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α,/3-Unsaturated aldehydes of the acrolein series and
ketones are of great interest as starting materials for the
production of polymers and copolymers with an active
functional (carbonyl) group; they can also be used to obtain
other monomers and many other products.

Acrolein has already become an important commercial
material. Industrial methods have been developed for the
production from it of allyl alcohol1"4, glycerol5"7 and its
derivatives8, andacrylonitrile9"11. The chemistry of acro-
lein has recently been attracting great attention12"20. In
the Federal Republic of Germany intense work is going on
on the polymerisation products of acrolein itself21»22.
Furthermore, even now a considerable quantity of acrolein
is used for the production of methionine, a substance which
accelerates the growth of poultry when added to their
feed23. In the U. S. A. the Carbide Chemical Corporation
has constructed a plant for the production of a number of
acrolein derivatives on an industrial scale24»25.

Methacrolein has not yet found wide use as a commer-
cial intermediate because it is much less readily avail-
able, but potentially it is of interest for chemical synthesis.
According to the literature 2 6" 3 0 methacrolein is readily
converted into substances of value to the plastics industry,
such as methacrylic acid, methylallyl alcohol, and poly-
hydric alcohols.

α,/3-Unsaturated ketones have also not yet taken on
great industrial significance, apparently mainly because of
their relatively low availability. There are reports 3 1 of the
preparation from polyvinylketones of lacquers, unbreak-
able glass, plastics, and so on. Colourless monomers
produce crystally pure polymers of remarkable optical
properties3 2. Many copolymers of methyl vinyl ketone33-35,
isopropenyl methyl ketone 3 e " 4 4 , and phenyl vinyl ketone 45>4e

have been described. There are indications47 that after
treatment with phosphoric acid copolymers of styrene with
methyl vinyl ketone or isopropenyl methyl ketone are
extremely resistant to heat and withstand the action of a
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flame. Rubbers prepared by the emulsion copolymerisa-
tion of isopropenyl methyl ketone with divinyl are better
than divinylstyrene rubbers in some of their properties4 8.

II. SYNTHESES OF α,/3-UNSATURATED ALDEHYDES OF
THE ACROLEIN SERIES

There were no commercially acceptable methods for the
production of acrolein until the 1940's, when the German
firm of Degussa developed an industrial method for its
production by the aldol condensation of formaldehyde with
acetaldehyde49.

In the United States in 1946-1948 the Shell Chemical Cor-
poration developed a commercial method for the synthesis
of acrolein by the pyrolysis of diallyl ether5 0, which is a
by-product in the preparation of allyl alcohol from allyl
chloride51. Acrolein has been obtained by this method in
a plant of capacity ~9 tons per month50. The pyrolysis is
carried out at 520° and 2.1 atm.; the yield of acrolein
based on reacted ether was 86% at a conversion of ether
of 90% per pass. This method has no commercial signifi-
cance at present, because it is more economical to pre-
pare allyl alcohol from acrolein.

The possibilities of the industrial utilisation of acro-
lein increased significantly when acrolein was shown to be
obtainable in high yield by the oxidation of propene. At
present this is considered the most promising method for
the synthesis of acrolein.

Methods for the production of methacrolein have also
been improved. A patent52 describes the production of
methacrolein in 57-60% yield by the pyrolysis at 500-570°
of di-2-methylallyl ether, which is a by-product in the
preparation of methylallyl alcohol by the alkaline hydroly-
sis of 3-chloro-2-methylprop-l-ene.53

Methods are now being developed for the production of
methacrolein by the aldol condensation of formaldehyde
with propionaldehyde and by the oxidation of isobutene.

The preparation of methacrolein and other a-alkyl-
acroleins by the Mannich reaction has recently been shown
to be commercially feasible.

At present there are thus several convenient methods
for the production of a, /3-unsaturated aldehydes of the
acrolein series. Depending on the actual circumstances,
the following are commercially feasible: the oxidation of
alkenes, the aldol condensation, and the method based on
the Mannich reaction, and these are considered in more
detail below.

1. Production of α,/3-Unsaturated Aldehydes by the Direct
Oxidation of Alkenes

As already stated, the direct oxidation of propene is
considered abroad as the most promising method for the
production of acrolein:

2O0—4S0°

CHo=CH-CHO+H20 .

Similarly isobutene can be oxidised to methacrolein:
CH3

CH..=C—CH,4-0·.

