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I. INTRODUCTION

The simplest aryl alkyl ketones, acetophenone, 

benzyl methyl ketone and propiophenone, are important 

industrial intermediates. The study of their prepara­

tions or of methods suitable for their preparations is 

therefore of importance from an industrial aspect too. 

This is the fundamental reason why the present theme

was chosen.

The aim was to investigate some vapour-phase, het­

erogeneous catalytic procedures with regard to the pre­

paration of the two isomeric compounds, benzyl methyl 

ketone and propiophenone. Nor purposes of comparison, 

the work connected with the synthesis of benzyl methyl 

ketone included the study of certain catalysts employed 

earlier for similar purposes, but now under the continu­

ous flow conditions used in the present investigation.

In addition to these, primarily oxide catalysts were 

examined which have not yet been used in this reaction, 

i.e. for the preparation of compounds by ketonization.

A second aim was to study the isomerization of 

2-methyl-3-phenyloxirane, with the accompanying forma­

tion of ketones. This transformation was examined on
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metal catalysts, with an impulse-microreactor technique.

In contrast with the original aims, this disserta­

tion contains only results relating to the preparation 

of benzyl methyl ketone. The reason for this is that, in 

the isomerization of the oxirane, it did not prove poss­

ible to create reaction conditions that favoured the

process leading to propiophenone.
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II. REVIEW OF LITERATURE

II.1. Formation of symmetrical and unsymmetrical ketones

by thermal decarboxylation over metallic oxide

catalysts

II.1.1. Decomposition of monocarboxylic acid salts

One of the oldest and most often cited methods for

the preparation of symmetrical ketones is the pyrolytic 

decomposition of calcium, magnesium, barium, lead/II/ or 

other salts of monobasic carboxylic acids /1-3/• Lead 

salts have been reported to give good results /3/:

0и
(RC02) 2M * R-C-R + MCO 3

The thermal decarboxylation of iron carboxylates has also 

been shown to be an excellent method for the preparation 

of symmetrical straight-chain aliphatic ketones /4/»

Williamson /5/ long ago showed that the calcination 

of a mixture of the calcium salts of two fatty acids gave

the mixed ketone:

0
(RCO^ 2Ca(RC°2) 2 ft 2 CaCO„ + 2 R-C-RCa + 3
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The mechanism of pyrolysis of calcium salts of 

carboxylic acids is as follows /6,7/:

+ 1/М = § Ca/RCOOM * R-C=0 + MO

0+ II
R-C=0 + RCOOM * R-C-R + M + co2

Alkyl phenyl ketones are generally formed in satis­

factory yields when this method is applied to mixtures 

of the iron salts of benzoic acid and an aliphatic acid 

/8/. Morgan and Holmes /9/ prepared unsymmetrical ketones 

by using barium salts. This procedure has been modified 

by carrying out the reaction in vacuo. Miller et al. /10/ 

reported that, on decarboxylation, acids which have no 

c<-hydrogen atom may yield unsymmetrical ketones instead 

of the symmetrical compound.

• ICatalytic decarboxylation of carboxylic acidsII.1.2.

Symmetrical ketones are formed by passing vaporized 

aliphatic or aromatic carboxylic acids over different 

types of oxide catalysts at high temperatures:

0cat. oxide, heat и
RCOOH + HOOCR * R-C-R + C02 + H20

This procedure is derived in fact from the old method of

preparing symmetrical ketones by calcining the calcium
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or barium salts of monobasic organic acids at red heat 

/1,2/. Squibb /2/ conceived the idea of transforming 

this reaction into a catalytic one, by passing the va­

pour of acetic acid over barium carbonate heated to 

about 500°G. Acetone, water and C0o were obtained.

In general, ThO^, MnO, Mn02 and Zr09 have proved 

to be the best catalysts for the formation of acetone 

and diethyl ketone from acetic and propionic acids at 

400-450°C, as well as diphenylacetone and benzophenone 

from phenylacetic and benzoic acids /11,12/. As a better 

catalyst for this reaction, Swann et al. /13/ used aero­

gel thoria, which gave a good yield of ketone at tem­

peratures as low as 310°C. Calcium carbonate, zinc oxide, 

cadmium oxide, alumina and chromic oxide give good re­

sults only with acetic acid and lower aliphatic acids

/14/.

Studies have been made of the preparation of alkyl

phenyl ketones by the thermal decarboxylation of a mix­

ture of two acids /aliphatic and aromatic/ over a metal 

oxide catalyst. It was found that the catalytic decompo­

sition of a mixture of the two acids by means of oxides,

A1903, Cr203 /14/, MnO, Th02 /11/, MgOsuch as CaO, ZnO,

/15/, CdO, FeO and Fe203 /16/, gave the unsymmetrical

ketone derived from the two acids, rather than the sym­

metrical ketones:

cat. oxide, heat
RCOOH + HOOCAr
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Sabatier /17/ states that three ketones are ob­

tained if we start with two aliphatic acids, or with 

one aliphatic acid and phenylacetic acid, but only two 

when an aliphatic acid is used with benzoic acid. 

Bouchoule et al. /18/ reported the kinetic decomposi­

tion of mixtures of aliphatic carboxylic acids leading 

to ketones on ThC^:

00 0Th02
► R-C-R + R-C-R + R-C-R

и _ и _
RCOOH + RCOOH

300°C

A simple method for the preparation of unsymmet- 

rical ketones is to pass a mixture of the vapours of 

the two acids over Th02 at about 400°C. For example, 

this is the best method, for the preparation of benzyl 

methyl ketone, and was used first by Pickard and Kenyon 

/19/, who obtained the ketone in good yield. Herbst and 

Manske /20/ employed Th02 in pumice at higher tempera­

tures /420-450°С/, the yield then being around 65%.

Martellо and Ceccotti /21/ examined the formation of

The bestthree types of mixed ketones over ThO^AlgO^- 

yields in these reactions are shown in Table 1.

The aromatic acids in which the carboxyl group is

in a side-chain, such as phenylacetic and phenylpropionic 

acids, can be advantageously transformed into the corre­

sponding symmetrical ketones at 430-470°C /22,23/•
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Table 1. Yields of mixed ketones under various reaction

conditions

Yields %
Molar ratio 

MeCOOH/RCOOH Benzyl methyl Methyl propyl Acetophenone
ketoneketone

44 /4бО°С/ 

55 /420°С/ 

64 /420°С/ 

70 /420°С/

1:1

44 /4бО°С/ 

68 /420°С/ 

74 /420°С/ 

72 /420°С/

2:1

85 /420°С/ 

75-80 /420°С/ 

88 /420°С/

3:1

4:1

5:1

More recently, Thigpen and Trebeilas /24/ pointed out 

that a mixture of an aliphatic and an aromatic carboxylic 

acid can be converted into an unsymmetrical ketone with 

the use of a cobalt compound as catalyst.

