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PREFACE

By his remarkable investigations on catalysis, Professor Sabatier
has opened up new fields rich in scientific interest and fruitful in
technical results. Catalytic hydrogenation will ever be an important
chapter in chemistry. He is a teacher as well as an investigator and
has done an important service in collecting from scattered sources a
vast amount of information about catalysis and bringing the facta
together in convenient and suggestive form in his book. I deem it
a privilege to render his masterly work more accessible to English-
speaking chemists.

The text and the unsigned footnotes represent Professor Sabatier’s
work as closely as I can make them. I have retained the charac-
teristic italics. I have added a few notes which are signed by those
responsible for them. In this connection I wish to thank my friends,
among them Dr. Gibbs, Dr. Ittner, Dr. Adkins, and Dr. Richardson,
for assistance, Professor Gomberg for verifying a number of Russian
references, and Professor H. H. Lloyd for aid in proofreading.

To the chapter on the theory of catalysis, I have added an illumi-
nating extension by Professor Bancroft, Chairman of the Committee
on Catalysis of the National Research Council. In order to make
the vast amount of detailed information in the book more readily
available, I have prepared a subject index of some seven thousand
entries and an author index of about eleven hundred names.

It is a pleasure to present a brief sketch of his life and abounding
activities.

I have taken great pains to check the hundreds of references, but
doubtless errors will be found. Corrections of any kind will be
appreciated if sent me.

E. EMMET REID.
Jorns Hopxins UNIvEeaITy,
Bauriuors, Mbp,
August, 1921,

200141
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INTRODUCTION
PAUL SABATIER

PavuL SaBaTIER was born at Carcassonne Nov. 5, 1854. Admitted
at the same time to the Polytechnic and the Normal 8chool in 1874,
he chose the latter from which he went out in 1877 receiving the
highest grade in the competitive examination for agregation de phy-
sique.! After spending a year as Professor at the Lycée of Nimes,
he became, in October, 1878, assistant to Berthelot at the College de
France. In July, 1880, he received the degree of Doctor of Science,
his thesis being on Metallic Sulphides. After having been Maitre de
Conférence in physics in the Faculty of Sciences at Bordeaux for more
than a year, he took charge, in January, 1882, of the course in physics
in the Faculty of Sciences of Toulouse which he was never to leave.
Taking charge of the chemistry course at the end of 1883, he was
made Professor of Chemistry November 24, 1884, a position which
he still occupies.

His chemical investigations are very numerous and touch various
branches of that science: most of them have been published in the
Comptes Rendus de I’Academie des Sciences, the Bulletin de la So-
ciété Chimique, and the Annales de Chimie et de Phisique.

His researches in physical chemistry stretch from 1879 to 1897
and comprise numerous thermochemical measurements (sulphides
18791881, chlorides 1889, chromates 1886, copper compounds 1896-
1897, etc.), a thorough study of the velocity of transformation of
metaphosphoric acid (1887-1889), studies on absorption spectra
(1886 and 1894), on the partition of a base between two acids
(1886-1887), etc.

In inorganic chemistry he has published numerous articles on
metallic sulphides (1879-1880), the sulphides of boron and silicon
(1880-1891), hydrogen disulphide (1886), the selenides of boron and
silicon (1891), metallic chlorides (1881, 1894-1895), the chlorides
(1881, 1888) and the bromide of copper (1896). A profound study
of the oxides of nitrogen, which led to the characterization of metallic
nitrides, was carried out (1897-1896) with the assistance of his pupil,

1 The agregation is a competitive examination which is considered extremely
difficult.
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J. B. Senderens. He prepared the deep blue nitrosodisulphonic acid
(1896-1897), defined the tetracupric salts (1897), and obtained the
basic mixed argento-cupric salts (18907-1809) which formed the start-
ing point for a whole series of analogous compounds which Mailhe
prepared subsequently.

His investigations in organic chemistry (starting in 1897) are the
most important and include the general method of catalytic hydro-
genation in contact with finely divided metals, which was awarded
the Nobel prize for chemistry in 1912. The experiments involved
in this as well as in the inverse dehydrogenation, were carried out
with the aid of his successive pupils, J. B. Senderens (1899-1905),
Alfonse Mailhe (1906-1919), Marcel Murat (1912-1914), Léo Espil
(1914) and Georges Gaudion (1918-1919).

The study of metallic oxides as catalysts led Sabatier with Mailhe
to discover a whole series of methods of transforming alcohols and
phenols into mercaptans, amines, ethers, esters, etc., and also trans-
forming acids (1906-1914). At the same time he carried out, either
with Mailhe or Murat, a large number of syntheses of hydrocarbons
and alcohols of the cyclohexane series, etc. (1904-1915).

In agricultural chemistry, Sabatier has published about fifteen
memoirs on various subjects as well as Lessons on Agricultural
Chemistry.

The Academy of Sciences of Paris awarded him the Lacaze prize
in 1897 and the Jecker prize in 1905 and elected him correspondent
of the chemical section in 1901, then non-resident membre titulaire in
April, 1913. Awarded the Nobel Prize in Chemistry in 1912, Sa-
batier received in 1915 the Davy Medal of the Royal Society of
London of which he was elected a foreign member in 1918. He is
also a foreign member of the Royal Institution, the Academy of
Sciences of Amsterdam, the Academy of Sciences of Madrid, the
Royal Society of Bohemia, etc.

Profoundly attached to Toulouse, where he belonged to various
local academies, Sabatier refused to leave his University to occupy
the chair at the Sorbonne left vacant in 1907 by the death of Moissan.
Dean of the Faculty of Sciences since 1905, he has created the three
technical Institutes of Agriculture, of Chemistry and of Electro-
technique which are thronged by a large number of students.



CATALYSIS .
IN ORGANIC CHEMISTRY

CHAPTER 1
CATALYSIS IN GENERAL

1. By catalysis we designate the mechanism by virtue of which
certain chemical reactions are caused, or accelerated, by substances
which do not appear to take any part in the reactions.

A mixture of hydrogen and oxygen is stable at ordinary tempera-
tures, but the introduction of a piece of platinum black causes im-
mediate explosive combination; the platinum black is not visibly
affected and can repeat the same effects indefinitely.

2. Hydrogen peroxide decomposes very slowly in cold water solu-
tion, a 30 volume solution requiring more than 240 hours at 17° for
60% decomposition, but the addition of 0.06 g. platinum black to
20 cc. of such a solution causes a vigorous evolution of oxygen and
reduces the period of half decomposition to 8 seconds at 14°* The
platinum black, which does not seem to be altered, has by its presence
enormously accelerated the reaction which normally takes place
spontaneously but very slowly.

3. Substances which provoke or accelerate reactions without them-
selves being altered are called catalysts.

4. History of Catalysis. The first scientific observation of a
catalytic transformation appears to be due to Kirchhof,* who, in
1811, showed thatemineral acids, in hot water solution, change starch
into dextrine and sugar, without being themselves altered by the
reaction.

A ghort time afterwards, in 1817, Sir Humphrey Davy * observed
that a slightly heated platinum spiral introduced into a mixture of
air and a combustible gas, hydrogen, carbon monoxide, or hydro-
cyanic acid, becomes incandescent and causes the slow oxidation of

1 Lxmorns, Compt. rend., 163, 657 (1916).

3 Kmcuanor, Schweigger's Jour. 4, 108 (1812).
3 Davy, H.,, Phil. Trans., 97, 45 (1817).
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possesses this power of provoking reactions without undergoing any
appreciable change, and in 1831, Pelegrin Phillips,® a vinegar manu-
facturer of Bristol, took out an English patent on the use of plati-
num sponge to oxidise by air the sulphur dioxide obtained by roast-
ing pyrites, thus producing sulphur trioxide. This was the germ of the
contact process for the manufacture of sulphuric acid, which required
the labors of half a century to render it industrially practicable.

In his masterful Treatise on Chemistry, Berzelius® discussed
phenomena of this kind in which the presence of a material apparently
having nothing to do with a reaction can yet cause that reaction to
take place. Adopting a term which had been used in the seventeenth
century by Libavius” with a different meaning, he grouped these
phenomena under the designation catalytic, from the Greek rdra
down, and Adw, loose, I unloose.

5. Diversity in Catalysis. The reactions in which catalysis is
observed have multiplied with the advance of chemistry. They are
extremely varied but can be divided into two distinct groups.

6. First we have catalysis in a homogeneous system, that is, where
there is an intimate mixing of the various constituents, or at least
between one of them and the catalyst that causes or accelerates the
reaction. This is the case with the soluble ferments which are not
considered in this treatise; it is also the case with water vapor in
gaseous mixtures; with iodine, sulphur and various metal chlorides
employed to aid chlorinations; with mineral acids in aldolization or
crotonization as well as in the fofmation or saponification of esters;
with alkalies in saponification; with ferrous or manganous salts in
oxidations; with zinc chloride in the dehydration of alcohol; with
mercurous sulphate in the sulphonation of aromatic compounds; with
anhydrous ether in the preparation of organo-magnesium complexes;
and even doubtless, in the Friedel and Crafts reaction with aluminum
chloride which is partially soluble in the liquids used.

7. The second group is that of h&lerogeneous systems in which, for
example, a solid catalyst is brought into contact with gaseous or liquid
systems capable of reacting. It acts only by its surface, if it is com-
pact and remains so during the reaction; by all its mass if it is

¢ Davy, E, Schweigger's Jour. 34, 91 (1822); 48, 321 (1823).

8 English patent 6,089 of 1831.

6 BerzeLius, Traité de Chemie, I, 110 (1845).

T Lipavius, Alchemia, Lib. II, vol. I, chapters XXXIX and XL, Frankfort,
1611.
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porous, its surface then being extremely large as compared with its
weight. The influence of the almost indefinite extension of the sur-
face in the finely divided state is such that we are tempted to think
of the catalytic activity of a material as belonging exclusively to
that state (130). )

8. Autocatalysis. Ostwald has designated by this term those
reactions in which the products of the reactions accelerate the re-
actions.

Thus hydrogen and oxygen, rigorously dried, do not combine even
at 1000°, but if the combination is once started, the water vapor so
formed greatly favors the reaction, rendering it excessively rapid and
explosive.

The decomposition of hkydrogen selenide,® of arsine® and of
stibine 1° are cases of autocatalysis, since the selenium, arsenic, and
antimony set free accelerate the reactions when once they are started.

Pure nitric acid acts only slowly on many pure metals, silver, cop-
per, bismuth, cadmium, and mercury, but when once started, the
reaction accelerates itself because nitrous fumes are produced which
facilitate the attack so that the reaction may become violent.*

We find further examples of autocatalysis in the spontaneous
changes which certain organic nitro compounds undergo, e. g. powders
with nitrocellulose as a base, such as powder B;?* these changes
produce acid vapors which accelerate the decomposition.

9. Negative Catalysts. Certain materials, when present in a
chemical system, exercise an unfavorable or retarding influence; such
are negative catalysts, the presence of which increases rather than de-
creases the chemical friction and may sometimes even paralyze the
normal play of affinities.

10. For the present, it is convenient to place in this class sub-
stances capable of altering positive catalysts so as to diminish their
efficient action.

As early as 1824, Turner ** observed that traces of various sub-
stances suppressed the catalytic activity of finely divided platinum
and mentioned as such ammonium sulphide, carbon disulphide, and
hydrogen sulphide.

¢ BopaNaTEIN, Zeit. physib. Chem., 29, 428 (1899).
® Connn, Zeit. physik. Chem., 30, 303 (1898).
10 8rock and GUTTMANN, Berichte, 37, 901 (1904). BobEnsTEIN, Ibid, p. 1361.
11 Vmixy, Jour. Soc. Chem. Ind., 10, 204 (1891).
12 The French cannon powder which was used during the World War, It
is pure nitrocellulose gelatinized by a mixture of 2 parts ether to 1 part alcohol.
13 TurNER, Pogg. Ann., 3, 210 (1824).
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In the manufacture of sulphuric acid by the contact process the
presence of vapors of mercury, phosphorus, and particularly arsenic
in the gas is sufficient to impair rapidly and destroy ultimately the
catalytic action of the platinized asbestos.

In the use of finely divided nickel as a catalyst for d.lrect hydro-
genation, traces of chlorine, bromine, iodine, or sulphur compounds
in the metal, in the hydrogen, or in the substance to be treated, suf-
fice to prevent the reaction completely and somehow act as veritable
poisons for the mineral ferment.*

Many other substances, without being toxic to the nickel, which
they do not seem to injure, can retard the hydrogenation by their
presence, e. g. glycerine, various organic acids, etc. Examples will
be given in Chapter II (112 et seq.). In hydrogenations with mnickel,
-the presence of small amounts of carbon monozide in the hydrogen
exercises a marked retarding influence.!s 1¢

11, Negative catalysts, which by their presence, stabilize a chem-
ical system and render its transformation more difficult, have been
less studied than positive, but numerous examples may be given. It
has long been known that hydrogen peroxide keeps better when
slightly acid. The addition of a few hundredths of one per cent of
sulphuric or hydrochloric acid to a 30 volume hydrogen peroxide
considerably augments its stability. Thus at 65°, pure hydrogen
peroxide required 3.2 hours for 50 per cent decomposition but this
was increased to 35 hours by the addition of 0.026 molecule of hydro-
chloric acid.'’

The spontaneous oxidation of chloroform to carbonyl chloride is
hindered by the presence of a little alcohol.

Hydrocyanic acid is stabilized by traces of hydrochloric or sul-
phuric acid.2®

In the oxidation of phenols by hydrogen peroxide in the presence
of ferric chloride as catalyst, the reaction is retarded by the presence
of mineral acids and even more by acetic, oxalic, and citric aci

The formation of the organo-magnesium halides in the Grignard
reaction is retarded by the presence of anisol, ethyl acetate, chloro-
form or carbon disulphide (303).

14 SxpaTiER, Berichte, 44, 1984 (1011).

18 MaxTeD, Chem. News, 117, 73 (1918).

16 Numerous quantitative experiments made by the translator in the Lab-
oratory of Colgate and Company showed that catalytic nickel for hydrogenation
is more injured, in use, by carbon monoxide than by any other catalyzer poison
that is apt to be present.— E. E. R.

17 LemoiNe, Compt. rend., 161, 47 (1915).

13 Lxsia, Annalen, 18, 70 (1836).
19 CoLN and SfNkcmAL, Compt. rend, x58, 76 (1011).
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In the abstraction of halogens in the Wurtz or Fittig synthesis of
hydrocarbons, benzene and petroleum ether exercise an unfavorable
influence (605).

In the very complex reaction of the vulcanization of rubber, in
which a large number of substances have a beneficial effect (104 a.nd
107), phenyl-hydrazine is a very marked negative catalyst.?®

12. Water which so often acts as a positive catalyst, can some-
times retard or even prevent reactions.

Moist hydrogen reduces nickel oxide less rapidly than dry.

The decomposition of oxalic acid by hot concentrated sulphuric
acid is impeded by the addition of very small amounts of water. The
time of decomposition, under the same conditions of heating, is more
than trebled by the addition of 0.05% of water, while 1% of sulphur
trioxide renders the reaction tumultuous.®*

The presence of a little water retards the decomposition of diazo-
acetic ester in alcoholic solution.®® ‘

- Moisture retards the fixation of oxygen in the direct oxidation of -
unsaturated organic compounds in the presence of metallic catalysts.®

The presence of traces of water hinders the attack on metallic
aluminum by fatty acids and by methyl, butyl, amyl, and benzyl
alcohols as well as by various monophenols, ordinary phenol, the
cresoles and a- and B-naphthols.*

13. In chemical systems in which autocatalysis takes place (8),
the presence of substances which form stable compounds with the
catalysts engendered during the reaction, hinders their effect. Hence
such substances are stabilizers, or negative catalysts.

In the action of nitric acid on metals, various oxidising agents,
hydrogen peroxide, potassium permanganate, and chloric acid are
' negative catalysts because they hinder the accumulation of nitrous
fumes by oxidising them to nitric acid and thus preventmg their ac-
tion as positive catalysts.

With regard to powders having organic nitrates as bases (powder
B, nitrogylcerine, etc.), all substances, such as amyl alcohol and
diphenylamine, which are capable of fixing, either as salts or as
esters, the acid products engendered by the slow spontaneous denitri-
fication of sucli powders and which hasten their decomposltlon are
stabiligers.

20 PeacHEY, Jour. Soc. Chem. Ind., 36, 424 (1917).

31 Sapatixr and Espmn, Compt. rend., 158, 668 (1914).

32 Brepia and Fragnxm, Berichie, 39, 1756 (1908).

38 Mmuar, Zeit. physik. Chem., 85, 129 (1913). Bgrauns, Ibad p. 170.

Smm.ml, Ibid., p. 211.
3¢ PoxiN, Zeit. anorg. Chem., 22, 1451 (1909).
88 SmryaMaN and WrLiams, J. S8oc. Chem. Ind., 37, 159 (1918).
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14. Inversion of Reactions. According to circumstances, cat-
alysts are frequently able to work in inverse directions.

We have seen above (2) that platinum black thrown into hydro-
gen peroxide, induces its rapid decomposition with separation of
oxygen. Inversely, platinum black serves to oxidise many substances,
for example, alcohol which it transforms into aldehyde and acetic
acid (244). It is now an oxidation catalyst and now a deoxidation
catalyst.

15. At about 350°, hydrogen and iodine vapor combine rapidly in
contact with platinum sponge,** and at the same temperature and
with the same catalyst, hydrogen iodide is dissociated.*

Finely divided metals such as nickel reduced from the oxide,
readily add hydrogen to hydrogenizable substances at 180°; benzene
is thus transformed into cyclohexane (446). On the contrary, the
inverse effect is produced when cyclohexane vapor is passed over
nickel at 300°; hydrogen is eliminated and benzene is regenerated
(641).

Reduced copper which is capable of hydrogenating aldehydes to
alcohols at 180° (522), dehydrogenates alcohols at 250° to produce
aldehydes (653).

The direct hydrogenation of nitriles over nickel at 180° readily
furnishes primary amines (426); but inversely, nickel causes the de-
composition of the amines at 350° into the nitriles and hydrogen
(681). . .

Platinum, nickel, and copper are thus catalysts of hydrogenation
or of dehydrogenation as the case may be. ’

16. Phenol vapor passed over thoria at 450°, is regularly dehy-
drated to form phenyl oxide (786); but the same catalyst at the
same temperature can bring about the splitting of phenyl oxide by
water to regenerate phenol?® Hence thoria is at the same time a
catalyst for hydration and for dehydration.

17. It is the same way with strong mineral acids, such as sulphuric
and hydrochloric, which are equally capable of bringing about the
addition of water as in the saponification of esters (313), or its
elimination as in esterification (749).

18. Soluble ferments, such as emulsine, which are in reality true
catalysts, acting in homogeneous system, easily decompose gluco-
sides by hydration and are also capable of synthesizing glucosides
by dehydration. Thus galactose treated with emulsine in concen-

26 CorENwWINDER, Ann. Chim. Phys. (3), 34, 77 (1852).
27 Havurersvns, Compt. rend., 64, 608 (1867).
38 Sapatmer, and Esrru, Bull. S8oc. Chim., (4), 15, 228 (1914).
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trated solution condenses by dehydration into galactobtose; the
latter, on the contrary, in dilute solution, is hydrated by the emulsine
to regenerate the galactose.®®

19. Reversible Reactions. In any reaction in which catalysts
are able to activate the transformation in the two opposite directions,
there results an equilibrium, the same limit being reached from either
end. The catalyst only modifies the velocity of the opposing re-
actions without essentially changing their character; consequently
in reversible reactions, the location of the limit is not, in general,
changed by the intervention of the catalyst, though the catalyst
enormously shortens the time required to reach that limit.

20. Lemoine has verified this for hydriodic acid which
immediately reaches its limit of decomposition, 19% at 350°, in the
presence of platinum sponge. Without a catalyst, at the same tem-
perature, under 2 atmospheres pressure, the limit was 18.6% but was
not reached till after 250 to 300 hours.*®

21. Berthelot arrived at the same conclusions with the esterifica-
tion of alcohols by acetic acid. For equivalent amounts of ethyl
alcohol and acetic acid, the limit of 66.6% esterification is not
attained at room temperature till after the lapse of several years of
contact: on the contrary, in the presence of traces of hydrochloric
or sulphuric acids, the identical limit is reached in a few hours.

22. An immediate consequence of the foregoing is that, in rever-
"gible reactions, the location of the limit is independent of the nature
of the catalyst. This has been verified for the condensation of
acetaldehyde. Whatever causes its polymerization into paraldehyde
(hydrochloric acid, sulphur dioxide, oxalic acid, or zinc sulphate,
etc.) always transforms the same proportion.®*

23. Velocity of Catalyzed Reactions. The presence of a cat-
alyst greatly influences the velocity of reactions. It is in order to
examine the effect of:

1. Temperature,
2. Pressure,
3. Quantity of catalyst.

24. Temperature. Temperature plays a capital rble in many
catalytic reactions, just as it does in most chemical changes. They
~do not take place except above a certain temperature; the direct
hydrogenation of benzene in the presence of nickel hardly takes place

29 BourquELor and Ausry, Compnt. rend., 163, 60 (1916).

%0 LeMoINE, Ann, Chim. Phys. (5), 13, 145 (1877).
31 TurBaABA, Zeit. physik. Chem., 38, 505 (1901).
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at all below 70°, while that of ethylene begins as low as 30° (413),
and that of acetylene goes on at room temperature (423).

The decomposition of alcohol into ethylene and water by blue
oxide of tungsten commences only at about 250° (709) ; the dehydra-
tion of phenol to phenyl oxide by thoria requires a temperature above
400° (786).