CH3

I
CH.=C—CH0+H,0.

In 1950 the Shell Chemical Corporation set up a test
plant for the catalytic oxidation of propene to acrolein of
capacity 2 tons per month54, and at the end of 1959 it

opened a factory for the production of glycerol from acro-
lein; this is still the largest works in the world for the
production of acrolein, its annual capacity being estimated
at 13 620 tons of acrolein22. A similar process has been
developed and taken to the pilot plant stage by the Italian
firm of Montecatini55"58.

The literature on this method is mainly concentrated
in patents, and only in recent years have these processes
attracted any considerable attention from Soviet chemists,
who have published a good deal of work on the choice of
catalysts and the influence of various factors on the pro-
cess 5 9" 9 1.

The reaction is conducted at 200-450° and pressure
close to atmospheric2 2 '9 2"9 4. The propene : oxygen ratio
varies, according to different sources, from 2:1 to 30:1,
the lower ratios being most often used. Air or a mixture
of oxygen with carbon dioxide or steam is employed as
oxidant. Paraffinic hydrocarbons are inert under these
conditions and do not interfere in the process9 5; some
patents even recommend their use as diluents96.

Several types of catalyst have been described for the
oxidation of alkenes: copper(l) oxide on a carrier 2 2;
copper(n) oxide on a carrier in the presence of selenium22;
mixtures of various metals of variable valency or their
oxides97"105; metal selenites or tellurites promoted by
various oxides106 1 0 8; and molybdates, chromates, sul-
phates, molybdophosphates, vanadates, aluminates, and
silicates of various metals (copper, bismuth, cobalt, and
others)59»109"114. Copper(I) oxide is the most used22.

As carriers there are used silicon carbide22, cerami-
cally combined compositions of aluminium and silicon115,
pumice64, alumina22, and others. The process can be
successfully worked on a catalyst without any special car-
rier57»58.

The main side reaction in the oxidation of propene to
acrolein is the formation of carbon dioxide and water; con-
siderable amounts of formaldehyde and acetaldehyde are
also produced, as well as carbon monoxide, organic acids,
various carbonyl compounds, and relatively small amounts
of polymers, which can deactivate the catalyst.

The catalyst requires periodic regeneration. The
reduced activity is manifested in two ways, a lessened
selectivity and a lessened productivity, the former because
of change in the composition of the catalyst, and the latter
because of deactivation of the active centres by catalytic
poisons or polymers22. Regeneration is therefore carried
out in two ways: by changing the working conditions (reac-
tant ratios and temperatures), which changes the-chemical
composition of the catalyst116»117, and by burning off the
deposits at a higher temperature (400-500°). U 8

Considerably improved yields of the unsaturated alde-
hydes are obtained by using halogens as promoters, added
as such or as organic halogen compounds. Addition of
0.02 vol. % halogen derivative to the total reactant gas mix-
ture increases the selectivity by 5-10% and the producti-
vity of the catalyst by 30%. 8? Addition of iodine1 1 9"1 2 1 has
substantially increased the life of the catalyst, and has
given a conversion of propene of 78-82% per pass with a
70-79% yield of acrolein. Without the halogen a greater
selectivity requires a lower conversion per pass; accord-
ing to the data available, the conversion of propene per pass
should not then exceed 10-25%.92'94

Addition of selenium to copper catalysts considerably
increases the selectivity and productivity of the catalyst.
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According to Kruzhalov et al. *, the selenium acts by block-
ing, by chemisorption, the active centres which catalyse
the complete oxidation of the propene, while in the forma-
tion of acrolein it participates in the transfer of oxygen to
the propene molecule. When using selenium the yield of
acrolein reaches 81-82% with a propene conversion of
90-95% per pass. The recommended selenium concentra-
tion is 0.008-0.12 mg per litre of gas mixture122. Thus by
using selenium the alkene need not be recycled, but because
of its high toxicity it must be almost completely removed
from the reaction gases, for example, by passing them
through active carbon123. In recent years sulphur has
been recommended instead of selenium, since this also
increases the activity and life of the catalyst, but is not
toxic124.

As already stated, under analogous conditions isobutyl-
ene is oxidised to methacrolein; yields of 73-78% with an
isobutene conversion of up to 33% are attained8*»124"133.

