
Journal of Molecular Catalysis A: Chemical 231 (2005) 235–240

Liquid-phase oxidative coupling of 2-naphthol by vanadium catalysts
supported on MCM-41

Takahiro Ikedaa, Naohisa Misawac, Yuichi Ichihashic, Satoru Nishiyamab, Shigeru Tsuruyac, ∗
a Division of Chemical Science and Engineering, Graduate School of Science and Technology, Kobe University, Nada, Kobe 657-8501, Japan

b Environment Management Center, Kobe University, Nada, Kobe 657-8501, Japan
c Department of Chemical Science and Engineering, Faculty of Engineering, Kobe University, Nada, Kobe 657-8501, Japan

Received 7 December 2004; received in revised form 7 January 2005; accepted 7 January 2005

Abstract

The liquid-phase oxidative coupling reaction of 2-naphthol was carried out in dichloromethane solvent over vanadium catalysts supported
on inorganic oxides such as MCM-41 using molecular oxygen as the oxidant. The main product was 1,1′-bi-2-naphthol, the oxidative CC
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oupling product of 2-naphthol. The yield of 1,1-bi-2-naphthol increased with the increasing amount of supported V, but leveled off
he amount of V was more than about 1 wt.%. The sterically bulky 1,1′-bi-2-naphthol was suggested to be mainly produced in the meso
f the MCM-41 support in comparison with the activity of the V catalyst supported on NaZSM-5 support which has only micropo
ctive vanadium species for the oxidative coupling product was found to be the tetrahedral V5+ species based on the correlation between
ield of 1,1′-bi-2-naphthol and the intensity of the tetrahedral V5+ species estimated by the DR spectra of the V/MCM-41 catalysts.
2005 Elsevier B.V. All rights reserved.
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. Introduction

1,1′-Bi-2-naphthol and its derivatives have been widely
pplied[1–7] in chirality induction and used in enantioselec-

ive synthesis. The synthesis of 1,1′-bi-2-naphthol (binaph-
hol) has been attempted via the oxidative coupling reaction
f 2-naphthol using some transition metal ions and their com-
lex catalysts including Cu2+ [8,9], Fe3+ [10], and V4+ [11].
he heterogeneity of the homogeneous metal catalyst has an
dvantage in the liquid-phase oxidation because of the easy
eparation of the catalyst from the oxidation product and no
ontamination of the product due to the homogeneous cat-
lyst. The heterogenized Cu catalysts supported on Al2O3
ave been reported using gaseous oxygen as an oxidant[12].
ore recently, binaphthol based on the oxidative coupling of
-naphthol was reported using Fe and Cu catalysts supported

∗ Corresponding author. Tel.: +81 78 8036171; fax: +81 78 8036171.
E-mail address:tsuruyas@kobe-u.ac.jp (S. Tsuruya).

on MCM-41 with a high selectivity for the proposed coupl
product[13].

In this study, the liquid-phase oxidative coupling re
tion of 2-naphthol was attempted using a vanadium cat
impregnated on MCM-41 (V/MCM-41). The vanadium c
alysts supported on NaZSM-5 and SiO2 were also utilized
as catalysts to study the influence of the pore size an
structure on the production of sterically bulky products
the oxidative coupling. The active vanadium species on
MCM-41 support for the oxidative coupling of 2-napht
were discussed based on the diffuse-reflectance (DR) sp
of the V/MCM-41 catalysts.

2. Experimental

2.1. Catalyst preparation

MCM-41 was synthesized by the sol–gel method at r
temperature in the atmospheric pressure according to a
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.01.012
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ous report[14]. The NaZSM-5 (Si/Al = 49) zeolite was syn-
thesized by a conventional hydrothermal method according
to a patent[15] except for no NaCl addition. NaX (Tosoh,
Si/Al = 1.25) was commercially available. The vanadium cat-
alysts (V/MCM-41, V/NaZSM-5, and V/NaX) supported on
MCM-41, NaZAM-5, and NaX were prepared by a conven-
tional impregnation method using vanadium oxyacetylacet-
onate in ethanol at 353–373 K. All the catalysts were dried at
393 K overnight and calcined at 773 K for 5 h in flowing air.

