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bstract

We report the preparation of ZnBr2-loading mesoporous catalysts and their application to the intramolecular carbonyl-ene reaction of (+)-
itronellal to (−)-isopulegol. The mesoporous catalysts were characterized by N2 adsorption–desorption isotherms, X-ray powder diffraction
XRD), scanning electron microscopy (SEM), and inductively coupled plasma atomic emission spectrometry (ICP-AES). Among a series of
esoporous supports, C8-HMS, which was synthesized from Si(OEt)4 via a sol–gel process in the presence of octylamine as a templating agent,
as found to be an optimal support to load ZnBr2 without damage of inherent mesoporosity of the support. The ZnBr2 loaded on C8-HMS

ZnBr2/C8-HMS) showed higher catalytic activity and diastereoselectivity than ZnBr2 on other HMS with different particle and pore sizes, MCM-
1, mesoporous alumina, and Al-HMS. The amount of zinc ions eluted into the solution phase from ZnBr2/C8-HMS was only at a less than 1 ppm

evel. The results suggested that clumped ZnBr2 was no longer formed on the mesoporous silica surface. The ZnBr2/C8-HMS catalyst which had
een washed well with excess EtOH still contained zinc species, but had neither catalytic activity nor bromide ions. It was concluded that at least
wo different kinds of Zn sites existed on the surface of ZnBr2/C8-HMS; one site was the crystallite ZnBr2 which was finely dispersed on the silica
urface, and the other was oxygenated zinc species such as Zn(OSi )2 and/or Zn(OH)(OSi ).

2007 Elsevier B.V. All rights reserved.
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. Introduction

As the skeleton of a menthol molecule has three stereogenic
enters, eight diastereomers are possible. However, among
he isomers (−)-menthol is only one beneficial isomer as an
ngredient for cigarettes, chewing gums, toothpastes, pharma-
eutical and personal-care products [1], and 4500 t a year of
he compound is consumed worldwide. In the current men-
hol industry, (−)-menthol is mainly provided by three routes
2]: (1) extraction from natural mint in China and Brazil; (2)
ynthesis of racemic menthol from m-cresol via the formation
f thymol (2-isopropyl-5-methylphenol) and its reduction with
ydrogen, followed by optical resolution; (3) chemical synthesis

rom myrcene through asymmetric isomerization of diethylger-
nylamine with an Rh-BINAP catalyst and an intramolecular
arbonyl-ene reaction as key steps (the Takasago process) [3].

∗ Corresponding author. Tel.: +81 3 5454 6595; fax: +81 3 5454 6998.
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oporous catalyst

In the Takasago process, myrcene, produced by thermal
racking of �-pinene, reacts with diethylamine in the presence
f a catalyst of n-BuLi to give diethylgeranylamine stereose-
ectively. Asymmetric isomerization of diehtylgeranylamine to
itronellal (R,E)-diethylamine by a chiral rhodium/(S)-BINAP
atalyst is the most remarkable step in the Takasago process.
dditionally, we should consider another step of intramolecu-

ar cyclization of (R)-(+)-citronellal to (−)-isopulegol an equally
mportant stage, because the cyclization of citronellal can afford
our diastereoisomers, among which (−)-isopulegol is only a
esirable precursor to (−)-menthol.

In the Takasago process, isomerization of (+)-citronellal
o (−)-isopulegol, which is classified as an intramolecular
arbonyl-ene reaction, was originally performed in up to 92%
iastereoselectivity in the presence of ZnBr2, which had been
iscovered by Nakatani and Kawashima [4]. However, there
ere some shortcomings that the reaction requires a stoichio-

etric amount of solid ZnBr2, some of which were dissolved

n organic solvents such as CH2Cl2 and benzene. Recently
akasago patented a new homogeneous catalyst of tris(2,6-
iarylphenyloxy)aluminum for the cyclization of (+)-citronellal

mailto:conaka@mail.ecc.u-tokyo.ac.jp
dx.doi.org/10.1016/j.molcata.2007.03.032
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5]. Although this catalyst promotes the cyclization in over 95%
ield of (−)-isopulegol with almost 100% diastereoselectiv-
ty, the catalyst is difficult to be separated from the reaction

ixture and to be reused. Therefore, discovering a new hetero-
eneous catalyst system has been paid much attention to by many
hemists, and several heterogeneous catalysts for the cyclization
ave been reported.