The oxidation of alkenes gives a complex mixture of
products, and the separation of the reaction products and
isolation of the pure unsaturated aldehydes is one of the
main problems in the commercial operation of the process,
and special methods have to be employed. Many patents
have been devoted to this problem; the most important are
referred to in Sherwood's reviews2 2 '9 2"9 4.

The production of unsaturated aldehydes by the oxida-
tion of alkenes is very promising for large-scale produc-
tion, since a cheap starting material is used. A substan-
tial disadvantage of this method is the considerable techno-
logical difficulties involved in the industrial working of the
process, especially in the separation of the reaction pro-
ducts.

2. Production of α,β-Unsaturated Aldehydes by the Aldol
Condensation of Formaldehyde with Aliphatic Aldehydes

In 1950 Schulz and Wagner published the results of their
investigations49, which led to the development of the first
industrial synthesis of acrolein by the aldol condensation
of formaldehyde with acetaldehyde. In Germany in 1940
this method was taken to the pilot plant stage with a capa-
city of 1 ton of acrolein per month49, and now there is a
semi-industrial plant with a capacity of 10-20 tons per
month134. Acrolein has been obtained by this method in
the United States since 1955 by the Carbide and Carbon
Chemical Corportion135.

The reaction takes the course:

HCHO+CH 3CHO -» CH,OHCH2CHO -> C H 2 = C H — C H O + H a O .

In Germany the process is carried out in the vapour
phase at 280-330° over silica gel of large pore size con-
taining 10% sodium silicate1 3 4, the latter reducing the for-
mation of resins. Pure silica gel is extremely active, but
even after 1 h its activity is completely lost because of
almost complete resinification. When impregnated with
sodium silicate the catalyst works for 150 h without marked
diminution of activity, after which it can be regenerated
by oxidation of 500-550° in a stream of water vapour and
air.

Catalysts which have been recommended are magnesium
silicate, calcium phosphate, aluminium phosphate, and
alumina49, also oxides of zinc, thorium, and titanium136,
and lead acetates and chromates1 3 7.

At 300-325° and a contact time of 7-8 s, the yield of
acrolein, based on reacted material, is 72-75% on the
formaldehyde and 79-82% on the acetaldehyde (after losses
during the separation) with an average conversion per pass
of 50-52% for formaldehyde and44-46% for acetaldehyde49.

By-products of the reaction are crotonaldehyde (up to
10%), methyl formate (up to 3%), methanol (~6%), formic
acid (3%), and small amounts of a gas consisting of CO,
CO2, and alkenes.

The yields obtained by the German workers have been
confirmed by Dabagov et al.138 Broad studies of this synthe-
sis of acrolein have been conducted by Malinowski and
coworkers1 3 9"1 4 5, and it has attracted considerable atten-
tion in Japan1 4 6-1 4 8.

The reaction products are separated by a relatively
simple industrial rectification process1 3 5. An azeotropic
mixture of acrolein and water (2.7-3.0% water) is obtained;
when treated with 0.1% hydroquinone or other inhibitor it
can be stored for several years.

The production of methacrolein by the aldol condensa-
tion of formaldehyde with propionaldehyde can be carried
out in the vapour or liquid phase. The vapour-phase pro-
cess is analogous to that for acrolein, and the same cata-
lysts and reaction conditions can be used137»149"151. Thus
one of the patents1 5 1 indicates that methacrolein can be
obtained in almost quantitative yield by carrying out the
condensation at 300-320° over a catalyst comprising acti-
vated silica gel of large pore size impregnated with alkali
metal phosphates or silicates. However, according to
Malinowski141"149 the yields of methacrolein in the vapour-
-phase condensation do not exceed 40—£

The liquid-phase process also uses various catalysts.
Methacrolein has been obtained in 84.5% yield by carrying
out the condensation at 100° in the presence of BF3.H2O;1 2 5 '1 5 2

the conversion of propionaldehyde was 24.9%. A patent153

describes the production of methacrolein in high yield at
20-30° in the presence of sodium carbonate.

The aldol condensation of formaldehyde with other alde-
hydes having at least two hydrogen atoms on the carbon
atom in the alpha position to the carbonyl group gives higher
α-alkylacroleins in yields of up to 59%. wi»149»i5i

The production of α,/3-unsaturated aldehydes by the
aldol condensation of formaldehyde with aliphatic aldehydes
therefore has a definite technological value because it is
simpler to realise industrially than the oxidation process,
although it uses more costly starting materials.

