al niobium was impregnated on mesoporous siliceous materials (SBA-15 and 
MCM-41), although the catalysts tested had poor conversions and low chemical 
yields for binol, still it was interesting. We believe that in our case the binol for-
mation proceeded through a radical mechanism in Scheme 2, since peroxide 
tests (using Peroxide 25 test sticks) turned out positive indicating the presence of 
peroxide intermediates in the reaction medium. This mechanism was also pro-
posed previously [21], where oxidation reactions carried out on 2-naphtol in 
presence of H2O2 and a catalyst (crystalline vanadium phosphates) gave binol as 
a secondary product. In their proposed mechanism the hydroxyl radicals are 
generated from the hydrogen peroxide used in the reaction, but in our case we 
believe that the hydroxyl radicals species could be generated from the molecular 
oxygen (O2) in ambient air, since our etherification reactions were carried out in 
open air, and what enforced this proposal was our observations that when we 
attempted to reproduce this reaction under nitrogen atmosphere nothing hap-
pened and no conversion of 2-naphtol was observed in Scheme 3. 

3.4.2. Proposed Mechanism for 2-Butoxynaphtalene (2) Formation 
In previous work [14] a mechanism for the etherification of 2-naphtol to butox-
ynaphtalene (2) was proposed in Scheme 4. In this mechanism it is suggested 
that the 2-naphtol takes the role of an electrophile while the alcohol takes the 
role of a nucleophile. 

In our case, with the sulfated oxides (ZrO2, TiO2, HfO2, MCM-41 and SBA-15) 
a proton is generated in the reaction medium, since our catalysts possess surface  
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Scheme 2. Mechanism for Binol formation. 

 

 
Scheme 3. Etherification of 2-naphtol done under nitrogen atmosphere. 

 

 
Scheme 4. Etherification of 2-naphtol by acid catalysis. 

 
Brönsted acid sites. This proton then reacts with 2-naphtol to give a carbocation, 
which in turn is attacked by the alcohol (butanol in our case). Next an elimina-
tion of a water molecule takes place and finally a re-aromatization yields the de-
sired ether. 

3.4.3. Proposed Mechanism for Acetal of Binol (3) Formation 
In each etherification reaction of 2-naphtol that yielded amongst its products the 
acetal of binol, a very small trace of the aldehyde (butanal) was detected in the 
reaction medium, confirmed in the 1H NMR of the crude after reaction comple-
tion, by a characteristic triplet at 9.7 ppm. This aldehyde (butanal) was formed 
by the oxidation or dehydrogenation of butanol. 

Knowing that an aldehyde (butanal) is formed in the reaction medium with 
the presence of binol under acidic conditions provided by our catalysts through 
their Brönsted acid sites, we can propose the following mechanism for the acetal 
formation in Scheme 5. 

3.4.4. Proposed Mechanism for Naphtofuran (4) Formation 
Attempts were made to understand how the naphtofuran (4) was formed. First a 
pure sample of butoxynaphtalene (2) was synthesized separately using a prepa-
ration method taken from the literature [14] in Scheme 6. 
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Scheme 5. Proposed pathway for acetal of binol formation. 

 

 
Scheme 6. Preparation of butoxynaphtalene using boron trifluoride as a 
catalytic system. 

 
The following experimental procedure was used: 
To a solution of 2-naphthol (144 mg, 1 mmol) in Butanol (750 ml, 10 mmol) 

was added boron trifluoride (48% in ether, 300 ml, 1.1 mmol). The tube was 
sealed and the mixture was stirred at 80˚C during 15 hours. The mixture was 
quenched with water (10 ml) and extracted three times with dichloromethane (3 
× 5 ml). The combined organic layers were washed with brine (10 ml), dried 
over MgSO4 and concentrated. The crude was purified by column chromato-
graphy (cyclohexane/ethyl acetate: 9/1) to afford the 2-butoxy naphthalene (82% 
yield) as yellow oil. 

This prepared pure sample of butoxynaphtalene was then reacted with the 
catalyst that showed the highest redox activity (Nb-SBA-15 ALH 40) in the same 
reaction condition described previously (Section 2.5). No reaction took place, 
showing that the butoxynaphtalene did not transform into the furan in Scheme 7. 

In another attempt the 2-naphtol was reacted with butanal instead of butanol 
in Scheme 8, under the same reaction conditions 2 products (furan and binol) 
were obtained, so the only mechanism that we could think of is illustrated in 
Scheme 9. 

4. Conclusions 

Our prepared catalysts tested in the etherification reaction of 2-naphtol have 
shown 2 different catalytic properties: first an acidic character, and second a re-
dox character. 

The acidic character was observed when oxides (ZrO2, TiO2, HfO2) and me-
soporous siliceous materials (MCM-41 and SBA-15) were impregnated with sul-
fate ions. This acidity was induced from sulfate ions impregnated on the surface 
of the solids using sulfuric acid as precursor, this method proved that the 
amount of surface acidity (measured in mmol H+/g) increased with the concen-
tration of sulfuric acid used during impregnation to an optimal concentration of  
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Scheme 7. Reaction of butoxynaphtalene with Nb-SBA-15. 

 

 
Scheme 8. Reaction between 2-naphtol and butanal. 

 

 
Scheme 9. Proposed mechanism for naphtofuran formation. 

 
1 M. In addition, in-situ sulfating gave higher acidity than post impregnation 
method. These sulfated oxides although acidic in nature, had very weak catalytic 
activity towards converting 2-naphtol into butoxynaphtalene, a very well-known 
organic reaction catalyzed by conventional liquid acids. 

On the other hand, when the oxides (ZrO2, TiO2, HfO2) and mesoporous ma-
terials (MCM-41 and SBA-15) were impregnated with the transition metal nio-
bium, a weak surface acidity was obtained that wasn’t strong enough to catalyze 
the etherification of 2-naphtol into butoxynaphtalene. But these niobium doped 
catalysts showed interesting redox catalytic activity, where the formation of 
products resulting from oxidation of 2-naphtol (acetal of binol, naphtofuran and 
binol) were observed. A higher redox catalytic activity was observed with meso-
porous materials (MCM-41 and SBA-15) compared to porous oxides, this is 
probably due to the much higher surface area of mesoporous materials com-
pared to porous oxides. And in particular in-situ impregnated mesoporous ma-
terials with niobium showed the highest conversion rates of 2-naphtol. But un-
fortunately, all the niobium doped catalysts had very weak selectivity to form the 
most interesting product obtained (naphtofuran). 
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