II.1.3* Catalytic decomposition of acid anhydrides

Similarly to the carboxylic acids, the acid anhydri­

des can be decomposed catalytically to form the corres­

ponding symmetrical ketones:

0
0R-C catalyst\ * R-C-R + C020

heatR-C
*

0
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When an acid and the anhydride of another acid 

are used together, catalytic decomposition gives an 

unsymmetrical ketone with the two symmetrical ketones 

/25/. Acylation by means of the decarboxylation of 

arylacetic acids was described earlier /26,27/.

II.2. Isomerization of 2-methyl-3-phenyloxirane on

heterogeneous catalysts

II.2.1. Synthesis of 2-methyl-3-phenyloxirane

The work relating to the synthesis and chemical 

transformations of the oxiranes has been surveyed by 

numerous authors /28-40/.

2-Methyl-3-phenyloxirane exists in various stereo- 

isomeric forms, as the cis and trans isomers and the

optical isomers of these:

H„C
3 \

0

о
III

I: /2R/-ci_s-2-methyl-3-phenyloxirane;

/IS,2R/-1,2-epoxy-l-phenylpropane.

I+mirror image: /í/-cis-2-methyl-3-phenyloxirane. 

II: /2R/-trans-2-methyl-3-phenyloxirane;

/IR,2R/-1,2-epoxy-l-phenylpropane.
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III: /2S/-trans-2-methyl-3-phenyloxirane; 

/IS,2S/-1,2-epoxy-l-phenylpropane. 

II+III: /+/-trans-2-methyl~3-phenyloxirane;

/IRS, 2RS/-1,2-epoxy-l-phenylpropane.

Cis and trans-2-methyl-3-phenyloxiranes have been 

prepared by various methods /41-52/.

The percentage yields in the formation of 2-methyl-

-3-phenyloxirane and phenylethylene oxide by the con­

versions of olefinic compounds via the perbenzoic acid 

and the bromohydrin /NBS/E^O/ methods are listed in 

Table 2.

Table 2. Conversion of olefinic compounds to oxirane via

various epoxidation methods

Bromohydrin /NBS/HgO/ 
Olefinic comp. Oxirane

Perbenzoic acid 

Olefinic comp. Oxirane Ref. Ref.
% %

69-75 /49/ /41/styrene styrene 83.3
60-80 /50/ 56.3 /41/allylbenzene allylbenzene

cis-prop enyl- 
benzene 51.9 /43/

Guss and Rosenthal /41/ reported that the availability 

and stability of the NBS /N-bromosuccinimide/ reagent sim­

plify the reaction, and the yields obtained make this pro­

cedure superior in many instances to alternative methods.
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Parker and Rockett /42/ prepared the trans isomer II from 

c<-bromopropiophenone. Cis and trans-2-methyl-3-phenyloxi--

ranes can also be prepared from salts of ephedrine and 

pseudo-ephedrine /43-48/.

II.2.2. Isomerization of 2-methyl-3-phenyloxirane on the

action of heterogeneous catalysts

As a result of the strained ring, the oxiranes are 

highly reactive compounds and are capable of many kinds 

of rearrangement reactions. These reactions are dealt 

with in recent reviews /28,31,53/* The main products of 

the rearrangement of oxiranes are carbonyl compounds and 

oc,ß -unsaturated alcohols. The rearrangements may be clas­

sified into: /1/ Base-catalyzed rearrangements. /2/ Acid- 

-catalyzed isomerizations. /3/ Thermal and photochemical 

isomerizations. /4/ Isomerizations on the action of he­

terogeneous catalysts.

In the case of the base-catalyzed reaction of benzyl- 

oxirane /with LiNP^/, however, very rapid^-elimination 

takes place /54/. Isomerization reactions of oxiranes 

leading to carbonyl compounds can be carried out with both 

Br^nsted and Lewis acids /55-57/. Other publications have 

appeared on the isomerizations of alkyl and aryl-substi­

tuted oxiranes containing various additional functional

groups /58,59/.
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The isomerization of oxiranes to carbonyl com­

pounds and unsaturated alcohols depends on the sur­

face state of the metal oxide catalyst. The isomeriza­

tion of olefin oxides has been described in detail in

the literature /50,52,60,61/. Catalysts that have been

reported for the isomerization of propylene oxide to 

propionaldehyde include aluminium oxide /62,63/, thorium 

oxide /64/, tungsten oxide /65/, chromium oxide /65,66/, 

silica gel and silica /67,68/. Malinovskii /61/ men­

tioned that the disubstituted ethylene oxides of the

type R-CH-CH-R, where R and R are aromatic or aliphatic 
N0'

groups, are isomerized to ketones.

The isomerization of propylene oxides was inves­

tigated by many workers, in attempts to confirm the pro­

posed mechanisms of the reactions and the relationships 

between the selectivity and the acidic and basic char­

acters' of the solid acids and bases /69/. The transforma­

tions were carried out on silica-magnesia and metal oxides 

/10/, lithium phosphate /71,72/, metal phosphates /73/,

RaX and REX /RE = rare earth metal cations/ /74/, zeolite 

/75/, and metals supported on silica, metal oxide or metal 

sulphate /76/.

Studies were recently performed /77-80/ on the iso­

merization of cycloalkane oxides catalyzed by various 

solid acids and bases. When Arata and Tanabe /81,82/ ex­

amined the isomerization of d-limonone over alumina, the
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yield of carbonyl compound was 75%. An investigation of 

the methyldialkyl-substituted oxiranes was reported by 

Joshi and Dev /83/.

Isomerization resulting in the formation of car­

bonyl compounds is a characteristic transformation. The 

mechanism of the catalytic reaction and the isomerizing 

activities of the catalysts have been examined in the 

cases of some model compounds /84-90/. Senechal et al. 

/84/, in investigations relating to the selectivity of 

splitting of the C—0 bond, showed that in the presence 

of metals this selectivity varied according to the se­

quence: P d Pt <C Rh, Cu, hi. Chernyshkova and Musenko

/86/ examined the isomerization of epoxy-cyclodecanone

and Rh-Al^O^, and observed only ketone forma-on Pd-A1^02 3
tion.

Catalytic hydrogenation of oxiranes generally yields 

alcohols. The stereochemistry and mechanism of the hydro- 

genolysis have been studied /87-95/. Lundsted et al. /96/ 

made a detailed study of the isomerization of propylene 

oxide to allyl alcohol. Numerous literature data can be 

found regarding the catalytic effects of metals and metal 

oxides. Supported and support-free metal catalysts have 

proved best /97-99/.

hi and Pd exhibit opposite selectivities in the 

hydrogenolysis of certain oxiranes. It has been estab­

lished that hi opens the ring on the more sterically-
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-hindered, and Pd on the less sterically-hindered side 

/87,88,100/. Examinations connected with the stereo­

chemistry of hydrogenolysis indicate that the configur­

ation of the alcohol formed is strongly influenced by 

the catalyst, the reactant and the experimental con­

ditions /98,101/.