3. Production of α, β- Unsaturated Aldehydes by the Mannich
Reaction between Formaldehyde and Aldehydes

The wide possibilities in the choice of reagents, diver-
sity of choice for the subsequent conversion of the Mannich
bases, and the mild reaction conditions of the Mannich
reaction have made it an important process in modern
organic chemistry154»155.

Investigators of the Mannich reaction were able to
show a relatively long time ago that it can provide unsatu-
rated compounds, including carbonyl monomers. However,
for a long time this reaction had no technological value,
apparently mainly because of its poor reproducibility.
Mannich et al.156 were the first to show the possibility of
obtaining a,/3-unsaturated aldehydes by this route.
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This process (for example, for the production of metha-
crolein) is based on the reactions:

CH3CH,CHO-f-CH.O f R2NH · HC1
CH3CHCHO

I + HA
CH3NR2-HC1

hydrochloride of Mannich base

CH3

I
CH3CHCHO • CH,=C-CHO+RoNHHCl.

I
CHAR, HO

For the production of unsaturated carbonyl compounds
the Mannich reaction is best carried out with salts of
secondary amines. The use of ammonia or primary amines
always leads to undesirable reactions, since the resulting
Mannich bases, being primary or secondary amines, can
themselves produce various by-products157"159.

Beginning in 1939, a series of patents1 6 0"1 6 4 and com-
munications165"167 appeared on the production of α,/3-un-
saturated aldehydes by this method. A main disadvantage
of the method, which hindered its wide application, was
that the yields of the unsaturated aldehydes varied, accord-
ing to the data obtained by various workers, over very
wide limits 1 6 0 ' 1 6 1 ' 1 6 3 ' 1 6 4 ' 1 6 6 ' 1 6 7, with reaction times of from
6 to 24 h. 165>166 As a rule these syntheses had been carried
out under conditions far removed from optimum, and had
not been investigated from the point of view of the condi-
tions necessary to ensure a high yield of the desired pro-
ducts.

The detailed investigations of Farberov and his co-
workers1 6 8"1 7 3 have enabled the irreproducibility of the
Mannich reaction to be circumvented and have allowed the
process to be taken to the stage of industrial realisation.
As exemplified in the production of methacrolein, the rate
of the Mannich reaction with aliphatic aldehydes was shown
to be very strongly dependent on the pH of the medium.
At pH 3-4, which is the usual range when the reagents are
mixed in equimolar proportions, the reaction proceeds at
a satisfactory rate only 100-120°, where there is a consider-
able polymerisation of the resulting unsaturated aldehyde.
Adjusting the pH to 6-7 greatly accelerates the reaction
and enables it to be conducted at relatively moderate tem-
perature, and a nearly quantitative yield can be obtained.
At pH 7 and 45° quantitative conversion is attained in 20-
30 min. Heating the reaction products (without preliminary
separation of the Mannich base) gives quantitative separa-
tion of methacrolein as an azeotrope with water. Pure
methacrolein is readily obtained by azeotropic drying.
The resulting amine salt solution can be recycled to the
process after concentration. The synthesis of methacro-
lein (yield 98.7% of theory), a-ethylacrolein (97.9%), and
a-isopropylacrolein (90%) is described. The methacrolein
synthesis has been tested on a semi-industrial plant; a
continuous process for its production has been developed
in principle.

It is thus seen that the Mannich reaction can be used to
obtain α,/3-unsaturated aldehydes in yields close to theo-
retical, under very mild conditions and in very simple
apparatus. The process requires more costly starting
materials than the alkene oxidation process, but the prac-
tically quantitative conversion of the initial aldehydes per
pass, the quantitative yields of α,/3-unsaturated aldehydes,
and the extremely simple apparatus, together with the
complete absence of side reactions, make this process
very profitable.

Another advantage of this method is the possibility of
preparing a whole series of a, β-unsaturated aldehydes.
The preparation of the following has been described:
methacrolein 16°-164»1β6'1β7, ar-ethylacrolein160"183»166»167,
α-isopropylacrolein "5-107 ̂  a-propylacrolein «β,ιβ·^
α-butylacrolein166»167, α-t-butylacrolein166, a-pentyl-
acrolein165, and a-phenylacrolein162.

Recently Farberov and coworkers m have shown that
this method can provide the previously unobtainable 2,4-
-dienala in high yields, so broadening the range of appli-
cation of the Mannich reaction for the production of unsatu-
rated aldehydes.