25. Elevation of the temperature also increases greatly the
velocity of reactions: in fact it is found that, in a large number of
cases, this velocity is doubled when the temperature is raised 10°.
Reactions in which catalysts intervene do not escape the general rule
and are greatly accelerated by elevation of temperature which is con-
sequently favorable, so long as it does not greatly change the mech-
anism of the reaction — which, however, frequently happens. Thus
catalytic hydrogenation is frequently replaced, above a certain tem-
perature, by its reverse, catalytic dehydrogenation.

26. For example in the hydrogenation of benzene over nickel, the
velocity of the formation of cyclohexane increases rapidly from 70°,
where it is very slow, up to 180-200°, the most favorable tempera-
ture. From there on it decreases as 300° is approached, at which
this reactien no longer takes place, cyclohexane being, on the con-
trary, decomposed into benzene and hydrogen or even into bengzene
and methane according to the equation:

3CH,, = 2CH, + 6CH,,

this latter reaction becoming more important as the temperature is
raised.*?

27. In the hydrogenation of acetylene which takes place without
complications at room temperature (423), elevation of temperature
tends to introduce, by the side of the transformation into ethane, the
condensation of acetylene into more complex molecules even to the
formation of solid carbonaceous deposits (924).

28. In the dehydration of primary alcohols by contact with anhy-
drous oxides, elevation of temperature tends to introduce or to accel-
erate the reaction of dehydrogenation whereby aldehydes or com-
pounds produced from them are formed (709).

29. Thus, by a judicious choice of reaction temperature, it is fre-
quently possible to obtain, at will, various degrees of combination.
For example, in the hydrogenation of anthracene over nickel, at 180°,
perhydroanthracene, C,.H,., is obtained, along with the dodecahydro-;
at 200° the octohydro- is prepared and at 260°, the tetrahydro-.**

33 SapaTER, and SeNDERENS, Ann. Chim. Phys. (8), 4,‘ 334 (1905).
33 GoocHot, Ann. Chim. Phys. (8) 13, 468 (1907).
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30. Pressure. Increase of pressure can scarcely have any con-
siderable effect except in gaseous systems or in heterogeneous systems
having a gaseous phase. In such cases, it can be foreseen that it
will have a beneficial effect in those cases in which the number of
molecules is diminished in the reaction.** This is the case in the
hydrogenation of compounds containing an ethylene bond and prac-
tical use is made of it in the hydrogenation of liquid fats (956).

Likewise in the direct hydrogenation of phenol by nickel, in the
liquid system around 150°, the formation of cyclohexanol is extremely
slow in hydrogen at ordinary pressure, but, on the contrary, is rapid
and complete under 15 atmospheres.?®

31. On the contrary, molecular decompositions such as the de-
hydrogenation of alcohols into aldehydes or ketones, in contact with
finely divided copper, are favored by a lowering of the pressure, which
diminishes also the reverse reaction (653).

32. Quantity of Catalyst. We must at once distinguish between
the two cases, whether the catalyst acts in homogeneous or hetero-
geneous systems.

In homogeneous systems, in which the catalyst remains in intimate
mixture with the components of the reaction, it acts by its mass and
its action increases with its concentration. '

In the manufacture of sulphuric acid by the lead chamber process,
in which oxides of nitrogen serve as the catalyst, the velocity is pro-
portional to their concentration up to a certain limit.

In the inversion of sugar solutions by mineral acids (324), and
in the saponification of esters by the same agents (313), the active
agents in the catalysis are the free hydrogen ions arising from the
electrolytic dissociation of the acids and the velocity of the reaction
is proportional to the concentration of these ions.

In the catalytic decomposition of hydrogen peroxide by small
amounts of alkali, the rapidity of the decomposition is nearly pro-
portional to the concentration of the alkali.?®

33. It is the same way with certain solid catalysts, iodine in the
chlorination or organic compounds (278), and anhydrous aluminum
chloride in the Friedel and Crafts reaction (883), which do not act
till they have been dissolved in the liquids of the system to be trans-
formed and then are comparable to liquid catalysts, with activity
proportional to their concentration.

34. Heterogeneous systems are much more frequently met with:

84 DagzaNs, Bull. S8oc. Chim. (4), x5, 588 (1914).
35 Brocaxt, Ibid. (4), 15, 554 (1914).
3 Tamoinm, Compt. rend., 161, 47 (1915).
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the catalyst in such is a solid phase in a liquid or gaseous medium
and exercises its useful power only on its surface. The action, at first
sight, depends on the extent of the surface, or at least on the mass
of an extremely thin layer. A layer of silver 0.0002 mm. thick, de-
posited on glass, causes a very rapid decomposition of hydrogen
peroxide.®’

35. Solid catalysts are more active the greater their surface, and,
for the same weight, the finer their grains; but there is, by no means,
& rigorous proportionality between the activity and the extent of
surface.

In liquids, convection currents which bring the material to be
transformed into more or less perfect contact with the catalysts,
have an important influence on the rate of the reaction, but one dif-
ficult to estimate. If the mixture is kept perfectly homogeneous, the
active surface of a given catalyst, made up of grains of the same size,
should be proportional to the number of grains, that is to say, to the
total mass, but should increase very rapidly as the grains become
smaller.

For a solid catalyst acting in a gaseous system, the incessant and
very rapid movement of the gas particles is sufficient to assure the
homogeneity of the system. The activity of the catalyst, if it is in
a very thin layer, is proportional to the area of this layer. If the
layer is thick, not only the surface particles act but also those within,
the effect of the interior particles being more important, in propor-
tion as the grains which compose the catalytic material are lighter
and less agglomerated. With a solid in a fine powder, which is
readily penetrated by the gas, the useful surface is extremely large
as compared with the exterior surface of the layer. The state of
division of a solid catalyst is a matter of prime importance. The
catalytic power of nickel in sheets or even in thin foil is quite minute
and of no practical value, while it is highly developed in the finely
divided nickel which is obtained by reducing nickel oxide by hydro-
gen, below red heat, and particularly so when the oxide obtained by
dehydration of nickel hydroxide is itself finely divided.

From this point of view, there are great differences in various
catalysts according to the conditions of their preparation (see
Chapter II).

37 Lemorns, Ibid, 155, 15 (1912).



CHAPTER II
ON CATALYSTS

36. As chemistry has developed, the number of catalytic phe-
nomens has increased enormously and it has been recognized that
the réle of catalyst is played, not by a few bodies only but by a mul-
titude of substances of every sort”

37. Solvents. The definition proposed by Ostwald, “ A catalyst
18 a substance which, without appearing in the final product, influ-
ences the velocity of a reaction,” leads us to consider an infinite num-
ber of substances as catalysts. Solvents, whatever their nature, are
catalysts since they do not appear in the equation of the reaction
which they cause to take place."

In the absence of a liquid which dissolves them and thus realizes
the contact which is indispensable to combination, solid substances
which have no appreciable vapor pressure in the cold, are incapable
of reacting with each other. :

Dry crystals of oxalic acid and chromic anhydride can be mixed
cold without any chemical change, but the addition of water which
establishes perfect contact between the two substances, immediately
starts the oxidation of the oxalic acid at the expense of the chromic
anhydride. The water may be recovered completely and unchanged
by the reaction. It acts as a catalyst.

38. The nature of the solvent can change greatly the velocity of
reactions which take place in it, and furthermore, the influence which
it exercises is absolutely special in each case.

Water is a true catalyst in the decomposition of hydrogen
peroxide.!

In the fixation of hydrogen, by colloidal palladium, upon the acet-
ylene triple bond, the. solvent has an important influence of its own.?

The combination of triethyl-amine with ethyl todide to form
tetraethyl-ammonium iodide at 100°, is 203 times as rapid in ethyl
alcohol, 718 times in acetophenone, and 742 times in benzyl alcohol,
as it is in hezane?

1 LamoiNs, Compt. rend., 155, 9 (1912).

* ZauU'xiND and PiscrHixov, Jour. Russian Phys. Chem. Soc., 46, 1527 (1914),
C. A, 9, 2087.

3 MaxscHUTKIN, Zeit. phys. Chem., 1, 611 (1887); 6, 41 (1890).
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39. In reversible reactions, the limit will not be altered by a
change of solvent if this does not react in any way with either the
reactants or the products: otherwise the limit will be modified. For
example, in reactions between electrolytes, brought about in alcohol
or in water, electrolytic dissociation is of great influence in case water
is the solvent.

40. Solvents are not commonly classed with true catalysts as this
designation is usually reserved for those substances which act in
small concentration and of which a small quantity is able to cause
large quantities of other materials to react.

DIVERSE SUBSTANCES CAN ACT AS
CATALYSTS

41, The number of substances capable of acting as catalysts, is
already very large and continues to increase with the progress of
chemistry.

We find in this class the most varied materials: elements, oxides,
mineral acids, bases, metallic chlorides, bromides, iodides, fluorides
and oxygen salts, ammonia and its derivatives, and diverse organic
compounds. But, particularly for solids, the catalytic activity can
vary greatly according to their origin, either if they can exist in dis-
tinct molecular forms, or, more frequently, if they present them-
selves in different states of sub-division (32).

ELEMENTS AS CATALYSTS

42. Elements which are of themselves true catalysts, maintaining
themselves unchanged during the course of the reactions which they
provoke, are quite numerous and it is convenient to consider along
with them those which pass immediately into compounds which act
as catalysts. This is the case with chlorine, bromine, iodine, tel-
lurium, sulphur, and phosphorus among the non-metals and tin,
antimony, and thallium among the metals.

43. Chlorine and Bromine. These probably act by the im-
mediate formation of the hydro-acids, to transform aldehydes into
the polymeric paraldehydes.

44. Iodine. Iodine acts in the same way in the same reactions.
It is frequently employed in chlorinations, and acts then by trans-
forming itself into the trichloride which is the real factor in the ca-
talysis. It permits the direct sulphuration of aromatic amines with
the elimination of hydrogen sulphide (296). It can aid in causing
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the condensation of aromatic amines with naphthols (790). It serves
also to facilitate the reaction in the preparation of the organo-
magnesium halides of the Grignard reagent, when it is desired to pre-
pare these from chlorides or bromides (302).

45. Sulphur and Tellurium. Employed as carriers in chlorina-
tion, they certainly act in consequence of the initial formation of an
equivalent amount of the chlorides. Tellurium has been proposed as
an agent in direct oxidation (251).

46. Phosphorus. Red phosphorus has been mentioned as a
catalyst for the dehydration of alcohols above 200° (699). The
chief factor in this catalysis appears to us to be the small quantity
of acids of phosphorus which exist in the phosphorus or which are
produced from it by the oxidising effect of the alcohol.

47. Antimony, Tin and Thallium. Their use in chlorination is
based on the primary formation of their perchlorides.

48. Carbon. All the porous forms of carbon have been employed
as catalysts.

The carbonaceous mass obtained by calcining blood with potas-
sium carbonate is a good catalyst for chlorination.t

Animal charcoal i8 a mediocre catalyst for the dehydration of
alcohols (699), but is efficient in the preparation of carbonyl chloride
from carbon monoxide and chlorine (282).

Coke may serve as an oxidation catalyst (258).

Wood charcoal, or baker’s charcoal possesses considerable absorb-
ing power for many gases, the consequence of which is frequently the
production of special reactions. Carbon saturated with oxygen can
produce oxidations: ethyl alcohol is changed to acetic acid. Ethyl-
enic hydrocarbons are partially burned.®

Carbon saturated with chlorine enables us to chlorinate sulphur
dioxide in the cold as well as hydrogen.®

Baker’s charcoal catalyzes the decomposition of primary alcohols
above 380°, giving, at the same time, aldehydes and ethylene hydro-
carbons (679). It is frequently employed for the preparation of
carbonyl chloride (282).

49. The porosity of the carbon has a great influence. Thus in
the case of 30 volume hydrogen peroxide of which the half decompo- -
sition at 17° required 240 hours, the addition of 5% of cocoanut
charcoal (in pieces 1 to 2 mm. in size) reduced this time to 15.4 hours,
while the same weight of charcoal from the black alder lowered it

¢ Damorsrau, Compt. rend., 83, 60 (1876).
8 Cavveer, Ibid., 64, 1246 (1867).
¢ Mzisens, Ibid., 76, 92 (1873).
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only to 212 hours. Sugar charcoal falls between these two as an
activator.”

50. Sodium brings about the isomerization of unsaturated hydro-
carbons, e. g., diethylallene into diethylallylene (192). It polymerizes
1soprene (213) as well as acetonitrile (231).

51. Magnesium. Magnesium powder has been mentioned as
very active in decomposing hydrocarbons at 600° (918).

Aluminum. The same property has been claimed for aluminum
which has been proposed as a chlorination catalyst also because it
changes immediately to the chloride. Aluminum turnings are only
a mediocre catalyst for oxidation (255).

52. Manganese. Powdered manganese is a poor catalyst for
oxidations (255) but is an excellent aid to bromination (292).

Zinc turnings, at 100°, can cause the condensation of acetaldehyde
into aldol or into crotonic aldehyde (219). The same metal acts as
a dehydrogenating agent on alcohols at 600-50°, temperatures at
which the metal is melted, a condition unfavorable to catalytic
action (670).

53. Nickel. Employed in the state of extremely fine division,
as is obtained by the reduction of the oxides by hydrogen or carbon
monoxide, nickel is a marvelous catalyst, the manifold activity of
which has been established by the investigations of Sabatier and
Senderens, beginning in 1879. It is specially suitable for the direct
hydrogenation of volatile organic compounds, but it is equally
capable of producing dehydrogenations and decompositions whether
they are followed by molecular condensations or not. Chapters VIII,
IX and XII are devoted to catalytic reactions effected by nickel.

54. The metal in sheet or even in thin foil possesses only slight
activity. Catalytic nickel should be prepared by reducing the oxide,
and as the metal so produced is readily oxidised and frequently pyro-
phoric, it is generally best to carry out the reduction in the same tube
in which the catalysis is to be effected. However this is not abso-
lutely necessary, if the precaution is taken to cool the reduced metal
perfectly in the current of hydrogen, or better still in a current of
pure nitrogen.® The metal so prepared can be preserved in a well-

7 Lemoins, Ibid., 163, 725 (1916).

3 When freshly prepared highly active nickel is exposed freely to the air,
a rapid heating takes place that considerably impairs its catalytic activity. The
change which takes place in the nickel is brought about and augmented by the
heat produced by the catalytic oxidation of the hydrogen occluded and surround-
ing the nickel when it comes in contact with an excess of oxygen from the air.
Similar oxidation of hydrogen is well known in the presence of catalytic pal-
ladium or platinum. In the case of catalytic nickel, however, the heat thus
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stoppered bottle for quite a long time without considerable alteration.

65. The activity of the reduced nickel varies greatly according
to the nature of the oxide and the manner of reduction. The metal
is more active, the greater its surface; and the lighter the oxide and
the lower the reduction temperature, the greater is this surface.

Nickel reduced- at a bright red is no longer pyrophoric and
possesses a considerably reduced catalytic power.

On the contrary, that which comes from the hydroxide precipitated
from the nitrate, dried and reduced around 250°, has an excessive
activity along with maximum alterability. It can be compared to
a spirited horse, delicate, difficult to control, and incapable of
sustained work.

Applied to phenol, it passes by cyclohexanol and produces cyclo-
hexane to a large extent. It tends to produce molecular dislocations
in bodies submitted to catalysis.

56. An excellent quality of nickel is obtained by dissolving the
commercial cubes in pure nitric acid (free from hydrochloric), calein-
ing the nitrate at a dull red and reducing at about 300° the oxide
thus obtained. Such a nickel can do all kinds of work and maintains
its activity for a long time.

It has been stated that nickel prepared above 350° is incapable
of hydrogenating the aromatic nucleus,® but Sabatier and Espil have
shown that this ability is still possessed by a nickel prepared at 700°
even when it is kept at this temperature for several hours, but not
by nickel prepared by reduction above 750° or heated for some time
at 750020

57. Cobalt. Finely divided cobalt, such as is obtained by the
reduction of the oxide by hydrogen, can be employed as a catalyst
for the same purposes as nickel, but is less useful as it is less active,

generated in the presence of an excess of oxygen, or air, produces an oxidation
of the catalyzer to an extent that lessens or destroys its activity. A number of
experiments were made in which freshly prepared nickel catalyzer still in the
presence of hydrogen was subjected to the action of a Geryk pump which ex-
hausted practically all of the excess hydrogen gas. In different experiments the
catalyser was then, while cold, allowed slowly to come in contact with carbon
dioxide, nitrogen, and air. The catalyzers so formed were active and retained
their activity reasonably well. In case air was admitted to the vacuum vessel
containing the catalyzer, it was introduced very slowly so that any oxidation
would be so slight as not to increase the temperature sufficiently to produce
cumulative oxidation.— M. H. ITT~ER.

9 DarzENs, Compt. rend., 139, 869 (1904); BrunEL, Ann. Chim. Phys. (8),
6, 205 (1903).

10 Saparer and Epsn,, Bull. Soc. Chim. (4), 15, 779 (1914).



88  CATALYSIS IN ORGANIC CHEMISTRY 16

and as the reduction of its oxide requires a higher temperature, in
fact above 400°.

58. Iron. Reduced iron can replace nickel in quite a large
number of cases, but disadvantages, like those mentioned for cobalt,
are more serious, the oxides being still more difficult to reduce.
Between 400° and 450°, it is necessary to prolong the action of the
hydrogen for six or seven hours to obtain complete reduction.
Furthermore, the metal reduced at this high temperature is no longer
pyrophoric and retains only mediocre activity. However, pulverized
iron is a useful catalyst for decompositions accomplished at a low red
heat (932).

Iron has been mentioned as a chlorination catalyst, but in that
case it serves only to form iron chloride which is the real catalyst.

59. Copper. Copper, reduced from its oxide by hydrogen, con-
stitutes, on account of its ease of preparation, the low temperature
at which the oxide can be reduced, below 180°, and the regularity
of its action, a valuable catalysf for certain reactions, but it is not
capable of effecting all kinds. Its activity also varies considerably
according to the method of production. The black oxide of copper,
prepared by roasting the metal or by calcining the nitrate at a bright
red, furnishes by reduction, with incandescence, a clear red, very
compact metal with low catalytic power. By reducing with a slow
current of hydrogen (to avoid incandescence) at about 200°, the
tetracupric hydroxide —such as is precipitated from boiling cupric
salt solutions by alkalies—a very light violet colored metal is
obtained with much greater catalytic activity. The very fine copper
powder which is commercially prepared for imitation gilding, can
frequently be used: it is only necessary to free it from grease by
washing with ether or ligroine.

This latter has been used to facilitate several of the reactions of
aromatic diazonium salts in which nitrogen is eliminated (606). It
is efficient in causing the production of phenyl oxide by the action of
brombenzene on sodium phenylate (904).

Copper in spirals, or in gauze, has been employed, with advantage,
in the catalytic oxidation of alcohols, ethers, hydrocarbons, and
amines (254).

60. Silver. Silver powder is an excellent oxidation catalyst (253).
Inversely, it causes the rapid decomposition of hydrogen peroxide,
transforming itself into the oxide AgO, which continues the
catalysis.1

61. Platinum. Platinum is one of the longest known catalysts.

11 BerraELOT, Bull. Soc. Chim. (2), 34, 135 (1880).
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Not oxidisable in the air at any temperature, it is a powerful catalyst
for oxidation or for hydrogenation, especially when it is finely divided
and presents a large surface. This is the condition realized in
platinum sponge, a porous material obtained by calcining ammonium
chlorplatinate, and even better in platinum black and in colloidal
platinum, which can be mixed intimately with liquids submitted to
catalysis (67).

62. Platinum black can be prepared either by reducing acid
solutions of platinic chloride !* by zine, or better by magnesium, or
by treating the platinum chloride with alcohol and alkalies,** or by
reducing the platinum salt with sodium formate,* or with sodium tar-
trate, or even with glucose in alkaline solution, or by glycerine and
potash.2®

An excellent method is that of Loew: - 35 cc. formalin is added te
25 g. platinum chloride dissolved in 30 cc. water and then, little by
little, while cooling 25 g. caustic soda dissolved in its own weight of
water. After twelve hours it is filtered off and washed. A spongy
mass is thus obtained which is dried in the cold over sulphuric acid.2®

Platinum black always retains traces of substances with which
it has been in contact during its preparation. Blacks prepared in
alkaline solution are more active than those from acid solution.

63. According to Lemoine the grains of platinum black, of which
the diameter is about 0.1 mm., are much more active than those of
the sponge for the same area. With a specimen of hydrogen peroxide
which, without catalyst, required ten days for half decomposition,
this time was reduced by platinum black to 0.00013 hour and with
the same surface of the sponge only to 0.2 hour. The black possesses
a specific activity which is, without doubt, due to less molecular
condensation and which disappears when it is heated to 400 to 500°.*"

This weakening by heating is progressive. Thus platinum black
is not sensibly altered as a hydrogenation catalyst when heated below
300° and still retains its power to transform limonene into menthane
by the fixation of 2H,. If it is heated to 430°, it is considerably
weakened and can add only H, to the external double bond, giving
carvomenthene. Heated to 500°, it loses all activity.2®

12 Borrreer, J. Prakt. Chem. (2), 2, 137 (1870).

18 Zmsg, Pogg. Ann., 9, 632 (1827).

14 DosmmruiNge, Ibid., 28, 181 (1833).

18 ZprawKOWITCH, Bull, S8oc. Chim. (2), a5, 198 (1876).

16 Loxw, Berichie, 23, 289 (1890). Improved directions for this important
preparation are given by WiLLsTiTrer and WaLbscEMT-LErTZ in Berichte, 54,
121 (1921).—E. E. R.