The catalytic hydrogenolysis of benzyl-type com­

pounds is an important method for studying the mecha­

nisms of transformations catalyzed by metals /101-105/. 

Mitsui /98/ dealt with the hydrogenolysis of styrene 

oxide homologues on Raney Hi, Pd and Pt catalysts. On 

Raney Hi these styrene oxides gave ethylene /30-50%/ 

as well as 2-phenylethanols. The differences in the 

behaviours of cyclopropane, azidine styrene imine and

oxirane are ascribed to the differences in their af­

finities for the catalyst, and the differences in 

electronegativity of the С, H and 0 atoms /98,103,106, 

107/.

The catalytic cleavage of 4-phenyl-1,3-dioxan and

4-methyl-4-phenyl-1,3-dioxan using Pd or CuO-C^O^-BaCrO^ 

catalysts was studied by Cerveny et al. /108/. This cleav­

age of 4-phenyl-1,3-lioxan in an inert atmosphere pro­

duces propiophenone selectively.
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III. EXPERIMENTAL

III.l. Synthesis of benzyl methyl ketone with certain

heterogeneous metal oxide catalysts

During all preparations of benzyl methyl ketone 

/20,21/ with different catalysts, two molar ratios of

phenylacetic acid - acetic acid were used: 1:2 and 1:4»

III1.1. Description of experimental method

figure 1 illustrates a diagram of the flow reac­

tor technique applied /109/. Depending on the nature of 

the catalyst, the quantity of catalyst was 4-8 ml. The 

mixture of phenylacetic and acetic acids was fed into 

the reactor tube from the syringe.

III.l.2. Analysis

Esterification method

The quantity of unreacted phenylacetic acid remain­

ing after the preparation of benzyl methyl ketone was 

determined via the following method. 0.1 g of the cata­

lyzate was refluxed for 2 min with 3 ml of boron tri­

fluoride etherate /BF^.EtgO/ in methanolic solution, 

the mixture was then evaporated to dryness /110/. The

and
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residue was chromatographed /Pig. 2/. Por evaluation of 

the chromatograms, a calibration curve was prepared 

/Pig. 3/ after esterifying mixtures of phenylacetic acid 

and benzyl methyl ketone with known molar ratios by the

above procedure.

The gas chromatographic analysis was carried out

by Chrom-41 gas chromatograph. The chromatographic con­

ditions were as follows:

Column: 1.2 m long, 4 mm ID; 15% Apiezon-L on K^-S. 

Carrier gas: hydrogen, 40 ml/min. Thermostat tempera­

ture: 120°C. Sensitivity: 1:1-1:5. Chart speed: 4» 

Detector current: 100 mA. Sample injected: 3

III.1.3« Catalysts

III.1.3.1. Properties of catalysts

The catalysts used with their certain characteristics,

are listed in Table 3»

Table 3» Properties of certain metal oxide catalysts.

Surface Acidic Basic
ar^a centres centres
/myg/ /mmol/g/ /mmol/g/

Catalyst

a. 30% ThO^
b. 30% Th02-Al203
c. MnO
d. Cr203~Zn0 /Leuna-6l6/
e. NiO-MgO /Leuna-9024/
f. Bi203-Mo03-Si02/Leuna-9421/
g. A1203 /Strem/

0.05
0.013
0.27

15 0
<1 0.13

55 0
0.460.2
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All experiments were carried out with, fresh cata­

lyst. Before use, the catalysts were activated in a 

current of air at 500°C for 1 hour.

III.1.3.2. Preparation of 30% Th0o,_ 30% ThO^-AlgO^ and2
MnO catalysts

/а/ 30% Th0o /20/2

7 g screened pumice /grain size 1-2 mm/ is soaked

in 100 ml hot concentrated ВЖи and then washed tho-3
roughly with hot distilled water. In a porcelain dish 

the pumice is mixed with a solution of 8 g Th/Ж)^/^«515^0 

/Merck, Germany/ in 20 ml water, and the mixture is 

evaporated to dryness under vacuum. The impregnated 

pumice is ignited over a Bimsen burner until decompo­

sition of the nitrate is complete. The pumice carries 

about 30% /3 g/ ThOg.

/Ъ/ 30% ThO^-Al^ /21/

Excess 25% ЖН

ЭЯ^О and 10 g Th/N0^/^.5H2O in 700 ml distilled water. The

and dried for 8 hr. It

solution is added to 64.4 g Al/NO^/^.3

gelatinous precipitate is washed

is then crushed and screened.

/с/ MnO /12,17/

MnC^^HgO is treated with ammonium carbonate and
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the carbonate precipitated from solution is put into a 

reactor tube filled with glass beads, and heated at 

150-200°C in methanol vapour /feed rate 6.6 ml/hr *V.

A gentle stream of nitrogen is then passed through at 

400-450°C for 8 hr, in order to convert the MnCO 

MnO, which is allowed to cool to room temperature under 

nitrogen.

to3

III.1.4. Preparation of benzyl methyl ketone over new

heterogeneous metal oxide catalysts

We prepared benzyl methyl ketone on a preparative 

scale according to the method described by Herbst and 

Manske /20/ and Martello and Ceccotti /21/. We used

new metal oxide catalysts ^CrgO^-ZnO,

and MnO /11/funder

NiO-MgO, Bi203-

the same conditions-Mo03-Si02, 

/see Table 5/•

Al^O2. 3

4 ml catalyst /grain size 1-2 mm/ was placed in the 

reactor, and a mixture of phenylacetic and acetic acid 

in a molar ratio of 1:2 or 1:4 was fed in at a rate of 

6.6 ml/hr at 420-430°C. 50 ml product was collected, 

neutralized with 50% NaOH, extracted with benzene, and 

then distilled. Boiling point found: 11б-122°С/water suc­

tion; literature /20/ boiling point: 110-115°C/21-22 mm 

Hg. The residue also contained 1,3-diphenylacetone; boil­

ing point: 190-210°C/20 mm Hg.
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The HMR data on benzyl methyl ketone are:

О AВ

CH2— C - CH3

- / = 3*55 ppm; C = J = 7.16 ppm.A = J = 2.03 ppm; В

III.2. Investigation of transformations of 2-methyl-

-3-phenyloxirane on various heterogeneous cata­

lysts by means of a microreactor

III.2.1. Preparation of 2-methyl-3-phenyloxirane

We chose a suitable method for the preparation of

2-methyl-3-ph.enyloxirane, previously employed by Goodman 

et al. /38/ and Guss and Rosenthal /41/, using MBS a.s

reagent.

The amounts of compounds used were: 86.5 g /0,741 

mole/ 1-phenylpropene, 132 g /0.74 mole/ Ж-bromosuccin-

imide, and 201.7 g 30% /0.52 mole/ aqueous NaOH. A good 

yield was obtained: 75 g /77%/« The boiling point found: 

88-92°C/15 mm Hg; 

points /44/: trans 87«5°C/15 mm Hg; cis 80-80.5°C/17 mm 

Hg; literature njp: trans 1.5183 /45/, trans 1.5178 /42/; 

cis I.517O /45/.