2.2. Liquid-phase oxidative coupling reaction of
2-naphthol

2-Naphthol (Nacalai Tesque, guaranteed reagent) and
dichloromethane (Nacalai Tesque, guaranteed reagent) were
commercially available and used without further purification.
The reaction was carried out using a batch glass reactor with
a magnetic stirrer immersed in a constant-temperature water-
bath. Usually, 1.0 mmol of 2-naphthol and 0.2 g of catalyst
were stirred in 10 ml of dichloromethane solvent at 303 K for
24 h under atmospheric oxygen. The analyses of the oxidation
products were performed using an HPLC (Hitachi, L-6200
Intelligent Pump, L-2200 UV–VIS Detector) with a GH-C18
column. A mixture of acetonitrile and an aqueous solution
of 5 vol.% trifluoroacetic acid (volume ratio, 1:1), as the mo-
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spectroscopy (Hitachi U-3210D) equipped with an integral
sphere (Hitachi 150-0902). The measurement was carried
out using an in situ cell with a side portion for sample pre-
treatment, which can be degassed by connection to a vacuum
line. The reflectance of the obtained spectra was transformed
into a Kubelka–Munk (K–L) function using an applied pro-
gram (U-3210/U-3410).

3. Results and discussion

The main product of the liquid-phase oxidation of 2-
naphthol over the supported vanadium catalysts was 1,1′-2-
bi-naphthol. Another oxidation product, assumed to have a
quinone structure (vide infra), was also produced under cer-
tain reaction conditions. The amount of V dissolved in the
reaction solution from the V catalyst supported on MCM-41
during the oxidative coupling reaction was less than 1%. The
V species supported on MCM-41, rather than the V species
dissolved in the solvent, were thus confirmed to be catalytic
active sites for the oxidative coupling of 2-naphthol.
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ile phase, was pumped at 1 ml/min. The amount of lea
was estimated by measuring the V amount dissolve

he reaction filtrate using an atomic absorption spectrom
Shimazu type AA-6200) after separating the solid cata
rom the reaction solution by centrifugation.

.3. Measurement of FT-IR spectra of oxidation product

The FT-IR spectra of the oxidation products were m
ured using an FT-IR spectrophotometer (Nihon Bun
odel VALOR-III). The sample disk was prepared at a p

ure of 40 kg/cm2 for 5 min without a binder.

.4. XRD measurement of supported V catalysts

The X-ray powder diffraction (XRD) patterns of the c
lysts were recorded at room temperature using a R
INT 2001 XRD diffractometer with a Cu K� source.

.5. BET measurement of supported V catalysts

The surface areas of the catalysts, which were in firs
assed at 473 K for 2 h, were measured by the BET me
ased on the nitrogen adsorption at 77 K using a m
dsorption vacuum apparatus.

.6. Measurement of DR spectra of supported V
atalysts

The UV–vis diffuse-reflectance (DR) spectra of the s
orted V catalysts were measured by an electronic abso
.1. Influence of vanadium source of supported V
atalyst on the oxidation of 2-naphthol

The influence of the vanadium source on the yield o
,1′-2-bi-naphthol (2-binaphthol) was investigated using
catalysts supported on both SiO2 and MCM-41 prepare

rom five kinds of vanadium salts and their comple
Table 1). The MCM-41 support was more favorable
he production of 2-binaphthol than the SiO2 support
rrespective of the vanadium sources used in this s
anadium oxyacetylacetonate (VO(C5H7O2)2), among

he utilized vanadium sources, produced a high yiel

able 1
nfluence of vanadium source on the yield of 1,1′-2-bi-naphthola

anadium source Yield of 1,1′-2-bi-naphthol (%)

SiO2 support MCM-41 suppor

O(C5H7O2)2 16.2 23.4
(C5H7O2)3 15.9 19.2
Cl3 12.3 17.5
OSO4 10.0 16.2
H4VO3 8.0 12.8
a Catalyst (V = 1 wt.%), 0.2 g; calcination temperature, 773 K; 2-napht
mmol; reaction time, 24 h; reaction temperature, 303 K; solvent, 10
ichloromethane; 0.1 MPa O2.
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Table 2
Influence of solvent on the yield of 1,1′-2-bi-naphthola

Solvent Yield of 1,1′-2-bi-naphthol (%)

Dichloromethane 23.4
1,2-Dichloroethane 20.7
Chlorobenzene 18.2
Chloroform 8.4
Benzene 6.0
Ethanol ∼=0

a Catalyst V/MCM-41 (V = 1 wt.%, V source = VO(C5H7O2)2), 0.2 g; cal-
cination temperature, 773 K; 2-naphthol, 1 mmol; reaction time, 24 h; reac-
tion temperature, 303 K; solvent, 10 ml of dichloromethane; 0.1 MPa O2.

