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Vanadium oxide catalyst supported on ZrO2-WO3 was prepared by adding the Zr(OH)4 powder into a mixed 
aqueous solution of ammonium metavanadate and ammonium metatungstate followed by drying and calcining 
at high temperatures. The characterization of prepared catalysts was performed using solid-state 31V NMR and 
FTIR. In the case of calcination temperature at 773 K, for the samples containing low loading V2O5 below 18 
wt % vanadium oxide was in a highly dispersed state, while for samples containing high loading V2O5 equal to 
or above 18 wt % vanadium oxide was well crystallized due to the V2O5 loading exceeding the formation of 
monolayer on the surface of ZrO2-WO3. The ZrV2O7 compound was formed thr이丄gh the reaction of V2O5 and 
ZrO2 at 873 K and the compound decomposed into V2O5 and ZrO2 at 1073 K, which were confirmed by FTIR 
and 51V NMR.

Introduction

Vanadium oxides are widely used as catalysts in oxidation 
reactions, e.g., the oxidation of sulfur dioxide, carbon monox
ide, and hydrocarbons.1~4 These systems have also been 
found to be effective catalysts for the oxidation of methanol 
to methylformate.5,6 Much research has been done to und
erstand the nature of active sites, the surface structure of ca
talysts as well as the role played by the promoter of the sup
ported catalysts, using infrared (IR), X-ray diffraction (XRD), 
electron spin resonance (E.S.R) and Raman spectroscopy.6-9 
So far, silica, titania, zirconia and alumina"* 서' have been 
commonly employed as the vanadium oxide supports, and 
comparatively very few works have been reported for bi

nary oxide, ZrO2-WO3 as the support for vanadium oxide.
It is well known that the dispersion and the structural fea

tures of supported species can strongly depend on the sup
port. Structure and other physicochemical properties of sup
ported metal oxides are considered to be in different states 
compared with bulk metal oxides because of their in
teraction with the supports. Solid-state h냐clear magnetic 
resonance (NMR) methods represent a novel and promising 
approach to these systems. Since only the local environment 
of a nucleus under study is probed by NMR, this method is 
well suited for the structural analysis of disordered systems 
such as the two-dimensional surface vanadium oxide phases 
which is of particular interest in the present study. In ad
dition to the structural information provided by NMR 
methods, the direct proportionality of the signal intensity to 
the number of contributing nuclei makes NMR be useful 
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for quantitative studies. In the present investigation, the tech
niques of s이id-state 51V NMR and Fourier transform in
frared (FTIR) have been utilized to characterize a series of 
V2O5 samples supported on ZrO2-WO3 with various vanadia 
loadings.

Experimental

Catalyst Preparation. Precipitate of Zr(OH)4 was ob
tained by adding aqueous ammonia slowly into an aqueous 
solution of zirconium oxychloride at room temperature with 
stirring until the pH of mother liquor reached about 8. The 
precipitate thus obtained was washed thoroughly with dis
tilled water until chloride ion was not detected, and was dri
ed at room temperature for 12 h. The dried precipitate was 
powdered below 100 mesh.

The catalysts containing various vanadium oxide content 
were prepared by adding the Zr(OH)4 powder into a mixed 
aqueous solution of ammonium metavanadate (NH4VO3) 
and ammonium metatung아ate [(NH4)6(H2W]204o) - nH2O] fol
lowed by drying and calcining at high temperatures for 1.5h. 
This series of catalysts are denoted by their weight per
centage of V2O5, where the content of WO3 in all catalysts 
was fixed as 15 wt %. For example, 3-V2O5/ZrO2-WO3 in
dicates the catalyst containing 3 wt % V2O5.

Characterization. FTIR absorption spectra of V2O5/ 
ZrO2-WO3 powders were measured by the KBr disk method 
over the range 1200-400 cm"1. The samples for the KBr 
disk method were prepared by grinding a mixture of the ca
talyst and KBr powders in an agate mortar and pressing 
them in the usual way. FTIR spectra of ammonia adsorbed 
on the catalyst were obtained in a heatable gas cell at room 
temperature using a Mattson Model GL 6030E spec
trophotometer. The self-supporting catalyst wafers contained 
about 9 mg/cm2. Prior to obtaining the spectra the samples 
were heated under vacuum at 673-773 K for 1.5 h.

