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Abstract 

The liquid-phase hydration and acetoxylation of the monoterpene dihydromyrcene (DHM, 3,7-dimethyl- 1,6-octadiene) 
are efficiently catalyzed by Keggin-type heteropoly acid H,PW,,O,, @PA) at 14-30°C to yield dihydromyrcenol 
(DHM-OH, 2,6-dimethyl-7-octen-2-01) and dihydromyrcenyl acetate (DHM-OAC). Homogeneous, biphasic 
(DHM/AcOH-H,O-HPA) and heterogeneous (with HPA/SiO, catalyst) reactions have been studied. HPA has a much 
higher catalytic activity than conventional acid catalysts such as H,SO, and Amberlyst-15. A synthetically useful biphasic 
acetoxylation/hydration of DHM has been developed. The method provides a 90% selectivity to the sum of DHM-OH and 
DHM-OAc at 21% DHM conversion and allows for easy and clean catalyst recycling without loss of activity. 
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1. Introduction 

Acid-catalyzed hydration and acetoxylation 
of terpenes are important as synthetic routes to 
terpene alcohols and esters which are useful in 
perfumery and flavoring compositions [l]. Thus, 
such perfume ingredients as dihydromyrcenol 
(DHM-OH, 2,6-dimethyl-7-octen-2-01) and di- 
hydromyrcenyl acetate (DHM-OAC) are pre- 
pared on an industrial scale by the hydration 
(Eq. (1)) and acetoxylation (Eq. (2)) of dihydro- 
myrcene (DHM, 3,7-dimethyl- 1,6-octadiene). 

* Corresponding author. Present address: Leverhulme Centre 
for Innovative Catalysis, Department of Chemistry, the University 
of Liverpool, Liverpool L69 3BX, UK, e-mail 
kozhev@liverpool.ac.uk 

The process is complicated by acid-catalyzed 
DHM isomerization and cyclization [2-61. The 
latter side reaction leads to 1-(3,3-dimethyl- 
cyclohexyl)ethanol (CHE) (Eq. (3)) [5]. Direct 
hydration of DHM is a difficult process; it 
proceeds only with concentrated mineral acids. 
Thus, contacting DHM with 6040% aqueous 
H,SO, at 0-5°C affords DHM-OH with 70% 
selectivity at 85% DHM conversion [2]. How- 
ever, the disposal of H,SO, has become a 
serious environmental problem. An easier way 
to obtain DHM-OH is the acetoxylation of 
DHM with AcOH to DHM-OAc - which is 
itself useful - followed by hydrolysis of 
DHM-OAc to DHM-OH [3-51 or the conver- 
sion of DHM into a mixture of the terpene 
alcohol and the (chloro)acetate by interacting 
DHM with aqueous acetic acid or chloroacetic 
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acid [6]. In acetoxylation, Eq. (21, solid acid 
catalysts such as cation exchange resins [3,4,7,8] 
and synthetic zeolites [9,10] have been em- 
ployed. However, their catalytic activities are 
rather poor. 

I + Hz0 - 

+ AcOH - 

$ (DHWOH) 

(1) 

OH 

(DHWOAc) 

(2) 

OAc 

HO 

Y 

+ H,O --- (CW 

(3) 

Heteropoly acids (HPAs), especially those of 
the Keggin series, e.g. H,PW,,O, (PW), 
H,PMo,,O, (PMo), etc., are promising acid 
catalysts for the synthesis of fine and specialty 
chemicals [ 1 l-141. HPAs are industrially em- 
ployed as catalysts for the liquid-phase hydra- 
tion of olefins [14]. They have also been used 
for the acetoxylation of olefins [ 15,161. HPAs 
are highly soluble in water and polar organic 
solvents, such as lower alcohols, ethers, ke- 
tones, carboxylic acids, etc., scarcely soluble in 
less polar organic substances and insoluble in 
hydrocarbons [ 111. This provides an opportunity 
of carrying out acid-catalyzed liquid-phase reac- 
tions in two-phase systems with easy separation 
of products from HPA catalyst which otherwise, 
with conventional liquid acid catalysts, proceed 
homogeneously. Several examples of such 
biphasic reactions have been reported, e.g. poly- 
merization of tetrahydrofuran [ 14,171, esterifica- 
tion of 4-nitrobenzoic acid [ 121, alkylation of 

hydroquinone [ 181, and trimerization of aldehy- 
des [19]. 