Corma et al. reported that water-tolerant and Lewis acidic
n-� zeolite in which tin ions were isomorphically substituted

nto the � zeolite framework worked as an efficient catalyst for
he cyclization of (+)-citronellal [6]. The catalyst recorded a
urnover number of 1350 per tin ion in 83% diastereoselectivity
ithout elution of tin ions.
Zirconium ion-exchanged montmorillonite was also an excel-

ent solid catalyst for the cyclization with 90% selectivity, and
as able to be reused at least five times with the same activities

7]. Zr-� zeolite, which was synthesized by the incorporation of
irconium ions into � zeolite, also showed high diastereoselec-
ivity [8].

Typical porous silica-based catalysts accelerated the cycliza-
ion of (+)-citronellal as well: the cyclization was drastically
mproved by using H3PO4- or heteropolyacid-loading silica gel,
hile both catalysts showed only moderate diastereoselectiv-

ties [9,10]. Galvagno et al. prepared Zn(II)-loading catalysts
y impregnation of amorphous silica with a solution of ZnBr2,
ollowed by drying, and the catalysts were found to show up
o 86% diastereoselectivity [11,12]. According to their inves-
igation, the silica surface consists of both physically adsorbed
nBr2 and Zn(II) sites of zinc oxy-hydroxide and/or Zn(OSi )2.
he Zn(II) sites are the most active for the cyclization, but the
hysically adsorbed ZnBr2 is required to attain high diastereose-
ectivity. In other words, the ZnBr2 site was less active but more
iastereoselective than the Zn(II) sites. Then, it is easy to envis-
ge that more active and higher diastereoselective catalysts can
e realized if support materials are covered with well-dispersed
nBr2 salts on the surface.

In recent years, a lot of mesoporous materials have been
eveloped such as silica, aluminosilicate, and alumina. Gener-
lly, mesoporous materials which have uniform mesopores and
igh specific surface areas are prepared in the presence of proper
emplate agents through a sol–gel process. Compared with the
se of amorphous or microporous supports, that of mesoporous
upports provides us several remarkable advantages: (1) the
ano-sized uniform pore structure prevents ZnBr2 crystal from
gglomerating, (2) the large surface area enables the support to
old a large amount of active species on the surface, and (3) the
ize of mesopore is large enough to diffuse a variety of organic
ubstrates and products smoothly.

To make the best use of these features leads to the prepara-
ion of various effective catalysts. For example, we have already
eported that MoO3 supported on HMS showed remarkable
atalysis for olefin metathesis against MoO3 on normal silica
13]. It was also demonstrated that Re2O7 finely dispersed on

esoporous alumina more effectively catalyzed the metathe-

is of terminal and inner olefins than Re2O7 on �-alumina
14]. More recently, we discovered that methyltrioxorhenium
n ZnCl2-modified mesoporous alumina catalyzed the metathe-

(
m
G
c

Fig. 1. Four diastereoisomers from the cyclization of (+)-citronellal.

is not only of simple olefins but also of olefins functionalized
ith ester, carbonyl, and halogen groups [15].
This article describes the preparation and characterization of

nBr2 loading mesoporous catalysts in detail and their applica-
ion for the cyclization of (+)-citronellal to (−)-isopuregol in a
igh diastereoselective way (Fig. 1).

. Experimental

.1. General

Commercially available (+)-citronellal (Tokyo Kasei Kogyo)
as distilled before use. CH2Cl2, EtOH and CH3CN (Kanto
hemical) were dried over Molecular Sieves 4A. SiO2 (Fuji
ilysia Chemical, CARiACT Q-3), Si(OEt)4 (Tokyo Kasei
ogyo), colloidal silica (Aldrich, HS-40, 40 wt% suspension

n water), n-octylamine (Tokyo Kasei Kogyo), n-dodecylamine
Tokyo Kasei Kogyo), n-hexadecylamine (Kanto Chemical),
-hexadecyltrimethylammonium chloride (Kanto Chemical),
l(O-s-Bu)3 (Tokyo Kasei Kogyo), NH4OH (Kanto Chemical,
0 wt%), 1-propanol (Kanto Chemical), lauric acid (Kanto
hemical), Al(O-i-Pr)3 (Kanto Chemical) and ZnBr2 (Kanto
hemical) were used without further purification. Infrared (IR)

pectra were recorded on a JASCO FT550 FT-IR spectrometer.
H NMR spectra were recorded on a JEOL JNM-GSX270
270 MHz) or a JEOL JNM-GSX500 (500 MHz) spectrometer;
hemical shifts (δ) are reported in parts per million relative to
etramethylsilane. Splitting patterns are designed as s, singlet;
, doublet; t, triplet; q, quartet; m, multiplet; br, broad. 13C
MR spectra were recorded on a JEOL EX270 (68 MHz)

pectrometer with complete proton decoupling. Chemical shifts
ere recorded in parts per million relative to tetramethylsilane
ith the solvent resonance as internal standard (CDCl3; δ