17 LamoiNs, Compt. rend., 163, 657 (1916).

18 Vavon, Ibid., 158, 409 (1914).
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Compact platinum in foil or wire has a certain activity, at least, if
it has been previously heated above 50°. A heated platinum spiral
introduced into a mixture of alcohol vapor and air or oxygen, causes
the formation of aldehyde and the incandescence which results from
the heat liberated in the oxidation, maintains itself indefinitely so
long as the mixture is renewed: this is the lamp without flame.r®

64. Rhodium, Ruthenium, Iridium, and Osmium. Employed
in the form of the pulverulent black, or as sponge, these metals act
in the same manner as platinum, at least as regards reactions of oxida-
tion or of decomposition, but they are less active in hydrogenation
(580) .

Rhodium or iridium black decomposes, in the cold, formic acid
into hydrogen and carbon dioxide (822). In contact with alcohol
and caustic soda, hydrogen is evolved with the formation of sodium
acetate.?°

65. Palladium. Palladium exhibits the property of absorbing
very large quantities of hydrogen, even up to 930 times its own
volume** Palladium thus saturated with hydrogen can effect a large
number of hydrogenations. But the metal can serve also as a tem-
porary support for hydrogen, that is to say, as a hydrogenation cat-
alyst, in the form of sponge or black (573), and can be employed as
a catalyst for dehydrogenation (669), for decomposition (624), or
for polymerization (212).

66. Gold. Gold, when finely divided, has catalytic properties
resembling those of silver.

67. Colloidal metals. The catalytic activity of metals, being in
direct relation to the extent of their surfaces, consequently to the
minuteness of their particles, should reach its maximum in the col-
loidal state. As the chemical alterability of the metals is also inten-
sified by their extreme subdivision, it would hardly be expected that
any could be practically used in this state except those not oxidisable
in the cold, such as platinum, palladium, gold and silver.

68. Bredig * has described a simple method for preparing colloidal
metals: an electric arc is made to play between two wires of the
metal under pure water. A sort of nebulosity is observed which
becomes darker and darker till it is soon so opaque that the spark

19 HoFMANN, Annalen, 145, 358 (1868).

20 SAINTE-CLAIRE-DEVILLE and DEBraY, Compt. rend. 78, 1782 (1874).

21 GraHAM, Phil. Mag., (4), 32, 401 and 503 (1866); 36, 63 (1868). Proc.
Roy. Soc., 15, 223, 502 (1867); 16, 429 (1868); 17, 212 and 500 (1868). Compt.
rend., 63, 471 (1866) and 68, 101 (1869).

32 Beepiqa, Zeit. physik. Chem., 31, 258 (1899); 37, 1, 323 (1901); Berichte,
37, 798 (1904); Zeit. Elektroch., 14, 51 (1908).
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can not be seen. Solutions thus obtained can be preserved for a long
time and contain 0.09 to 0.02 g. gold per liter and a less amount of
palladium or platinum: the number of particles in such a solution
may reach as high as a billion per cubic millimeter.

69. Unfortunately such solutions are unstable in the presence of
various substances., The presence of suitable organic materials gives
them stability and Paal has found that egg albumen has this effect.
He dissolves 15 parts of caustic soda in 500 parts of water, adds 100
parts egg albumen and warms on the water bath till solution is nearly
complete. It is acidulated with sulphuric acid and the precipitate
filtered off. The solution is neutralized with soda, evaporated on
the water bath to a small volume and again acidulated with sulphuric
acid.

The filtered solution is dialyzed to separate the sodium sulphate.
The liquid remaining in the dialyzer is treated warm with baryta
water which precipitates the remaining sulphate ions. The filtered
solution is evaporated on the water bath and several volumes of
alcohol added, which precipitates white flakes which Paal has named
lysalbinic acid. 'When dry, this is a white powder, soluble in water
and nearly insoluble in alcohol: its weight is about one-fourth that
of the albumen.

One gram of the above product is dissolved in 30 cc. water and
made alkaline with a slight excess of soda, 2 g. platinum chloride dis-
solved in a little water is added and then a slight excess of hydrazine
hydrate. The solution turns dark and a gas is evolved: after five
hours it is dialyzed to eliminate electrolytes, carefully evaporated on
the water bath and dried in vacuum. Brilliant black scales are
obtained which dissolve in water to form a black opaque solution:
this is collotdal platinum.

Colloidal palladium is prepared in an analogous manner.®®

Solutions of these are very stable and can even be heated for a
long time .without change.

70. In this way colloidal solutions can be prepared of silver, gold,
copper, osmium, and iridium, all decomposing hydrogen peroxide with
extreme energy. Traces of osmium produce this effect.®¢

71. Skita prepared a colloidal palladium hydroxide, for use as a
hydrogenation catalyst, by heating to boiling a solution of palladium
chloride, PdCl,, with soda and a little gum arabic. The solution is

38 PaaL, Berichte, 35, 2195 (1902). PaaL and AmsBErcer, Ibid., 37, 126 (1904)
and 38, 1398 (1905). Kriser and Scmwartz, Ibid., 45, 1946 (1912). Skrra and
Mzve, Ibid., 45, 3579 (1912).

3¢ PaaL and AmBxraEs, Berichie, 40, 2201 (1907). Paay, BieHizr and Srxves,
Ibid., so, 723 (1917).
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dialyzed till neither silver nitrate nor baryta water gives a test out-
side. The solution, evaporated to dryness in a vacuum, gives brown
scales of colloidal palladium hydroxide, insoluble in cold water but
soluble in water containing traces of acid or alkali.

Another method of preparing colloidal palladium, given by the
same author, is to pass a current of hydrogen through a warm solu-
tion of palladous chloride and gum arabic.

A colloidal platinum hydroxide, analogous to that of palladium,
is obtained by treating a boiling solution of potassium chlorplatinate
with the theoretical amount of decinormal soda and adding gum
arabic. The brown solution by dialysis, and evaporation in vacuum,
gives a black solid, insoluble in water but made soluble by a trace
of alkali.

The solutions so obtained can be neutralized, dialyzed and evap-
orated in vacuum: the black scales so obtained dissolve readily in
water and can be employed for hydrogenations in acid inedia (561).
The solutions are not coagulated by boiling with acetic acid, nor by
heating with water under pressure.

In another process, called the germ method, the same chemist adds
to a solution of platinum chloride, PtCl,, containing gum arabic, a
trace of a previously prepared colloidal platinum in solution, and
submits the liquid to the action of compressed hydrogen, by which
means a colloidal solution of the metal is obtained.®®

72. Among colloidal metals, the maximum activity for oxidations
belongs to platinum, osmium being only slightly active: 2¢ for hydro-
genations, silver and osmium are much inferior to platinum and
particularly to palladium; gold and copper produce no effect.?’

OXIDES AS CATALYSTS

73. Water. Water appears frequently as a positive catalyst:
quite a large number of reactions are not readily carried out except
in the presence of traces of moisture. Oxidations are generally more
difficult to realize by means of oxygen rigorously dried.?®* A mixture
of absolutely dry carbon monoxide and oxygen can not be made to
explode. A flame of carbon monoxide is extinguished in perfectly
dry air*® Carbon and even phosphorus refuse to burn in perfectly

38 Sxira, Berichte, 45, 3312 (1912).

20 PaaL, Berichte, 49, 548 (1916).

27 PaaL and Gemuwm, Berichte, 40, 2209 (1907).
28 DrxoN, Proc. Roy. Soc., 37, 56 (1884).

29 Tgauss, Berichte, 18, 1800 (1885).
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dry oxygen.** Hydrogen and oxygen thoroughly dried do not com-
bine up to 1000°. Ammonia and hydrogen chloride when rigorously
freed from moisture do not form any solid ammonium chloride and,
conversely, thoroughly dry ammonium chloride can be volatilized
without decomposition and the density of its vapor is then normal.®

A trace of moisture is sufficient to cause the transformation of
vitreous arsenic trioxide into its octahedral isomer (porcelain like).**

Absolutely dry fluorine does not attack glass (Moissan).

This beneficial catalytic effect of water is quite exceptional in
organic reactions, but we may mention that in the catalytic oxidation
of methyl alcohol vapors by a platinum spiral, the presence of water
favors the production of formaldehyde. With absolute methyl alco-
hol, incandescence is not produced unless the spiral has an initial
temperature of at least 400°, while with 20% of water in the alcohol,
175° is sufficient.®®

74. Sulphur Dioxide. Small a.mounts of tlus gas are sufficient to
cause the polymerization of acetaldehyde into paraldehyde or
metaldehyde (482).

75. Anhydrous Metallic Oxides. Manganese dioxide rapidly
decomposes hydrogen peroxide, without itself being altered. The
same is true of the yellow oxide of lead in alkaline solution. Cuprous
oxide is an active catalyst for the decomposition of diazonium salts
(606).

The studies that have been made in commercializing the contact
process for sulphuric acid, discovered in 1831 (4), have shown that
various finely divided metallic oxides may be substituted for the
platinum. As early as 1852, Wohler and Mahla suggested for this
purpose, oxides of iron, chromium and copper; and Pétrie, Plattner,
and Reich advised the use of pulverized silica.®* In 1854, Torn-
thwaite proposed manganese oxide.

The application of anhydrous metallic oxides to the catalytic
oxidation of volatile organic compounds was proposed anew in 1906
by Sabatier and Mailhe, who mentioned specially the oxides of copper,
nickel, cobalt, chromium, manganese and uranium (260). Matignon
and Trannoy made the same suggestion (260).

Several anhydrous metallic oxides, particularly alumina, thoria,
blue oxide of tungsten, titania and zirconia, etc., are endowed with

%0 Baxxs, J. Chem. Soc., 47, 349 (1888).

81 Baxmr, Ibid,, 65, 611 (1894).

2 WinxLms, J. pr. Chem. (2), 31, 247 (1885).

38 Trirar, Bull. Soc. Chim., (3), a9, 356 (1903).

3¢ Bilica gel has been found by Patrick to be an excellent catalyst for the
oxidation of nitric oxide by oxygen.—E. E. R.
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important catalytic activity towards alcohols, which they can decom-
pose into unsaturated hydrocarbons (701). They can catalyze the
synthesis of thiols (743), amines (732), ethers or phenol ethers (786
and 789) and esters (762). These oxides and manganese oxide,
employed as catalysts with acids produce symmetrical ketones (837),
mixed ketones (847), aldehydes (851) and decompose esters (858).
They can also bring about the isomerization or polymerization of
unsaturated hydrocarbons (211).

76. The catalytic power of these various oxides is very variable,
according to the method of preparation.

Catalysis being a matter of surface, the amorphous oxides prepared
from precipitated hydroxides, dehydrated at low temperatures, are
much more active than crystallized oxides or those that have been
sintered together by calcination at a red heat.

These latter possess, for equal mass, a much smaller surface and
are frequently, without doubt, in an advanced stage of molecular
condensation. This is particularly true of the oxides of the metals
of small atomic weight, aluninum, iron, silicon, chromium, etc. The
action of acids has long shown such differences.

77. Amorphous alumina, obtained by dehydrating the hydroxide
below 400°, dissolves readily in mineral acids and is an active catalyst
for alcohols, while crystallized alumina and amorphous alumina cal-
cined at a bright red, are insoluble in acids and have almost no
catalytic power for alcohols.

Analogous differences are observed with the different varieties of
silica, though, for the decomposition of hydrogen peroxide, silica cal-
cined at red heat is more active than the dried silica.*®

Ferric oxide prepared by dehydrating the precipitated hydroxide
below 350°, is a much more powerful catalyst for alcohols than that
obtained at a red heat.

It is the same with regard to hydrogen peroxide of which the
former decomposes 50% in 10 seconds, while the latter requires 1550
seconds.

78. Furthermore, the very nature of the catalyst is modified by
these changes of constitution of the oxides.

The sesquiozide of chromium, prepared by dehydrating the blue
precipitated hydroxide, gives with ethyl alcohol 4.2 cc. gas per minute
containing 91% of ethylene, while, after calcination at 500°, the same
oxide furnishes only 2.8 cc. gas with 40% ethylene. The oxide pre-

38 LgmoIne, Compt. rend., 163, 702 (1916).
86 SapatieR and MArLEE, Ann. Chim. Phys., (8), 320, 313 (1910).
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pared by the explosion of ammonium bichromate and, consequently
formed with incandescence, gives 1.2 cc. gas, with 38% ethylene.?”

The crystallized oxide gives no gas at all at 350°, and 400° must
be reached to obtain 2 cc. which is then nearly pure hydrogen. The
catalytic function is modified at the same time that it is weakened.?®

Analogous variations have been observed with silica and alumina,
both in the intensity and in the direction of the decomposition,®® and
a relation has been noted between the catalytic activity of alumina
and its solubility in acids.°

79. Thoria, on the contrary, does not present this inconvenience
and its activity is not sensibly diminished when it is calcined at a
red heat: it appears that such a heavy molecule can not suffer
important polymolecular condensations.

80. Nickel oxide and especially nickel suboxide, which results
from the incomplete reduction of the monoxide, have been regarded
by some chemists as the best catalysts for carrying out the hydro-
genation of organic compounds in a liquid medium. At least as
active a8 reduced nickel, they have the advantage of being less alter-
able and consequently of retaining their catalytic activity longer
(584). The researches of Sabatier and Espil have indeed established
the existence of a suboxide, apparently Ni,0, which is the first step
in the reduction of the monoxide, but they have shown that this sub-
oxide, while it is being formed, is partially reduced to the metal and
it is this latter which is the sole factor in the hydrogenations that
have been attributed to the oxide.*

The same reservations should be applied to the ozide of osmium,
which has been proposed as a hydrogenation catalyst (583) and
which, doubtless, serves only as a source of finely divided osmium.¢*

MINERAL ACIDS

81. Strong mineral acids frequently act as catalysts in chemical
reactions.

Hydrochloric and sulphuric acids, employed in small amounts,
bring about the rapid esterification of alcohols by organic acids (749).
Hydrochloric acid shows itself also efficacious for the production of
acetals from alcohols (782) as well as of similar compounds from

87 Lgmoing, Compt. rend., 162, 702 (1916).

38 SapaTier and Mamwnus, Ann. Chim. Phys., (8), 30, 339 (1910).

89 SgnpErENS, Bull. Soc. Chim., (4), 3, 823 (1908).

4 Ipatmer, Berichte, 37, 2986 (1904).

41 Saparize and Esprn, Compt. rend., 158, 668 (1914) and 159, 140 (1914).
42 NorMANN and ScHicx, Arch. Pharm., 253, 208 (1914), C. A., 8, 3129.
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glucose with alcohols and thiols.#® It also causes catalytic dehydra-
tions in the condensation of ketones (795) and in analogous reactions.

Sulphuric acid behaves similarly in the crotonization of aldehydes
and in similar condensations.

These two acids intervene in a similar manner in the acetylation
of amines, e. g. of urea. Acetanhydride, without catalyst, gives a
yield of only 19.3%, but 73.3% with one molecule of hydrochloric
acid, and 61% with one molecule of sulphuric acid.“

82. But these acids more frequently accomplish the reverse cat-
alysis in causing hydrolysis, or decomposition by addition of water,
and this aptitude they have in common with all strong soluble mineral
acids, because it is in consequence of their ionization and should be
considered as due to the hydrogen ions which they furnish. Their
hydrolytic activity is proportional to their electrolytic dissociation.

We have cases of this decomposition by the addition of water,
in the various catalytic effects of acids in the saponification of esters
and fats (314), the hydrolysis of amides (331), of anilides, of cer-
tain aromatic sulphonic acids,*® of acetals, in the inversion of su-
crose, and, in a more general manner, in the decomposition of
polysaccharides such as starch and dextrine.

Hydrochloric acid is a very active polymerizing catalyst for alde-
hydes, whether it produces a simple aldolization with conservation
of the aldehyde function (219), or a cyclization into molecules more
or less condensed such as paraldehyde (222).

Sulphuric acid, in small amounts, can likewise cause the change
of acetaldehyde into paraldehyde and also the polymerization of
ethylene hydrocarbons (210).

Hydriodic acid, in its capacity of a strong acid, can effect hy-
drolyses, as do the above acids. We may mention also its use in facili-
tating the preparation of the mixed organo-magnesium halides from
chlorides in the Grignard reaction (302).

Nitrous acid catalyzes the transformation of oleic acid into its
isomer, elaidic acid (186).

INORGANIC BASES

83. The alkalies, and alkaline earths, caustic potash and soda,
baryta and lime, frequently act as catalysts. In inorganic chemistry
they cause the rapid decomposition of hydrogen peroxide and hydro-
gen persulphides.

48 Emin FiscHER, Berichte, 26, 2400 (1893) and 27, 615 (1804).

¢ BoesakeN, Rec. Trav. Chim. Pays-Bas, 29, 330 (1910).

45 Crarrs, Berichte, 34, 1350 (1901).
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In water solution, these strong bases, being highly ionized, hy-
drolyze esters rapidly. Saponification, when carried out in the pres-
ence of excess of alkali, appears, at first sight, to be simply the conse-
-quence of the formation of the alkali salt of the acid of the ester, but,
in reality, the phenomenon consists of two successive phases, first the
hydrolysis which liberates the acid and then the neutralization of the
acid to form the salt.

Solutions of lime bring about rapid aldolization of aldehydes
(221).

A mixture of formaldehyde and acetaldehyde, on long contact
with milk of lime, engenders a tetraprimary erythrol along with
formic acid.

Solid caustic potash causes the aldolization of acetaldehyde and
alcoholic potash, the polymerization of isobutyric aldehyde (224).

Caustic alkalies frequently produce isomerizations (185).

FLUORIDES, CHLORIDES, BROMIDES,
AND IODIDES

84. Boron Fluoride. Among fluorides, that of boron merits
special mention. It produces polymerizations of hydrocarbons: one
part of it is sufficient to polymerize 160 parts of oil of turpentine.¢”

85. Iodine Chloride. The trichloride ICl,, the immediate
product of the action of excess of chlorine on iodine, is a valuable
agent in the direct chlorination of organic compounds by gaseous
chlorine (278). _

86. Barium Chloride. The anhydrous salt readily causes the
decomposition of alkyl chlorides into hydrochloric acid and the ethy-
lene hydrocarbons (876).

87. Aluminum Chloride. The anhydrous chloride is a catalyst
of immense value. It can be employed as an agent in direct chlorina-
tion or bromination (284 and 293).

It causes the direct fixation on benzene, of oxygen (263), of sul-
phur (296), and of sulphur dioxide (297).

It can bring about the decomposition of alkyl chlorides (877) and
of thiophenol (297).

In the acetylation of urea it is a much more active catalyst than
hydrochloric acid.®

Anhydrous aluminum chloride is the basis of a very important

46 ToLLeNs and WieAND, Annalen, 265, 317 (1891).

47 Berrrzror, Ann. Chim. Phys., (3), 38, 41 (1853).
48 BomsmkeN, Rec. Trav. Chim. Pays-Bas, a9, 330 (1910).
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general method for the condensation of organic compounds, which we
owe to Friedel and Crafts,*® and of which the principal applications
and methods of operation will be sct forth in Chapter XX.

It acts powerfully on hydrocarbons to cause decompositions as
well as molecular condensations (Chapter XXI).

88. Ferric Chloride. Anhydrous ferric chloride can be substi-
tuted for aluminum chloride in many of its catalytic reactions. It
gives good results as agent of direct chlorination or bromination (285)
and even of iodination (295).

It can serve as catalyst in the production of acetals (781 and 783).

It can replace aluminum chloride in the Friedel and Crafts
synthesis (899) as well as in analogous condensations (902).

89. Zinc Chloride. This chloride, having a strong affinity for
water, is frequently employed as a dehydrating agent. The reactions
which it produces are frequently considered as not catalytic, but a
closer examination classes them as such, since they are generally pro-
duced by small amounts of the salt, smaller than would be required
for a chemical reaction.

Thus zine chloride is a well defined catalyst in the acetylation of
glycerine by acetanhydride (761), in the crotonization of aldehydes
(795), and in the formation of substituted indols by the decomposition
of phenylhydrazones (633). Its role is less easy to define and to
distinguish from that of an ordinary chemical reagent in quite a
number of reactions, such as the condensation of benzaldehyde with
nitromethane,® with chloral hydrate,’* with ethyl orthoformate,’* or
with phthalic anhydride,*® or of phenols or polyphenols with aromatic
amines,® or with fatty acids.®®

Anhydrous zinc chloride can replace aluminum chloride in the
Friedel and Crafts synthesis (899), and can also produce polymeriza-
tions (211).

Chlorides of Cobalt, Nickel, Cadmium, and Lead. These de-
compose alkyl chlorides after the manner of barium chloride (876).

90. Stannic Chloride. In certain condensations of organic
molecules as of aliphatic aldehydes with phenols,*® its réle as a cat-
alyst is difficult to define, as has been said of zinc chloride, or in the

49 Frxper and CrarFrs, Ann. Chim. Phys. (6), 1, 489 (1884).

50 Prixss, Annalen, 235, 321 (1884).

51 BogssNECK, Berichie, 19, 367 (1886).

52 Fiscaer and KSrNER, Berichte, 17, 98 (1884).

53 FiscHER, Annalen, 206, 86 (1881).

8¢ CaLM, Berichte, 16, 2786 (1883).

86 Gowozwxiad and Kaiser, J. prakt. Chem., (2), 43, 91 (1891).

86 FamINYI, Berichte, 11, 283 (1878).
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formation of phthaleines from phenols and phthalic anhydride,*” but
it is well established in the addition of acid chlorides to ethylene
hydrocarbons (241).

Chlorides of Antimony, Molybdenum, Thalhum and Uramum
These can be used as chlorination catalysts (286).