In this paper, we report on the application of 
the Keggin-type HPAs, in particular PW, the 
strongest HPA known so far [ 11,121, as catalysts 
for the liquid-phase hydration and acetoxylation 
of DHM (Eqs. (1) and (2)). Homogeneous, 
biphasic and heterogeneous systems have been 
studied. A practical method to convert DHM 
into a DHM-OH + DHM-OAc mixture in a 
two-phase liquid/liquid system has been devel- 
oped. 

2. Experimental 

2.1. Materials 

wv2%0 - lOH,O and H,PMo,,O, - 
28H,O (Janssen Chimica), Amberlyst-15 (Al- 
drich) and acetic acid 2 99% (Baker) were of 
commercially available purity. DHM 90% and 
reference samples of DHM-OH, DHM-OAc, 
1-(3,3-dimethylcyclohexyl)ethanol and l-(3,3- 
dimethycyclohexyl)ethyl acetate were obtained 
from Quest International (Ashford, UK). lo- 
50% I-IPA/SiO, catalysts were prepared by 
impregnating Aerosil 380 (Degussa) with an 
aqueous HPA solution, followed by drying at 
13O”C/O.2-0.3 mmHg for 1.5 h. 

2.2. NMR spectroscopy 

31P NMR MAS and solution spectra were 
measured on a Varian VXR-4OOS spectrometer 
as described elsewhere [20]. 1% H,PO, in D,O 
was used as an external reference. 

2.3. Reactions 

The hydration and acetoxylation of DHM 
were carried out batchwise in a 75 ml double- 
walled glass reaction vessel equipped with a 
magnetic stirrer. Major products, DHM-OH and 
DHM-OAc, as well as byproducts, l-(3,3-di- 
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methylcyclohexyl)ethanol (CHE) and I-(3,3-di- 
methylcyclohexyljethyl acetate (CHEA) [5], 
were identified by GLC using authentic sam- 
ples. GC analyses were performed on a HP 
5890 instrument: FID, 25 m X 0.32 mm column 
with CP Sil 5 CB stationary phase. Undecane 
was used as a reference to determine response 
factors (wt.): DHM (0.991, DHM-OH (1.24), 
DHM-OAc (1.37), CHE (1.24) and CHEA 
(1.40). Unconverted DHM was measured, as- 
suming the same response factor for DHM and 
all its isomerization products. 

2.3.1. Homogeneous acetoxylation 
The homogeneous acetoxylation was per- 

formed by adding DHM (0.1-1.3 M) to a 
0.002-0.005 M (0.5-1.5 wt%) H,PWt20, . 
lOH,O solution in AcOH pre-thermostatted at 
20-40°C. At appropriate time intervals, aliquots 
were taken, diluted with hexane (to precipitate 
HPA) and analyzed by GLC. 

2.3.2. Biphusic reactions 
The direct hydration of DHM was performed 

in a two-phase system by contacting 2.0 g of 
DHM (14 mmol, upper phase) with 8.0 g of 
33-71 wt% PW aqueous solution (bottom phase) 
at 50-70°C for l-4 h with vigorous stirring. 
Under such conditions, the amount of DHh4 and 
its hydration products in the aqueous phase as 
well as the amount of HPA in the organic phase 
were negligible. Eventually, the organic phase 
was separated in a separatory funnel and prod- 
ucts were determined by GLC. The aqueous 
catalyst phase was recycled without loss of 
activity. 