7.0 ppm). N2 adsorption–desorption measurements were
erformed at −196 ◦C with a Belsorp 28SA (Bel Japan, Inc.)
sing static adsorption procedures. Samples were outgassed at
00 ◦C and 1.3 Pa for 12 h prior to analysis. Specific surface
rea (S.A.) was determined by the BET method. Pore diameter

P.D.) was calculated by means of the BJH method. Gas chro-
atography analysis (GC) was carried out with a Shimadzu
C-8A equipped with an FID detector and a 25 m OV-1

hemically bonded capillary column. X-ray powder diffraction
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XRD) patterns were recorded on a Rigaku MULTI FLEX.
nductively coupled plasma atomic emission spectrometry
ICP-AES) was recorded on a Rigaku SPECTROCIROS CCD.
canning electron microscopy (SEM) was run using a Keyence
E-9800 operated at 3 kV without carbon coating treatment.

.2. Synthesis of mesoporous materials

.2.1. HMS (C8-HMS)
Under vigorous stirring, Si(OEt)4 (100 mmol) was added to

mixture of EtOH (650 mmol), deionized water (3 mol) and
-octylamine (25 mmol). The resulting mixture was aged by stir-
ing for 48 h at room temperature. Then, the resulting gel was
ltered, washed with EtOH, dried in vacuo at 120 ◦C. The solid
aterial was heated to 600 ◦C at a ramping rate of 5 ◦C/min

n an N2 flow, and calcined at 600 ◦C in air for 4 h. When n-
odecylamine and n-hexadecylamine for the synthesis of C12-
nd C16-HMS were used as templating agents, the molar com-
ositions of Si(OEt)4:amine:EtOH:H2O were 1.0:0.25:8.5:28.4
nd 1.0:0.3:14:23, respectively.

.2.2. MCM-41
Thirty-weight percentage of NH4OH (0.49 g) was added to a

olution of n-hexadecyltrimethylammonium chloride (29 mmol)
nd deionized water (1.45 mol), and the mixture was stirred for
h at ambient temperature. The resulting solution was mixed
ith a solution of colloidal silica (34.3 g) and aqueous NaOH

1 M, 105 g), and the mixture was stirred for 1 h at ambient tem-
erature. The reaction mixture was put into an oven and kept
tatically for 4 days at 110 ◦C. Under the heating, pH of the
olution was checked every 24 h and adjusted with acetic acid
o 11.0. The resulting solid was filtered, washed with deionized
ater, dried under an N2 flow over 12 h. The dried solid was

hen heated to 500 ◦C at a ramping rate of 5 ◦C/min in an N2
ow, and calcined at 500 ◦C in air for 5 h.

.2.3. meso-Al2O3

In a 500 ml polypropylene bottle a mixture of Al(O-s-Bu)3
178 mmol) and 1-propanol (6 mol) was stirred for 10 min, and
hen deionized water (572 mmol) was added. The solution was
tirred for 60 min at room temperature, followed by addition of
solution of lauric acid (54 mmol) in 1-propanol (580 mmol).
he mixture was stirred for 24 h at room temperature, and then

ransferred into a 300 ml autoclave. The mixture was aged at
10 ◦C for 48 h without stirring. After filtration, the white solid
as washed with EtOH (100 ml), and dried under an N2 flow
vernight at room temperature. The solid material was heated to
00 ◦C at a ramping rate of 1 ◦C/min in air flow, and calcined at
00 ◦C in air for 4 h.