51V NMR spectra were measured by a Varian Unity Ino
va 300 spectrometer with a static magnetic field strength of 
7.05 T. Larmor frequency was 78.89 MH乙 The ordinary 
single pulse sequence was used, in which the pulse width 
was set at 2.8 s and the acquisition time was 0.026 s. The 
spectral width was 500 kHz. The number of scans was var
ied from 400 to 4,000, depending on the concentration of 
vanadium. The signal was acquired from the time point 4s 
after the end of the pulse. The sample was static, and its 
temperature was ambient (294 K). The spectra were express
ed with the signal of VOC13 being 0 ppm, and the higher 
frequency shift from the standard was positive. Practically, 
solid NH4VO3 (-571.5 ppm) was used as the second ext
ernal reference.18

Results and Discussion

Infrared Spectra. Figure 1 shows IR spectra of V2O5/ 
ZrO2-WO3 catalysts with various content calcined at 773 K 
for 1.5 h. Although with samples below 18 wt % of V2O5 
the definite peaks were not observed, the absorption bands 
at 1022 and 820 cm1 appeared for l&VqjZiQ-WCL, 23- 
V2O5/ZrO2-WO3, 28-V2O5/ZrO2-WO3 and pure V2O5 contain
ing high V2O5 content. The band at 1022 cm 1 is assigned 
to the V=O stretching vibration, while that at 820 cm 1 is 

attributable to the coupled vibration between V=O and to V- 
O-V.19 Generally, the IR band of V=O in crystalline V2O5 
아！。ws at 1020-1025 cm 1 and the Raman band at 995 
河 132° The intensity of the V=O absorption gradually de
creased with increasing ZrO2 content, although the band po
sition did not change. As shown in Figure 1, the catalysts at 
vanadia loadings below 18 wt % gave no absorption bands 
due to crystalline V2O5. This observation suggests that vana
dium oxide below 18 wt % is in a highly dispersed state. It 
is reported that V2O5 loading exceeding the formation of 
monolayer on the s나rface of ZrO2 is well crystallized and 
observed in the spectra of IR and 51V solid state NMR.21

As 아lown in Figure 1, for 4-V2O5/ZrO2-WO3 and 12-V2O5/ 
ZrO2-WO3 calcined at 773 K the crystalline V2O5 was not 
observed in their IR spectra, suggesting the monolayer disp
ersion of V2O5 on the surface ZrO2-WO3 as the amorphous 
phase. However, it is necessary to examine the formation of 
crystalline V2O5 as a function of calcination temperature. 
Variations of IR spectra against calcination temperature for 
4-V2O5/Z1O2-WO3 and 12-V2O5/ZrO2-WO3 are shown in Fig
ures 2 and 3, respectively. For both catalysts, there are no 
V=O stretching bands at 1022 cm 1 from 673 to 973 K of 
the calcination temperature, indicating no formation of cry
stalline V2O5. However, as 아iown in Figures 2 and 3, V=O 
stretching bands due to crystalline V2O5 at 1073 K and 1173 
K appeared at 1022 cm 1 together with lattice vibration

Wavenumber, cm 1

Figure 1. Infrared spectra of catalysts calcined at 773 K: (a) 
V2O5, (b) 28-V2O5/ZrO2-WO3, (c) 23-V2O5/ZrO2-WO3, (d) 18- 
V2O5/ZrO2-WO3, (e) 12-V2Os/ZrO2-WO3, (f) 8-V2O5/ZrO2-WOs, 
(g) 4-V2O5/ZrO2-WO3.
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bands of V2O5 and WO3 below 900 cm1.22,23 The formation 
of crystalline V2O5 above 1073 K can be explained in terms 
of the decomposition of ZrV2O7 compound which was form
ed through the reaction of V2O5 and ZrO2 at 873-973 K. In 
this work, on X-ray diffraction patterns the cubic phase of 
ZrV2O7 was observed in the samples calcined at 873 K and 
for sample calcined at 1173 K the ZrV2O7 phase disap
peared due to the decomposition of ZrV2O7, leaving the 
V2O5 phase and the monoclinic phase of ZrO2. These 
results are in good agreement with those of 51V solid state 
NMR described later. In fact, it is known that the formation 
of ZrV2O7 from V2O5 and ZrO2 occurs at 873 K of cal
cination temperature and the ZrV2O7 decomposes into ZrO2 
and V2O5 at 1073 K.21'24