The combined acetoxylation/hydration in a 
two-phase system DHM/AcOH-H ,O-HPA 
was carried out by contacting 1.5-4.0 g (1 l-28 
mmol) of DHM (upper phase) with 8.0 g of 
50-70 wt% HPA solution in AcOH-H,O 
(50/50-77/23 v/v) at 20-30°C for l-5 h 
with vigorous stirring, unless otherwise stated. 
The upper (product) phase was separated and 
the products were determined by GLC. The 
catalyst phase can be re-used by adding fresh 

DHM, but for sustainable performance and to 
prevent HPA precipitation, the loss of AcOH 
and H,O due to the reaction and product isola- 
tion must be compensated for by adding a calcu- 
lated amount of AcOH and of H,O after each 
run. Eventually, the catalyst phase was diluted 
with water and extracted with hexane to isolate 
the remaining products and DHM. The addition 
of water caused a substantial hydrolysis of 
DHM-OAc. 

2.3.3. Heterogeneous acetoxylation with HPA/ 
SO, catalyst 

This reaction was performed by contacting 
5.0 g of a stoichiometric l/ 1 molar mixture of 
DHM-AcOH with 0.1-0.5 g of lo-50 wt% 
HPA/SiO, at 14-20°C for 0.5-2 h with in- 
tense stirring. Care must be taken as to leaching 
of HPA from the catalyst. A simple test was 
used to qualitatively indicate any leaching: Di- 
luting the filtered mixture with hexane (ca. 5- 
fold). A white HPA precipitate appeared if sig- 
nificant leaching had occurred. To prevent HPA 
leaching, one must refrain from contacting the 
catalyst with neat AcOH. No leaching at molar 
ratios of DHM/AcOH > l/3 (50/50 v/v) 
was observed, but at higher AcOH concentra- 
tion, some PW leaching took place. After reac- 
tion, when the stirring had stopped, the catalyst 
quickly settled. It was filtered off, the filtrate 
was diluted with hexane and analyzed by GLC. 
The catalyst was washed with hexane and re- 
used. 

3. Results and discussion 

3.1. Homogeneous acetonylation 

With PW as Bronsted acid catalyst, acetic 
acid adds easily, at 20-4O”C, to the most reac- 
tive double bond of DHM to form Dm-OAc 
(Eq. (2)). The reaction reaches an equilibrium at 
ca. 30% DHM conversion (Fig. 1). The process 
is strongly complicated by acid-catalyzed iso- 
merization of DHM, yielding a number of 
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unidentified DHM isomers, as well as by DHM 
cyclization. Liquid-phase double bond and cis- 
truns isomerization of olefins catalyzed by HPA 
has been reported elsewhere [21]. The cycliza- 
tion of DHM, seemingly irreversible, gives rise 
to the slow formation of CHEA as a secondary 
acetoxylation product [5]. As a result, the selec- 
tivity to DHM-OAc quickly decreases with in- 
creasing DHM conversion (Fig. l), as it does 
with increasing temperature. In addition to 
DHM-OAc, 6-10 mol% DHM-OH is also 
formed, as the reaction mixtures always contain 
traces of water, which is a more efficient nucle- 
ophile than AcOH [22]. The molar catalytic 
activity of PW in DHM acetoxylation is 80 
times higher than that of H,SO,, as found from 
initial reaction rates. This is in accordance with 
the acid strengths of PW and H *SO, in AcOH 
(pK, 4.8 and 7.0, respectively [ll]). It is worth 
noting that HPA can be easily recovered by 
simply precipitating HPA from the reaction 
mixture with a hydrocarbon solvent, e.g. hex- 
ane. 

HPA-catalyzed homogeneous acetoxylation 

40 80 120 160 200 

TIME, min 

Pig. 1. Homogeneous (closed circles) and heterogeneous (open 
circles) acetoxylation of DHM catalyzed by PW at 20°C in AcOH: 
(1) selectivity to DHM-OAc +DHM-OH, (2) DHM conversion 
and (3) selectivity to CHEA. Homogeneous reaction: 0.005 M (1.5 
wt%) PW and DHM/AcOH 1:lO mol/mol; DHM-OAc/DHM- 
OH product molar ratio: 90/10. Heterogeneous reaction: 2.0 wt% 
of 40 wt% PW/SiOz and DHM/AcOH 1:l mol/mol; DHM- 
OAc/DHM-OH molar ratio: 94/6. 