.2.4. Al-HMS (Si/Al = 6.8)
To a vigorously stirred solution of n-C16H33NH2 (3.31 mmol)

n EtOH (153 mmol) and deionized water (257 mmol) was added

t a time a homogeneous mixture of Si(OEt)4 (10 mmol) and
l(O-i-Pr)3 (143 mmol) at room temperature. The mixture was
igorously stirred for 48 h at room temperature. The white gel
ormed was collected and dried at room temperature under an N2

f
m
a
a

ysis A: Chemical 272 (2007) 174–181

ow. The dried gel was set in an electric furnace, and gradually
eated to 500 ◦C for 5 h in dry air.

.3. Synthesis of ZnBr2-loading catalyst

A typical procedure was described for the preparation of
nBr2/C8-HMS: an EtOH (20 ml) solution of ZnBr2 (4.0 mmol)
as added to powder C8-HMS (8.46 g), and the mixture was
ried under an N2 flow until EtOH was dried up. Then, the fol-
owing procedure was repeated twice: EtOH (20 ml) was added
o the sapless solid, and the mixture was stirred slowly for 1 min,
ollowed by being dried again in an N2 flow. The ZnBr2-loading
MS was heated to 400 ◦C at a ramping rate of 7 ◦C/min in an
2 flow, and calcined at 400 ◦C in air for 4 h.

.4. Cyclization of (+)-citronellal to (−)-isopulegol

To ZnBr2/C8-HMS (activated at 400 ◦C under below 133 Pa
or 4 h) containing 0.1 mmol of ZnBr2 was added a CH2Cl2 solu-
ion (10 mL) of (+)-citronellal (1.0 mmol) at room temperature.
fter the reaction was completed, the mixture was filtrated and

he filtrate was evaporated. The crude products were purified
y distillation with a Kugelrohr apparatus to afford a mixture
f (−)-isopulegol and other two diastereoisomers. Diastere-
selectivities of (−)-isopulegol to the other diastereoisomers
ere determined by GC analysis using an OV-1 capillary col-
mn at 80 ◦C [16]—retention time: (−)-isopulegol 9.63 min,
+)-neo-isopulegol 1.08 min, (+)-iso-isopulegol 10.59 min. (−)-
sopulegol: 1H NMR (500 MHz, CDCl3) δ 0.92–1.01 (m, 5H),
.30–1.36 (m, 1H), 1.48–1.51 (m, 1H), 1.66–1.71 (m, 5H), 1.90
dt, J = 1.6 and 9.8 Hz, 1H), 1.96 (m, 1H), 2.03–2.05 (m, 1H),
.46 (dt, J = 4.3 and 10.5 Hz, 1H), 4.87 (d, J = 2.8 Hz, 2H). 13C
MR (CDCl3) δ 18.1, 22.0, 24.5, 31.2, 34.1, 42.5, 53.8, 70.2,
12.5, 146.4.

. Results and discussion

.1. Application of mesoporous materials and zinc
alt-loading ones for the cyclization of citronellal

In the present study, we selected several mesoporous mate-
ials of silica (HMS [17,18] and MCM-41 [19]), alumina
meso-Al2O3 [20]) and aluminosilicate (Al-HMS [21]). Sil-
ca gel (SiO2) was also used as a control. Especially, we
repared three types of HMS with different pore sizes using
aried alkylamine templates with C8, C12, and C16 car-
on chains, and abbreviate them to Cn-HMS (n = 8, 12, and
6). Physical properties of the materials are summarized in
able 1.

First we applied the mesoporous materials as solid catalysts
o the cyclization of (+)-citronellal to (−)-isopulegol as shown
n Table 1. Although C16-HMS has almost the same surface
rea and pore diameter as MCM-41, these materials had dif-

erent mesoporous structures: HMS possesses wormhole-like
esopores, thicker walls, more cross-linked silica framework

nd smaller particle sizes, while MCM-41 has a hexagonally
rranged, long tunnel mesoporous structure.
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Table 1
Mesoporous material catalyzed cyclization of citronellala

Entry Catalyst S.A. (m2 g−1) P.D. (nm) Time (h) Yield (%) Selectivityb (%)

1 C16-HMS 880 2.9 18 60 75
2 MCM-41 930 2.7 18 10 –
3 SiO2 700 3.6 18 40 71
4 meso-Al2O3 360 3.6 18 Trace –
5 5 77 75

alyst (200 mg) at room temperature.
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Table 3
Effects of zinc salts loaded on C16-HMS upon the cyclizationa

Entry Catalyst Time (h) Yield (%) Selectivityb (%)

1 ZnF2/C16-HMS 18 23 80
2 ZnCl2/C16-HMS 12 94 86
3 ZnBr2/C16-HMS 6 94 87
4 ZnI2/C16-HMS 18 82 86
5 Zn(NO3)2/C16-HMS 18 36 86
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Al-HMS 1100 2.6

a (+)-Citronerall (1.0 mmol) reacted in CH2C12 (10 ml) in the presence of cat
b Selectivity to (−)-isopulegol out of the three diastereomers detected.