91. Cuprous Chloride, Bromide, and Iodide. These cause the
decomposition of diazonium salts with the hydracids into the corre-
sponding aromatic halogen compounds, with the elimination of nitro-
gen (the Sandmeyer reaction) (606). They can bring about the
decomposition of phenylhydrazine (611) as well as the production of
indols by the decomposition of the phenylhydrazones (633). Cuprous
chloride causes the scission of chlorinated hydrocarbons (879).
Cuprous iodide has been employed with success in the phenylation
of primary aromatic amines (901).

92. Mercuric Chloride. This accelerates the isomerization of
isobutyl bromide (200) and permits acetaldehyde to be prepared by
the hydration of acetylene (309).

93. Aluminum Bromide. This is advantageously employed as
catalyst in bromination. It causes rapid transformation of propyl
bromide into the isomeric isopropyl bromide (199).

94. Potassium Iodide. Organic chlorine derivatives usually re-
act with less facility than the cbrresponding iodides. Their action
can be greatly facilitated by the addition of 10% potassium iodide,
which apparently permits the progressive transformation of the
chloride into the more reactive iodide.®®

95. Potassium Cyanide. It acts as an efficient catalyst of aldo-
lization (220) and even of polymerization in the strict sense (230).

The double cyanide of potassium and copper has been employed
as oxidation catalyst (268).

INORGANIC SALTS OF OXYGEN ACIDS

96. A large number of these salts can act as catalysts in organic
reactions.

Salts formed from weak acids or from weak bases or ammonia,
readily separated by dissociation, usually show effects which could
be produced by their constituents separately.

97. Alkaline Carbonates. These may be used advantageously
in place of caustic potash in reactions of aldolization or of analogous
condensations (219 and 236).

87 Baxyzs, Annalen, 303, 154 (1880).
88 WomL, Berichte, 39, 1951 (1906).
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Potassium Bisulphate. This salt can act as free sulphuric acid,
either in esterification or in the direct production of acetals, or in
condensations effected with elimination of water such as that of
dimethy! aniline with bensaldehyde.*®

Ammonium Sulphate, Nitrate, and Chloride. These can act as
the free acids in esterification, or in analogous reactions, such as the
production of acetals (783).

98. Barium and Calcium Carbonates. These are equivalent to
the free oxides.

Calcium Sulphate. Either as the hydrate, or dehydrated below
400°, it possesses a certain activity for dehydrating alcohols into the
ethylene hydrocarbons (718).

99. Aluminum Sulphate and Phosphate. These are dehydra-
tion catalysts analogous to free alumina (718).

Silicates. Clay and kaolin, hydrated silicates of aluminum,
catalyze the dehydration of alcohols as does alumina (717).

Broken glass, which is a mixed silicate of variable composition,
has properties which vary with this composition. In the decomposi-
tion of formic acid around 300°, Jena glass yields mainly carbon di-
oxide and hydrogen, while the ordinary white glass gives water and
carbon monoxide, approaching pure silica (828).

Pumice, in spite of its porous structure, is only slightly active as
a catalyst and approaches silica in its action.

100. Ferrous and Manganous Salts. In the presence of water,
these are active oxidation catalysts (264). Thus the presence of
various manganous salts aids the oxidation of oxalic acid solutions.®

101. Magnesium Sulphate. This is an excellent catalyst for the
dehydration of glycerine into acrolein (725).

102. Mercuric Sulphate. This can cause the hydration of
acetylene hydrocarbons into ketones (309), and the oxidation of or-
ganic compounds by fuming sulphuric acids (272). Its presence
determines the nature of the isomers produced in the direct sulphona-
tion of aromatic molecules (816). It can also determine isomeriza-
tions (195).

103. Copper Sulphate. In Deacon’s process, it is copper sulphate
that catalyzes the oxidation of hydrochloric acid by air at 430° with
the production of chlorine. It can, although with disadvantage, re-
place mercuric sulphate in the oxidation of organic compounds by
fuming sulphuric acid (272).

89 WaLLacE and WisTeN, Berichte, 16, 149 (1883).

60 JorissmN and RmicHER, Zeit. physik. Chem., 31, 142 (1900).
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VARIOUS COMPOUNDS

104. Ammonia. The presence of ammonia favors the polymeriza-
tion of cyanamide (233).

Amines. Aliphatic primary and secondary amines are of use as
catalysts in the complex reactions in the vulcanization of rubber.
Piperidine has been suggested for the purpose. Nitrosodimethyl-
aniline has been recommended in the ratio of 0.3 to 0.5 part to 100
parts caoutchouc and 10 parts sulphur at 140°.%2

Alkyl Halides and Esters. A small quantity of an alkyl iodide,
especially methyl or ethyl iodide, greatly facilitates the preparation
of the organo-magnesium compounds in the Grignard reaction, par-
ticularly when chlorides are used (302).

Acetaldehyde, heated to 100° with ethyl todide, condenses to par-
aldehyde.’®

Ethyl ozalate, by its presence, favors the reduction of ethylene
bromide to ethyl bromide by the alloy of sodium and zinec.**

Ethyl nitrite, in alcohol solution, causes the transformation of
thiourea into ammonium isosulphocyanate.

Ethers. Ethyl ether, as well as amyl ether, and anisol,
C.H,.0.CH,, plays an important role as catalyst in the formation of
the organo-magnesium complexes in the Grignard reaction (300).

105. Aldehydes. Acetaldehyde provokes the hydration of cyan-
ogen to oxamide (311).

106. Organic Acids. Acetic acid can sometimes act, after the
fashion of mineral acids, to cause combinations with elimination of
water, as in the production of acetals (780). Its catalytic rble can
be disputed in the condensation of benzaldehyde with malonic acid.*®

Isoprene heated with acetic acid is transformed into artificial
rubber (215).

Ozalic acid acts like hydrochloric or phosphoric acid in the poly-
merization of aldehydes.

107. Alkaline Acetates. Sodium acetate is a quite active dehy-
dration catalyst. It produces the crotonization of aldehydes (795)
as well as their simple polymerization. It is employed as a catalyst
to aid in the esterification of alcohols by acetanhydride. .

Quite a large number of organic condensations, which take place

o1 Baver & Co., German Patent, 265,221 (1912), C. 1913, (2), 1444.
62 PeacHEY, English Patent, 4263 of 1914.

%2 LgaN, Annalen, Suppl., 1, 114 (1861).

o¢ MicHAEL, Am. Chem. J., 35, 419 (1901).

68 CraiseN and CrisMer, Annalen, 218, 155 (1883).
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with elimination of water, have as their basis the use of sodium ace-
tate, but it is usually employed in such large proportions that its
catalytic rOle is masked. This is the case in the condensation of
phthalid with phthalic anhydride to form diphthalid.®®

Likewise potassium acetate permits the condensation of acetic acid
with phthalic anhydride to form phthalylacetic acid.*?

It is under the same conditions — that is, employed in large quan-
tity — that sodium acetate causes acetanhydride to act on benzalde-
hyde to form cinnamic acid in Perkin’s synthesis.®

108. Nitroso Compounds. The nitroso derivatives of methyl-
aniline, dimethylaniline, and diphenylamine are accelerators in the
vulcanization of caoutchouc. The same property belongs to nitroso-
phenol and nitrosonaphthol but not to the isomeric nitrosoamines.®®

109. Alkyl Cyanides. Methyl and ethyl cyanides are active cat-
alysts in the reaction of sodium with alkyl iodides, or with similar
compounds (605).

110. Fibrine. It may be recalled that fibrine catalytically de-
composes hydrogen peroxide very rapidly.

DURATION OF THE ACTION OF CATALYSTS

111. It would seem, by definition, that the action of catalysts
should be prolonged indefinitely, and this perpetuity would be assured
to them if they did not suffer any alteration in the course of the re-
actions which they effect. If any change does take place, as is most
frequently the case with solid catalysts acting in gaseous or liquid
media, an alteration of the surface, even slight, brings on progressive
diminution of activity which may go as far as total suppression.

In hydrogenations carried on by nickel in gaseous systems, using
pure and sufficiently volatile substances and thoroughly purified hy-
drogen, at a carefully regulated temperature, the action can be con-
tinued by the same metal a very long time without appreciable
weakening. Sabatier and Senderens were able to effect the trans-
formation of benzene into cyclohexane for more than a month with
the same nickel, the operation being interrupted every evening and
resumed in the morning. The slight oxidation which the metal suf-
fered over night, in the cold tube, caused no inconvenience because
the oxide was again reduced by the hydrogen at the beginning of the
next run.™

%6 Grazse and Guye, Annalen, 233, 241 (1886).

67 Gasrisr, and NEUMANN, Berichte, 26, 925 (1893).

8 PxrkIN, J. Chem. Soc., 31, 388 (1877).

% PmacHxY, J. Soc. Chem. Ind., 36, 424 (1917).

70 SasaTIER and SkNpERENS, Ann. Chim. Phys., (8), 4, 334 (1905).
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112. Poisoning of Catalysts. On the contrary, traces of chlorine,
bromine, iodine and sulphur in the system are frequently sufficient
to suppress the activity of the nickel entirely. It appears to be
poisoned. Benzene which is not absolutely free from thiophene can
not be hydrogenated. An infinitely small amount of bromine in
phenol renders it incapable of being changed into cyclohexanol.™
Chlorine or bromine derivatives of benzene have never been hydro-
genated since the first portions of these compounds alter the metal
immediately in an irremediable manner.

113. But the conditions under which this poisoning of the metal
take place are quite complex. The presence of free halogens or halo-
gen acids in the hydrogen is much less harmful than the presence of
combined halogen in the vapors submitted to hydrogenation. This
has been observed by Sabatier and Espil in the hydrogenation of
benzene."

In an apparatus in which the hydrogenation of benzene was pro-
gressing regularly over nickel at 180°, the benzene was replaced by
benzene containing 0.5% iodine. The hydrogenation continued for
several hours with an excellent yield. The escaping hydrogen, after
the condensation of the cyclohexane, disengaged abundant fumes of
hydriodic acid showing that the iodine had been hydrogenated by the
catalyst. The operation was interrupted after 130 g. of cyclohexane
had been collected and it was found that the nickel had combined
with iodine in the first half only of the tube. This half was incapable
of carrying on the hydrogenation but the other half was unhurt. The
poisoning of the metal by the iodine had taken place only slowly and
step by step; the hydriodic acid had had, on its own account, no
harmful effect and had not converted into the iodide the metal the
surface of which was covered with an unstable hydride which pro-
duced the hydrogenation (167). Doubtless the fixation of the hydro-
gen on the iodine and the benzene in contact with the nickel is much
more rapid than the reaction of the nickel with the iodine or with the
hydriodic acid. As in the direct hydrogenation of unsaturated hydro-
carbons (422), the metal protects itself, by its own action, against the
permanent alteration which would render it inactive.

114. Similar results have been obtained, by the same authors, in
hydrogenating benzene with hydrogen containing hydrogen chloride,
but if traces of brombenzene or chlorbenzene are added to the ben-
zene, the production of cyclohexane ceases almost immediately and
the nickel is incapable of regaining its activity.

11 Sxpatr and MarLue, Compt. rend., 153, 160 (1011).

72 Spsater and Esern, Bull. Soc. Chim., (4), 15, 778 (1914).
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It is plain that free chlorine or bromine in the hydrogen, unlike
iodine, would produce a definite poisohing of the metal since they
would offer the possibility of direct substitution in the benzene which
iodine does not do.

Sabatier and Espil have likewise been able, for several hours, to
transform into cyclohexane bengzene containing 10% of carbon disul-
phide, but traces of thiophene added to the benzene stopped the re-
action at once.

115. The use in the oil industry (937 et seq.) of nickel as hydro-
genation catalyst suspended in the liquid, has led to the determina-
tion of the greater or less toxicity of a number of substances which
may be present in small amounts in the oils to be treated.

The soaps formed from the various metals or oxides are, from this
point of view, very dissimilar: while those of nickel, thorium, cerium,
aluminum, and calcium are absolutely without harmful effect, those
of potassium, barium, zinc, cadmium, lead, and uranium are harmful.

The nickel salts of organic monobasic acids, as well as of lactic,
oxalic, and succinic acids, are without effect. The same can be said
of the free fatty acids such as acetic and stearic, but oxystearic, malic,
tartaric and citric acids are true poisons for the nickel catalyst.
Toxicity is also shown by calcium hydroxide, potash, boric acid, am-
monium molybdate, as well as by sulphur, selenium, red phosphorus,
glycerine, lecithine, morphine, strychnine, amygdaline, and cyanides.
‘Tin and aluminum in powder are without action, but iron, lead, and
ginc are harmful.”™

116. With a platinum catalyst, the extreme toxicity of compounds
of sulphur,™ phosphorus and arsenic and of cyanides, etc., has long
been known. The activity of colloidal platinum is diminished or
destroyed by a large number of materials. Their toxicity has been
measured by means of the velocities of decomposition of hydrogen
peroxide and it has been suggested to designate by the term tozicity,
the dilution (in liters per gram-molecule) at which the velocity of
decomposition in contact with 0.000,01 gram-atom of platinum, is
reduced one-half.”™

Among the violent poisons, hydrocyanic acid stands at the head
with toxicity 21,000,000, followed by iodine with 7,000,000, mercuric
chloride with 2,500,000, sodium hyposulphite, carbon disulphide, car-
bon monoxide, and phosphorus. Among the moderate poisons, are
placed aniline with toxicity, 30,000, bromine with 23,000, hydrochloric

78 SgncEmENO, J. Chem. Ind.,, Tokyo, ax, 898 (1918).
7¢ TurNer, Pogg. Ann., 3, 210 (1824).
s Beenia and Ixmoa, Zeit. phys. Chem., 37, 1 (1901).
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acid with 3,100, oxalic acid, amyl nitrite, arsenious acid, and ammo-
nium chloride. Among the feeble poisons, are found phosphorus
acid, 900, sodium nitrite, and hydrofluoric acid, while potassium
chlorate, alcohol, ether and pinene have no toxicity and formic acid,
hydrazine, and dilute nitric acid are rather favorable. These toxicity
coefficients would certainly be very different if measured with
platinum black or sponge.’™

117. Platinum black is very sensitive to the poisons enumerated
for colloidal platinum. Traces of potassium cyanide are sufficient to
take from the metal all power to hydrogenate the aromatic nucleus,
and also to weaken greatly the hydrogenation of ethylene bonds.”

Contrary to what has been said about colloidal platinum, the
hydrogenation velocity of pinene is diminished if it is dissolved in
alcohol or in any substance capable of furnishing alcohol e. g. ether
or ethyl acetate. The fatty acids have little action, except formic,
which has a marked toxic effect.”

118. The Fouling of Catalysts. Other causes of alteration can
come in to bring on the decline of catalysts. It happens quite fre-
quently that, along with the principal reaction, there are side reactions
which become more important at elevated temperatures and which
give rise to highly condensed substances which are only slightly
volatile, carbonaceous or tarry. - Such substances are slowly deposited
on the active surfaces where they hinder the contact with the gas,
rendering the useful reaction slow.

In hydrogenations, or decompositions by finely divided metals, the
more active the metals, the more rapid are formations of this sort.
The most fiery catalysts are the most rapidly enfeebled.

The decline of a catalyst, either from poisoning or fouling, is indi-
cated by the diminishing of the yields in the reaction which it
catalyzes.

When a fatigued nickel catalyst is dissolved in dilute hydrochloric
acid, fetid hydrocarbons are evolved with the hydrogen and brown
carbonaceous or viscous materials are deposited.

119. It can be seen that an analogous enfeeblement will take place
when the reaction produces a material which is only slightly volatile
at the temperature of the tube and which impregnates the metal more
or less rapidly thus opposing its regular activity. . This takes place
in the hydrogenation of aniline in the presence of nickel at 190°, since

76 See comprehensive article by Bancrorr J. Phys. Chem., 31, 767 (1917).

77 MapiNavarria, Soc. Espan. Phys. Chim., 11, 328 (1913).

78 BSesEKEN, VAN pER Weme and Mom, Rev, Trav. Chim. Pays-Bas, 35,
260 (1916).
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there is produced, in addition to the cyclohexyl amine boiling at 134°,
two other amines which are only slightly volatile, dicyclohexyl amine
and cyclohexy! aniline, which boiling above 250°, are carried off with
difficulty by the hydrogen and remain partly in the liquid form in
contact with the metal.

120. It is to avoid analogous effects that it is necessary to watch
that the metal is never wetted by an excessive flow of the liquid which
is being used or in consequence of an accidental lowering of the tem-
perature of the tube. In the preparation of cyclohexanol or its
homologs by the hydrogenation of phenol or the cresols, the reaction
is carried on at a temperature only a little above the boiling points
of the liquids and it happens sometimes that the nickel is wetted by
the liquid. The catalyst immediately becomes nearly inactive, be-
cause the surface is, without doubt, altered permanently by contact
with the liquid phenol or cresol.

121. Catalytic hydrogenation by finely divided metals is, to a
certain extent, comparable to the action of the figured ferments.™
Asg with these, there are three periods, an initial period in which the
catalyst adapts itself to its function, a period of normal activity and
a period of decline, ending in the death of the ferment.

The first period is a variable state and is usually of short dura-
tion: - it corresponds, without doubt, to the superficial modification
which the metal undergoes when the atmosphere of pure hydrogen
which surrounded it, is replaced by a mixture of the vapors with
hydrogen.

The second period, that of normal functioning, is usually very long
and would be indefinite unless something is passed in or is produced
which can alter the surface of the metal. Such substances may enter
with the hydrogen or with the substance to be hydrogenated or may
be produced in the reaction.

122, Catalytic oxides, although less sensitive than the metals to
chemical alterations of their surfaces, may, nevertheless, suffer from
this cause notable diminution of activity even to complete suppres-
sion of their function. In many cases they are so fouled that they
are weakened or paralyzed.

123. Regeneration of altered Catalysts. In so far as the alter-
ation of metallic catalysts is due simply to fouling by deposits of
carbon or of tarry substances, calcination in a current of air is suf-

7 ¢ Pigured ferments” is an obsolete expression for “ organized ferments,”
meaning ferments in which cells can be found with the microscope, as in the
yeasts; in contradistinction to such ferments as saliva, etc. The cells were
spoken of as “figures,” hence “figured ferments.” — H. 8. JENNINGS.
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ficient to burn off these substances, converting the metal (nickel, iron,
copper) into the oxide which a new reduction, carried out at a suitable
temperature, will reconvert to the metal. These operations can be
carried out in turn in the tube itself in which the catalysis takes
place. '

This procedure is not suitable for platinum black, which by being
heated to redness loses nearly all of its catalytic activity (63).

It does not serve well for the greater part of the metal oxides which
are greatly diminished in activity by heating to a high temperature;
but it does serve well for thoria which has been fouled by long use
(708).

124, Metallic catalysts poisoned by vapors of chlorine, bromine,
iodine, sulphur, etc., are difficult to revivify except by dissolving in
a suitable acid and working over completely.

Calcination does not remove chlorine from slightly chlorinated
nickel. The action of hydrogen reduces the chloride to the metallic
state below 400°, but the resulting metal is in a peculiar fibrous state
and is incapable of reducing benzene to cyclohexane. Even after
oxidation and a second reduction it is a poor catalyst.

125. It can be slowly restored to complete activity by employing
it for some time in the reduction of nitrobenzene to aniline, work
which poisoned nickel is still capable of doing. The aniline which is
produced contains increasing amounts of cyclohexyl amine. After
some hours of this treatment the power of the metal to produce cyclo-
hexane from benzene is completely restored. On the contrary, poison-
ing by bromine or iodine seems to resist this treatment.®®

MIXTURE OF CATALYSTS WITH INERT
MATERIALS

126. The desire to increase the active surface of solid catalysts
had led to disseminating them over inert porous materials such as
pumice, asbestos, infusorial earth, and various metal salts. This
practice has appeared specially advantageous for expensive catalysts
such as platinuin and palladium. Thus in the manufacture of sul-
phuric acid by the contact process, the catalytic masses are either
platinized asbestos, or anhydrous magnesium sulphate impregnated
with platinum (about 14 g. metal per kilogram of sulphate).

Nickeled pumice which has been employed by certain chemists in
place of nickel powder for hydrogenations, is readily prepared by
incorporating the crushed pumice in a thick paste of precipitated

% Sisarms and Esem, Bull. Soc. Chim., (4), 15, 779 (1914).
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nickel hydroxide, drying in the oven, and finally reducing in the tube
that is to be used for the hydrogenations.®

127. In the case of catalytic metals which have to be carried to a
red heat (932), the use of inert siliceous carriers may have serious
consequences owing to the formation of silicates which may suppress
the activity of the metal. In such cases it is best to use carriers free
from silica, such as magnesia, alumina, natural bauxite, lime or car-
bonate of caleium, etc., either by employing these substances in
powders intimately mixed with the oxides, the reduction of which is
to furnish the metals, or by previously sticking together these mixtures
in little lumps with the aid of non-siliceous materials (Sabatier and
Mailhe).

128. In certain cases the use of inert supports for solid catalysts
can lead to serious trouble. When the catalyst is to be heated on a
furnace, it is disposed in a thin layer in the tube. By a fear entirely
unjustified, in view of the great velocity of diffusion of hot gases,
some have doubted the sufficiency of the contact between the gas,
circulating too freely in the upper part of the tube, and the catalyst.
Guided by this thought, the whole height of the tube has been filled
with the pumice impregnated with the catalyst. But these conditions
are not favorable, since the temperature varies much from bottom to
top of the tube. On the contrary, filling the tube entirely with the
catalytic mass presents no inconvenience when the tube is heated all
around as, for example, by an electric resistance wound around it.

81 BruNEL, Ann. Chim. Phys., (8), 6, 205 (1905).



CHAPTER III
THE MECHANISM OF CATALYSIS

129. The extreme diversity of catalytic reactions makes it evident
that difficulties will be encountered in giving an explanation that will
fit all cases.