CHEA (or CHE) 

t 
AcOH (or H,O) 

RH + H+ _ RH + _ 2 R’H + 2 

AcOH (or H20) 
tl 

H+ + RH20Ac R’H,OAc + 

(or RH,OH) (or R’H?OH) 

Scheme 1. 

- R’H + H+ 

H+ 

of 1-hexene to 2-hexyl acetate has been reported 
[16]. The reaction reached an equilibrium at 
around 90% 1-hexene conversion at 110°C. 
Keggin-type HPAs - PW the most efficient - 
were found to be 30-90 times as active as 
H ,SO,, slightly ranging in their activity within 
a factor of 3 in agreement with their acid strength 
in AcOH. 

The acetoxylation of DHM can well be repre- 
sented within the framework of carbenium ion 
mechanism [22] as shown in Scheme 1, where 
RH and R’H are DHM and a DHM isomer, 
respectively. 

The protonation of DHM generates the carbe- 
nium ion, RH;. This can be subjected to 
nucleophilic attack by AcOH (or H,O) to give 
DHM-OAc (or DHM-OH). Alternatively, RH; 
can isomerize to R’H l to further give a DHM 
isomer, R’H, or its acetate and alcohol. In addi- 
tion, in a slow and apparently irreversible pro- 
cess, RH; can cyclize and form a cyclic alco- 
hol or its acetate (e.g. CHE and CHEA). Thus 
one can expect that the more efficient the nucle- 
ophile is the slower the isomerization and cy- 
clization take place. 

3.2. Biphusic reactions 

3.2.1. Direct hydration of DHM 
The direct hydration of DHM to DHM-OH 

(Eq. (1)) in the two-phase system, DHM/H,O- 
PW, proceeds slowly due to a very low solubil- 
ity of DHM in water. Elevated temperatures 
(60-80°C) and high HPA concentrations (60-70 
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Table 1 
Two-phase hydration of DHM to DHM-OH catalyzed by PW 
aqueous solution 

H,PW&a T r Conversion Selectivity 
(wt%) (“C) (minX%) (mol%) 

33 50 80 1.0 95 
63 50 80 3.1 91 
63 60 120 5.6 90 
63 70 120 6.7 76 
63 80 180 15 39 
71 60 60 5.5 91 
71 60 120 6.4 79 
71 60 180 7.6 71 
71 60 260 10 63 

wt%) are needed, which makes the reaction 
non-selective. The selectivity to DHM-OH goes 
quickly down as the DHM conversion exceeds 
5% (Table 1); a large number of byproducts is 
formed. At DHM conversions of 6-15%, a 
significant amount of CHE is formed. Although 
the catalyst is easily recyclable, the reaction is 
synthetically unsound because of low selectiv- 
ity. 

3.2.2. Acetoxylation / hydration of DHM in 
two-phase system 

Addition of acetic acid to the DI-IM/H,O- 
PW system increases the solubility of DHM in 
the catalyst phase and thereby greatly enhances 
the reaction rate. The reaction, which is now a 
combined acetoxylation/hydration, proceeds 
readily at 20°C with a much higher selectivity to 
DHM-OH + DHM-OAc (Table 2) compared 
to the homogeneous acetoxylation and direct 