24Y\ —D found: I.5I6O. Literature boiling

The conversion of 1-phenylpropene to 2-methyl~3- 

-phenyloxirane may properly be regarded as an oxidative 

process and constitutes an excellent method for indirect

oxiranation:



- 19

ether
(nbs/h26)CH = CH-CEU + HOBr3 3

1-phenylpropene

H+
О /°\+30% ЖаОН -н/ \сн-сн-сн сн-сн-сн&3 3

2-methyl-3-phenyloxirane

Bigure 4 shows the results of gas chromatographic 

analysis. The conditions were similar to those mentioned

in Section III.2.3*

The MER. spectrum /Big. 5/ reveals that the oxiraiie 

obtained contains 95% trans isomer and 5% cis isomer.

Binnegan and Wepplo /39/ too reported that the treatment 

of olefin with BBS and alkali provides a mixture rich in 

the trans oxirane.

The MIR data collected in Table 4 reveal that the 

methyl doublet in the cis isomer appears at a slightly 

lower chemical shift than the corresponding doublet in 

the trans isomer.

The characteristic IR bands of 2-methyl-3-phenyl-- 

oxirane are as follows /Big. 6/ /44,111/:

: 3010, 1700-1695, 1505, 1470, 1430, 1385, 1030, 
960, 870, 775, 750, 705 cm”1.

VIRmax
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Table 4. NMR data on 2-methyl-3-phenyloxirane prepared 

from olefin /45/

CH 3

C-2H doublet C-3H octet phenyl re­
sonance

öV5

CH. doublet3

бан 6%бЧ

7.15 ppm2.84 ppmTrans 1.29 ppm 3.38 ppm

0.95 ppm 3*84 ppmCis

5%.95%; cis isomerTrans isomer

Proton coupling constants

Trans Cis

JJCH3/HB = 5H2 CH3/HB = 5.5H2

J JHA/HB = 4 H2Ha/hb = 2 H2
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III.2.2. Description of microreactor technique

The microcatalytic reactor is characterized by 

the use of a very small quantity of catalyst /usually 

in the range 0.01-1 g/, with correspondingly small 

quantities of reactants. The experimental method was 

the pulse method. An outline of the experimental set- 

-up is shown in Pig. 7« The internal diameter of the 

reactor was 8 mm. It was coupled to a Chrom-41 gas

chromat о graph.

III.2.3» Analysis

Column selection

/а/ We had to choose an appropriate column material 

for the separation of both isomeric ketones /propio- 

phenone, benzyl methyl ketone/, isomeric alcohols /1- 

-phenyl-1-propanol, l-phenyl-2-propanol/ and 2-methyl- 

-3-phenyloxirane. This material was 15% polydiethylene 

glycol succinate /PDEGS/ /see Pig. 8/. The gas chromato­

graphic conditions were as follows: Column: 1.2 m long 

and 4 mm ID, containing 15% PDEGS on a support of si- 

lanized Kieselguhr /К^-S/ with a particle size of 0.2- 

-0.3 mm. Thermostat temperature:140°C. Detector current:

100 mA. Carrier gas: hydrogen, 40 ml/min. Sensitivity: 

1:20. Chart speed: 4- Sample injected 5 Д1.
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/Ъ/ When polyethylene glycol /PEG-20M/ on K^-S 

and Carbowax-1500 columns were used, only isomeric 

alcohols were separated, while a tris-/2-cyanoethoxy/- 

propane /FK№ III/ column could separate only isomeric 

ketones.

Several different ratios of these partition li­

quids were used to separate the isomeric ketones and 

alcohols, but after the test was repeated the column 

lost its activity. Bartók and Török /89/ and Arata 

et al. /77,81/ applied these columns in the cases of 

the isomerizations of unsaturated alcohols and cyclo-

alkene oxides, respectively.

III.2.4» Catalysts

III.2.4.1. Properties of catalysts

X-ai2o3 and Si02, with acidic and basic sites, 

were tested as supports. These catalysts had the foll­

owing properties:

Density Surfac Average diam­
eter ő/jm/

areaCatalyst used S/my g/D%

$-Al203 /0.4 mm/ 

Si02/0.2-0.3 mm/ 

3% hi/Cab-O-Sil 

Jfo Pd/Cab-O-Sil

100

6.8 45.4 14.8

6.972.215.4

3% Pt/Cab-O-Sil 14.0 38.4 7.2
T
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Before investigation, the catalysts were activated 

in a stream of hydrogen at 350°C for 2 hr.

III.2.4.2. Preparation of 3% Ni, Pd and Pt/Cab-O-Sil

catalysts

lumerous literature data deal with the prepara­

tion of supported Pt and Ш. catalysts /112-116/, while 

the preparation of 5% Pd on charcoal has been described 

in paper /117/#

We prepared the catalysts in question by adding an 

aqueous solution containing the required weight of the 

substance /E^PtClg, Ni/ITO^/or PdC^/ to an aque­

ous suspension of the support Cab-O-Sil with continuous 

stirring. The suspended layer was evaporated to dryness 

and then dried in an air oven at 130°C for 10 hr. Pinal-

ly, before use the catalysts were activated in a stream 

of hydrogen at 350°C for 2 hr.

III.2.5. Reaction of 2-methyl-3-phenyloxirane on the

heterogeneous catalysts /3% Ni, Pd and Pt/Cab-

-O-Sil/

The reactions were carried out with a normal pulse 

microreactor, in hydrogen as carrier gas. The weight of 

the catalyst was generally 3-Ю mg, but in some cases a 

higher amount was used. The catalysts were activated in
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hydrogen at 350°C for 2 hr, and then kept at the re­

action temperature for 1 hr. The amount of oxirane in­

jected was 1-2 д1. Investigations were performed at tem­

peratures in the range 200-320°C.

The microreactor was coupled with a Chrom-41 gas 

chromatograph, the gas chromatographic conditions being 

the same as described in Section III.2.3*
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IY. RESULTS АЖР DISCUSSION

IV.1. Preparation of benzyl methyl ketone

The experimental data on the preparation of benzyl 

methyl ketone over certain heterogeneous catalysts under 

various conditions are listed in Table 5. It can be seen

that when the reaction conditions are otherwise identical,

the amount of ketone formed increases with increase of the

proportion of acetic acid. Figure 9 illustrates the per­

centage yields of benzyl methyl ketone over different metal 

oxide catalysts, at the 2 different molar ratios and re­

action temperatures.