2-binaphthol, though the difference in the yields was not very
prominent.

3.2. Influence of solvent on the oxidation of 2-naphthol

The influence of the solvent on the yield of 2-binaphthol
was investigated using V(1)/MCM-41 (impregnated
V = 1 wt.%) catalyst prepared from VO(C5H7O2)2 (Table 2).
The hydrocarbon solvent containing chlorine atoms in the
molecule gave a comparatively high yield of 2-binaphthol.
Ethanol had no activity for the oxidative coupling reaction
of 2-naphthol. 1,2-Dichloromethane was hereafter used as
the solvent in this study.

3.3. Influence of support oxide on the oxidation of
2-naphthol

The influence of the support oxide of the supported V
catalysts on the yield of 2-binaphthol was investigated us-
ing MCM-41, NaX, NaZSM-5 and SiO2 as the support to
clarify the effect of the pore size of the support on the
oxidative coupling which produces a sterically bulky cou-
pling product (Table 3). The highest yield of 2-binaphthol
was obtained using the MCM-41 support which has one-
dimensional mesopores (31Å [14]). The V catalysts sup-
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out. The super cage of the NaX zeolite will be able to of-
fer a reaction field for the oxidative coupling and accommo-
date 2-binaphthol, but the sterically bulky product will very
slowly diffuse out because of the dimensions of the window
(around 7.4̊A) from which the product must leave, as pre-
viously suggested[13]. The micropores (around 5.3–5.6Å)
of the NaZSM-5 will be too small to carry out the oxida-
tive coupling of 2-naphthol, so that 2-binaphthol produced
using the V(1)/NaZSM-5 catalyst may be due to the active
V species present on the outer surface of the NaZSM-5 ze-
olite. The V catalyst (V(1)/SiO2 (V = 1 wt.%)) supported on
amorphous SiO2 produced a lower yield of 2-binaphthol than
that over the V/MCM-41 catalyst. The coordinating state
of the V species supported on SiO2 was found to be dif-
ferent from those on MCM-41 based on the comparison
of the DR spectra of both catalysts as will be discussed
later.

3.4. Influence of calcination temperature of the
V/MCM-41 catalysts on the oxidation of 2-naphthol

The influence of the calcination temperature of the
V(1)/MCM-41 catalysts on the yield of 2-binaphthol was in-
vestigated at the calcination temperatures of 673–973 K as
shown inTable 4. The yield of 2-binaphthol increased with
t fur-
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orted both the NaX and the NaZSM-5 zeolite, which h
hree-dimensional micropores rather than mesopores,
uced comparatively low yields of 2-binaphthol. The res

n Table 3suggest that the oxidative coupling of 2-naph
ainly occurs in the pores of the oxide supports, and
xidative coupling product, 2-binaphthol, which has the
ensions of 11.53× 9.14× 10.05Å [13] can be produce

n the mesopores of the MCM-41 support and easily dif

able 3
nfluence of oxide support on the yield of 1,1′-2-bi-naphthola

upport BET surface area (m2/g) Yield of 1,1′-2-bi-naphthol (%

CM-41 1010 22.8
iO2 305 16.3
aX 555 5.6
aZSM-5 350 4.2
a Catalyst (V = 1 wt.%, V source = VO(C5H7O2)2), 0.2 g; calcination tem
erature, 773 K; 2-naphthol, 1 mmol; reaction time, 24 h; reaction tem