hydration of DHM. Thus, a 90% selectivity to 
DHM-OH+ DHM-OAc can be obtained at 
21% DHM conversion, which is synthetically 
useful. The selectivity to CHE + CHEA is less 
than 1%. About 10% of DHM is converted to 
DHM isomers. No significant polymerization of 
DHM was observed at lo-20% DHM conver- 
sion. Mechanistically, the increase in selectivity 
can be explained as a result of efficient trapping 
of the RH,f carbenium ion by water molecules 
- which are more nucleophilic than AcOH - 
thus preventing the isomerization and cycliza- 
tion of DHM (Scheme 1). The molar ratio 
DHM-OH/DHM-OAc is 80/20-70/30 in the 
product phase; after work-up, it is 96/‘4-85/15 
due to DHM-OAc hydrolysis. In the absence of 
HPA, a 50/50 v/v DHM-AcOH mixture turns 
to a two-phase system when adding ca. 5% 
water based on AcOH. With HPA, the phase 
separation takes place even at lower [H,O], 
depending on the HPA content. In such a sys- 
tem, DHM and AcOH as well as reaction prod- 
ucts are distributed between the two phases. Yet 
DHM and reaction products accumulate (80- 
90%) in the upper phase whereas AcOH is 
mainly in the bottom (catalyst) phase. Impor- 
tantly, HPA was practically entirely in the cata- 
lyst phase, thus enabling easy and clean catalyst 
recycling. 

Fig. 2 shows the catalyst recycling behaviour 
in the biphasic acetoxylation/hydration of 
DHM. It is seen that the activity (conversion) 
and selectivity are practically constant, 89-92% 

Table 2 
Acetoxylation/hydration of DHM catalyzed by PW in two-phase system DHM/AcOH-H,O-PW 

PW (wt%) AcOH-H,O (~01%) DHM (mmol) T (“C) 7 (mitt) Conversion (o/o) Selectivity a (mol%) 

IO 50/50 11 50 210 30 58 

70 63/37 11 50 210 47 54 
62 14/26 11 20 300 15 95 
68 V/23 11 20 180 21 90 
68 ?‘I/23 11 20 210 29 88 
68 77/23 28 30 120 16 93 
68 II/23 22 30 300 35 84 

54 b 77/23 22 30 90 60 51 

a Selectivity to DHM-OH + DHM-OAc based on DHM charged; after work-up, the molar ratio DHM-OH/DHM-OAc: 96/4-85/15. 
;fne selectivity to CHE + CHEA was within 0.5-0.81. 

H,PMo,,O,,; selectivity to CHE + CHEA: 6%. 
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01 
2 4 6 

NUMBER OF RECYCLE RUN 

Fig. 2. Recycling of catalyst in the biphasic acetoxylation/hydra- 
tion of DHM (28 mmol) with 68 wt% PW in AcOH-H,O 73/23 
v/v (8.0 g), 3O”C, 2 h: (1) Selectivity to DHM-OH+ DHM-OAc 
and (2) DHh4 conversion. 

and 14-16%, respectively, during 6 runs. Ini- 
tially colorless, the catalyst phase turned brown 
during the reaction, but no loss of activity was 
observed. Nor did HPA decomposition take 
place, as is clearly seen from 31P NMR spectra 
of the catalyst phase before and after use (Fig. 
3). The spectra contain only the well-known 
line at - 15.7 ppm from PW. 

-15.7 

1 

-15.7 

2 

-0 -2 -4 -6 -8 -10 -12 -14 -16 
wm 

Fig. 3. “P NMR spectra of the 68 wt% PW catalyst solution in 
AcOH-H,O 77/23 v/v before (1) and after (2) use. 

Table 3 
Acetoxylation of DHM with solid acid catalysts (DHM/AcOH 
1: 1 mol/mol) 

Catalyst a (wt%) T 7 Conversion Selectivity b 
(“C) (min) (%) (mol%) 

PW (5.0) 20 60 < 1 - 
Amberlyst-15 (10.0) 20 240 3.1 68 
25% PW/SiO, (2.0) 20 30 2.6 91 
25% PMo/SiO, (2.0) 20 30 12 57 
40% PW/SiO, (2.0) 20 25 13 84 
40% PW/SiO, (2.0) 14 30 7.9 90 
50% PW/SiO, (2.0) 14 45 10 88 

a In parentheses, catalyst amount in total reaction mixture. 
b Selectivity to DHM-OAc + DHh4-OH based on DHM charged; 
DHM-OH/DHM-OAc molar ratio: 4/96-7/93. At DHh4 con- 
version of 8-13%, the selectivity to CHE+ CHEA was within 
0.6-1.0%. 