The 30% ThC>2 in pumice catalyst gave 37.6% ketone at 

420°C with a flow rate of 6.6 ml/hr. Herbst and Manske /20/

30% ThOg in pumice at 

430-450°C. With 15% ThC^ in pumice, Martello and Ceccotti 

/21/ obtained yields of 44% and 35% at 460°C. Pickard and 

Kenyon /19/, however, found a yield of more than 60%. The 

difference between our yield of ketone and those reported 

in the literature /19-21/ can be attributed to the lower 

activity of the catalyst, and the non-uniformity of the 

feeding of the mixture. Because of this latter, as a con­

sequence of the varying flow rate the periodic longer re­

sidence time may have led to decomposition of the ketone 

product, which showed up in a decreased yield.

reported a yield of 55-60% with
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Table 5. Percentage yields of benzyl methyl ketone over certain

catalysts

20Catalyst Best Phenylacetic/ Peed rate Yield % Yield %
ml/hr

Types of 
catalysts amount nD =1.5168 Бо11^п£ Ref» point

water
gtion

temp, acetic acids 
°C molar ratio

in lit. found 
theorg

su

55-65 37.6 n23=1.5178 124

60 36.0 n23=1.5178 124

30% Th0o- 1:22 6.6 /19,20,21/4205
1:4in pumice D

n23=1.5205 

n?2=1.5319 120-124

11630% Th02- 

-A120o

1:2 45.0
6.6 /21/4204

60.01:4 74 D

nj8=1.5158 116-118 

-18=1.5162 118 

nj8=1.5171 110
nj8=1,51161 112

n^8=1.5165 118
ni8=1.5l66 120

1: 2 53.4
6.6 /12,17/4102

61.31:4 11nD
46. 61: 2

6.64202MnO
66.01:4

1:2 48.8

61.3
6.64502

1:4 D

n23=1.5138 118-120

n22=l.5I6O 121-122 

--22=1.5184 120-124 

n23=l.5162

60.91: 2
4. 6 420Or2°3“Zn0 11.1

1:4 77.5
60.01:2 nDCr2°3~Zn° 4504.4 11.1

1:4 72.7 118D

n22=l.5143 132

n22=1.5157 134

n22=1.5151 118-120 

=1.5155 124

60.01:2
6.5NiO-MgO 420 11.1

60.01:4

62.71:2
6.5UiO-MgO 450 11.1 221:4 72.7 nD

n82=1.5179 

n22=l.5203 120-122
1:2 25.5 130

8^2^3_^°^3~' ^*2
-Si02

11.1450
1:4 42.4 D

n22=l.5165 118-122 

n22=l.5166 118-121

n22=1.5179 

n22=1.5l6l

1: 2 48.8
A1„0 2.3 420 11.12 3 66.61:4

1:2 41.0 122
Al^O 2.8 450 11.12 3 62.41:4 122D
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The method, of Martello and Geccotti /21/ with 30%

ThO^-Al^O^ gave a yield of 74%, compared with 60% in our 

experiment. We believe that the difference between the 

two results was due to decomposition of the compound, be­

cause 30% ThO^-AlgO^ is more active than 30% ThO^ in pum­

ice at 420°G.

The literature data show that the most useful ca­

talysts are ThOg and MnO. MnO has high activity, and is 

as good as ThOg for the preparation of unsymmetrical 

ketones at 400-450°C. It is generally known that the 

yields of symmetrical ketones are very high at 400-410°C 

/e.g. 70% in the case of phenylacetic acid/ /11,17/. Our 

experiment with phenylacetic and acetic acids in a molar 

ratio of 1:4 at 420°C gave a yield of 66%. The best re­

sults were obtained at 420°C. In the investigation of the 

product obtained on MnO catalyst, it was found that /in 

contrast to the other catalysts/ this catalyzate did not 

contain untransformed phenylacetic acid.

The best results obtained with the most active ca­

talysts are to be seen in Table 6.

ThOg has no acidic properties, but is slightly basic; 

hence, the bonds in ThOg can be expected to be less co-

AlgO^, which is a typical Lewis acid 

catalyst, exhibited almost the same activity as those of

valent than in Al^O^.

Cr^O^-ZnO, LiO-MgO and MnO. On the other hand, MgO, which

has a basic character, was almost inactive, while Bi^O^-

F «ч, m
$ ix

si^V'7
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-MoO^-SiO^ had only poor activity. These results seem to 

indicate that the activity and selectivity do not depend

directly on the acidic or basic natures of the catalysts. 

The data relating to the numbers of acidic and basic cen­

tres of some of the catalysts we used have been listed in

Table 3, from which it can be seen that the corresponding

data on the two best catalysts /NiO-MgO and Cr^^-ZnO/

differ considerably.

Table 6. Optimum yields of benzyl methyl ketone on various 

catalysts under different experimental conditions.

Temp.:450°C
Molar ratio:1:4 phenyl- 

acetic/acetic acids

Temp.:420°C
Molar ratio:1:4 phenyl- 

acetic/acetic acids
Catalyst

Peed rate 
ml/hr

Peed rate 
ml/hr

Yield Yield
% %

6.6 6030%Th02-Al203

CrgO^-ZnO 11.1 11.178 73

60NiO-MgO 11.1 11.1 73

6267A1„0 11.1 11.12 3
6.6 6.6 6166MnO

To summarize, it may be stated that NiO-MgO and Qt^O^- 

-ZnO proved the most suitable catalysts for the preparation 

of benzyl methyl ketone from a mixture of phenylacetic and

acetic acids.
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IV.2. Examination of transformation of 2-methyl-3-

-phenyloxirane on various heterogeneous catalysts

IV.2.1. X-A1203 and SiO •2

Hot many reports have been made on the isomeriza­

tion of epoxides as catalyzed by solid acids and bases, 

and little work has been done on the relationship be­

tween the selectivities and the acidic and basic pro­

perties of the catalysts /69/.

The isomerization of 2-methyl-3-phenyloxirane over 

and SiC>2 catalysts produces benzyl methyl ketone. 

Table 7 contains the results of the transformations ob­

served on $ -Al,p03

^-AlgO^

and on Si02, based on the chromato­

graphic analysis data /Eig. 10/. It can be seen that

Si02 catalyzed the transformation to the isomeric epoxide 

/cis-2-methyl-3-phenyloxirane/ and isomerization with 

ketone formation, while on ^-AlgO^ a third process too 

could be observed.

Numerous literature reports have described the iso­

merization and rearrangement of oxiranes over A^O^ and 

other acidic and basic catalysts /77-83,86, 118-120/. 

Carbonyl compounds are generally formed over A^O^ and 

Al203-Si02.
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Table 7. Catalytic activities and selectivities in

transformations of 2-methyl-3-phenyloxirane

1~A120^ /5 mg/Si02 /10 mg/ 
Conversion Selectivity

Reaction
temp. SelectivityConversion

°C % %% %
II IIIII II

6.18 30.5 63.4

2.43 28.3 69.3

З.46 36.9 59.6

4.08 31.4 64.5

57.87 42.06 60.6415.31250

46.28 53.72 78.523ОО 22.17

86.0941.45 58.55350 27.38

76.1946.26 53.774OO 29.42

I, cis isomer of 2-methyl-3-phenyloxirane-;

II, benzyl methyl ketone; III, 2-phenyl-propion- 

aldehyde.