Berzelius, who was the first to define catalytic phenomena and
to give them this name (4) did not really furnish any explanation
for them and found only vague terms with which to characterize the
catalytic force which he regarded as the cause of reactions of this
kind. “It is evident,” said he, “ that the catalytic force acts princi-
pally by means of the polarity of the atoms which it augments,
diminishes or changes. In other words, the catalytic force manifests
itself by the excitation of electrical relations which, up to the present,
have escaped our investigation.”* And he adds: “From all that
precedes, it follows necessarily that the sources of power (light, heat,
electricity) contain the cause of the activity of matter, which, without
their influence, would be inert and in a state of unalterable and eternal
repose.”

To the mind of Berzelius, catalytic forces are then of the order of
the sources of power “ different effects of one first cause which, under
definite circumstances, pass from one modification into another.”*
But their nature remains no less mysterious: the calorific phenomena,
sometimes intense, which frequently accompany catalyses, may be
the consequences rather than the determining cause.

130. In a great number of catalyses, such as are realized by plati-
num black and by finely divided metals prepared by reduction of
oxides, the porous state seems, at least at first sight, to be the deter-
mining cause of the catalytic activity and this thought is the basis of
the explanation that has been given of the mechanism of catalysis
and which, accepted readily by many chemists, has been usually
elaborated in treatises.

1 BarzELrus, Traité de Chemse, 2nd Ed., Paris, 1845, I, 112,

* Berzzuius, loc. cit., 36.
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PHYSICAL THEORY OF CATALYSIS

131. Porous materials, whose surfaces are very large as compared
with their masses, enjoy the property of absorbing gases with more
or less energy. A case of the absorption of gases by solids, that has
been much studied, is that of wood charcoal.

When 1.57 g. coconut charcoal, corresponding to 1 cc. of compact
carbon, has been heated to redness and cooled under mercury, it ab-
sorbs in the cold (at 15° and 760 mm.) quite various volumes of gases,
all the way from 2 cc. for argon to 178 cc. for ammonia. These
volumes increase nearly proportionally with pressure and decrease
greatly when the temperature is raised.

The volume mentioned above for ammonia shows that this gas,
if compressed to a volume equal to the total volume of the charcoal
would require a pressure of 178 atmospheres, and as this gas is lique-
fied at 15° under 5.5 atmospheres, it is necessary to assume that the
ammonia exists in the pores of the charcoal in the liquid condition,
in which it would occupy a volume of about 0.2 cc. (from the known
density of liquid ammonia).

The absorption of the gas by the carbon liberates much heat and
this amount of heat is even larger than that obtained by the lique-
faction of the gas. Thus the amounts of heat per cubic centimeter
of gas are:?

Absorption by
carbon Liquefaction
Sulphur dioxide ....... 0.61 to 0.47 cal. 0.26 cal.
Ammonia ............ 0.45 to 0.33 cal. 020 cal.

For ammonia, the heat of absorption is little different from the
heat of solution in water and is much larger than the heat of solution
in the case of sulphur dioxide.¢

For hydrogen, the heat of absorption by carbon is six times the
heat of liquefaction (Dewar).

132. To explain these singular phenomena, it is assumet that the
enormous attraction of the surface of the cavities of the wood char-
coal causes the accumulation of the gases in the cavities, at pressures
which are not very great for the permanent gases (argon, hydrogen,
nitrogen), however, exceeding 35 atmospheres for oxygen, but which
are very high for the easily liquefiable gases, generally much greater

8 Faves and SmaERMANN, Ann. Chim. Phys., (3), 37, 465 (1853). ReaNavULr,

Ibid., (4), 24, 247 (1871).
¢ Lg CuarerLiEr, Legons sur le Carbone, Paris, 1908, p. 133.
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than the pressures required for liquefaction: this liquefaction would
be actually accompanied by a strong compression of the thin layer
of liquid produced on the carbon walls. This compression would be
respongible for the excess of the heat of absorption over that of
liquefaction.

133. An analogous evolution of heat has been observed when any
liquid whatever is absorbed by a solid having a very large surface,
such as a fine powder, and is called heat of imbibition.

Powdered quartz, with grains averaging 0.005 mm. diameter,
disengages per gram, when wetted:

With water .........coovvevnvnnnnn. 14 calories
With benzene ..................... 4 “

Calculating the surface of the grains, the heat of wetting by water
appears to be 0.00105 cal. for 1 sq. cm. of quartz at 7°.

It has been shown likewise, that the wetting by water of 1 g.
starch evolves 22 calories, 1 g. wood charcoal, 7 calories, 1 g. alumina,
2 calories.

134. The absorption of gases in the pores of the carbon is equiva-
lent to compressing the gases to a greater or less pressure. Simul-
taneously there is the liberation of considerable heat by the absorp-
tion. It is imagined that the heat and pressure cause reactions to
take place. Hydrogen and chlorine may unite in the cold when they
meet each other thus in the pores of the carbon, and it is the same
way with carbon monoxide and chlorine and with hydrogen sulphide
and oxygen.

The oxygen which is absorbed combines little by little with the
carbon in the cold to give carbon dioxide. When the gases are
pumped out of wood charcoal, which has been exposed to air, scarcely
anything is obtained except nitrogen and carbon dioxide.

It would seem then that porous carbon should be 4 universal cat-
alyst for all gas reactions, lowering the reaction temperatures greatly.
However, except for the formation of carbonyl chloride (282), carbon
is a mediocre catalyst and of little use, doubtless because gaseous
interchanges do not take place rapidly enough in it.

135. Various powdered substances have greater or less power of
absorbing gases, but generally, especially for oxides and salts, this
power is not great.

Finely divided metals are, in certain cases, able to absorb consid-
erable amounts of gases, but this aptitude is always specific and
limited to a small number of gases. In the case of charcoal, the
amounts of various gases absorbed are roughly in proportion to their
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ease of liquefaction, while with metals the absorption is markedly
characterized by a sort of selective affinity.

136. It is one of the most difficultly liquefiable gases, hydrogen,
that is absorbed the most readily by metallic powders. The maximum
of such absorption is shown by palladium, which, in the form of
sponge, can absorb 680 to 850 times its own volume of hydrogen,
whatever be the pressure of the gas, provided the pressure be not too
low: for all of the hydrogen is given up in a vacuum, even in the
cold.®

At 20°, platinum black absorbs 110 volumes of hydrogen, what-
ever the pressure, provided it is more than 200 mm., and here, like-
wise, the hydrogen is given up in a vacuum.®

Reduced cobalt can absorb 153 volumes of hydrogen, finely divided
gold, 46, reduced iron or reduced nickel, up to 19, and reduced copper,
only 4.7

137. The precious metals have an analogous, though less energetic
affinity for oxygen. Thus platinum black absorbs up to 100 volumes
of oxygen in the cold and here again this amount is not increased by
additional pressure and all of the gas is given up in a vacuum.

Finely divided gold and silver can also take up greater or less
amounts of oxygen.®

138. The activity of these finely divided metals, as hydrogenation
or oxidation catalysts, would then be due to their power to absorb
hydrogen or oxygen along with the vapor which is to be transformed.
The compression and local heating thus produced would cause the
reaction to take place which without this help would have required
a much higher temperature, frequently a temperature so high that
the products would not be stable.

The dehydrations of alcohols which are effected by contact with
alumina, would result from the condensation of the alcohol vapors in
the pores of the alumina, this condensation producing effects compa-
rable to superheating the vapors.

139. The powdered or porous state would be a sufficient condition
to produce such effects, since a body containing an infinite number
of very small cavities, offers the possibility of realizing simultaneously

8 Monp, Rameay, and Smmwbs, Phil. Trans. Roy. Soc., 186, 657 (1896).
Proc. Roy. Soc., 62, 50 and 290 (1897). Drwar, Chem. News, 76, 274 (1897).

¢ Monp, Ramsaay and Smmios, Phil. Trans. Roy. Soc., 186, 675 (1896).

¥ MoissaN, Traité de Chimie Msneral, I, 13.

8 NEUMANN, Monatsh., 13, 40 (1892). Monp, Ramsay and SHmmws, Proc.
Roy. Soc., 63, 50 (1897) and Zeit. phys. Chem., 25, 657 (18988). Ramsay and

SHmws, Phil, Trans. Roy. Soc., 186, 657 (1896). ENcLEr and WocHLER, Zeit.
anorg. Chem., 29, 1 (1901).

.
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all possible temperatures and all possible pressures thus causing a
great number of reactions by condensation and heating® To this
local pressure, there is added also, in the case of metals, the effect of
immediate contact with a good conductor and, consequently, electrical
influences which might aid.»°

140. A reaction which, without the aid of the catalyst, would take
place at an infinitely slow rate, at the temperature of the experiment,
would thus receive, on account of the pressure of the catalyst, an
immense acceleration and go to completion in a relatively short time.

Catalysis would then be, as Ostwald ! has defined it, only the
acceleration of a chemical phenomenon which otherwise would take
place slowly. The presence of the catalyst in the system suppresses
the chemical friction which slows up the reaction to the point of stop-
ping it, entirely. Its réle would then be similar to that of oil in clock-
work, the movement of which it accelerates though the forces which
produce the movement are not increased.

141. This physical explanation, applicable to all porous catalysts,
meets with objections numerous and difficult to get rid of.

Right at the start, the cause which determines the condensation
of gases and vapors in the pores of a solid remains mysterious and
inexplicable; this physical attraction of solids for gaseous substances
presents no visible relation to the properties of the gases. The absorp-
tion by wood charcoal is indeed greater for gases which are readily
liquefied, but it is just the other way with platinum and various metal
powders where the gas that is most absorbed is hydrogen which is
very difficult to liquefy.

The same theory is difficult to apply to the case where hydrogen
is taken up with the aid of platinum black or nickel held in suspen-
sion in & liquid medium (Chapters XI and XII), and even more dif-
ficult where the catalyst is colloidal platinum or palladium. for it is
difficult to see how high local pressures and temperatures could be
developed in such cases.

142. Furthermore, a purely physical conception of the causes of
the reaction does not take account of the specificity of catalysts and
of the remarkable diversity of the effects produced.

At the same temperature, 300°, the vapors of an alcohol, 1sobutyl,
for example, decompose:

in the presence of copper, into aldehyde and hydrogen, exclusively ;

in the presence of alumina, into isobutylene and water, exclusively;
® Ducraux, Compt. rend., 153, 1176 (1011).

10 yaN'tr Horr, Legons de Chim. Phys., 1898, 3, 216.

11 Oprwawd, Rev. 8ci., 1902 (1), 640
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in the presence of uranium ozide, both ways, giving at the same
time the aldehyde and isobutylene.

Manganous oride gives the same decomposition as copper, only
slowly.

If we assume that the metallic characteristic of conductivity
accounts for the fundamental difference between copper and alumina;
we can not explain the differences between alumina, and the oxides
of manganese and uranium, if the physical condensation in the pores
of the catalyst is the sole cause of catalysis.

The action of the catalytic oxide can not be entirely like an eleva-
tion of temperature, since the direction of the reaction is intimately
connected, not with the physical state of the oxide, but with its
chemical nature.

143. The decomposition of formic acid furnishes a no less striking
example of the specificity of catalysts (821). Finely divided metals
and likewise zinc oxtde, decompose this acid into hydrogen and carbon
dioxide exclusively, but at the same temperature, titanium ozide gives
carbon monoxide and water exclusively, while certain oxides, as
thoria, bring about a mixed reaction, more or less complicated by the
production of formaldehyde and even of methyl alcohol.

Yet from the physical point of view there does not appear to be
any great difference between the oxides of zinc, titanium, and thorium.

144. Furthermore, this explanation of catalysis can not possibly
apply to the effects of liquid catalysts in homogeneous systems and
it is hard to imagine that there are fundamental differences between
the various kinds of catalysis.

CHEMICAL THEORY OF CATALYSIS

145. An entirely general explanation of catalytic phenomena can
be based on the idea of the temporary formation of unstable chemical
compounds which, serving as intermediate steps in the reaction,
determine its direction or increase its velocity.

In order to arrive at a clearer idea of the catalytic mechan-
ism, a special case can be first considered which can be classed
as catalytic and which can be designated by the name reciprocal
catalysis.

146. Reciprocal Catalysis. Suppose two distinct chemical
systems capable of reacting independently, each on its own account:
however, each one of them, if left to itself, remains in false equilibrium
or, at least, reacts with extreme slowness. But if these two systems



43 THE MECHANISM OF CATALYSIS . 148

are mixed, they mutually catalyze each other and the two reactions
proceed simultaneously very rapidly in correlative proportions.s

147. An example is furnished by hydrogen peroxide, opposed by
chromic acid, H,CrO,. The hydrogen peroxide tends to decompose
into water and oxygen, but in the cold, this spontaneous decomposi-
tion is very slow and would require more than a year.

The chromic acid solution, acidified with sulphuric acid, is also
stable in the cold, but, if heated it decomposes with evolution of
oxygen. On heating, we would have:

3 H,0,—3H,0+3 O
and 2 H,CrO, 4+ 3 H,80, = Cr,(80,), +5 H,0 +3 O.

But if the two solutions are mixed cold, in the exact proportions
represented by the formulae above, there is immediate decomposition,
simultaneous and complete, of both the hydrogen peroxide and the
chromic acid, and this decomposition, manifested by a brisk effer-
vescence of oxygen, takes place in such a manner that the amount’ of
oxygen coming from the hydrogen peroxide is exactly -the same as
that from the chromic acid.

This proportionality indicates the cause of the reaction, which is
apparently the production of an unstable combination of hydrogen
peroxide and chromic acid in the proportion 3 H,0, : 2 H,CrO,.
As soon as this compound is formed, it decomposes, with liberation
of oxygen, leaving water and chromic oxide which dissolves in the
sulphuric acid present.

This fugitive combination, the temporary formation of which de-
stroys the false equilibrum of the two systems, really exists: for it
appears as an intense blue coloration, when the two liquids are mixed,
and can even be isolated. If a dilute solution of hydrogen peroxide
is poured into a slight excess of chromic acid: in place of a stormy
effervescence a blue solution is obtained. When this is shaken with
ether, the dark blue unstable compound passes into the ether. The
evaporation of the ether at —20°, leaves a dark blue oil, which, on
warming to room temperature, decomposes into chromic oxide, water,
and oxygen. We have in succession,*®

2H,CrO, + 3 H,0, =4 H,0 + H,Cr,0,,
H,Cr,0,, = Cr;0,+ H,0 4+ 3 O,.

148, Another example of reciprocal catalysis is offered by an acid
solution of potassium permanganate opposed by hydrogen peroxide.

12 SapaTmmR, Rev. gén. de Chimie pure et app., 17, 185 (1914).
13 MoissaN, Traité de Chimie Min., I, 275 (1904).
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The permanganate which is itself an energetic oxidising agent, reduces
the hydrogen peroxide immediately, and is itself reduced. Here again
there is exact equality between the amounts of oxygen coming from
the two reacting substances.

A solution of potassium permanganate, acidified with sulphuric
acid, is stable in the cold, but when heated there is a slow reaction:

2 KMnO, 4 3 H,8O, =2 MnSO, 4+ K,SO,+ 3 H,0+5 O.
Likewise the hydrogen peroxide alone would give very slowly in the
cold:

5 HO,=5 HO+5 O.

On mixing the two solutions there is immediately a vigorous effer-
vescence, liberating 10 O. The reaction is guantitative and is used
practically for the estimation of hydrogen peroxide by titrating with
standard potassium permanganate solution. As in the case of
chromic acid, this proportionality indicates the formation of an un-
stable compound, the decomposition of which disengages 5 O,; but in
this case it is difficult to detect. According to Berthelot, the perman-
ganate acts on hydrogen peroxide to substitute hydroxyl! groups for
the hydrogen atoms, furnishing a sort of hydrogen tetrozide:

0—OH
O0—OH

which is very unstable and soon decomposes into water and 3 O.
When the solutions are mixed at —12°, the permanganate is de-
colorized without the evolution of oxygen, but the colorless tetroxide,
stable at —12°, decomposes on warming, liberating the oxygen. Po-
tassium and caesium tetroxide, which are known, are the alkaline
salts of this hydrogen tetroxide.4 )

Thus in reciprocal catalysis the simultaneous and correlated re-
actions of two systems, which apart only tend to react, are determined
by the production of an unstable combination which serves as a
common intermediate product for the two reactions. This inter-
mediate compound is sometimes visible as in the case of the hydrogen
perozide-chromic acid and sometimes difficult to perceive as in the
case of the hydrogen peroxide-permanganate mixture.

149. Induced Catalysis. Suppose a chemical system which tends
to react but which remains in false equilibrum or undergoes change
infinitely slowly. But if another system which is reacting rapidly
in an analogous manner be associated with the first, the first system
is drawn into the reaction, without the second seeming to take any

1¢ BerTHELOT, Ann. Chim. Phys. (5), a1, 176 (1880) and (7), 33, 433 (1901).
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part in the reaction of the first, except, so to speak, setting it an ex-
ample. This may be called induced catalysis, and, as in the case of
reciprocal catalysis, there is found to be a proportionality between
the two reactions.

Frequent examples of reactions of this sort are found among oxida-
tions by oxygen gas and are called auto-ozidations.

150. Auto-oxidations. A large number of substances directly
oxidisable by oxygen, or by air, stimulate by their own oxidation
that of substances which, without this circumstance, would not be
directly oxidisable.

Thus palladium hydride when allowed to oxidise spontaneously
in water solution, causes intense oxidations; indigo is decolorized and
potassium iodide is oxidised into potassium hydroxide and iodine;
ammonia goes into nitric acid, benzene into phenol, and toluene into
benzoic acid. Carbon monoxide is oxidised to the dioxide, an oxida-
tion which ozone and hydrogen peroxide are incapable of
accomplishing.1®

Ethy! alcohol, exposed to the simultaneous action of sunlight and
air, is not appreciably changed, but in the presence of xylene, which
is oxidised, the alcohol goes into acetic acid: under the same condi-
tions, amyl alcohol gives valeric acid, and mannite yields mannose®

Oxidations of the same nature accompany the spontaneous oxida-
tion of phosphorus in moist air, of turpentine, of aqueous solutions of
pyrogallol, of alkaline sulphites, of ferrous hydroxide, of ammoniacal
cuprous salts, of benzaldehyde, etc. Such substances are called auto-
oxidisers, and experiment has shown that in every case they render
active, that is to say, able to oxidise substances otherwise not
attacked, exactly the same amount of oxygen as they use up in their
own oxidation.!”

151. The cause of the phenomenon appears to be that the auto-
oxidiser takes up oxygen to form a sort of peroxide which is then
destroyed in the oxidation of the associated substance.

The auto-oxidiser, A, alone would give:

_/0
A4+0—0=A .
e N0

18 Horre-SevLER, Berichte, 13, 15561 (1879); 16, 1917 (1883); 20, R795
(1887) ; BAUMANN, Ibid., 16, 2146 (1883); 17, 283 (1884). RemseN and Kxisea,
Am. Chem. Jour., 4, 154 (1883); s, 424 (1884). Lxmps, Chem. News, 48, 25
(1883).

16 CramIcIAN and Siser, Berichte, 46, 3894 (1912).

17 Encrze and Wi, Berichie, 30, 1669 (1897). EnNarms, Rev. gén de Chim.
pure et app., 6, 288 (1903). .
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Then in contact with the oxidisable substance, B:

272 B_r04B0.
\0+ m+zﬁ;
unstable

The temporary formation of thé combination, A<g , i8 the deter-

mining cause in the oxidation of the substance B, which would not
otherwise have taken place.

In the absence of B, the second reaction would have taken place
with the aid of a second molecule of A, thus:

A/<-)+A—2(A:O).
No

Whenever this latter reaction is sufficiently slow, the unstable
peroxide can be prepared, by the action of oxygen on the auto-oxidiser
alone, and may be kept for a time. Thus turpentine shaken with a
large volume of air, forms a peroxide which, later on in the absence
of air, can decolorize indigo, cause guaiac tincture to turn blue, or
liberate iodine from potassium iodide.

The auto-oxidiser, A, is not a catalyst, since it oxidises in pro-
portion to its own mass, and since it does not emerge unchanged from
the reaction which it has caused.

152. Oxidation Catalysts. Let us suppose that in the case of
the auto-oxidiser, A, opposed by the oxidisable substance, B, that the
latter can be oxidised not only at the expense of the unstable

(0)
peroxide, A< ., but also by reducing the stable oxide, A:0, we will
0]

then have the succession of reactions:
/O
A4 0, = .
+ O, A\O
A<§+ B=AO0+BO

AO4+B=BO+4A
regenerated
Thus the auto-oxidiser would be entirely regenerated and could
again serve as a carrier of the free oxygen to the oxidisable substance.
A limited amount of A could serve to oxidise an unlimited amount of
B: A would then be an ozidation catalyst.
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153. This condition is realized by cerium salts with glucose in
alkaline solution. A cerium salt, dissolved in the presence of potas-
sium carbonate, is a colorless auto-oxidiser. We have:

Ce(OH), + O, 4+ Ce(OH), = Ce(OH), .0 .0 .Ce(OH),

unstable peroxide

Water reacts with this compound:

Ce(OH),.0.0 .Ce(OH), + H,0 —
Ce(OH), + Ce(OH),.0.OH.

ocric hydroxide blood red

The blood-red peroxide, when brought into contact with an
oxidisable substance, such as potassium arsenite, oxidises it, returning
to the state of the stable yellow ceric hydrate. There has been no
catalysis. But if glucose is added, the ceric hydrate oxidises the
glucose, being itself reduced to cerous hydroxide which can re-
commence the cycle of reactions. This is catalysis.?®

It is in this manner that small amounts of manganous salts can
cause the direct oxidation of unlimited quantities of pyrogallol or
hydroquinone.*®

154. Platinum and Related Metals. The activity of platinum
and related metals can be explained by a similar mechanism (243).
In contact with oxygen, a sort of unstable peroxide is produced on

the surface of the metal, comparable to the <0 of the auto-
0

oxidisers. With an oxidisable substance, B, there is production of
BO and AO, but the unstable AO oxidises another molecule of B to
form BO and free A. Under these conditions the platinum would
serve to render the oxygen atomic, and since the platinum is regen-
erated in the course of the reaction, the cycle can be repeated
indefinitely.