Among the four possible diastereomers ((−)-isopulegol, (+)-
eo-isoplegol, (+)-iso-isopulegol, and (+)-neoiso-isoplegol), the
ost thermodynamically unstable isomer, (+)-neoiso-isoplegol,
as not detected through all the experiments in the study. Inter-

stingly, between the two mesoporous pure silicas, HMS showed
uch higher catalytic activity than MCM-41 (entries 1 and

). Although the cyclization proceeded on SiO2, the activity
as somewhat low (entry 3). It is also interesting to find that
esoporous aluminosilicate, Al-HMS [22], gave isopulegol in
oderate yield and diastereoselectivity, because such decent

iastereoselectivity would not have been expected with the use of
uch a highly acidic aluminosilicate (entry 5). Almost no cycliza-
ion proceeded with meso-Al2O3 composed of pure alumina
entry 4).

Nakatani et al. carefully investigated the cyclization of (+)-
itronellal using various zinc salts [4], and found that ZnBr2
ave the best result concerning the yield and the diastereos-
lectivity to (−)-isopulegol. Therefore, ZnBr2 was loaded on
he mesoporous materials, and physical properties of the sup-
orted catalysts and their catalytic activities for the cyclization
ere investigated (Table 2). Compared with catalytic activity of
nloaded supports in Table 1, the catalysis of ZnBr2 on C16-
MS, MCM-41 and meso-Al2O3 much improved. And more

nterestingly, higher diastereoselectivity was realized with C16-
MS, MCM-41, SiO2 and meso-Al2O3 after loading of ZnBr2.
n the other hands, ZnBr2/Al-HMS did not improve the diastere-
selectivity. We suppose that the acidity of pristine Al-HMS is
igh enough to show high catalytic activity even though the
nBr2 is not loaded on Al-HMS.

Various zinc salt-loading catalysts (designated as ZnX2/C16-
MS) were prepared by impregnation of C16-HMS with ZnF2,

nCl2, ZnBr2, ZnI2 and Zn(NO3)2, and their catalytic activ-

ty is summarized in Table 3. The order of the catalysis with
nX2/HMS was almost the same as that of catalysis with par-
nt zinc salts [4]: among zinc halides, ZnBr2/C16-HMS showed

d

b

able 2
yclization of citronellal catalyzed by ZnBr2-loading mesoporous materiala

ntry Catalyst S.A. (m2 g−1) P.D. (

ZnBr2/C16-HMS 500 2.7
ZnBr2/MCM-41 500 2.7
ZnBr2/SiO2 550 –
ZnBr2/meso-Al2O3 240 3.4
ZnBr2/Al-HMS 760 2.6

a (+)-Citronelall (1.0 mmol) reacted over ZnBr2 (0.1 mmol)-loading catalyst (Si/Zn
b Selectivity of (−)-isopulegol to other diastereomers.
a (+)Citronellal (1.0 mmol) was treated with ZnX2 (0.1 mmol) loading C16-
MS (Si/Zn = 16) in CH2C12 (10 ml) at room temperature.
b Selectivity to (−)-isopulegol out of the three diastereomers.

he best yield (94%) and the highest diastereoselectivity (87%)
entry 3), and ZnF2/C16-HMS the lowest of 23% (entry 1).
−)-Isopulegol was obtained in a poor yield with ZnO loaded
n HMS, which had been prepared through calcination of
n(NO3)2-loading HMS in air at 400 ◦C (entry 5).

Although ZnBr2/C16-HMS catalyst gave such a good result,
t was found that C16-HMS underwent partial degradation of
he mesoporosity during the loading process of ZnBr2 on the
urface, because the specific surface area and the pore volume of
he ZnBr2/C16-HMS catalyst obviously decreased as shown in
ables 1 (entry 1), and 2 (entry 1). Therefore, it seems that part of
inc bromide active for the reaction would be buried in the silica
etworks through the collapse, which disturbed a close contact
etween the zinc sites and reactants. If the loading of ZnBr2
n HMS is achieved without damage of the mesoporosity, the
atalytic activities would be improved. In the next section, we
ave searched for tougher mesoporous HMS materials.