Figure 4 아lows IR spectra of 28-V2O5/ZrO2-WO3 cataly
sts calcined at 673-1073 K for 1.5 h. Unlike 4-V2O5/ZrO2- 
WO3 and 12-V2O5/ZrO2-WO3 catalysts, for 28-V2O5/ZrO2- 
WO3 crystalline V2O5 appeared at lower calcination temper
ature from 673 K to 873 K and consequently V=O stretch
ing band was observed at 1022 cm1. This is because V2O5 
loading exceeding the formation of monolayer on the sur
face of ZrO2 is well crystallized.21 However, at 973 K all 
V2O5 reacted with ZrO2 and changed into ZrV2O7 so that V= 
O stretching at 1022 cm1 disappeared completely, as 
shown in Figure 4. At 1073 K of calcination temperature 
some of ZrV2O7 decomposed into V2O5 and ZrO2 and then 
V=O stretching band due to the crystalline V2O5 was again 
observed at 1022 cm1. These results are in good agree
ment with those of 51V solid state NMR.

Figure 2. Infrared spectra of 4-V2O5/ZrO2-WO3 calcined at (a) 1173 
K, (b) 1073 K, (c) 973 K, (d) 873 K, (e) 773 K, and (f) 673 K.

Wavenumber, cm

Figure 3. Infrared spectra of 12-V2O5/ZrO2-WO3 calcined at (a) 
1173 K, (b) 1073 K, (c) 973 K, (d) 873 K, (e) 773 K, and (f) 673 
K.

1500 1000 500

Wavenumber, cm 1

Figure 4. Infrared spectra of 28-V2O5/ZrO2-WO3 calcined at (a) 
1073 K, (b) 973 K, (c) 873 K, (d) 773 K, and (e) 673 K.
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51V Solid State NMR Spectra. Solid state NMR 
methods represent a novel and promising approach to vana
dium oxide catalytic materials. The solid state 51V NMR 
spectra of V2O5/ZrO2-WO3 catalysts calcined at 773 K are 
shown in Figure 5. There are three types of serials in the 
spectra of catalysts with varying intensities depending on 
V2O5 content. At the low loadings up to 12 wt% V2O5 a 
shoulder at about 260 ppm and the intense peak at 590-650 
ppm are observed. The former is assigned to the surface 
vanadium-oxygen structures surrounded by a distorted oc
tahedron of oxygen atoms, while the latter is attributed to 
the tetrahedral vanadium-oxygen structures.25,26

However, the surface vanadium oxide structure is remark
ably dependent on the metal oxide support material. Vana
dium oxide on TiO2 （anatase） displays the highest tendency 
to be 6-coordinated at low surface coverages, while in the 
case of y-Al2O3 a tetrahedral surface vanadium species is 
the favored.25 As shown in Figure 5, at low vanadium load
ing on ZrO2-WO3 a tetrahedral vanadium species is ex
clusively dominant compared with a octahedral species. In 
general, it is known that low surface coverages favor a 
tetrahedral coordination of vanadium oxide, while at higher 
surface coverages vanadium oxide becomes increasingly oc
tahedral-coordinated. As shown in Figure 5, the peak 
shapes for the vanadium species on ZrO2-WO3 are narrower 
and more symmetric compared to those of vanadium 
species on TiO2 or y-Al2O3 reported by other reporters.25,26 It 
seems likely that the different physical and chemical pro
perties of ZrO2-WO3 from those of TiO2 or y-Al2O3 affect 
the symmetry of the surface vanadium-oxygen structures.

Figure 5. Solid state 51V NMR spectra of V2O5/ZrO2-WO3 ca
talysts calcined at 773 K.