PMo showed a rather high activity but low 
selectivity in converting DHM (Table 2). PMo 
was quickly reduced by the reaction mixture, 
which made it difficult to separate the catalyst 
from the product phase. Similarly, PMo reduc- 
tion was observed in I-hexene acetoxylation 
[161. 

3.3. Heterogeneous acetoxylation with PW/ 
SiO, catalyst 

Silica, due to its inertness towards HPA, is 
the most widely used support for solid HPA 
catalysts. The state and acidity of PW on SiO, 
have been reviewed elsewhere [ 121. The acetox- 
ylation of DHM with 3550% PW/SiO, cata- 
lysts proceeds similarly to the homogeneous 
acetoxylation (Fig. 1, Table 3). The catalytic 
activities of PW in the two cases are compara- 
ble, while the selectivity of the solid catalyst 
(g&90% at &lo% conversion) is higher than 
that of the homogeneous counterpart, less than 
1% CHE + CHEA being observed. Probably this 
is because it is more difficult for the RH,f 
cation to isomerize on the catalyst surface than 
in solution. The PW/SiO, catalyst, initially a 
white powder, turned brown after use. It was 
readily recoverable by filtration and could be 
used repeatedly (four times) without loss of 
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activity. But further, a gradual deactivation was 
observed probably due to blocking of acid sites 
by DHM oligomers. With a stoichiometric 1:1 
DHM-AcOH mixture, no PW leaching from 
the catalyst was observed (see Section 2). No 
decomposition of PW after reaction was found 
either, as seen from 31P MAS NMR spectra of 
the 40% PW/SiO, catalyst before and after use 
(Fig. 4). Both s pectra contain only one line from 
neat PW. 

Thermal pre-treatment of PW/SiO, removes 
water from the catalyst and strongly enhances 
its activity. Optimally, this is done by pre-heat- 
ing the catalysts at 13O”C/O.2-0.3 mmHg for 
1.5 h. The activity of PW/SiO, based on the 
total amount of PW in the catalyst depends 
dramatically on the PW loading, reaching a 
maximum at 3.5-40 wt% PW loading (Fig. 5). 
Similar dependencies have been reported and 
explained as the result of a decrease of the HPA 
acid strength at lower loadings due to interac- 
tion of HPA with surface silanol groups [23]. 

PW/SiO, showed much higher activity than 
Amberlyst-15, which is not unexpected [ll]. 
Surprisingly, bulk PW showed a very low activ- 
ity, if any. This can be explained by the small 

1 
0 -2 -4 -6 -8 -10 -12 -14 -16 -18 PPm 

Fig. 4. ” P MAS NMR spectra of the 40 wt% PW/SiO, catalyst 
before (1) and after (2) use. 

PW/(PW +SiO& wt X 

Fig. 5. Conversion versus HPA loading for the acetoxylation of 
DHM catalyzed by PW/SiO, at constant amount of PW (0.80 
wt%) in DHM/AcOH I:1 mol/mol mixture, 14°C. 30 min. 

surface area of bulk PW (l-5 m* g- ‘>. There- 
fore the amount of accessible proton sites in 
bulk PW is about lo* times less than in the 
SiO,-supported PW. Also the deactivation of 
very strong proton sites of the bulk PW may 
take place due to adsorption of DHM or reac- 
tion products, while the weaker proton sites in 
the supported catalyst are less susceptible to 
such site blocking. 

As in biphasic system, PMo/SiO, exhibited 
a high activity but low selectivity in the DHM 
acetoxylation (Table 3). Again, PMo was re- 
duced during the reaction; a fine suspension of 
the reduced PMo dispersed over both phases, 
making it difficult to recover the catalyst. 

4. Conclusion 

The Keggin-type HPA, H3PW12040, is the 
active catalyst for the hydration and acetoxyl- 
ation of DHM to DHM-OH and DHM-OAc. 
The HPA shows much higher catalytic activity 
than conventional acid catalysts such as H2S0, 
and Amberlyst- 15. The uncommon solubility 
properties of HPA have been profitably ex- 
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ploited to develop a practical method of the 
combined acetoxylation/hydration of DHM in 
two-phase system, providing a 90% selectivity 
to the sum of DHM-OH and DHM-OAc at 
2 1% DHM conversion as well as easy and clean 
catalyst recycling without loss of activity. 