.2. Preparation of ZnBr2 loading HMS catalyst without

egradation of mesoporous structure

It was reported by Tanev and Pinnavaia that the thermal sta-
ility of HMS upon calcination in air was superior to that of

nm) Time (h) Yield (%) Selectivityb (%)

6 94 88
12 85 85
18 60 86
18 85 84

3 88 75

= 16 or Al/Zn = 16) in CH2C12 (10 ml) at room temperature.
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Table 4
Physical properties of pristine HMS and ZnBr2-loading HMS

Entry HMS and
ZnBr2/HMS

S.A. (m2 g−1) P.D. (nm) P.V. (ml g−1)

1 C8-HMS 1240 1.9 0.28
2 ZnBr2/C8-HMSa 1200 1.9 0.28
3 EtOH-washed

ZnBr2/C8-HMS
1190 1.9 0.27

4 C12-HMS 1160 2.2 0.27
5 ZnBr2/C12-HMSa 720 2.2 0.16
6 EtOH-washed

ZnBr2/C12-HMS
700 2.2 0.16

7 C16-HMS 880 2.9 0.20
8 ZnBr2/C16-HMSa 500 2.7 0.11
9 EtOH-washed

ZnBr2/C16-HMS
490 2.7 0.11

10 SiO2 700 – 0.20
11 ZnBr2/SiO2

a 550 – 0.11
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the loading of ZnBr . In contrast, though the pattern of C8-HMS
a ZnBr2 (0.1 mmol) was loaded on Cn-HMS or SiO2 with the ratio of
i/Zn = 16.

CM-41 due to a thicker wall structure and a more cross-linked
ilica network [17]. However, in our study the thermal stability
f C16-HMS was found not satisfactorily high under calcination
n the presence of ZnBr2 as mentioned in the previous section.

In the present work, we used three kinds of HMS with differ-
nt pore diameters and surface areas as a support. Table 4 shows
he physical properties of parent C8-, C12-, and C16-HMS as
ell as ZnBr2-loading HMS (Si/Zn = 16). Properties of SiO2

nd the ZnBr2-loading one are also shown as a control. As the
lkyl chain length of a primary amine surfactant in preparation of
esoporous silica gets longer from C8 to C16, the pore diameter

f the obtained mesoporous silica becomes larger with a smaller
pecific surface area, which is in good agreement with the report
y Tanev and Pinnavaia [17]. It is interesting to note that those
MS exhibit very different morphologies: SEM micrographs
f pristine HMS indicate that C8-HMS consists of very small
articles <200 nm in diameter (Fig. 2c), while C12-HMS and
16-HMS are larger spherical aggregates (Fig. 2b and a).

With ZnBr2/C12-HMS and ZnBr2/C16-HMS, the surface
reas and the pore volumes drastically decreased after loading
nBr2 (Table 4, entries 4 versus 5 and 7 versus 8). After the
nBr2 loading supports were washed with EtOH, the surface
reas of the resulting EtOH-washed ZnBr2/Cn-HMS (n = 12 or
6) did not return to the original values (entries 5 versus 6 and 8
ersus 9). The change in the HMS weight indicated that ca.70%
f zinc species were extracted out from the ZnBr2-loading HMS.
herefore we suppose that the decrease in the surface area of
MS upon the ZnBr2 loading comes from partial collapse of the
esoporous structure of HMS during the ZnBr2-loading process

ather than from some blockage in mesopores with ZnBr2 crys-
allite. Upon loading of ZnBr2 on SiO2, the surface area also
ecreased. In contrast, surprisingly, ZnBr2/C8-HMS had almost
he same surface area and pore volume as parent C8-HMS, indi-
ating that C8-HMS was not degraded and could maintain the

nherent mesostructure upon loading of ZnBr2.