ΙΠ. SYNTHESES OF α,/3-UNSATURATED KETONES

α,β-Unsaturated ketones have long attracted the atten-
tion of investigators. Berlin's review of the methods of
production of vinyl ketones175 appeared as early as 1939.
At present there are several commercially valuable
methods for the production of α,/3-unsaturated ketones.

1. Production of α,β-Unsaturated Ketones by Hydration of
Vinylacetylenes

This method is of commercial interest mainly for the
synthesis of methyl vinyl ketone.

The hydration of vinylacetylene to methyl vinyl ketone
was first achieved by Nieuwland176'177 and was subsequently
studied in detail by Churbakov and Ryazantsev178»179.

CH2=CH—C=CH+H2O -> CHj=CH—COCH,.

The hydration is carried out in an acid medium in the
presence of mercury salts (generally the sulphate) at a
temperature not above 70-80°.178'179 To prevent reduction
of the mercury(n) to inactive mercury(I) an oxidising agent,
such as iron(m) sulphate, is added to the reaction mix-
ture to convert the mercury(I) salt into the active mer-
cury(n) salt1 7 8. The yield of methyl vinyl ketone reaches
90% on reacted and 77% on taken vinylacetylene178-180. The
patent literature describes apparatus for the continuous
production of methyl vinyl ketone by this method180"182.
Some patents recommend complete hydration of the vinyl-
acetylene to acetoin in the presence of mercury(H) sul-
phate, with subsequent dehydration to methyl vinyl
ketone183»184. The main disadvantage of this method is the
use of toxic mercury compounds.

A relatively recent communication185»186 reported the
hydration of vinylacetylene in the vapour phase over cata-
lysts not containing mercury: cadmium tungstate, cadmium
calcium phosphate, tungsten trioxide, and zinc oxide; the
first two show the greatest selectivity in respect of yield
of methyl vinyl ketone. The reaction was effected at 325-
400°. The yield of methyl vinyl ketone reached 87% on
reacted vinylacetylene, with a 31.8% conversion. By-pro-
ducts obtained were methyl vinyl ketone dimer (3-4%) and
a polymer of vinylacetylene (1-1.5%).

Hydration of isopropenylacetylene produces isopropenyl
methyl ketone in a yield of up to 91%, 1 8 7" 1 9 0 but because of
the poor availability of the starting isopropenylacetylene
this method has no commercial value.

The process is thus of commercial value only for the
production of methyl vinyl ketone.
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2. Production of α,β-Unsaturated Ketones by the Aldol
Condensation of Formaldehyde with Saturated Ketones

This method is analogous to the corresponding method
for the production of α,β-unsaturated aldehydes, and can
similarly be carried out in vapour or liquid phase.

The vapour-phase condensation is conducted at 250-
450° in the presence of catalysts: lead zeolite catalysts1 9 1;
silica gel1 4 9 '1 9 2; silica gel impregnated with a 1% solution
of NaOH, KOH, or RbOH149»192; alumina containing oxides
of zirconium, cerium, thorium, zinc, or magnesium193;
industrial KDS catalyst [catalyst used in synthetic rubber
production(Ed. of Translation)]194; Cd, Ca phosphate194;
rare-earth oxides194; and various natural clays1 9 4. The
reactant ratios employed vary, according to different
sources of data, from equimolar194 to a four-fold excess
of acetone191. This method has produced the following
ketones, in the yields indicated: methyl vinyl ketone (40-
99%) 191,192,194̂  isopropenyl methyl ketone (28-97%) 1 9 1>1 9 2,
1-isopropylvinyl methyl ketone (86.6%)191, 1-ethylvinyl
methyl ketone (22.6%)192, and phenyl vinyl ketone (77.5%)191

as well as others.

The main disadvantage of this method is that the result-
ing vinyl ketones are contaminated with formaldehyde and
various by-products, such as hydrocarbons, alcohols, and
resins. Moreover, the vinyl ketones obtained by the
vapour-phase process give, on polymerisation, unstable
and irreproducible results; often coloured gels with
various inclusions are obtained, instead of colourless
transparent solid polymers. This has been shown to be
due to the presence of impurities which are difficult to
remove190.

The liquid-phase condensation is of much greater value,
and has been used for the production of isopropenyl methyl
ketone on an industrial scale3 1.