ure, 303 K; solvent, 10 ml of dichloromethane; 0.1 MPa O2.
he calcination temperatures up to about 873 K, while a
her increase caused only a small increase in the oxid
oupling yield. However, the conversion of 2-naphthol (
ned as [2-naphthol fed− 2-naphthol recovered]/[2-naphth
ed]× 100) almost linearly increased with the increas
he calcination temperature. This result means that th
dation product(s) other than 2-binaphthol is produced
he V(1)/MCM-41 catalyst calcined at higher temperatu
he reaction solution over the V(1)/MCM-41 catalyst c
ined at more than 873 K gradually changed from a l
ellow to a dark-red color with the reaction time, in c
rast to the corresponding solution over the catalyst
ined at 673–773 K, which maintained the light-yellow co
he electronic absorption spectrum of the dark-red solu
howed an absorption peak at around 410 nm, in whic
eak was observed in both 2-naphthol and 2-binaphtho
olved in dichloromethane. The IR spectra of the solid res
btained by evaporating the dichloromethane solvent sh

able 4
nfluence of calcination temperature of the V/MCM-41 on the yield of 1′-
-bi-naphthola

alcination
emperature (K)

Yield of
1,1′-2-bi-naphthol (%)

Conversion of
2-naphthol (%)

73 17.0 18.0
73 25.2 28.9
73 30.8 51.3
73 31.8 62.2
a Catalyst V/MCM-41 (V = 1 wt.%, V source = VO(C5H7O2)2), 0.2 g; 2-
aphthol, 1 mmol; reaction time, 24 h; reaction temperature, 303 K; so
0 ml of dichloromethane; 0.1 MPa O2.
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an IR peak at around 1700 cm−1, a peak that is well known
to be due to the CO stretching band. From these obser-
vations, the oxidation product(s) possessing a quinone-like
structure, though we could not exactly identify the oxida-
tion product(s), is thought to be produced, in addition to
2-binaphthol, over the V/MCM-41 catalysts calcined at the
higher temperatures.

The oxidation of 1,1′-bi-2-naphthol (2-binaphthol), in
place of 2-naphthol, was attempted at 303 K for 24 h un-
der atmospheric O2 using the V(1)/MCM-41 catalyst cal-
cined at 973 K, however, no conversion of 2-binaphthol was
observed under the reaction condition. This result suggests
that a quinone-like product(s) is produced, together with 2-
binaphthol, in a parallel manner, rather than the consecutive
manner via 2-binaphthol.

3.5. Influence of the amount of V supported on the
V/MCM-41 catalyst on the oxidation of 2-naphthol

The influence of the amount of supported V on the yield of
2-binaphthol is illustrated inFig. 1A using both the V/MCM-
41 and the V/NaZSM-5 catalysts. The variation in the yield of
2-binaphthol for low amounts of the supported V increased
compared to the behaviors of both catalysts (Fig. 1B). No
2-binaphthol was obtained over only the MCM-41 or the
N the
V for
t rted
o M-
4 e in
t tely
1 t of
t -41
s ught
t thol
y The
X rted
V ned,
b ese
c nded

F orted V mper,
3 . (B) En

to decrease with the increase in the supported V amount
(figure not shown). The possibility of an adsorbed product,
i.e., 2-binaphthol, acting as a catalytic inhibitor was then
investigated. The oxidative coupling reaction of 2-naphthol
was thus attempted by pre-mixing 2-binaphthol in the start-
ing reaction solution however, no decline in the yield of 2-
binaphthol was observed. This suggests that the produced
2-binaphthol does not basically inhibit the oxidative cou-
pling.

The yield of 2-binaphthol over the V/NaZSM-5 catalyst
varied in an S-shaped fashion; the V/NaZSM-5 catalyst with
only a small amount of supported V had no catalytic activity
for the oxidative coupling of 2-naphthol, in contrast to the
V/MCM-41 catalyst (Fig. 1B). 2-Binaphthol was produced
using supported V amount of more than about 0.2 wt.% and
the yield leveled off at the V amounts of more than 1 wt.%.
These results suggest that the low V species amount is almost
completely supported within the micropores (5.3–5.6Å)
of the NaZSM-5 support, and the reactant, the 2-naphthol
molecule, cannot access the active V species present in the
micropores. Some of the V species will be supported on
the outer surface of the NaZSM-5 zeolite with an increase
in the supported V amounts. 2-Binaphthol produced over
the V/NaZSM-5 catalysts with V amounts of more than
0.2 wt.% is thought to be due to the V species supported on
t