The result is that the use of the platinum not only serves to lower
the otherwise high temperature required by certain oxidations (e. g.
of hydrogen or carbon monoxide) but also to realize other oxidations
which can not be accomplished by molecular oxygen at any tempera-
ture whatsoever, for example, the liberation of iodine from potassium
iodide, which is effected in the cold by aerated *° platinum black, or

18 JoB, Ann. Chim. Phys., (7), 20, 207 (1900). Compt. rend. 134, 1052
(1902) ; 136, 45 (1803).

19 BeaTRaAND, Bull. Soc. Chim., (3), 17, 578 and 619 (1887). ViLLers, Ibid.,
(3), 17, 675 (1897).

20 Enguee and WOHLER, Z. anorg. Chem., 29, 1 (1901),
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the production of nitric acid from ammonia, by hot platinum sponge.

These fixations and liberations of oxygen take place at the surface
of the metal and, for that reason, the catalytic power is proportional
to the extent of that surface: it is immeasurably greater for platinum
sponge, and especially for the black, than for the metal in foil or
wire.

155. General Explanation of Catalysis. The idea of a tem-
porary unstable combination has served in explaining readily the
mechanism of reciprocal catalyses (146), of induced catalyses (150),
and also of catalyses in the strict sense of the term, such as direct
oxidations (152). This notion can be generalized and applied to all
sorts of catalyses.

The formation and decomposition of intermediate compounds
furnished by the catalysts usually correspond to a diminution of the
free energy of the system and this diminution by steps is frequently
much easier than the immediate direct diminution, somewhat as the
use of a staircase facilitates a descent. Ordinarily these successive
step-downs take place quite rapidly, though rapidity is not a neces-
sary condition of catalysis.

These intermediate compounds can be isolated in a sufficiently
large number of cases for us to generalize the idea and assume their
formation in cases in which we can not prove their existence.

156. Catalyses in which the Intermediate Compounds can be
Isolated. Berthelot has pointed out well defined examples in the
decomposition of hydrogen peroxide by alkalies and by silver oxide.
We will cite some other examples belonging to very different types.

Chlorination of Organic Compounds. In order to facilitate the
direct chlorination of a liquid organic compound, todine is dissolved
in it. The chlorine unites with it to form iodine trichloride, ICl,,
which could be isolated if the iodine were alone, but which, finding
itself in contact with the organic substance, gives up chlorine to it
returning to the lower state of iodine monochloride which the free
chlorine transforms into the trichloride, this process being repeated
again and again, thus:

ICl, + MH == HCI 4+ MCl + ICl
ICl + Cl, = ICl,.

It can be proved that the chlorination is proportional to the weight
of the iodine trichloride. When the operation is carried on with a
continuous current of chlorine, the trichloride is constantly re-
generated and we have catalysis (278).

157. The mechanism is doubtless the same for all of the anhydrous



49 THE MECHANISM OF CATALYSIS 159

metal chlorides which are used as chlorine carriers in direct chlorina-
tion (283). The intermediate products are easy to perceive in the
case of the chlorides of antimony, thallium, molybdenum, etc., where
several different degrees of chlorination are known of which the
highest are formed by direct action of chlorine, and which give up
chlorine to the organic substance, returning to the lower stages which
again take up chlorine.

It is harder to see in the case of aluminum chloride, for which,
by analogy, we must also assume a higher chloride, possibly due to
the supplementary valencies of the chlorine atoms.*

158. Manufacture of Sulphuric Acid. The manufacture of
sulphuric acid in the lead chamber process employs, as catalyst, nitric
oxide which intimately mixed with the reacting gases (sulphur di-
oxide, oxygen of the air, and water vapor) serves to render rapid
the reaction which would otherwise take place slowly. The produc-
tion of an intermediate product is doubted by no one although there
is not entire agreement as to the true nature of such compound.

159. Action of Sulphuric Acid on Alcohol. The mechanism
of the action of concentrated sulphuric acid on alcohol is well known
and is designated by the name of Williamson’s reaction.® The first
reaction is the production of ethyl sulphuric acid:

CH,CH,OH + H,S0, = H,0 + CH,CH, . 0 .SO,H.

The latter, at 140°, reacts with a second molecule of alcohol to
form ether, regenerating sulphuric acid:

CH,CH, .0 .80,H + CH,CH,0H = H,SO, 4+ (CH,CH,),0.

The sulphuric acid can again form ethyl sulphuric acid and so on
indefinitely, since the temperature is high enough to cause the elimi-
nation of the water along with the ether. Theoretically the action
should continue indefinitely: it is a well defined case of catalysis.
But a portion of the sulphuric acid is reduced to sulphur diozide
gradually diminishing the amount of the acid.

If the mixture is heated higher, towards 160-170°, the ethyl sul-
phuric acid is rapidly decomposed into sulphuric acid and ethylene:

CH,CH, .0 .SO,H — H,S0, + CH, : CH,.

The regenerated sulphuric acid can repeat the reaction on the
alecohol and hence is a catalyst for the formation of ethylene from

21 ]t is possible to consider this a case of the Frmom and Crarrs reaction,
the aluminum chloride combining with the hydrocarbon to form an intermediate
complex which reacts readily with C1-Cl as it does with CIR.—E. E. R.

32 WrLLiaMsoN, J. Chem. Soc., 4, 106, 220 and 350 (1852).



160 CATALYSBIS IN ORGANIC CHEMISTRY 50

unlimited amounts of alcohol and can continue this function so long
a8 it is not too much diminished by reduction to sulphur dioxide.
This reduction is more serious in this case as the reaction temperature
is higher.

160. Hydrogen Peroxide. In the catalytic decomposition of
hydrogen peroxide by alkalies and alkaline earths, unstable inter-
mediate compounds are plainly formed and can be isolated.*®

The intermediate steps are equally visible in many catalyses
brought about in gaseous and liquid media by solid catalysts.

161. Squibb’s Method. A fine example is the method of Squibb
for the preparation of acetone?* (837).

If acetic acid vapors are passed over calcium carbonate heated
to 400°, calcium acetate is produced with the liberation of carbon
dioxide. If the acid is discontinued and the temperature is raised
to 500°, the calcium acetate is decomposed, regenerating the car-
bonate and liberating acetone:

At 400° 2 CH,CO,H + CaCO, = CO, + H,0 + (CH,CO,),Ca
At 500° (CH,CO,),Ca = CaCO, + CH, . CO . CH,.

If the acetic acid is passed over the calcium carbonate at 500°,
it is evident that the first reaction will tend to take place with the
formation of calcium acetate, but this would decompose immediately
to form acetone: the calcium carbonate would then be a catalyst
(839), the reaction being:

2 CH,CO,H = CO, + H,0 + CH, .CO .CH,,.

162. Catalytic Oxidation by Copper. If a current of oxygen
is passed over copper heated to 250°, a layer of oxide is formed:
if the vapors of an organic compound, such as an aliphatic hydro-
carbon, are passed over the copper so oxidised, at the same tempera-
ture, they are immediately oxidised with the production of water,
carbon dioxide, etc., and with regeneration of metallic copper. If
the hydrocarbon vapors and the oxygen are sent together over the
copper at the same temperature, there is production of the oxide and
immediate reduction of the oxide by the hydrocarbon; the copper
functions as a catalyst. The total heat of oxidation may be great
enough to carry the metal, on the surface of which it is taking place,
to incandescence.?® It is easy to see that copper oxide is the inter-
mediate step.

23 ScHONE, Annalen, 193, 257 (1878) and 193, 241 (1878). BErTHELOT, 4nn.
Chim. Phys., (5), 31, 153 (1880).

2¢ Squms, J. Amer. Chem. Soc., 17, 187 (1895) and 18, 231 (1806). CoNroy,

J. 8oc. Chem. Ind., a1, 302 (1902). Rev. gén. Sc., 13, 563 (1902).
25 SasaTIER and Marwae, Compt. rend. 143, 1394 (1905).
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163. Action of Nickel on Carbon Monoxide. Another example
of the same kind is furnished by the destruction of carbon monoxide
by nickel at 300°.

Carbon monoxide acting on reduced nickel around 100°, produces
nickel carbonyl, Ni(CO),. This warmed to about 150° decomposes
completely into carbon monoxide and nickel, while from 250° to 300°,
it decomposes entirely differently, into nickel, carbon, and carbon
dioxide:

Ni(CO), = Ni 4 2C 4 2CO,.

If carbon monoxide is passed over nickel at 150°, there appears
to be no action since the nickel carbonyl that is formed is decomposed
immediately, in place, into carbon monoxide and carbon. If the
operation is carried on at 300°, there should still be the production
of nickel carbonyl but it is at once decomposed into carbon dioxide,
carbon, and nickel. The regenerated nickel can carry on the trans-
formation of carbon monoxide into carbon and carbon dioxide
indefinitely.

164. Catalyses in which the Intermediate Compounds can not
be Isolated. In the cases given above, the intermediate products
which serve as stepping-stones for the reaction can be readily ob-
served and even isolated as well defined chemical compounds, but in
more numerous cases, these intermediate steps are difficult to per-
ceive and it is only by analogies that we can surmise their nature
with more or less uncertainty.

165. Hydrogenation by Finely Divided Metals. The catalytic
role of finely divided metals, nickel, copper, platinum, etc., in direct
hydrogenation is easily explained by the assumption of unstable hy-
drides on their surfaces.?®* Such condensation of hydrogen actually
takes place to a certain extent, as we have seen above (136), and
particularly with palladium, a really definite combination takes
place in the cold. This has only a feeble dissociation pressure and
has been assigned the formula, Pd,H,, by Dewar.?

26 According to WiLLsTitrmr and WarLbscEMDT-LEriz (Berichte, 54, 120
(1921) ) oxygen must be present for hydrogenation to take place. They assume

that the platinum combines with the oxygen first to form a sort of peroxide
which then unites with the hydrogen:

/0 /0 H\ /0

Pt+0;—~Pt -andPt :4+Hyss Pt -

\o \o H/ \o0
This peroxide hydride is the active intermediate compound, passing its hydrogen
on to the substance to be hydrogenated and taking up more.—E. E. R.

37 Dewar, Chem. News, 76, 274 (1897).
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The hydrogen thus combined with palladium is able to produce
many reactions which free hydrogen can not. It combines directly
in the cold and in the dark with chlorine and with iodine as well as
with oxygen?® It reduces chlorates to chlorides, nitrates to nitrites,
ferric salts to ferrous, mercuric to mercurous, potassium ferricyanide
to ferrocyanide, indigo blue to indigo white, sulphur dioxide to hydro-
gen sulphide, and arsenic trioxide to arsenic.*® It transforms benzoyl
chloride into benzaldehyde and nitrobenzene into aniline.®°

166. Hydrogen occluded by platinum produces analogous effects.®
Thus when the vapors of nitrobenzene are directed onto platinum
black previously charged with hydrogen, all the hydrogen which is
present is utilized in the production of aniline. If at this moment,
more hydrogen is introduced, a new fixation takes place followed by
a further reduction of nitrobenzene.

If the hydrogen and nitrobenzene vapors arrive simultaneously,
there will be continuous reduction of the latter; the platinum is a
hydrogenation catalyst.

The catalysis appears to be a consequence of the occlusion of the
hydrogen, that is to say, of the formation of a sort of combination
of the hydrogen and the metal and the use of platinum as a catalyst
is advantageous since the interchange of gases is rapid with it.

Palladium, although it absorbs much more hydrogen, is usually
inferior to platinum, probably because the hydrogen is not given up
rapidly enough to the molecules to be hydrogenated.

167. Copper, tron, cobalt, and especially nickel, reduced from
their oxides are still more advantageous, although they can retain
only small amounts of free hydrogen, probably because the forma-
tion and decomposition of the hydrogen addition products are much
more rapid.

With nickel, the process goes on as if there were formed, on the
surface, an actual unstable hydride capable of liberating hydrogen
in the atomic condition and consequently more active than the original
molecular hydrogen. The facts lead even to the idea that there are
Ni—H ./H
Ni—H and N1<H,
the latter more active combination being formed by metal reduced
from the oxide below 300° and capable of more kinds of work. The
former, less active combination, would be produced by nickel reduced
above 700°, or made from the chloride and able to hydrogenate ethy-

38 BowrTaER, Berichte, 6, 1398 (1873).

39 GrapsToN® and Triee, Chem. News, 37, 68 (1878).

%0 Korss and Sayrzerry, J. prakt. Chem., (2), 4, 418 (1871).

81 GrapsToNm and Triss, loc. cit. Cooxm, Chem. News, 58, 103 (1888).

two stages in the fixation of hydrogen such as



53 THE MECHANISM OF CATALYSIS 170

lenic compounds, nitriles, and nitro bodies but not the aromatic
nucleus.
The catalytic hydrogenation of an ethylene hydrocarbon would
be represented by:
H, 4 Ni, == Ni,H,.
Ni,H, 4 C,H, = C,H, 4 Ni,.

The regenerated nickel would continue indefinitely to produce
this effect so long as the hydrogen and ethylene continued to arrive
simultaneously.

168. If finely divided metals with free hydrogen give quickly
formed and readily decomposable unstable hydrides, they should also
be able to take hydrogen from substances which hold it only feebly
and should be dehydrogenation catalysts. In general, experiment
has verified this prediction (651).

169. Dehydration by Anhydrous Oxides. The dehydration of
alcohols by certain oxides, as alumina, thoria, etc., can be interpreted
readily by a close analogy to Williamson’s reaction.

These oxides can be n.garded as the anhydrides of metallic hy-
droxides capable of exercising the acid function, whether exclusively
acid as with silicic or titanic acid, or either acid or basic (hydroxides
of aluminum, thorium, chromium, etc.). Thus with alumina, the
alcohol vapor would give an unstable aluminate which in contact with
alcohol would decompose to give ether, or at a higher temperature
would immediately decompose evolving ethylene; the regenerated
alumina would be able to carry on this reaction indefinitely:

ALO; + 2CaHant1.0H = HyO + Al;03(OCoHjut1)s
Then 2C,.Hsun+1.0H + AlyOs(OC Hint1)s = 2(CaHsnt1):0 + Al O3 (OH),

and AlgO:(OH); = H,0 4 Al,O,
or AlgOg(OC,H’.-H)g - 2C.Hh + Altol(OH)l
hydrocarbon

which would be immediately followed by the dehydration of the
alumina.

Such alcoholates can be isolated in various ways, for example,
aluminum ethylate, which is decomposed cleanly into ethylene and
alumina.®*

In the case of methyl alcohol, only the first sort of reaction is pos-
sible, but in most other cases the other takes place exclusively.®®

170. It would be the same way with thoria which would furnish
with alcohol vapors, a sort of thorium alcoholate which the heat de-

82 Grapsrons and Twism, Jour. Chem. Soc., 41, 5 (1883).
8 Saparmm and MarnLus, Ann. Chim. Phys., (8), 20, 349 (1910).
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composes into an ethylene hydrocarbon and thoria, which is capable
of reproducing the same effect indefinitely. If this is the case, this
sort of ester would be capable of reacting chemically with various
substances with which it is brought into contact and experiments
have bountifully confirmed the predictions made by Sabatier and
Mailhe on this point.®

In contact with thoria, alcohol vapors react directly with hydro-
gen sulphide to give mercaptans (743), with ammonia to form amines
(732), with phenols to produce mixed ethers (789), and with aliphatic
acids to yield esters (762).

171. Decomposition of Acids. In the decomposition of aliphatic
acids by anhydrous oxides it is frequently easy to perceive the inter-
mediate compound which serves as a stepping stone in the reaction;
namely, the salt formed by the acid and the oxide. It appears un-
decomposed at temperatures lower than those used in the catalysis,
as is the case with lime and zinc oxide (841). At a higher tempera-
ture the salt is immediately decomposed to form the ketone.

This intermediate formation ceases to be apparent when the acid
is passed over the oxide at a higher temperature, because the forma-
tion of the salt is then balanced by its rapid destruction. For certain
oxides, as thoria and titania, it can not even be perceived since,
doubtless, the formation does not take place at a lower temperature
than the decomposition, but the analogy is so close that we can not
fail to assume similar mechanisms with all of the oxides.

172. In the decomposition of formic acid by metals or oxides
(821), the intermediate compounds would be formed either from the
hydrogen (passing over the metals), or from the carbon dioxide
(fixed by the zinc oxide), or from the formic acid itself giving with
the oxide a formate the decomposition of which would vary according
to its nature. The molecule of this acid is a structure with little
stability, tending to decompose in the two directions, into CO + H,0
or into CO, + H,; the affinity of the catalyst giving a transient com-
pound, decides the direction.

173. The Friedel and Crafts Reaction. The catalytic activity
of anhydrous aluminum chloride in the Friedel and Crafts reaction
(884) can be explained by the production of a temporary combination
between the chloride and the organic material. Thus with aromatic
hydrocarbons, we would have:

Cl
C.R.H + AICl, —HC1 4 A
(I |
3¢ SapaTiER and MaiLax, Compt. rend., 150, 823 (1910).
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The latter compound would react immediately on the halogen
derivative present and we would have:

/ Clz »” ?
ML " 4+ RCI=AICL + R.CR,,
CR, regenersted

The regenerated aluminum chloride would react again with the
hydrocarbon and the same reactions would be repeated. It is then
a catalyst and a small amount of the salt should effect the trans-
formation of an unlimited amount of the mixture. This is in fact
what takes place in some cases where the aluminum chloride can con-
dense a hundred times its own weight of benzene with other molecules.

174. Practically, it is often necessary to employ large amounts
of the aluminum chloride, sometimes even several times the weight
of the aromatic hydrocarbon. For this reason some chemists have
questioned the catalytic role of the chloride. It is, however, not to
be doubted, as the necessitv of sometimes using such large amounts
of the catalyst is due either to the tardiness of the reaction in some
cases and the desire to hasten it by providing for the formation of a
large amount of the required intermediate compound or, in other
cases, to the fact that the aluminum chloride forms stable combina-
tions with some of the reactants which withdraw a portion of it from
the reaction. The reality of the formation of addition products of
the aluminum chloride with the organic compounds has been estab-
lished by Gustavson who has been able to isolate an addition product
with benzene, an orange colored oil, AlCl;.3C,H,, decomposable by
water,®® and in the case of the mixture of benzene and ethyl chloride,
AlClL,.(C,H,),.3CH,, which heat dissociates into benzene and

Cl
Al< , Which is stable and serves as catalyst for the trans-
(C,H.O),
formation of the mixture.>®
175. Action of Acids and Bases in Hydrolysis. In the de-
compositions by addition of water, or hydrolyses, such as the saponi-
fication of esters by strong mineral acids (313), or by strong bases
(318), the inversion of cane sugar, the decomposition of glucosides
(327), or of acetals and, inversely, in the production of esters in pres-
ence of small amounts of mineral acids (749), the active factors of
the catalysis appear to be the ions resulting from the electrolytic dis-
soctation of the acid or base®” The activity of the catalyst is closely
38 GusTAVS8ON, Berichte, 11, 2151 (1878).
3¢ GustavsoN, Compt. rend., 136, 1085 (1903); 140, 840 (1905).
37 yvaN’'t Hory, Legons Chim. Phys., 1898, III, 140.
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connected with the amount of this dissociation and the velocity is
proportional to the number of free ions in the solution.

176. In saponifications catalyzed by soluble bases, the active
factors are the hydrozyl ions resulting from the electrolytic dissocia-
tion of the base and we are justified in believing that the attack on
the molecule of ester, ROA, derived from the oxy-acid AOH, is the
work of the OH ions derived from the base. Thus with caustic
potash we would have:

OH OA
ROA+{ +}—ROH+l+}
“ester K ‘slochol’ K

The ionized salt, AOK, is formed in the solution, but as the corre-
sponding organic acid, AOH, is only slightly dissociated into ions,
water hydrolyzes the salt to give:

0A | OH
+ t+H,0=AOH+{ +
K aoid K
The acid, AOH, is thus liberated and the ions of the original caus-
tic potash are free to recommence their catalytic action.

In the saponification of esters by acids it is the hydrogen fons that
cause the effect. Thus with hydrochloric acid, we have:

+ +
H A
ROA+4{ - }==ROH 4 { —
oster Cl aloohol Cl
But there is immediate reaction with water to give:

+ +
A H
—}4+H,O=AOH 4 {- }-
(o mo-agm+{g)
The regenerated ions of the initial molecule of hydrochloric acid
can repeat the reaction and so indefinitely. Esterification is brought
about according to the same mechanism but in the inverse direction.
178. The velocity of a hydrolysis of this sort is proportional to
the number of ions that are active in producing it. With the strong
acids at such dilutions that they may be regarded as completely dis-
sociated, the effect will be independent of the nature of the acid and
proportional to the concentration only. This has been verified for
hydrochloric, hydrobromic, hydriodic, nitric and chloric acids?® It
38 OstwaLp, J. prakt. Chem., (2), 28, 449 (1883).
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is the same way with strong soluble bases, potassium, sodium,
barium, and calcium hydroxides in sufficiently dilute solutions.*®

179. Catalysis in general appears to be the result of purely
chemical phenomena accomplished by the aid of the catalyst which
gives, with one of the elements of the primitive system, a temporary
unstable combination, the decomposition of which, or the reaction of
which, with one of the other reactants, determines the transformation
of the system, the catalyst being regenerated in its original condition
and able to repeat the reaction indefinitely.