Bull. Korean Chem. Soc. 1998, Vol. 19, No. 8 859

Increasing the V2O5 content on the ZrO2-WO3 surface 
changes the shape of the spectrum to a rather intense and 
sharp peak at about 300 ppm （5丄）and a broad low-in- 
tensity peak at about 1400 ppm （饥），which are due to the 
crystalline V2O5 of square pyramid coordination.25 These ob
servations of crystalline V2O5 for samples containing high 
V2O5 content above 12 wt % are in good agreement with 
the results of the IR spectra in Figure 1. Namely, this is be
cause V2O5 loading exceeding the formation of monolayer 
on the surface of ZrO2-WO3 is well crystallized.21 Moreover, 
the increase in V2O5 content resulted appearance of ad
ditional signals with a peak in the range from 810 to 840 
ppm. The intensity of the signal increases with increase in 
V2O5 loading. Different peak positions normally indicate the 
differences of the spectral parameters and are observed due 
to different local environments of vanadium nuclei.25~29 
Thus species at 一 590—650 ppm and - 810-- 840 ppm 
can be attributed to two types of tetrahedral vanadium com
plexes with different oxygen environments. Namely, the sig
nals at - 590-- 650 ppm can be attributed to the surface 
vanadium complexes containing OH groups or water molec
ules in their coordination sphere,26 because the evacuation 
treatment decreases the intensities remarkably. On the other 
hand, the signals at 一810~-840 ppm are due to the sur
face tetrahedral vanadium complexes which do not contain 
OH groups or adsorbed water molecules.

It is necessary to examine the effect of calcination tem
perature on the surface vanadium oxide structure. The spec
tra of 4-V2O5/ZrO2-WO3 and 12-V2O5/ZrO2-WO3 containing 
lower vanadium oxide content and calcined at various tem
peratures are shown in Figures 6 and 7, respectively. The 
shape of the spectrum is very different depending on the cal-

A____973K

1000 0 -1000 -2000
PPM

Figure 6. Solid state 5IV NMR spectra of 4-V2O5/ZrO2-WO3 cal
cined at different temperatures.
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1000 0 1000 2000
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Figure 7. Solid state 5,V NMR spectra of 12-V2O5/ZrO2-WO3 
calcined at different temperatures.

cination temperature. For both samples calcined at lower 
temperatures (673-773 K), two peaks at about 260 ppm and 
-590^-650 ppm due to the octahedral and tetrahedral 
vanadium-oxygen structures are shown, indicating the mono- 
layer dispersion of V2O5 on the ZrO2 surface, in good agree
ment with the results of IR spectra of Figures 2 and 3. 
However, for samples calcined at 873 K, in addition to the 
above two peaks a sharp peak at 800 ppm due to crystalline 
ZrV2O7 appeared, indicating the formation of a new com
pound from V2O5 and ZrO2 at high calcination temperature. 
For samples calcined at 873-1073 K X-ray diffraction pat
terns of ZrV2O7 were observed. Roozeboom et al. reported 
the formation of ZrV2O7 from V2O5 and ZrO2 at 873 K of 
calcination temperature.24 At 973 K of calcination tem
perature only a peak at 802 ppm due to the ZrV2O7 phase 
appeared, saying that most of V2O5 on the surface of ZrO2- 
WO3 was consumed to form the ZrV2O7 compound. Howev
er, at 1073-1173 K of calcination temperature we can ob
serve only the peaks of crystalline V2O5 at 290 ppm and 
about 1200 ppm, indicating the decomposition of ZrV2O7. 
These results are in good agreement with those of IR spec
tra in Figures 2 and 3.

The spectra of 28-V2O5/ZrO2-WO3 containing higher vana
dium oxide content than monolayer loading and calcined at 
various temperatures are shown in Figure 8. Unlike 4-V2O5/ 
ZrO2-WO3 and 12-V2O5/ZrO2-WO3 catalysts, for 28-V2O5/ 
ZrO2-WO3 calcined even at lower temperatures (673-773 K) 
a sharp peak due to crystalline V2O5 appeared at 290 ppm 
together with peaks at 670 and 870 ppm due to the 
tetrahedral surface species. However, for sample calcined at 
873 K, in addition to a peak at 300 ppm due to crystalline 
V2O5 a sharp peak at 800 ppm due to ZrV2O7 compound ap
peared. As shown in Figure 8, the peak intensity of ZrV2O7

Figure 8. Solid state 51V NMR spectra of 28-V2O5/ZrO2-WO3 
calcined at different temperatures.