The destructive changes in the mesoporous structure upon
he loading of ZnBr2 were also confirmed by the comparison of

s
a
a

ig. 2. SEM micrographs of (a) C16-HMS, (b) C12-HMS, and (c) C8-HMS
amples. Bars indicate a scale of 1 �m.

owder XRD patterns between parent HMS and ZnBr2-loading
MS, as shown in Fig. 3. Although the patterns of the parent
16-HMS and C12-HMS contained a strong [1 0 0] reflection
eak at 2θ = ca. 2.5◦, no reflection peaks were observable after
2
howed a very weak reflection peak, the reflection still remained
fter the ZnBr2-loading. It can be concluded that C8-HMS with
smaller pore diameter and a particle size has an improved
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In the case of Galvagno’s catalyst [11], because Zn(II)
ig. 3. Powder XRD patterns of Cn-HMS and ZnBr2/Cn-HMS. (a) C16-HMS,
b) C12-HMS, and (c) C8-HMS.

hermal stability and sustains its intrinsic mesoporosity during
he ZnBr2-loading process.

.3. Characterization of zinc species loaded on HMS

The elemental analysis of ZnBr2-loading Cn-HMS
Si/Zn = 16) catalysts was performed with ICP-AES and is
ummarized in Table 5. The atomic ratios of Br/Zn of the
atalysts were found to be 1.5–1.6. This result agrees with
hat reported by Galvagno and coworkers [11], indicating that
nBr2 was partially degraded and part of bromide ions were lost
pon the loading. Interestingly, after washing ZnBr2/C8-HMS
ith a sufficient quantity of EtOH, the C8-HMS still contained

.8 wt% of zinc species, but almost no bromide ions remained
s shown in Table 5. If ZnBr2 crystallite, which had been
hysically adsorbed on C8-HMS and would be a real catalyst
ite, was washed out with excess EtOH, the residual zinc

able 5
lemental analysis of ZnBr2/HMS catalysts

atalyst Zn (wt%) Br/Zn

nBr2/C8-HMS 2.6 1.5
nBr2/C12-HMS 2.9 1.6
nBr2/C16-HMS 2.8 1.5
tOH-washed ZnBr2/C8-HMS 0.8 <0.1

s
Z

T
E

E

1
2
3
4

i
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pecies on C8-HMS, which were not soluble in EtOH, would
e oxy-zinc species chemically bonded to the silica framework.
ctually the oxy-zinc species was found to have little catalytic

ctivity for the cyclization of (+)-citronellal for 3 h.
We then investigated whether or not zinc species of catalyst

an dissolve into a CH2Cl2 solution phase during the reaction:
fter a suspension mixture of (+)-citronellal (1.0 mmol) and zinc
atalyst of bulk ZnBr2 or loaded ZnBr2 (0.1 mmol) in CH2Cl2
10 ml) was stirred for 3 h, the reaction mixture was filtered and
he filtrate was directly analyzed by ICP-AES. The bulk ZnBr2
as found to be completely dissolved into 10 ml of CH2Cl2.

f ZnBr2 is loaded on C8-HMS in the form of clumps, ZnBr2
hould be similarly eluted into the CH2Cl2 solution. However,
he amount of eluted zinc species from ZnBr2/C8-HMS was
ery low on a less than 0.1% level, and in fact, the filtrate had
o catalysis for the carbonyl-ene reaction. In addition, we could
ot observe any reflection peaks corresponding to crystalline
nBr2 on the ZnBr2/C8-HMS by powder XRD. These findings

ead to a conclusion that a real active site on ZnBr2/C8-HMS
atalyst is a crystallite of ZnBr2 which is finely dispersed and
ell interacted with the C8-HMS surface, and that the active site

hows high catalytic activity for the cyclization with excellent
iastereoselectivity.

.4. Catalytic activity of ZnBr2-loading C8-HMS for the
yclization of citronellal

It is easily expected that the dispersion of active zinc sites
n C8-HMS should affect the reaction rate of the cyclization. A
eries of ZnBr2/C8-HMS catalysts with different atomic ratios of
i/Zn (i.e. varied loading amounts of ZnBr2) were prepared, and

heir catalytic activities were compared by use of each catalyst
ncluding the same amount of ZnBr2 (0.1 mmol) as summarized
n Table 6. Although the diastereoselectivities were not differ-
nt, the reaction period which was required for the complete
onsumption of citronellal was heavily influenced by the atomic
atios of Si/Zn: some unknown byproducts were produced and
ence the yields of the desired products slightly decreased prob-
bly owing to the presence of more amounts of the support in
he cases of entries 3 and 4. The optimal ratio Si/Zn was 32,
ith which the ZnBr2/C8-HMS (Si/Zn = 32) catalyst showed the
est result concerning the reaction rate and the chemical yield
ites, which were considered to be zinc oxy-hydroxide and/or
n(O–Si )2, were more active but less diastereoselective for the

able 6
ffects of the atomic ratio of Si/Zn in ZnBr2/C8-HMS on the reactiona

ntry Si/Zn Time (h) Yield (%) Selectivityb (%)