180. Ostwald has criticised the conception of the formation of
intermediate compounds because it does not rest on a sufficiently
exact knowledge of the reactions and because it would be further
necessary to prove that the succession of reactions assumed requires
less time than the direct reaction, and adds that no theory is of
value in the absence of exact measurements. '

To tell the truth, we do not know much more as to the true nature
of the absorption of gases and vapors by porous catalysts or even
by wood charcoal; this absorption, or occlusion, which is determined
by a sort of selective affinity between the gas and the solid is a real
solution penetrating to a certain depth in the solid and similar to
the temporary combination which we have assumed, the differentia-
tion of chemical and physical phenomena being always uncertain.

The theory of catalysis by means of intermediate compounds still
contains many obscurities and has the fault of leaning frequently
on the assumption of hypothetical intermediate products which we
have not yet been able to isolate, but it is the only hypothesis that
is able to explain catalysis in homogeneous solution and has the merit
of applying to all cases.

As far a8 I am concerned, this idea of temporary unstable inter-
mediate compounds has been the beacon light that has guided all my
work on catalysis; its light may, perhaps, be dimmed by the glare of
lights, as yet unsuspected, which will arise in the better explored
field of chemical knowledge.t® Actually, such as it is, in spite of its
imperfections and gaps, the theory appears to us good because it is
fertile and permits, in a useful way, to foresee reactions.

8 ReicHER, Annalen, 228, 275 (1885). OsrwaLp, J. prakt. Chem., (2), 3s,
112 (1887). AmmHENIUS, Zeit. phys. Chem., 1, 110 (1887). BuaarszkY, Ibid.,
8, 418 (1891).,

4 SasATIER, Berichte, 44, 2001 (1911).
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THEORIES OF CONTACT CATALYSIS
By Wiper D. BaNcrorT

180a. For purposes of discussion the theories of contact catalysis
may be grouped under three headings:—-

1. Stoichiometric theory.

2. Adsorption theory.

3. Radiation theory.

The stoichiometric theory is the one most commonly held because
it involves nothing new or strange. According to this theory, one or
more of the reacting substances forms with the catalytic agent a
definite compound which then reacts in such a way as to give the
final products. In the catalysis of hydrogen peroxide by mercury,
the intermediate formation of mercuric peroxide ' can be detected
by the eye, because there is an intermittent building-up of a film
which then breaks down, only to grow again. The formation of
graphite is usually preceded by the formation of a carbide. The
conversion of acetic acid into acetone** by passing the vapor over
heated barium carbonate presumably involves the intermediate for-
mation of barium acetate. In the catalytic oxidation of carbon
monoxide it is usually believed that there is an alternate oxidation
and reduction of the oxides which act as catalytic agents. Hydrogen
peroxide is said to oxidize cobaltic oxide to peroxide and to be de-
composed catalytically by cobaltic oxide.*®* Nickel peroxide reacts
quantitatively with hydrogen peroxide; but the resulting oxide is not
converted back into peroxide by hydrogen peroxide and consequently
does not decompose it catalytically.

180b. While there are undoubtedly many cases of contact catalysis
which come under this general head, it does not follow that this is
the only type. It seems improbable that it would be so difficult to
make carbon tetrachloride if the chlorine, which is absorbed by car-
bon and thereby made active,** were present as a definite compound
of carbon and chlorine. Oxygen absorbed by charcoal will oxidize
ethyl alcohol to acetic acid ** and ethylene to carbon dioxide and
water, reactions which certainly are not characteristic of any known

41 Beepia and voN ANTROPOFF, Zeit. Elektrochemie, 13, 585 (1906); von
ANTroPory, Jour. prakt. Chem., (2), 77, 273 (1908).

42 Squss, Jour. Am. Chem. Soc., 17, 187 (1895).

43 Bavimy, Phil. Mag., (5), 7, 126 (1879).

4¢ Damorsmau, Compt. rend., 73, 60 (1876).

40 CaLvert, Jour. Chem. Soc., 30, 293 (1867).
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oxide of carbon. It is very important that we should decide in each
particular case whether a definite intermediate compound is formed
and, if so, what compound. Only in this way can we escape from the
haziness which handicaps so much of the work on catalysis. For
instance, it seems obvious to account for the hydrogenating power
of pulverulent nickel by postulating the formation of an unstable
hydride; but the recent work of Professor Taylor of Princeton shows
that no hydride is formed. It is easy to account for the different
action of nickel, thoria, and titania on ethyl acetate by postulating
the formation of interinediate compounds; but there is no experi-
mental evidence that these hypothetical compounds would break
down in the desired way if formed. To this day people are not agreed
a8 to what intermediate compound is formed in the Deacon chlorine
process.

180c. The absorption theory does not postulate the intermediate
formation of definite chemical compounds. The assumption is that
the absorption of the substances to be catalyzed makes them more
active chemically. This may occur in different ways. Since the
reaction velocity is a function of the concentration, it was natural
to ascribe the catalysis of oxyhydrogen gas by platinum to the in-
creased concentration at the surface of the metal. This seems to
have been disproved by the recent experiments in which oxyhydrogen
gas is reported to be quite stable in presence of an alkaline solution
wheqp under a pressure of three thousand atmospheres. This explana-
tion will not suffice to account for the cases in which the same sub-
stance decomposes in one way in presence of one catalytic agent and
in another way in presence of another. On the other hand, the in-
crease in concentration must have an effect in some cases and it seems
probable that this could be found most easily if one studies a re-
action which takes place at a measurable rate in the absence of a
catalytic agent, say ester formation, and if one takes an extremely
non-specific absorbent, such as Patrick’s silica gel.

180d. Langmuir *® considers that an adsorbed gas is held -chemi-
cally by the unsaturated valences at the surface of the solid, thus
forming a new type of compound which I have called indefinite
compounds because they are not of the ordinary type and because
no definite formulas can be written for them. In the case of the
adsorption of argon by charcoal, for instance, we should have to
write C;Ar, where z varies with the mass of the charcoal and y
with its surface as well as with the pressure and temperature.
Chemical reactions may take place either between adjacent atoms

4 Jour. Am. Chem. Soc., 37, 1139 (1915); 38, 1145 (1016).
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on the surface or when gas molecules strike molecules or atoms on
the surface. So far as the catalytic part is concerned this is much
the same as the view of Debus.*’ “If now a piece of platinum is
placed in peroxide of hydrogen, the molecules of the latter will place
themselves in such a position on the surface of the platinum that one
oxygen atom of the peroxide is turned towards the platinum and as
near to it as possible. The peroxide is polarized. But this has the
effect also of bringing the oxygen atoms of different molecules of
peroxide in such close proximity on the surface of the metal that
they can combine to form common oxygen, the decomposition of the
peroxide into water and oxygen and the development of energy being
the consequence. The action of the platinum places the molecules
of the peroxide in the position of reaction towards each other.”
180e. Langmuir has contemplated the possibility of a reaction
between two adsorbed molecules and between one adsorbed and one
free molecule. The second case is one in which a more effective col-
lision is produced. This is a perfectly legitimate hypothesis.
According to the kinetic theory the reaction velocity is proportional
to the number of collisions between possibly reacting molecules; but
it does not follow at all that two molecules react every time
they collide. If a large number of collisions is necessary on an aver-
age before a pair of molecules react, anything which would make
these collisions more helpful might increase the reaction velocity
enormously. The first question is then whether there is any evidence
of ineffective collisions. This matter has been studied by Strutt <
who comes to the conclusion that a molecule of ozone reacts every
time it strikes a molecule of silver oxide; but that a molecule of ac-
tive nitrogen collides with a molecule of copper oxide five hundred
times on an average before they react, while two molecules of ozone
at 100° collide on an average 6 x 10'* times before they react. With-
out insisting on the absolute accuracy of these figures there is evi-
dently plenty of margin for an increase in reaction velocity with
ozone at 100° if one could produce more effective collisions. Lang-
muir ¢ finds that, at a pressure of not over 5 bars, and at 2770° K,
15% of all oxygen molecules striking a tungsten filament react with
it to form tungstic oxide, WO,. This coefficient increases at higher
temperatures and at 3300° K about 50% of all the oxygen molecules
which strike the filament react with it to form tungstic oxide.

47 Jour. Chem. Soc., 53, 327 (1888); Cf. Hirnms, Jour. prakt. chem., (2),
10, 385 (1874).

48 Proc. Roy. 8oc., 87, A, 302 (1912).

® Jour. Am. Chem. Soc., 35, 106 (1913); 38, 2270 (1916).
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180f. It is possible that a catalytic agent may cause one molecule
to strike another amidships instead of head-on and may thereby
increase the effectiveness of the collisions. It is not impossible that
part, at least, of the effect of solvents on reaction velocity may be
due to some such thing as this. If we adopt the views of Debus and
Langmuir on oriented adsorption, all sorts of things become possible.
If ethyl acetate, for instance, attaches itself to one adsorbent by the
methyl group, to another by the ethyl group, and to a third by the
carboxyl group, it might very well be that bombardment of the cap-
tive molecule by free ones might lead to very different reaction
products in the three cases. Such a suggestion is of very little value,
however, unless it can be made definite. We do not know as yet
whether ethyl acetate is actually adsorbed in one way by nickel, in
another way by thoria, and in a third way by titania, nor do we
know whether the difference in the manner of adsorption, assuming
it to occur, is of such a nature as to account for the differences in
the reaction products.

180g. It is possible not to make an assumption as to the precise
way in which adsorption takes place and merely to consider the sur-
face of the solid as acting like a solvent. If the chemical potential
of a possible reaction product is lowered in any way, there is an in-
creased tendency for that reaction product to form.*® If one treats
a substance with a dehydrating agent, the tendency to split off water
is increased. If a substance like alcohol can react in two different
ways, we should expect a given catalytic agent to accelerate the re-
action producing the reaction products which are adsorbed the most
strongly by that catalytic agent.s? This appears to happen in the
simpler cases. Ipatief 5* states that the decomposition of alcohol
into ethylene and water in presence of heated alumina is due to the
taking up of water by the alumina. That alumina takes up water
very strongly was shown by Johnson,*® who found that up to a cer-
tain point alumina adsorbs water vapor as completely as does phos-
phorus pentoxide. Sabatier attributed the decomposition of alcohol
into acetaldehyde and hydrogen in presence of pulverulent nickel to
the tendency to formation of a nickel hydride. Both he and Ipatief
assume the formation of definite compounds; but the argument is
just as strong in case we postulate that the catalytic agent adsorbs
the reaction products strongly instead of combining with them. An

50 Mrixs, Jour. Phys. Chem., 1, 636 (1897).

81 Bancrorr, Jour. Phys. Chem., 31, 591 (1917).
82 Berichte, 37, 2086 (1904).

83 Jour. Am. Chem. 8oc., 34, 911 (1912).
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excess of the adsorbed reaction product should cut down the rate of
reaction and that is the case. When working at high pressures, the
first stage in the dehydration of alcohol in presence of heated alumina
is the production of ether. When an equimolecular mixture of ether
and water is passed over alumina at 400°, practically no ethylene is
formed.>* Engelder *® showed that presence of water vapor decreased
very markedly the rate of decomposition of ethyl alcohol by alumina.
Titania causes alcohol to split both into acetaldehyde and hydrogen
and into ethylene and water. Engelder showed that addition of
hydrogen to the alcohol vapor increased the relative yield of ethylene
and addition of water vapor increased the relative yield of acetalde-
hyde, though the difference was not as marked as one might have
wished. A somewhat similar result appears to have been obtained
unconsciously by Berthelot * fifty years ago. He heated formic acid
at 260° without any specified catalytic agent and found that when
only a third of the formic acid is decomposed the reaction appears
to be
HCO,H = CO 4 H,O.

If all the formic acid is decomposed, the reaction is approximately
2 HCO,H = CO + H,0 + CO, + H,.
This unexpected result can only be true in case the reaction
HCO,H = CO, + H,

predominates during the latter part of the decomposition and this
can happen only in case the original decomposition products check
the initial reaction and thus permit the second reaction to come to
the fore. The experiments by Berthelot should be repeated so as to
make sure that they are right and that the suggested explanation is
the true one. ‘

180h. While this seems very satisfactory, there are certain points
which must not be overlooked. When making ethylene at Edgewood
Arsenal during the war, it was found advisable to have a large amount
of steam present with the alcohol vapor in order to make temperature
regulation easier. This undoubtedly decreased the rate of decompo-
sition of the alcohol; but that difficulty was overcome by working at
" & higher temperature. I find it very difficult to see how alumina can
dehydrate alcohol in presence of a large amount of water vapor if
the reason the alumina acts is because of its strong adsorption of
water vapor. In spite of the fact that the theory of the selective

54 IpaTiEr, Berichte, 37, 2996 (1904).

88 Jour. Phys. Chem., 31, 676 (1917).
8¢ Ann. Chim. Phys., (4), 18, 42 (1869).
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adsorption of the reaction products undoubtedly contains a great
amount of truth, it must be admitted that, as now formulated, it is
not the final word. It must be modified before it can be considered
as satisfactory. If it breaks down temporarily in the simple case
of the decomposition of alcohol, it is not surprising that we cannot as
yet predict the decompositions of the esters by means of it.

180i. The whole problem of catalysis has been put in a general
but vague form by Baly and Krulla and Baly and Rice * who con-
sider that we have a partial conversion of one or more reacting sub-
stances into active forms through opening up fields of force by the
rupture of normal valence or of contra-valences. The trouble with
this is that it is as yet too vague to be of much value as a working
hypothesis, though it makes an admirable starting-point. Methods
must be devised for showing in each particular case what particular
valences or contra-valences are ruptured as & preliminary step in
the reaction.

180j. The radiation theory postulates that the catalytic agent
emits radiations which convert one or more of the reacting substances
into active modifications. Miss Woker ¢ has given a sketch of the
earlier speculations as to radiation. The only one which has sur-
vived is that of Barendrecht,® and his calculations have been
criticized severely by Henri.®® Kriiger ®* has attempted to account
for a number of phenomena in homogeneous solutions by postulating
infra-red radiation. This idea has been developed by W. C. McC.
Lewis ** and applied to the change of reaction velocity with the
temperature and to contact catalysis. More recently, Perrin®® has
put forward similar views without making any reference to the work
of others. Lewis believes that the catalytic agents emit infra-red
rays which activate the reacting substance. This would seem to
make it possible for a catalytic agent to act at a distance; but this
difficulty can be avoided by assuming that the intensity of the infra-
red radiation is so low that it is effective only when the distances
are molecular. An interesting case comes up in homogeneous solu-

87 Jour. Chem. Soc., 101, 1469, 1476 (1912).

88 Die Katalyse, p. 60 (1910).

59 Zeit. phys. Chem., 49, 466 (1804); 54, 367 (1908); Proc. Kon. Akad. Wet.
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00 Zeit. phys. Chem., 51, 19 (1905).

o1 Zeit. Elektrochemie, 17, 453 (1911).
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tions. Methyl acetate has a strong absorption band between 5p
and 11x the hydrogen ion is supposed to emit wave-lengths over
the range 1.1-11x, and hydrogen ion catalyzes methyl acetate
solutions. Professor Rideal of the University of Illinois has shown
that infra-red radiations corresponding to the absorption band of
methyl acetate do accelerate the reaction between methyl acetate and
water; but this would happen on any hypothesis. It has not been
shown that the catalytic action of the infra-red rays supposed to be
emitted by hydrogen ion corresponds quantitatively with the catalytic
action of the hydrogen ion. This might be a difficult thing to estab-
lish to the satisfaction of the doubters; but there is a test which would
probably be accepted as crucial by everybody. Heated nickel de-
composes ethyl acetate into propane and carbon dioxide; heated
thoria converts it into acetone, ethyl alcohol, ethylene and carbon
dioxide; while heated titania changes it into acetic acid and
ethylene.** If somebody would produce these three sets of reactions
separately by means of infra-red radiations with no catalytic agent
present, the radiation theory would have a standing which it does not
have at present. Since alumina is very permeable to infra-red radia-
tions and ferrous oxide is not,® the latter should be a very efficient
catalytic agent according to the radiation theory. This has not been
tested so far as I know. Tyndall ®® states that gum arabic is prac-
tically impermeable to infra-red radiations. If this is true, gum
arabic should catalyze the hydrolysis of methyl acetate enormously
if the radiation theory is sound.

180k. This brief sketch of the theories of contact catalysis shows
how unsatisfactory our present knowledge is. This is due to the in-
accurate and incomplete way in which the single reactions have been
studied. We do not know which cases involve definite intermediate
compounds and which do not. When we are agreed that definite
intermediate compounds are formed, we do not agree as to their
nature. We talk about breaking normal valences or contra-valences;
but we do not specify which valences or which contra-valences.
When ethyl alcohol is decomposed by pulverulent nickel into acetal-
dehyde and hydrogen, does molecular hydrogen split off or do the two
hydrogens come off separately? If the latter happens does the first
hydrogen come from the hydroxyl group or not? When ethyl alcohol
is decomposed by alumina into ethylene and water, does water, hydro-
gen, or hydroxyl come off first? It can hardly be water because it
is possible to stop the reaction at the intermediate stage of ether,

64 Samarmee and Manms, Compt. rend., 153, 669 (1011).

o5 ZsiamoNDY, Dingler’s Polytech. Jour., (8), 37, 17, 68, 108; 39, 237 (1893).
%¢ Fragments of Science: Radiant Heat and its Relations.
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and it is probably not monatomic hydrogen because that is what
happens with nickel. If the first stage is a splitting off of hydroxyl,
does the other hydrogen come from the adjacent carbon atom giving
ethylene direct or does it come from the same carbon atom, forming
a substituted methylene, CH,CH, which then rearranges to ethylene?
The decomposition of ether by alumina apparently must lead to
2 CH,CH 4+ H,0 as one of the intermediate stages. How does
nickel decompose ether?

180L In at least two instances it should be relatively simple to
determine the reacting radicals. If we pass a mixture of ethyl ace-
tate and hydrogen over pulverulent nickel, it is probable that some
or all of the initial products will be reduced before they have time
to react in the normal way. A study of the reaction products will
therefore throw light on the probable mechanism of the reaction
which occurs in the absence of hydrogen. If we obtained CH, and
HCO,C.H,, for instance, we should conclude that the original break
had been into CH, and CO,C,H,. If we found CH,CO,H and C,H,,
we should conclude that these were reduction products of CH,CO,
and C,H,. If the reaction products were CH,, C,H,, and CO, or
some reduction product of this last, we should undoubtedly assume
that ethyl acetate splits simultaneously into CH,, CO, and C,H,.

180m. If ether is passed over pulverulent nickel, the dissociation
will probably be to C,H,0 4+ C,H; or to CHO+ C,H,+ H. In
the first case the final products will be 2 C,H, and H,O just as with
alumina. In the second case they are likely to be CH,CHO 4 C,H,
- H,, though the ethylene and hydrogen may combine more or less
completely to form ethane.

180n. These two illustrations are sufficient to indicate the kind
of work that ought to be done and the organic chemists will un-
doubtedly be able to develop this suggestion in most unexpected ways.

The following cases are worth considering, though it must not be
assumed that the reactions run as written for one hundred per cent
yield.

With nickel we get the following decompositions of the esters:

CH,C0,CH,CH, == CH,CH,CH, + CO,
CH,CO. CH.— CH, CH + CO
HCO,CH -— CH (?) + Co,

With thoria the decomposition is quite different:

2 CH,CO,CH,CH, = CH,COCH, + CO, 4 (C,H,),
— CH,COCH, + CO, CHbH+CH
2 CH,CO,CH, — CH,COCH, 4 CO, + (CH,),0
2 HCO,CH, = HCHO+ (O, + (CH,),0
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With titania there is a third set of products:

CH,CO,CH,CH, = CH,CO,H + C
2 °CH,CO,CH, — 2CH,CO.H + C,1,
HCO,CH, = HCO,H + CH, — €0 4 CH,0H.

The decompositions are regular and characteristic with each catalytic
agent and the molecules must break or slip at different points in the
different cases. It would help a great deal towards formulating a
theory of the behavior of these oxides if we knew exactly what hap-
pened in each case. Of course, a study of this sort should include
the chlorinated esters. There is some evidence to show that the de-
cownposition may shift from one type to another with increasing sub-
stitution of hydrogen by chlorine.

1800. While we have no satisfactorily developed theories of con-
tact catalysis at present, our theoretical knowledge in regard to the
poisoning of catalytic agents is in good shape, though it is not sup-
ported as yet by adequate experimental evidence. Since the reaction
takes place in or at the surface, it follows that any substance, which
cuts down the rate at which the reacting substances reach the cat-
alytic surface ®* or which prevents them from reaching it, will decrease
the reaction velocity and may destroy the catalytic action entirely.
Berliner *® has shown that traces of fatty vapors from the air or from
the grease on the stop-cocks will decrease the adsorption of hydrogen
by palladium from nearly nine hundred volumes practically to noth-
ing. Faraday ° has shown that traces of grease destroy the catalytic
action of platinum on oxyhydrogen gas. De Hemptinne * has appar-
ently shown that carbon monoxide cuts down the adsorption of hydro-
gen by palladium, though his method of presenting his results is very
obscure. Harbeck and Lunge ™ found that carbon monoxide inhibits
practically completely the catalytic action of platinum on a mixture
of ethylene and hydrogen. Schonbein 7* pointed out that the hydrides
of sulphur, tellurium, selenium, phosphorus, arsenic, and antimony
act very energetically in cutting down the catalytic action of platinum
on mixtures of air with hydrogen or ether. He considered that the
hydride must decompose, giving rise to a solid film. This is not
necessary in order to account for the phenomenon; but he seems to
have been right in at least one case, for Maxted ’® has found that

67 TaYLOR, Trans. Am. Electrochem. Soc., 36 (1919).

% Wied. Ann., 35, 903 (1888).