3
s
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s of the
s ave
a
- und
2
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5 , in
a s of
t been
aZSM-5 support without V species. It is obvious that
species supported on MCM-41 have a higher activity

he oxidative coupling of 2-naphthol than those suppo
n NaZSM-5. The yield of 2-binaphthol over the V/MC
1 catalyst almost linearly increased with the increas

he amount of supported V for V amounts of approxima
wt.%, but leveled off with further increases in the amoun

he supported V. The structural destruction of the MCM
upport by the high amount of supported V may be tho
o be one of the causes for the leveling off of the 2-binaph
ield for supported V amount of more than about 1 wt.%.
RD measurements of the V(1, 3, 4)/MCM-41 (suppo
= 1, 3, and 4 wt.%, respectively) catalysts were obtai

ut the XRD patterns due to the MCM-41 supports of th
atalysts were retained though the peak intensities te

ig. 1. Dependence of the yield of 2-binaphthol on the amount of supp
03 K; reaction time, 24 h; Catalyst, 0.2 g;�, V/MCM-41; �, V/NaZSM-5
. (A) 2-Naphthol, 1 mmol; solvent 10 ml of dichloromethane; reaction teature
larged section of the region of low amounts of supported V.

he outer surface of the NaZSM-5 support.

.6. UV–vis diffuse reflectance (DR) spectra of the V
pecies supported on MCM-41

The DR spectra of the supported V catalysts utilized in
tudy were used to investigate the coordinated states
upported V species. The MCM-41 support itself did not h
DR peak in the wavelength range of 200–400 nm (Fig. 2(a),-
- -). The V(1)/MCM-41 catalyst had a DR peak at aro
60 nm (Fig. 2 (e),—). The DR spectra of the V(1)/SiO2
Fig. 2(b),- - - -), V(1)/NaX (Fig. 2(c),—), and V(1)/NaZSM
(Fig. 2(d),- - - -) catalysts had a peak at around 320 nm

ddition to a shoulder at around 260 nm. The DR peak
he V species at 260 nm, 320 nm, and 330–500 nm have
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Fig. 2. DR spectra of V catalysts supported on inorganic oxides. (a)- - - -,
MCM-41; (b)- - - -, V(1)/SiO2; (c) —, V(1)/NaX; (d)- - - -, V(1)/NaZSM-5;
(e) —, V(1)/MCM-41.

identified as tetrahedral V5+, polymeric V5+, and octahedral
V5+ species, respectively[16,17]. The V species (1 wt.%)
supported on the MCM-41 are thus thought to be mainly
present as tetrahedral V5+ species. On the other hand, the V
species on the V(1)/SiO2, V(1)/NaX, and V(1)/NaZSM-5 cat-
alysts will be supported as the mixed states of both the poly-
meric V5+ species and tetrahedral V5+ ones, among which
the mixed states of the former ones seem to be higher than
the latter ones.

3.7. Variation in DR spectra of the V/MCM-41 catalysts
on the amount of supported V

The variation in DR spectra of the V/MCM-41 catalysts
on the amount of supported V is illustrated inFig. 3. The
intensity of the DR peak at around 260 nm increased with
the increase in the amount of the supported V up to about
1.0 wt.%. However, the V(3.0)/MCM-41 catalyst had a DR
peak at around 320 nm in addition to one around 260 nm, and
the broad DR band was also observed in the region around
400–500 nm. The coordination states of the V species sup-
ported on the MCM-41 thus varied for supported V amounts
of more than around 1 wt.%. The V species on the V/MCM-
41 catalysts with a low amount of supported V are mainly
present as tetrahedral V5+ species, and both the tetrahedral

F t of
s )
-

and polymeric V5+ species coexist on the surface of the cat-
alyst with a high amount of supported V. The octahedral
V5+ species may also present on the catalyst with a high
V amount because the broad DR band was observed in the
region around 400–500 nm. The leveling off of the yield of
2-binaphthol for amount of supported V of more than about
1 wt.% (Fig. 1A) will be interpreted in connection with the
results of the DR spectra if it is assumed that the tetrahedral
V5+ species present on the catalyst are the active V species for
the oxidative coupling of 2-naphthol to 2-binaphthol and both
the polymeric and octahedral V5+ species have no catalytic
activity.