The MÍR and IR spectra /Pigs. 11 and 12/ of the product 

obtained in our preparative-scale reaction overjf-A^O^ 

vealed that this was 2-phenylpropionaldehyde; that is 

sides the isomerization leading to benzyl methyl ketone, 

the isomerization epoxide 

by substituent migration, occurs as a fundamental process 

on this catalyst. This process is probably a transformation 

commencing with splitting of the benzyl C-0 bond, proceed-

cation, or by means of a concerted mech­

anism, with methyl group migration /Scheme 1/.

re-

be-

£» oxo compound, accompanied

ing via a carbonium
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CH

CH - CHI
0

-A A
w

CHQ 0
I 3 II
CH -c

\
H

Scheme 1.
IY.2.2. Experimental data on transformations over

supparted Hi, Pd and Pt/Cab-O-Sil

The transformations of 2-methyl-3-phenyloxirane over 

Hi, Pd and Pt/Cab-O-Sil catalysts were studied by an im­

pulse technique in the presence of hydrogen at 200-320°C. 

The main products of isomerization were benzyl methyl 

ketone and l-phenyl-2-propanol. Analysis was performed by 

gas chromatography, as illustrated in Pig, 13«

Catalytic activities and selectivities in the iso- 

merizations of 2-methyl-3-phenyloxirane over the supported 

metal catalysts are presented in Pigs. 14-23, together 

with the experimental data.
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The ratio of ketone formation increases with in­

creasing reaction temperature, while at the same time 

the quantity of alcohol decreases. This means that the

first reaction is the formation of alcohol, this reac­

tion being followed by dehydration leading to the for­

mation of ketone. The stereochemistry of hydrogenolysis 

indicates that the configuration of the alcohol formed 

is strongly influenced by the catalyst, the reactant 

and the experimental conditions /98,101/. The investi­

gated catalysts display the following sequence of ac­

tivity on the isomerization of 2-methyl-3-phenyloxirane: 

3% Pt/Cab-O-Sil > 3% Pd/Cab-O-Sil > 3% Ni/Cab-O-Sil.

In all investigations over the Pd catalyst, the 

cis isomer was nearly unchanged, as shown in Pig. 19«

On the Pt and Ni catalysts the quantity of the isomer

varied. It decreased as the reaction temperature was 

raised. The greatest change was observed on the Pt ca­

talyst /5-20%/. At higher temperatures, small amounts 

of 1-phenylpropane and 1-phenylpropene were also produced 

over Pd and Pt/Cab-O-Sil catalysts. On Ni/Cab-O-Sil, how­

ever, these two compounds were the principle products 

/see Pig. 20/.

Figure 14 shows the catalytic activity and the con­

version of 2-methyl-3-phenyloxirane as functions of tem­

perature when 10 mg Pt/Cab-O-Sil catalyst was used. The

conversion values relating to the two curves were deter-
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mined on the same catalyst sample on two consecutive 

days. A difference in activity was observed between the 

first day and the next day. In the course of these in­

vestigations, an interesting phenomenon was noted, which 

is unexplained up to now: the conversion decreased between 

26О and 280°C on a deactivated catalyst. This phenomenon 

was observed in the course of several other measurements

too, carried out on new catalysts.

The variations of the product compositions as a func­

tion of temperature for the first and second activations 

in the transformation of the oxirane are depicted in Pig. 

15. On each day, 10 mg catalyst was used for the first and 

second activations. It can be observed that the conversion

of the reactant was higher in the first and second activa­

tions as compared with those in Pig. 14. Figure 16 illus­

trates the variation in the product composition as a func­

tion of temperature on 10 mg Pt/Cab-O-Sil catalyst, with­

out activation at 350°C for 2 hr. There was no difference

in conversion and selectivity as compared with Pig. 15.

The results of investigations with 5 mg Pt/Cab-O-Sil 

catalyst are given in Pig. 17. The quantity of the cis 

isomer varies between 5 and 20%. Its amount decreases with

increasing temperature. As regards the catalysts we exam­

ined, the Pt catalyst exhibits a high activity with respect 

to the isomerization of the oxirane to the ketone.

The variation of the product composition as a func­

tion of temperature when 3,5 and 7 mg Pd/Cab-O-Sil catal
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was used is shown in Figs. 18 and 19. The selectivity

and conversion increase as the amount of catalyst is

increased. The isomerization accompanied by ketone for­

mation is catalyzed to a similar extent by the Pd ca­

talyst as by the Pt catalyst /Pigs. 17 and 19a/. How­

ever, since the Pd catalyst is much more stable as re­

gards its activity, it is preferable to use this rather 

than the Pt catalyst. The phenomenon that the conversion 

decreases with the increase of temperature between 200 

and 210°C is due to the fact that this temperature is 

lower than the boiling point of the oxirane, and hence 

the evaluation of the chromatographic peaks is inaccur­

ate because of the evaporation.

Figure 20 gives the results on Hi/Cab-O-Sil. The 

principal products in addition to benzyl methyl ketone

and l-phenyl-2-propanol are 1-phenylpropane and 1-phenyl-

propene. The percentage yield of 1-phenylpropane is 42- 

-56% and 68-75% on 2.5 and 5 mg, respectively, of ca­

talyst. The quantity of 1-phenylpropene varies between 

8 and 24%. The amount of 1-phenylpropane increases as 

the temperature is raised, while the quantities of benzyl 

methyl ketone and l-phenyl-2-propanol decrease. This fact, 

that the saturated and unsaturated hydrocarbons are formed 

with higher selectivities than the ketone and the alcohol, 

is due to the strong affinity of the catalyst for the

oxygen atom.
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The results obtained, on the three catalysts /Ni, 

Pd and Pt/ and the variation of the conversion of the 

oxirane as a function of temperature are outlined in

Pig. 21 /catalyst amount 5 mg/, figures 22 and 23 show

the variation of the product composition as a function 

of the catalyst amount at constant temperature over Pt 

and Pd/Cab-O-Sil. The selectivity of ketone formation

and the conversion increase with increase of the amount

of catalyst, while the yield of alcohol decreases. On 

large quantities of catalysts /25 and 30 mg/, the con­

version is as high as 100%, but some hydrocarbons are 

also formed in increasing amounts.

On the basis of our experimental work, it can be 

stated that the Pd and Pt/Cab-O-Sil catalysts are suit­

able for the vapour-phase transformation of the oxirane 

for preparative purposes too. We believe that more re­

search work is necessary to explain the interesting 

phenomenon that the conversion decreased between 260 

and 280°C on deactivated Pt/Cab-O-Sil catalyst.
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IV.2.3* Interpretation of the transformations

The mechanisms of transformation of oxiranes to

alcohols in solution in the presence of heterogeneous 

catalysts /Ni, Pd, Pt/ are discussed in the literature 

/98,104/. The stereoselectivity of the hydrogenolysis 

of benzyl-type compounds is affected by many factors, 

such as the structures of the compound, the natures of 

the catalyst and the solvent, the additives, etc. /106/.