Wavenumber, cm

Figure 9. Infrared spectra of NH3 adsorbed on 4-V2O5/ZrO2- 
WO3 calcined at 973 K.: (a) background of 4-V2O5/ZrO2-WO3 
evacuated at 673 K for 1 h, (b) NH3 (20 torr) adsorbed on (a), (c) 
b sample evacuated at 298 K for 5 min, and (d) c sample eva
cuated at 503 K for 0.5 h.
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increased with increase in calcination temperature, con
suming the content of crystalline V2O5. Consequently, at 973 
K of calcination temperature only a peak due to the ZrV2O7 
phase appeared at 800 ppm. At 1073 K of calcination tem
perature a sharp peak of crystalline V2O5 at 290 ppm due to 
the decomposition of ZrV2O7 was again observed. However, 
unlike 4-V2O5/ZrO2-WO3 and 12-V2O5/ZrO2-WO3, for 28- 
V2O5/ZrO2-WO3 the ZrV2O7 compound was not decom
posed completely at 1073 K, leaving some of ZrV2O7. It 
seems likely that it is very difficult for all ZrV2O7 to decom
pose for 1.5 h because large amount of ZrV2O7 was formed 
in the case of 28-V2O5/ZrO2-WO3.

Acidic Properties. The acid strength of the catalysts 
was examined by a color change method, using Hammett in
dicator30 in dried sulfuryl chloride. Since it was very dif
ficult to observe the color of indicators adsorbed on ca
talysts of high vanadium oxide content, a low percentage of 
vanadium content (1 wt%) was used in this experiment. 
ZrO2 evacuated at 773 K for 1 h has an acid strength Ho < 
+1.5, while l-V2O5/ZrO2 was estimated to have a H() < 
-11.35, indicating the formation of new acid sites stronger 
than those of oxide components. The acid strength of 1- 
V2O5/ZrO2-WO3 was also found to be Ho < - 14.5. Acids 
stronger than Ho < - 11.93, which corresponds to the acid 
strength of 100% H2SO4, are superacids.31 Consequently, 
V2O5/Z1O2-WO3 catalysts would be solid superacids. The su- 
peracidic property is attributed to the double bond nature of 
the W=O in the complex formed by the interaction of ZrO2 
with WO3.32 That is, the acid strength of samples modified 
with WO3 becomes stronger by the inductive effect of W=O 
in the complex.

Infrared spectroscopic studies of ammonia adsorbed on 
solid surfaces have made it possible to distinguish between 
Bronsted and Lewis acid sites.33,34 Figure 9 shows the IR 
spectra of ammonia adsorbed on 4-V2O5/ZrO2-WO3 calcined 
at 973 K and evacuated at 673 K for 1 h. For 4-V2O5/ZrO2- 
WO3 the bands at 1443 are the characteristic peaks of am
monium ion, which are formed on the Bronsted acid sites 
and the other set of adsorption peaks at 1621-1606 cm1 is 
contributed by ammonia coordinately bonded to Lewis acid 
sites,‘"I indicating the presence of both Bronsted and 
Lewis acid sites. The band shift of adsorbed ammonia from 
1621 cm1 to 1606 cm1 after evacuation at 503 K for 0.5 
h is due to the removal of ammonia adsorbed on weak acid 
sites or physically adsorbed ammonia. Other samples hav
ing different vanadium content also showed the presence of 
both Lewis and Bronsted acids. Therefore, these V2O5/ZrO2- 
WO3 samples can be used as catalysts for Lewis or 
Bronsted acid catalysis.