16 6 89 86
32 3 94 88
48 3 89 87
64 2 80 87

a (+)-Citronelall (1.0 mmol) reacted over ZnBr2 (0.1 mmol) loading catalysts
n CH2C12 (10 ml) at room temperature.

b Selectivity to (−)-isopulegol out of the three diastereomers.
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ig. 4. Cyclization rate of citronellal over ZnBr2-loading HMS catalysts.
nBr2/C16-HMS (�), ZnBr2/C12-HMS (�), and ZnBr2/C8-HMS (�).

arbonyl-ene reaction than ZnBr2 sites [12], ZnBr2 had to be
oaded on normal silica with a high zinc content of >4.0 mmol/g
n order for ZnBr2 to cloak the surface of zinc oxide species and
o achieve a high diastereoselection. In contrast, although the
nBr2/C8-HMS catalyst (Si/Zn = 32) contained a much lower
ontent (0.5 mmol/g) of ZnBr2, it showed high catalytic perfor-
ance and the highest diastereoselectivity to (−)-isopulegol.
The catalytic activities of ZnBr2/C8-HMS, ZnBr2/C12-HMS

nd ZnBr2/C16-HMS were compared in the cyclization of
+)-citronellal as shown in Fig. 4. The cyclization rates are crit-
cally dependent on the kind of mesoporous silicas: among the
hree HMS catalysts, ZnBr2/C8-HMS which retains the inherent

esoporosity shows the highest rate. On C-12 and C-16 HMS
atalysts, some of active ZnBr2 would be buried in the silica
ramework during the loading process of ZnBr2, leading to poor
atalysis.

All the catalysts were dried and activated at 400 ◦C under
educed pressure prior to use. Once the catalyst was used in the
eaction, washing the catalyst with CH2Cl2 and activating it at
00 ◦C in vacuo were necessary for the catalyst to be reused at
east twice for the cyclization in 88–94% yields with 87–88%
iastereoselectivities.

.5. Catalytic activity of ZnBr2/C8-HMS for the cyclization
f 7-methyloct-6-enal

The intramolecular carbonyl-ene reaction of 7-methyloct-
-enal to racemic 2-isopropenylcyclohexanol was also inves-
igated by use of a catalytic amount of ZnBr2/C8-HMS (Fig. 5).

t was again proved that ZnBr2 firmly loaded on C8-HMS could
atalyze the cyclization at room temperature for 16 h to afford
trans-cyclohexanol derivative in a high yield of 90% with a

igh trans/cis selectivity of 91/9. Asymmetric cyclization of the

[

[

Fig. 5. Cyclization of 7-methyloct-6-enal.

ubstrate has also been conducted with a combined use of tita-
ium perchlorate and (R)-BINOL at room temperature for 48 h
o give the products in a total yield of 66% with a trans/cis ratio
f 69 (55% ee)/31 [23].

. Conclusions

The present study demonstrated the preparation of ZnBr2-
oading mesoporous catalysts and their application to the
ntramolecular carbonyl-ene reaction of (+)-citronellal to
−)-isopulegol. The ZnBr2-loading C8-HMS showed higher
atalytic activity and diastereoselectivity than other ZnBr2-
oading supports such as mesoporous silicas, C12-HMS and
16-HMS, mesoporous alumina, and mesoporous aluminosil-

cate. The mesoporosity of mesoporous materials except for
8-HMS was partially damaged upon calcinations at high tem-
eratures in the presence of ZnBr2. Only C8-HMS could be
olerated under such harsh thermal conditions. The smaller pore
iameter and smaller particle size of C8-HMS seem to be respon-
ible for a marked improvement in the thermal stability in acidic
ircumstances. The preservation of uniform mesoporosity of C8-
MS enabled the ZnBr2-loading catalyst to show high catalytic
erformance. The real catalyst site on the surface of ZnBr2/C8-
MS is not oxy-zinc species directly bonded to the silica, but
ell-dispersed crystallite ZnBr2 on the surface.
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