In the present work, only benzyl methyl ketone 

and l-phenyl-2-propanol were detected in the gas phase 

for all of the different heterogeneous catalysts. The

ratio of the alcohol and ketone formed varies, depend­

ing on the hydrogenation and dehydrogenation processes.

IV.2.3*1» Adsorption of 2-methyl-3-phenyloxirane

A. Nickel/Gab-O-Sil .catalyst

The oxygen atom in the oxiranes possesses two 

lone-pairs; this gives a possibility for the reactant 

molecule to bind to the surface of the catalyst via its 

oxygen atom. On the Ni catalyst, therefore, 2-methyl- 

-3-phenyloxirane is probably transformed via I. The 

homobenzyl carbon in I can not approach so closely to 

the catalyst surface, and scarcely any attack on this 

carbon will occur. Accordingly, the hydrogenolysis of 

2-methyl-3-phenyloxirane occurs predominantly with re-
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tention of configuration over the hi catalyst.

3

I

7 / / / / / / / 7 7~J

B. Palladium and £latinum/Cad-0-Sil_catalyst_Si

The results of transformation of the oxirane over

different catalysts depend on the affinity of the oxy­

gen lone-pair and on the structure of the reactant mole­

cule. Since Pd does not have such a strong affinity for 

the oxygen lone-pair, over the Pd catalyst the oxirane 

is more probably transformed via II.

O'-

IIH----- C C----- GH 3

Ph H

v.*
/ ! / 7 У ) ! /Il/Г

However, the hydrogenolysis over the Pt catalyst de­

finitely favours the path via II, because Pt is less sen­

sitive to the catalyst hindrance than hi and Pd. Hence, the 

hydrogenolysis of 2-methyl-3-phenyloxirane over the Pd and
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Pt catalysts takes place predominantly with inversion of

configuration.

IV.2.3*2. Mechanisms of the transformations

A. hi_ckel/Cab-0-Sil_catalys_t

As a consequence of the strong affinity of Ni for 

the lone-pairs of the oxirane oxygen atom, the trans­

formation may he interpreted in that the surface adsorp­

tion of the substrate in form I makes possible the ra­

dical cleavage of the oxirane ring /105/. The surface 

binding /the strong chemisorption of the oxygen atom and 

the phenyl group, and the resulting increase in the oxi­

rane ring strain/, and also the well-known ready splitt­

ing of the benzyl C-0 bond, explain the ring-opening 

possibility illustrated in Scheme 2, i.e. the formation 

of the surface-bound radicals (2) and (3)^ The two-point sur­

face sorption of the starting compound inhibits the close 

approach of the benzyl carbon atom to the surface, and 

consequently (3) is formed in a slow reaction, with lower 

probability than (2). This can explain why the products 

1-phenylpropane and 1-phenylpropene are dominated by those 

which are formed in the further reactions of (2) , that is 

the 1-phenylpropane will be formed via olefin directly from 

the corresponding 2-methyl-3-phenyloxirane, but not from

l-phenyl-2-propanol /98/.



a • •
Ph-CHTCH-CH3*g:T1 I

H2

4S-оPh-CH2-CH2-CH3

CH3PhTCH-CH-CH3I b 1I • •
Ph - CH2 - CH - 0-♦

+ H’*0: • • 1
*

Ii
■ *

CH3CH3
I

Ph-CH2- C -Ö- Ph-CH2-CH-OH 

CH3 //1
*

1 I
* *

Ph-CH2-C = 0
Scheme 2.
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В. Palladium and ]Dlatinum/CаЪ-0-Sil_cataly s tn

In contrast with, hi, an 0-M bond is not produced on 

Pd and Pt; only the phenyl ring is sorbed. Accordingly, 

since the arrangement of the oxirane molecule on the sur­

face favours the approach of the benzyl carbon atom to the 

surface, the possibility is given for the formation of the 

Tf-benzyl complex (4) /Scheme 3/« In connection with the 

discussion of this question, it was pointed out by Smith

and Roth /121/ that the complete overlaping of the benzyl

carbon atom and the surface atom of the metal can not oc­

cur, because of the more favoured TÍ-complex formation; 

at the same time, the rate of hydrogen addition to this 

complex also increases. The oxygen is very distant from 

the surface of the catalyst in the resulting structure, 

and therefore the splitting-off of oxygen from the mole­

cule is not favoured. Thus, the oxygen-containing com­

pounds, the alcohol and the ketone, are obtained as the 

final products, via the intermediate (5) •



Scheme 3.
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V. SUMMARY

1. Preparation of benzyl methyl ketone by ketonization 

on oxide catalysts; best conditions for the prepara­

tion of the compound: 

temperature: 450°C

phenylacetic acid - acetic acid molar ratio: 1:4 

feed rate: 11.1 ml/hr

catalyst: CrgO^-ZnO or NiO-MgO 

Yield: 73%

2. Study of the isomerization of 2-methyl-3-phenyl-

oxirane:

/а/ Por synthesis of the compound, epoxidation via 

the bromohydrin was used, which has proved suit­

able in other cases. A yield of 77% was attained. 

The №MR spectrum and gas chromatographic data 

showed that the product contained the trans and 

the cis isomers in a ratio of 95:5.

/Ъ/ On ^f-Al203

formation of 2-phenylpropionaldehyde, produced by

as catalyst, the main process was the

substituent migration.

/с/ On Pd and Pt/Cab-O-Sil catalysts, under the con­

ditions of the pulse technique, the main reaction 

is isomerization leading to benzyl methyl ketone. 

The yield of this compound varies, depending on 

the amount of catalyst and the reaction tempera­

ture; the best value was 78% /10 mg Pt/Cab-O-Sil,
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320°С/. l-Phenyl-2-propanol is formed as side- 

-product.

/d/ On hi/Cab-O-Sil catalyst, primarily 1-phenyl- 

propane and 1-phenylpropene are formed by hy- 

drogenolysis.

/е/ With the increase of the temperature and the 

catalyst amount, the ketone 

shifted in favour of the former.

/f/ On the Pd catalysts the quantity of the cis iso­

mer is nearly constant, but on the Pt and hi ca­

talysts at low temperature isomerization to the 

cis-epoxide was observed.

/g/ Under the experimental conditions employed, the 

formation of the isomeric ketone and alcohol, 

and the cyclohexanone derivatives produced by 

hydrogenation, was not observed.

/h/ Between 260 and 290°C, a decrease of the con­

version was observed with increase of the tern-

alcohol ratio is

perature on deactivated Pt catalyst.

/1/ The difference in product composition can be 

interpreted by different adsorption of oxirane

molecule.