Conclusions

This paper has shown that a combination of FUR and 
53V solid-state NMR can be used to perform the charact
erization of V2O5 catalysts supported on ZrO2-WO3. Oi)the 
basis of results of FUR and solid state 51V NMR, at low 
calcination temperature of 773 K vanadium oxide up to 12 
wt% was well dispersed on the surface of ZrO2-WO3. 
However, high V2O5 loading (equal to or above 18 wt%) 
exceeding the formation of monolayer on the surface of 
ZrO2-WO3 was well crystallized. The ZrV2O7 compound 
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was formed through the reaction of V2O5 and ZrO2 at 873 
K and the compound decomposed into V2O5 and ZrO2 at 
1073 K, which were observed in the spectra of FTIR and 
solid state 51V NMR. Infrared spectroscopic studies of am
monia adsorbed on V2O5/ZQ2-WO3 catalysts showed the 
presence of both Lewis and Br nsted acids.
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The Lewis acid mediated intramolecular additions of allylsilanes to acetal substrates are described. Excellent re- 
gio- and diastereoselectivity are achieved by boron trifluoride promoted cyclization of allylsilane-acetals 5 and 8 
derived from hydroxy allylsilanes 3. Cyclizations occur in moderate to high yields, providing direct routes to 
ci5-2,6-disubstituted 4-methylenetetrahydropyrans 6 and 9.

Introduction

Tetrahydropyrans are important structural units in a var
iety of biologically active natural products.1 Consequently, 
there are many efficient methods for the preparation of the 
six-membered oxacycles.2 However, these methods were not 
useful for the straightforward synthesis of 4-methylenetetra- 
hydropyrans because of difficult control for the regioselec
tive formation of exomethylene moiety. 4-Methylenetetra- 
hydropyran is a key-subunit present in the novel macrolides 
such as phorphoxazoles A and B,3 and zampanolide4 which 
exhibit exceedingly potent cytostatic activity against various 
human solid tumor cell lines.

Intramolecular cyclizations of allylsilanes with an electro
phile have become exceedingly useful for highly regio- and 
stereoselective formation of various ring compounds.5 Inde
ed, Marko et al. reported that the intramolecular silyl-mod- 
ified Sakurai (ISMS) reaction allowed the construction of 
the 4-methylenetetrahydropyrans, however, 2,6-disubstituted 
derivatives were not found.6

In continuation of our studies on exploring synthetic ap
plication of bismetallic reagents containing silicon and tin 
atoms,7 we found that 3-stannyl-2-(silylmethyl)propene 1 
reacted smoothly with aldehydes in refluxing toluene even 
without any catalytic activation to give hydroxy allylsilanes 
3 in good yields.8

In this paper we present our investigation of the re
gioselective formation of a variety of 2,6-disubstituted 4- 
methylenetetrahydropyrans by Lewis acid promoted cycl
ization of allylsilanes having an acetal group derived from

Il 2 toluene^ 야1 ||
皿岡、/、球3 + RAH △ " r人/頌SiM%

1 2 3
Table 1. Preparation of allylsilane-acetals 5 and their cycl
izations to 4-methylenetetrahydropyrans 6

Allylsilane-acetal 5 Tetrahydro-
Entry R Yield (%)a

(Ratio of Diastereomers/^
pyran 6 

Yield (%/

a Ph 92 (70:30)
59
41 (SnCI4)e
<5 (ZnCI2)f

b P-NO2C6 너 4 91 (85:15)b 80

c p-EtO2CCgH4 95 (75:25) 57

d frans-PhCH=CH 97 (70:30) 78

e
A

90 (60:40) 17

f
A 87 (80:20) 20

g ch3ch2ch2 82 (70:30) 53

0Isolated yields. "The ratio of diastereomers was determined by 
'H NMR analysis. c Diastereomers were separated by chromato
graphy (SiO2, hexane : ether=15 :1) unless otherwise noted. The 
higher Rf diastereomers were major isomers. d Reactions were car
ried out in dichloromethane 가 一78 °C with 2 equiv of BF3 OEt2 
unless otherwise noted. e SnCl4, 2 equiv, CH2C12, - 78 °C. zZnCl2, 
2 equiv, CH2C12, ~ 78 °C-20 °C.