Acknowledgements 

The authors are thankful to Dr. J.A. Peters 
and Mr. K.R. Kloetstra from TU Delft for the 
help in NMR measurements (J.A.P.) and prelim- 
inary experiments (K.R.K.). Stimulating discus- 
sions with Mr. C. Newman, P.N. Davey and C. 
Richardson (Quest Int.) are highly appreciated. 

References 

111 

121 

[31 

[41 

W.F. Erman, Chemistry of the Monoterpenes. An Encyclope- 
dic Handbook. Part A (Marcel Dekker, New York, 1985). 
French Pat. 2 597 861 (1987); Chem. Abstr. 109 (1988) 
110695. 
Y. Matsubara, T. Fnjiwara and K. Tanaka, Yuki Gosei 
Kagakn Kyokai Shi 31 (1973) 924; Chem. Abstr. 81 (1974) 
37653. 
Y. Matsubara, K. Tanaka, M. Urata, T. Fukunaga, M. Kuwata 

and K. Takahashi, Nippon Kagaku Kaishi (1975) 855; Chem. 
Abstr. 84 (1976) 180398. 

[5] K. Tanaka and Y. Matsubara, Nippon Kagaku Kaishi (1977) 
922; Chem. Abstr. 87 (1977) 184688. 

[6] S.A. Poddubnaya, V.G. Cherkaev and S.A. Voitkevich, Khim. 
Drev. (1983) 93; Chem. Abstr. 99 (1983) 176083. 

[7] Indian Pat. 154 860 (1984); Chem. Abstr. 105 (1986) 227075. 
[8] Indian Pat. 154 862 (1984); Chem. Abstr. 106 (1987) 18872. 
[9] M. Nomura and Y. Fujihara, Nippon Kagaku Kaishi (1983) 

1818; Chem. Abstr. 100 (1984) 192083. 
[lo] M. Nomura, T. Inoue and Y. Fujihara, Nippon Kagaku 

Kaishi (1992) 388; Chem. Abstr. 117 (1992) 90513. 
[ll] IV. Kozhevnikov, Russ. Chem. Rev. 56 (1987) 811. 
[12] IV. Kozhevnikov, Catal. Rev. Sci. Eng. 37 (1995) 311. 
1131 R.J.J. Jansen, H.M. van Veldhuizen, M.A. Schwegler and H. 

van Bekkum, Reel. Trav. Chim. Pays-Bas 113 (1994) 115. 
[14] M. Misono and N. Nojiri, Appl. Catal. 64 (1990) 1. 
[15] US Pat. 3 644 497 (1972). 
1161 S.M. Kulikov and I.V. Kozhevnikov, Izv. Akad. Nauk SSSR 

Ser. Khim. (1982) 1651. 
1171 A. Aoshima, S. Tonomura and S. Yamamatsu, Polym. Adv. 

Technol. 2 (1990) 127. 
1181 M.N. Timofeeva and IV. Kozhevnikov, React. Kinet. Catal. 

Lett. 54 (1995) 413. 
[19] S. Sato, H. Furuta, T. Sodesawa and F. No&i, J. Chem. 

Sot. Perkin Trans. 2 (1993) 385. 
[20] IV. Kozhevnikov, A. Sinnema, R.J.J. Jansen, K. Pamin and 

H. van Bekkum, Catal. Lett. 30 (1995) 241. 
[21] VS. Nayak and J.B. Moffat, Appl. Catal. 36 (1988) 127. 
[22] C.K. Ingold, Structure and Mechanism in Organic Chemistry, 

2nd Ed. (Cornell University Press, Ithaca, 1969). 
[23] IV. Kozhevnikov and M.N. Timofeeva, J. Mol. Catal. 75 

(1992) 179. 