3.8. Variation in DR spectra of the V/MCM-41 catalysts
on the calcination temperature

The influence of the DR spectra on the calcination temper-
ature of the catalyst was investigated using the V(1)/MCM-41
catalyst (Fig. 4). The DR spectra of the V(1)/MCM-41 cal-
cined at 673 K had a DR peak at 260 nm but trailed off in the
direction of the long wavelengths. The DR peak at around
260 nm increased with the increasing calcination tempera-
ture, but the extent of the DR peak increase tended to de-
crease with the increase in the calcination temperature. The
yield of 2-binaphthol increased with the increase in the cal-
c the
q pro-
d tem-
p e
D ld of
2 sup-
p he
M tion
o

3
o

V
s f 2-

F tion
t )
-

ig. 3. Variation in DR spectra of V/MCM-41 catalysts vs. the amoun
upported V. Supported V amount: (a)- - - -, 0.4wt.%; (b) —, 0.6 wt.%; (c
- - -, 1.0wt.%; (d) —, 3.0 wt.%.
ination temperatures of the V/MCM-41 catalyst, though
uinone-type product(s) other than 2-binaphthol were
uced over the catalyst treated at the higher calcination
erature (Table 4). A similar trend in the variation of both th
R peak intensity at 260 nm of the DR spectra and the yie
-binaphthol on the calcination temperature once again
orts the fact that the tetrahedral V5+ species present on t
CM-41 support are the active V species for the produc
f 2-binaphthol.

.9. Active V species supported on the MCM-41 for the
xidative coupling of 2-naphthol

To more quantitatively confirm that the tetrahedral5+

pecies are responsible for the oxidative coupling o

ig. 4. Variation in DR spectra of V(1)/MCM-41 catalyst vs. the calcina
emperature. Calcination temperature: (a)- - - -, 673 K; (b) —, 773 K; (c
- - -, 873 K; (d) —, 973 K.
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Fig. 5. Relationship between yield of 2-binaphthol and DR peak intensity
of tetrahedral V5+. Catalyst, V/MCM-41; intensity of the DR peak at around
230 nm;�, data obtained from the variation in the amount of supported V;
�, data obtained from the variation in the calcination temperature.

naphthol, the yield of 2-binaphthol was plotted versus the
intensity of the DR peak at around 260 nm, of which the DR
peak intensity was assumed to be a measure of the amount
of the tetrahedral V5+ species present on the catalyst surface
(Fig. 5). The plot of the yield of 2-binaphthol and the amount
of the surface tetrahedral V5+ species using the V/MCM-41
catalysts prepared by the different conditions was a linear line
passing through the original point within the conditions in-
vestigated in this study.Fig. 5results clearly indicate that the
tetrahedral V5+ species supported on the MCM-41 directly
participate in the oxidative coupling reaction of 2-naphthol
to 2-binaphthol, though we have no information on the active
sites for the formation of the other quinone-like product(s)
over the supported V catalysts prepared at the high calcina-
tion temperatures.

4. Conclusions

The liquid-phase oxidative coupling reaction of 2-
naphthol into 1,1′-bi-2-naphthol (2-binaphthol) was at-
tempted over the supported vanadium (V) catalysts. The V
catalyst (V/MCM-41) supported on MCM-41 that has a high
surface area and mesopores had a comparatively high activity
for the formation of 2-binaphthol. The yield of 2-binaphthol
f e V
c nly
m ecies
p d by
t ield

of 2-binaphthol increased with an increase in the amount of
V supported on the V/MCM-41 catalyst up to the V amount
of about 1 wt.%, then leveled off with a further increase in
the V amount. The variation in the tetrahedral V5+ species on
the V/MCM-41 catalyst, identified by the DR spectra, ver-
sus the amount of supported V showed a similar trend to the
yield of 2-binaphthol. The yield of 2-binaphthol increased
with the increasing calcination temperature of the V/MCM-
41 catalyst, although the quinone-like oxidation product(s)
increased over the catalyst prepared at the high calcination
temperature. Both the yield of 2-binaphthol and the tetrahe-
dral V5+ species present on the MCM-41 support had a linear
relationship. The tetrahedral V5+ species was thus confirmed
to be the active ones for the oxidative coupling of 2-naphthol
into 2-binaphthol.
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