The aldol condensation of formaldehyde with acetone:

Isopropenyl methyl ketone is obtained more smoothly:
in,
I

• CHj=C-COCH3+H2O .
O

NaOH
C H J C O C H J C H J + C H J O • C H S C O C H ( C H 2 O H ) C H

CH3COCHs+CH2O ->• CH,COCHjCHaOH
- H , O

CHSCOCH=CHS.

takes place at pH 8.5-9.5 in an aqueous or alcoholic
medium. The total yield of methyl vinyl ketone obtained
in aqueous medium is 10-18%. 1 9 5~1 9 8 Higher yields (up
to 50% of theory) may be obtained in an aqueous medium with
a higher ratio of acetone to formaldehyde (up to 30:1) ««>,2°°.
The catalyst is sodium hydroxide, in amount not exceed-
ing 0.5-0.8 wt. % of the reaction mixture; the use of more
sodium hydroxide produces a yellow viscous mass insoluble
in water32. Recent studies of the influence of the reac-
tion conditions on the aldol condensation of acetone with
formaldehyde201"203 indicate that the optimum yield of
l-hydroxybutan-3-one, and hence of methyl vinyl ketone
(up to 65% of theory), is obtained by using a fourfold excess
of acetone at 40-45° in an alcoholic medium.

The aldol condensation of formaldehyde with acetone
is a very complex reaction, and the nature of the final
products depends on the reactant ratio employed. By-pro-
ducts obtained are 4-hydroxy-4-methylpentan-2-one(4-5%),
2-hydroxybut-l-en-3-one(14-15%), l,3-dioxan-5-ylmethyl
ketone (3-4%), and l,3-dioxan-5-yl isobutenyl ketone (10-
11%)196, and also resinous high-molecular polymers of the
enol form of the hydroxybutanone131.

Because of the large amounts of by-products and the
low yields of methyl vinyl ketone, this method has no com-
mercial value.

This reaction was investigated by Staudinger and Rit-
zenhalter204 and later by Morgan et al.32; the latter found
excess of formaldehyde to be as harmful in the reaction
with ethyl methyl ketone as in the reaction with acetone.

Best yields of isopropenyl methyl ketone are obtained by
using the reagents in the proportions 11 moles ethyl
methyl ketone, 10 moles formaldehyde, and 0.02 mole
NaOH. The reaction mixture is initially heated to 50-60°,
and then because of the exothermic nature of the reaction
it is cooled to 20-25°. During the condensation the for-
maldehyde can undergo the Cannizaro reaction under the
influence of the alkali, and so it is necessary to continue
adding alkali to maintain the pH of the medium constant.
The yield of l-hydroxy-2 methylbutan-3-one is 82.7% and
42% on reacted ethyl methyl ketone and formaldehyde respec-
tively.

The resulting l-hydroxy-2-methylbutan-3-one is
readily dehydrated to isopropenyl methyl ketone by distil-
lation in the presence of oxalic acid31»205. Other dehydrat-
ing agents (iodine, potassium hydrogen sulphate, zinc
chloride, etc.) are not recommended for extensive use,
since they reduce the optical quality of the polymerisation
product31. The yield of isopropenyl methyl ketone is
~80%, based on the hydroxybutanone; the optimum over-
all yield of isopropenyl methyl ketone is thus ~ 66% based
on ethyl methyl ketone, and ~33% based on formaldehyde.
The yield of isopropenyl methyl ketone based on formal-
dehyde has since been considerably improved (to 55%)206.
Conditions have been found37"39 for obtaining the hydroxy-
butanone in 87% yield, and according to a patent205 this
can be decomposed to give a 95% yield of isopropenyl
methyl ketone.

It has recently been recommended207 »208 to carry out
the condensation in the presence of triethylamine (pH of
the mixture 10.8-11.0) with a ratio of ethyl methyl ketone
to formaldehyde of 30:1; at 80° and a pressure of 3.2 at
[1 at = 0.968 atm (Ed. of Translation)], reaction is com-
plete in 16 min. The dehydration is accomplished in the
presence of 5% aqueous phosphoric acid in a distillation
column. The isopropenyl methyl ketone is obtained in a
yield of up to 86.6% of theoretical, together with ethyl
vinyl ketone (less than 8%) and traces of isopropenyl vinyl
ketone.