/j/ The Pd and Pt catalysts are suitable for the 

preparation of benzyl methyl ketone.
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Pig. 1. Plow reactor technique

1. Peeder machine, 2. Syringe, 3. Reactor tube 

/20 mm ID, IGO лип/, 4- Catalyst, 5* Thermocouple 

of temperature controller, G. Covering iron,
7. Heat insulator cotton-wool, 8. Glass beads,
9. Thermocouple of temperature regulator,
10. Temperature regulator PID.
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Fig. 2. Gas chromatographic analysis cf the esterified 

reaction product from a 1:1 mixture of phenyl- 

acetic acid and benzyl methyl ketone.

1. benzyl methyl ketone
2. methyl phenylacetic acid
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-phenyloxirane

1. cis-2-methyl-3-phenyloxirane
2. trans-2-m e thyl-3-ph eny1оxirane
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0 2 4 6 b 10 12 time (min.)

Pig. 8. Chromatogram of the possible products of
2-methyl-3-phenyloxirane and its catalytic 

transformation isomers.
1. 1-phenylpropene, 2.
3. Trans-isomer of oxirane, 4. Propiophenone,
3. Benzyl methyl ketone. 6. l-phenyl-2-propanol, 
7. 1-phenyl-l-propanol.

Cis-isomer of oxirane,
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Fig. 9. Percentage yields of benzyl methyl ketone over different metal oxide
catalysts, at two different molar ratios temperatures 

Ц at 420°C 

at 450°C
1. 30% ThO2-pumice,
4i Cr?0^-Zn0, 5. NiO-MgO,

2. 30% Th02-Al203, 3. MnO,
6. BiO„-MoO0-SiO _,
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1. Cis-oxirane
2. Trans-oxirane
3. 2-phenylpropion- 

aldehyde
4. Benzyl methyl ketone
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Pig. 10. Chromatographic analysis of 2-methyl-3-phenyl-
oxirane and its transformation products over

400°C.^-AlpO^ /а/ and Si0Q /Ь/. Temperature: 

S amp 1 e i n j e c t e d 2 p) .
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Fig. 12. IR spectrum of reaction product
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Pig. 13-a. Analysis of transformation products over 

3% Ni/Cab-O-Sil. Temperature: 260°C,
Sample injected: 1 )j.l.
1. 1-phenylpropane, 2. 1-phenylpropene,
3- cis-oxirane, 4. t rails-oxirane, 5* benzyl 
methyl ketone, 6. l-phenyl-2-propanol.
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Fig. 13.b.c. Analysis of transformation products over 3% 

Pd/Cab-O-Sil /Ь/ and 3% Pt/Cab-O-Sil /с/. 

Temperature: 2бО°С. Sample injected: 2 /д1.
1. 1-phenylpropane and 1-phenylpropene,
2. ols-oxirano, 3* trans-oxirane, 4« benzyl 
methyl ketone, 5. l-phenyl-2-propanol.
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Pig. 14. The catalytic activity and conversion of 2-methyl-3-phenyl- 

ozirane as functions of temperature /Pt/Cab-O-Sil, 10mg/.
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Pig. 15.a. Variation, of the product composition as
a function of temperature in a./Pirst activation, 

/Pt/Cab-O-Sil, 10 mg/.

1. cis-oxirane, 2. l-phenyl-2-propanol, 3- ben­
zyl methyl ketone, 4. trans-oxirane.
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of the product composition as
temperature in /Ь/ Second ac-

ppg. 15.b. Variation
a function of 
t .ivat ion /Pt/Gab-O-Sil, lOmg/.

2. l-phenyl-2-propanol,
trans-oxirane.

1. cis-oxirane,
3. benzyl methyl ketone. 4.
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Variation of the product composition as a 

function of temperature without activation 

/Pt/Cab-O-Sil, 30 mg/.

Pig. 3.6

1. cis-oxirane, 2. 1-phenyl-2-propanol,
trans-oxirane.3. benzy3- methyl ketone, 4.

5"%
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Fie. i7. Variation of the product composition as a
temperature /Pt/Oab-O-Sil, 5 mc/*function of

1. cls-oxirane,
3. benzyl methyl ketone, 4*

2. 1-phenyl-2-propanol,
trans-oxirane.
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a function of

2. l-pbenyl-2-propanol,
trans-oxirane.

1. cis-oxlranc,
3. benzyl methyl ketone, 4*
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Fig. 18.b. Variation of the product composition as a 

function of temperature /Pd/Cab-O-Sil, 3 

and 3 mg/.

= 3 mg 

= 5 mg
*,0 = cis-oxirane 

Kl,® = l.-phenyl-2-propanol 

0,D = bensyl methyl ketone 

У.Д = trans-oxirane
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Pig. 19.a. Variation of the product composition as a
temperature /Pd/Cab-O-Sil, 5 mg/.function of

1. cis-oxirane,
3. benzyl methyl ketone, 4«

2. l-phenyl-2-propanol,
trans-oxirane.
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Pig. 19.Ъ. Variation of the product composition as a 

function of temperature /Pd/Cab-O-Sil, 5 

and 7 mg/.

• fO = cls-oxirane 
B,® = 1-phenyl-2-propanol 
0,D = benzyl methyl ketone 

X,A. = trans-oxlrane

= 5 mg 

= 7 mg
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Pig. 20.a. Variation of the product composition as a
function of temperature /Ei/Cab-O-Sil, 2-5 mg/.

1. 1-phenyl-2-propanol, 2. cis-oxirane,
3- benzyl methyl ketone, 4. 1-phenylpropone,
5- 1-phenylpropene, 6. trans-oxirane.



81

4

ь
% л -

Я——-----*
ВО

* л
5л*

боЧ

40 Ч

204
4о

_________ О___ ~с

^ 3.—Ö -0 f5"

СО 1*2* -г
200200 230 320 °С290

Pig. 20.Ъ. Variation of the product composition as a
function of temperature /Ni/Cab-O-Sil, 5 mg/.

1.& 2. l-phenyl-2-propanol and cis-oxirane,
3. benzyl methyl ketone, 4. 1-phenylpropene, 
5. 1-phenylpropane, 6. trans-oxirane.
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Fig. 21. Variation of the conversion of 2-methyl-3- 

-phenyloxirane as a function of temperature 

over the three catalysts /5 mg/.

1. Pt/Cab-O-Sil, 2. Pd/Cab-O-Sil,
3. Ni/Cab-O-Sil.
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•Pig. 22. Variation of the product composition 
function of the catalyst amount at 

s^ant temperature of 230JC over Pd/Cab-O-Sil.

as a
a con-

1. cis-oxirane.
3. benzyl methyl ketone, 4. trans-oxirane.

2. 1-phenyl-2-propanol,
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Pig. 23. Variation of the product compooitri on as a
function of the catalyst amount at a constant 

temperature of 250°C over Pt/Oab-0-Sil.

cls-oxirane. 2. l-phenyl-2-propanol,
3. benzyl methyl ketone, 4* trans-oxirane.
1.
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