Attempts to condense formaldehyde with aliphatic
aromatic ketones in the liquid phase in the presence of
alkaline or acid catalysts have been unsuccessful175, but
relatively recently it was reported209 that phenyl 1-phenyl-
vinyl ketone is obtained in 75% yield by the reaction of
benzyl phenyl ketone with excess of paraformaldehyde in
the presence of alkali.

The liquid-phase aldol condensation at present is seen
to have a certain commercial value only for the production
of isopropenyl methyl ketone.

3. Production of α,/3-Unsaturated Ketones by the Mannich
Reaction between Formaldehyde and Saturated Ketones

Even Mannich himself210»211 indicated the possibility of
obtaining a,0-unsaturated ketones by reacting formalde-
hyde, a secondary amine hydrochloride and saturated
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ketones to produce hydrochlorides of Mannich bases followed
by decomposition to the vinyl ketone and the secondary
amine hydrochloride. With methyl vinyl ketone the reac-
tions are:

CHjCOCHjCHaNRa · HC1+H2O,

HC1.

CH 3 COCH 3 +CH 2 O+R 2 NH · HC1

CH3COCH2CH2NR2 · HC1 —

There have since been several papers158»212"221 and a
patent222 on the production of αί,/3-unsaturated ketones by
this method. The main disadvantage of the process until
now, as in the production of a,j3-unsaturated aldehydes,
has been the poor reproducibility of the Mannich reaction,
which has prevented wide application of the method even
for preparative purposes. For instance, in 1949 Hage-
meyer2 1 4 reported the production of methyl vinyl ketone
and isopropenyl methyl ketone in yields of 80.5% and 81.9%
respectively. Subsequently some workers215»216 have" con-
firmed Hagemeyer's yields, while others223»224 have ob-
tained low yields of the vinyl ketones. Clearly the reac-
tion conditions suggested by Hagemeyer do not ensure a
reproducible process.

This deficiency has been made good by Farberov and
coworkers171"173»225»226, who have made this process com-
mercially feasible. Their detailed study of the Mannich
reaction with a number of ketones has ensured complete
reproducibility of experiments and a high rate of reaction,
so that a,/3-unsaturated ketones can be obtained in high
yields (82-95%) and in a relatively short time. As already
stated, in the synthesis of methacrolein and other «-sub-
stituted acroleins by the Mannich reaction the pH of the
reaction mixture has an exceptional influence on the rate
of reaction, the latter being satisfactory only at pH 6-7.
The pH of the reaction mixture is of even greater impor-
tance in the production of a, /3-unsaturated ketones, since
it affects not only the rate of the Mannich reaction, but
also the yield of the Mannich base reaction products, and
consequently the yield of a,/3-unsaturated ketones. The
Mannich reaction with ketones proceeds at a satisfactory
rate only at low pH values; at pH 6-7 (the optimum range
for the production of methacrolein) a Mannich base is not
formed. At 100° and pH 1 there is quantitative conversion
of the starting materials in 1.5-2.0 h.

In our opinion171»172 this dependence of the rate of
aminomethylation on the pH of the medium indicates that
the reaction proceeds by several different mechanisms.
The Mannich reaction with aldehydes, which is accelerated
by increase of pH, apparently proceeds by a nucleophilic
substitution mechanism (SJV2) with intermediate forma-
tion of a carbanion by abstraction of a proton from the
aldehyde. The Mannich reaction with ketones, which is
accelerated by decrease of pH, proceeds by an electro-
philic substitution mechanism (S^2) with intermediate
formation of a carbonium-imonium ion [R2N-CH2 *-*
<-» R2N=CH2], which is in fact the aminomethylating agent
in this case.

The hydrochlorides of the Mannich bases obtained with
ketones are more stable to heat than those obtained with
aldehydes; the latter are decomposed to form unsaturated
aldehydes on heating the aqueous solution to 90-100°, while
the former require temperatures of the order of 150- 200°.
To decrease losses of the vinyl ketones by polymerisation
the decomposition has been carried out under vacuum.
Technological processes have been developed in principle
for the production of methyl vinyl ketone and isopropenyl
methyl ketone.

Recent workhas thus shown that a, /3-unsaturated ketones
can be obtained by the Mannich reaction between formalde-
hyde and ketones in yields close to theoretical. Advantages
of this process are the practically complete conversion of
the starting materials per pass, the simplicity of the appa-
ratus, the high yields of the vinyl ketones, and the absence
of side reactions, which considerably simplifies the isolation
of the vinyl ketones formed. Because of all this the process
can be readily worked industrially.

This method has been employed for the production of methyl
vinyl ketone 214,217,222? isopropenyl methyl ketone 214,2:5,222̂
2-thienyl vinyl ketone158, isopropenyl 2-thienyl ketone158,
phenyl vinyl ketone158'212»217»221, isopropenyl phenyl
ketone213»218'222, 1-ethyl vinyl phenyl ketone213, isopropenyl
ethyl ketone215, 1-isopropylvinyl methyl ketone215, m- and
£-nitrophenyl vinyl ketones2 1 9 '2 2 0, and others.

In subsequent work Farberov and coworkers172'226 have
used the Mannich reaction to develop a new method for the
production of divinyl ketones, which are of considerable
interest as cross-linking agents for high-molecular com-
pounds and as starting materials for other syntheses.

The Mannich reaction is applicable to the production of
a large number of carbonyl monomers 1 6 8" 1 7 3 ' 2 2 4" 2 2 6, and
this is another advantageous feature of the process.
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I. INTRODUCTION

As a result of the extensive industrial applications of
the polymeric condensation of bilunctional compounds, a
great deal of research has been done in recent years on
methods of preparation of diamines. Of these, the cata-
lytic reduction of dinitriles to diamines seems to hold the
greatest promise.

Several papers have also been published on the partial
reduction of dinitriles. The preparation of ω-amino-acid
nitriles by catalytic hydrogenation of dinitriles may become
important as a simple route to ω-amino-acids and lactams,
particularly caprolactam.

In spite of the many patents and papers on the catalytic
reduction of dinitriles, the field has not been reviewed up
to the present.

II. REACTION CONDITIONS

The hydrogenation conditions of aliphatic, aromatic, and
organosilicon dinitriles are summarised in Table 1. The
reduction catalyst used is invariably a Group VIII metal:
palladium activated by platinum oxide1, Raney nickel and
cobalt2"33, nickel and cobalt catalysts on a carrier 3 4" 3 9,
and also nickel boride40»41 and cobalt boride41*42 catalysts,
prepared by reduction to the metal of a salt in aqueous solu-
tion, using sodium tetrahydroborate 4 2.

In the presence of noble metals, the reaction proceeds
rapidly at room temperature and under hydrogen pressures
close to 1 atm.1 Nickel and cobalt catalysts require ele-
vated temperatures and hydrogen pressures. The dinitrile
of adipic acid can be hydrogenated under milder conditions
on a Raney nickel than on a Raney cobalt catalyst7,8. Cobalt
catalysts are the more stable, and the more selective towards
formation of a primary diamine. Raney nickel retained
its activity for 30-35 h without regeneration7 in the reduc-
tion of the adipodinitrile under flow conditions, whereas
Raney cobalt and Co/Al2O3 retained it for ~ 500 h.8»39

Raney nickel-copper catalysts were found to be appre-
ciably less active towards hydrogenation of the adipodi-
nitrile4 6. Raney iron also has a low catalytic activity:
the dinitrile of terephthalic acid is reduced to a negligible
extent in the presence of this catalyst13. Thus the activity
of metallic catalysts towards the reduction of dinitriles
decreases in the sequence: Pt, Pd > Ni > Co > Fe, Cu.
The reaction is usually carried out in the liquid phase, in a
medium of ammonia 2 " 8 > 1 8 " 4 3 or of an inert solvent (alcohol,
dioxan) saturated with ammonia9"17.

By studying the catalytic reduction of the dinitriles of
adipic, sebacic, terephthalic, isophthalic, and p- and
m -phenylenediacetic acids it has been shown that an ammo-
niacal medium favours the formation of primary amines and
lowers the yield of secondary and tertiary amines i°-iv7.

However, the reduction of the second nitrile group of
adipodinitrile is hindered3 at very high concentrations of
ammonia, and a significant amount of the partial hydro-
genation product (6-aminocapronitrile) is formed in addi-
tion to hexamethylenediamine.

In a solution of sodium acetate in acetic anhydride at
50° and under a hydrogen pressure of 3.5 atm, hexa-
methylenediamine was formed on Raney nickel in almost
quantitative yield, but the catalyst rapidly lost its activity
and disintegrated. Under the same conditions, the yield of
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