69 Erpenimental Researches on Electricity, 1, 185 (1839).

10 Zeit. phys. Chem., 27, 249 (1898).

7 Zeit. anorg. Chem., 16, 50 (1898).

72 Jour. prakt. Chem., 29, 238 (1843).

78 Jour. Chem. Soc., 115, 1060 (1919).
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hydrogen sulphide is decomposed by platinum black with evolution
of hydrogen, and that the platinum then does not adsorb hydrogen.
Paal and Hartmann ™ state that the catalytic action of palladium
hydrosol and its adsorption of hydrogen are destroyed by metallic
mercury or by the oxide of mercury.
180p. Langmuir ** believes that oxygen prevents dissociation
of hydrogen by a heated tungsten filament because it cuts down the
adsorption of the hydrogen. ,
180q. Harned *® has shown that the rate of adsorption ' of chlor-
picrin by a charcoal which has been cleaned by washing with
chlorpicrin is much greater at first than by a charcoal which has not
been so cleaned, although the final equilibrium is apparently about
the same in the two cases. This is analogous to the evaporation of
water when covered by an oil film. The oil cuts down the rate of
evaporation very much but has practically no effect on the partial
pressure of water at equilibrium. Taylor points out that normally
the time of contact between a gas and the solid catalytic agent is
extremely small and consequently anything which decreases the rate
of adsorption will cut down the reaction velocity very much.
180r. It is easy to see that the piling up of the reaction products
will cut down the reaction velocity, if they prevent the reacting sub-
stances from coming in contact with the catalytic agent. Bunsen
apparently recognized this as early as 1857 for he is quoted™ as
saying that it is only when the products of decomposition are removed
.and new matter is brought into contact that the reaction continues.
This has been observed experimentally in the contact sulphuric acid
process.” The explanation that the decrease in the reaction velocity
is due to a decreased adsorption of the reacting substances was first
given by Fink* who is the real pioneer in this line. Although the
reaction between carbon monoxide and oxygen is practically. irre-
versible at ordinary temperature, Henry ' recognized that the pres-
ence of the reaction product might slow up the rate of reaction and
he proved his point by increasing the reaction velocity when he re-
moved the carbon dioxide with caustic potash. Water vapor checks

¢ Berichte, 51, 711 (1918).

78 Jour. Am. Chem. Soc., 38, 2272 (1916).

78 Jour. Am. Chem. Soc., 43, 372 (1920).

77 Tavior, Trans. Am. Electrochem. Soc., 36 (1919).

78 DracoN, Jour. Chem. Soc., 35, 736 (1872).
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the catalytic dehydration of ether ®* and of alcohol * and hydrogen
cuts down the catalytic dehydrogenation of alcohol.

180s. When catalytic poisons are present or are formed during the
reaction, the apparent equilibrium may vary with the amount of the
catalytic agent.* With only a small amount present, the catalytic
agent will be poisoned before the reaction has run very far. In the
hydrolysis of ethyl butyrate by enzymes, the reaction apparently
runs to different end-points depending on the relative amounts of
enzyme.*®

While our theoretical knowledge in regard to the poisoning of
catalytic agents is fairly adequate, we know literally nothing except
empirically in regard to the action of the so-called promoters. It has
recently been found that the addition of small amounts of a substance
which does not in iteelf have any very marked catalytic action may
make the catalyst considerably more active. Such substances were
called promoters in the patents of the Badische Anilin and Soda
Fabrik, and the term is now in common use. Rideal and Taylor say:
“ Thus far no theory put forward to account for the acceleration of
reaction by minute quantities of promoters added to the main catalyst
material is completely satisfactory. A possible mechanism, which,
however, has received no experimental test, may be advanced by con-
sidering the case of ammonia synthesis from mixtures of nitrogen and
hydrogen. Reduced iron is an available contact substance, the ac-
tivity of which may be regarded as due to the simultaneous formation
of the compounds, hydride and nitride, with subsequent rearrangement
to give ammonia and unchanged iron. Or, maybe, the activity of the
iron is due to simultaneous adsorption of the two gases. The par-
ticular mechanism of the catalysis is unimportant for the present
considerations. Now such bodies as molybdenum, tungsten, and
uranium have been proposed, among others, as promoters of the ac-
tivity of iron. It is conceivable that these act by adjusting the ratio
in which the elementary gases are adsorbed by or temporarily com-
bined with the catalytic material to give a ratio of reactive nitrogen
and hydrogen more nearly that required for the synthesis, namely,
one of nitrogen to three of hydrogen. From the nature of the ma-
terials suggested as promoters, it would seem that they are in the
main nitride-forming materials, which on the above assumption of
mechanism would lead to the conclusion that the original iron tended

83 TpatEr, Berichte, 37, 2096 (1904).

83 Lxwis, Jour. Chem. Soc., 115, 182 (1919).

8 BaNcrort, Jour. Phys. Chem., 23, 22 (1918).
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to adsorb or form an intermediate compound with a greater propor-
tion of hydrogen to nitrogen than required by the stoichiometric ratio.
The catalytic activity of reduced iron as a hydrogenation agent would
tend to confirm this viewpoint.

180t. “In reference to this suggested mechanism it must be
emphasized, however, that in such examples of ‘ promotion,’ as re-
quire only minute quantities of added promoter the activity is more
difficult to understand. With the case of ammonia synthesis, the
promoters are added in marked concentrations. It is difficult to
realize, however, that 0.5 per cent of ceria or a concentration of one
molecule of ceria among 200 molecules of iron oxide, in the example
cited above in reference to catalytic hydrogen production, can so far
‘ redress the balance’ of adsorption or combination as to produce the
marked increase in activity of which it is capable. It is obvious that
in this phase of the problem there lies an exceedingly fascinating field
for scientific investigation, with the added advantages that, being
practically virgin territory, the harvest to be gained therefrom should
be rich and abundant.”

180u. Instead of the promoter changing the ratio of adsorption,
it might be that the catalytic agent activates only one of the reacting
agents or activates one chiefly, and that the promoter activates the
other. Thus it might be, in the ammonia synthesis, that iron acti-
vates the hydrogen chiefly so that we have hydrogenation of the
nitrogen. The molybdenum might tend to activate the nitrogen
giving rise to nitridation of hydrogen, or it might increase the activa-
tion of the nitrogen. Such a state of things is not impossible theo-
retically. When a dye xeacts with oxygen under the influence of
light, the light may make thé exygen active, in which case the acti-
vated oxygen oxidizes the dye, or the light may make the dye active
in which case the activated dye reduces the oxygen. It is easy to
decide this question by seeing whether the effective light corresponds
to an adsorption band for the dye or for the oxygen.



CHAPTER 1V

ISOMERIZATIONS, POLYMERIZATIONS, AND
CONDENSATIONS BY ADDITION

§1. ISOMERIZATIONS

181. IsoMERIZATIONS, that is to say, changes of structure effected
within a molecule without modifying its composition, are often
accomplished by the action of heat alone.

As catalysts have frequently the effect of lowering the temperature
of reactions, it can be foreseen that their use will permit, in many
cases, of realizing an isomerization at a lower temperature, or causing
it to go more rapidly. Experiment has often verified this prediction
under very varied conditions.

Strong mineral acids bring about a large number of 1somenzat10ns,
the concentration of the acid has usually a great influence on the
direction of the transformation. The mechanism of the change can
usually be interpreted by assuming the addition of water to the
original compound under the influence of the acid ions followed by a
dehydration, or the reverse. ‘

182. Change of Geometric Isomers. The transformation of
fumaric acid into maleic is brought about by a large number of cat-
alysts, for example hydrobromic or hydriodic acids in hot concen-
trated solution,® hot hydrochloric acid,®* or hot dilute nitric acid.®

Bromine acts, in the cold, on maleic acid to give dibromsuccinic
acid but, at the same time, a part of the maleic acid is changed to
fumaric.*

Likewise, traces of todine are sufficient to transform maleic esters
into fumaric.®

If to a solution of maleic acid an equivalent amount of sodium
thiosulphate be added and then sulphuric acid, sulphur dioxide is
evolved without appreciable separation of sulphur and 25% of fumaric
acid crystallizes out.®

1 KexvuLt, Annalen, Supp. Band, 1, 133 (1861).

2 KexuLé and StRRCKER, Annalen, 223, 186 (1884).

* KexuL#, Annalen, Supp. Band, 3, 93 (1862).

4 Pora1, Annalen, 198, 49 (1879).

5 Sxravr, Monatsh., 13, 107 (1801).

¢ TANATAR, J. Russian Phys. Chem. Soc., 43, 1742 (1912), C. A., 6, 1279,

70
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When hydrogen sulphide is passed into solutions of lead, copper,
or cadmium maleates, the maleic acid set free is changed to fumaric.”

183. Citraconic acid warmed with dilute nitric acid,® or with con-
centrated hydrobromic acid,® or with concentrated hydriodic acid*°
is changed into mesaconic acid.

Warmed above 100° with a concentrated solution of caustic soda,
it gives mesaconic acid with a little itaconic.*

Itaconic acid dissolved in a mixture of ether and chloroform to
which a few drops of a chloroform solution of bromine have been
added, and exposed to sunlight, is transformed into mesaconic acid.!*

. Itaconic acid boiled with soda lye changes, almost entirely, into
mesaconic.!®

184. Small amounts of nitrous acid transform a number of cis
ethylenic acids into their trans isomers, oleic into elaidic,’* hyprogaeic
into gaidic,*® erucic, C;H,,CH : CH(CH,),,CO,H, into brassidic®

185. a-Benzaldoxime in contact with hydrogen chloride or with
crystallized pyrosulphuric acid is changed into g-benzaldozime.'’
The reverse change is brought about by contact with dilute sulphuric
acud.
186. Changes of Optical Isomers. Solutions of caustic soda can
. determine numerous stereo-isomeric changes in the sugar group and
the same is true of solutions of lime and baryta and even of pure
water mixed with lead and zinc hydroxides.!®* Glucose, mannose and
fructose, heated two hours under these conditions yield the same mix-
ture of these three hexoses. In the cold and with concentrated alka-
lies, the same isomerization takes place in five days. In the same
way, galactose gives a mixture of sorbose, tagatose, talose and gal-
tose2® Similarly baryta water transforms gulose or idose into sor-
bose.r®

7 8xravp, loc. cit.

8 GorrLizs, Annalen, 77, 268 (1867).

® Frrriq, Ibid., 188, 77 and 80 (1877).

10 KgxuLé, Ibid., Supl., 2, 94 (1862).

(189191)]).“5“' Ibid., 269, 82 (1892). Frrrra and LanawosrryY, Ibid., 304, 152

12 Frrrie and LaNaworTHY, Ibid., 304, 152 (1899).

12 Frrmie and K8HL, Ibid., 308, 41 (1899).

14 Bouper, Ann. Chim. Phys. (2), so, 301 (1832). LaurenT, Ibid. (2), 6s,
149 (1837).

15 Caowerl and G8ssMANN, Annalen, g9, 307 (1856).

16 HaussxNEcHT, Ibid., 143, 54 (1887).

17 BECKMANN, Berichte, 20, 2766 (1887).

18 Losry pB BruYN and VAN ExEnstEIN, Rec. Trav. Chim. Pays-Bas, 14,
203 (1885) and 15, 92 (1896).

19 Vax ExansTein and Branxsma, Ibid., 37, 1 (1908).
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187. The acids derived from the hexoses are isomerized when they
are heated to 135-150° with an organic base that does not yield
amides with the acids; quinoline or pyridine are usually employed.
The new acid differs from the old only in the arrangement of the
groups around the last asymmetric carbon atom. Furthermore, the
isomerizations take place in both directions, reaching the same limit.
Thus gluconic acid furnishes mannonic with quinoline and recipro-
cally.®** Likewise with pyridine we pass from arabonic acid (with five
carbon atoms) to ritbonic,®* from lyzonic to zylonic,** and also from
the dibasic acid, talomucic, to mucic.?®

188. The sugars, glucose, laevulose, galactose, arabinose, and
xylose, which are not susceptible of a molecular decomposition by the
addition of water, present a special phenomenon known as multirota-
tion; the rotatory power observed immediately after solution in water
is much greater than that after some time.*

Thus the rotation of glucose starts at 105° and goes down to half
of this, 52.5°3® The explanation is that there are isomeric molecular
modifications of these various sugars, analogous to the three varieties
that Tanret has been able to isolate for glucose.*®

Of the three varieties, the one that is stable in dilute solution,
called B, has exactly the rotatory power finally found, 52.5°, another
form o has the value 106°. The passage to the stable isomer takes
place slowly in the cold, rapidly when hot, but is greatly accelerated
by the presence of mineral acids.?

189. d.Menthone on long contact with sulphuric acid containing
10% of its volume of water passes to l.menthones*

190. Migrations of Double and Triple Bonds. Isopropyl-
ethylene, (CH,),CH .CH : CH,, when heated under pressure at 480-
500° in the presence of anhydrous alumina, is transformed into
trimethyl-ethylene, (CH,),C : CH.CH,.*

191. Eugenol, when boiled with amyl alcoholic potash, changes
to isoeugenol, the direct oxidation of which furnishes vanilline: *

20 E, FiscHER, Berichte, 323, 801 (1890).

21 FiscEER and Prory, Berichte, 24, 4216 (1891).

22 FiscHEr and BromBERG, Berichte, a9, 584 (1896).

23 Fiscazr and MoreLL, Berichte, 27, 387 (1894).
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28 Parcus and ToLiLENs, Annalen, 357, 160 (1890).

26 Tanrer, Bull. Soc. Chim. (3), 15, 195 and 349 (1896).
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_/CHy-CH:CEy /CH: CH-CH,
CH;-0OCH; — C¢H; - OCH;
Non NoH

192. The acetylene triple bond undergoes analogous transpositions
under the influence of sodium or of alkalies.

Ethyl-acetylene, CH, .CH,.C: CH, heated with potash to 170°,
changes to dzmethyl-acetylene, CH, .CiC. CH,.»
Inversely, disubstituted acetylene hydrocarbons are changed

into true acetylenes when they are heated with sodium, a
part of the new hydrocarbon combining with the metal,
e. g methyl-ethyl-acetylene, CH,.C : C.CH,.CH,, gives propyl-
acetylene, CH, .CH, .CH, .C: CH.*»

The same catalysts cause the transformation of allenic hydro-
carbons into acetylene hydrocarbons and inversely. Thus diethyl-
allene, CH, .CH,.CH : C: CH.CH,.CH,, which under the influ-
ence of heat alone isomerizes into methyl-ethyl-butadiene, is changed
by contact with metallic sodium into diethyl-allylene, CH,.CH,.-
CH,.C: C.CH,.CH,. *»

Inversely isopropyl-acetylene, (CH,),CH.C: CH, heated above
150° with alcoholic potash, changes to dimethyl-allene, (CH,),C :-
C:CH,. >

193. Decyclizations. Cyclo-propane is not changed to propylene
by heat alone below 600°, but in the presence of platinum sponge, this
change takes place in the cold and very rapidly at 100°.%®

The vapors of ethyl-cyclo-propane passed at 300-310° over as-
bestos impregnated with anhydrous alumina, are isomerized into
methyl-ethyl-ethylene :

& \CH CH,.CH, —» CH,.CH:CH.CH,.CH,.*

CH, N
/C : CH,, passed over alumina at

350°, gives divinyl, CH, : CH . CH CH,.*

1 Fawonskn, J. Russian Phys. Chem. Soc., 19, 414 and 553 (1887); 20, 518
(1888), C., 1887, 153.

82 Fawonsxy, J. prakt. Chem., (2), 37, 387 (1888). Bémav, Bull. 8oc. Chim.,
50, 620 (1888).

3 Mmmsuxovsxi, J. Russian Phys. Chem. Soc., 45, 1969 (1914), C. A, 8,
1420.

8¢ Fawonsxy, J. prakt. Chem. (2), 37, 392 (1888).
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194. Cyclizations and Transformations of Ring Compounds.
Hydrobenzamide when boiled with potash changes to amarine: %*

C.H; .CH : N\
CH CH_.
CH,.CH: N/ C.H,.

195. The acetylenic pinacones when kept on the water bath with a
4% water solution of mercuric sulphate, are rapidly and completely
isomerized into ketohydrofurfuranes. Doubtless there is at first
addition of water to the triple bond and then dehydration of the glycol
thus obtained: *

CO - CH, :

CHj CH,
>C(0H)-CE C-C(OH)/ — (CH.)::(IJ J::(CHa)n
H, \CH, \o/
196. In contact with maleic acid or with other acids, dimethyl-
ketazine isomerizes into trimethyl-pyrazoline: *°

Hy H, CH;-CH-CHy H,
NCNNC N

-

cH/ " \CH, NE NCE,

197. Cyclo-heptane, heated to 210° with reduced nickel in an
atmosphere of hydrogen, is transformed into methyl-cyclo-hezane,
and likewise cyclo-octane gives dimethyl-cyclo-hezane**

198. Sulphuric acid provokes many isomerizations among the
terpenes. Thus pinene, warmed with sulphuric acid diluted with its
own volume of water, is changed to a mixture of terpinolene, terpinene,
and dipentene.**

l.Pinene dissolved in glacial acetic acid and warmed to 60-70°,
isomerizes into lLlimonene with evolution of heat, when 6% of phos-
phoric acid is added.®* Likewise phellandrene, on contact with sul-
phuric acid, yields terpinene.t

Thujone is isomerized to isothujone when it is warmed for nine
hours with sulphuric acid diluted with two volumes of water.s

In the presence of sulphuric acid, pseudo-ionone passes into the
cyclic «- and g-ionones. Thus «-ionone (artificial extract of

38 FownNEs, Annalen, 54, 364 (1845).

3% DuronT, Compt. rend., 153, 1486 (1911) and 153, 275 (1911).

40 Curtius and FoxesteruNG, J. prakt. Chem. (2), 51, 394 (1885).
41 WiLisTiTTeR and KAMETAKA, Berichte, 41, 1480 (1908).

42 ARMSTRONG and TN, Berichte, 13, 1754 (1879).

48 PriNs, Chem. Weekbl., 13, 1264 (1916), C. A., 11, 586.

¢ WaLLACH, Annalen, 239, 35 (1887).

45 WALLACH, Annalen, 286, 101 (1877).
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violets) is prepared by heating for 16 hours, 20 parts pseudo-ionone
dissolved in 100 parts of water and 100 parts of glycerine with 2.6
parts sulphuric acid. Concentrated sulphuric acid gives mainly
(-ionone. Phosphoric acid also may be employed.*

199. Migration of Atoms. Migrations of halogen atoms are
frequently effected by anhydrous aluminum chloride or bromide.
Thus propy! bromide, CH, . CH, . CH,Br, boiled 5 minutes with 10%
of aluminum bromide is completely transformed into isopropyl bro-
mide, CH, . CHBr . CH,; while 4% of the salt will effect the change in
24 hours in the cold.#” The mechanism is apparently a separation
into propylene and hydrobromic acid and a recombination of these to
form isopropyl bromide.

Propyl chloride is affected in the same way.*

In the presence of anhydrous aluminum chloride at 110°, acetylene
tetrachloride, CHCl, . CHCI,, changes partly into the unsymmetrical
tetrachlorethane, CCl, . CH,CI. #

By warming with 15 to 20% of aluminum chloride, a-bromnaph-
thalene, dissolved in 3 or 4 parts of carbon disulphide, is transformed
into g-bromnaphthalene.®

200. Mercuric chloride and zinc bromide greatly accelerate the
isomerization of isobutyl bromide, (CH,),CH . CH,Br, into tertiary-
butyl bromide, (CH,),CBr.»

R
Ethylene oxides of the type, \C—CH,, kept in contact with
1 ANV

R
zinc chloride, are isomerized into aldehydes, R’>CH .CHO. Thus

ethylene oxide gives acetaldehyde.®* The same transformation is
accomplished by anhydrous alumina acting on the vapor of ethylene
oxide at 200°.%*

201. Concentrated or dilute mineral acids frequently cause the
migration of atoms in a straight chain of cyclic hydrocarbon or in a
ring containing nitrogen.

4 TimanN and Ketamr, Berichte, 26, 2683 (1893) and 31, 808 (1898).

47 Kexurt and ScHROTTER, Berichte, 12, 2279 (1879). GusTavsoN, J. Rus-
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The 1,2 dihydrotetrazines isomerige into the 1,4, when heated with
alcoholic hydrochloric acid,** thus:

NH—N
o, .’ CCH o . ¢ NG o,
\NH— ZC,H, NN—NZCH,

202. Acetylchloraminobenzene, CH,.CO .NCl.CH,, is trans-
formed into p.chloracetanilide, CH, . CO . NH . C,H,Cl, under the in-
fluence of hydrochloric acid.®®* The same acid changes hydraso-
benzene into benzidene.®

C.H,—NH C.H,—NH,
CoHIs- OHA—NHS
203. Acids with a double bond in By position, and hydrozyl in the
a, are changed by boiling with dilute hydrochloric acid into+y-keto
acids. Thus phenyl-a-hydrozycrotonic acid, C,H,.CH :CH .-
CH(OH) . COOH, is changed into benzoyl-propionic acid, CH, .-
CO.CH,.CH,.COOH. The mechanism of this reaction has been
variously explained.®?

204. The aldorimes, R.CH : NOH, of the aliphatic series are
changed to amides, R.CO .NH,, by warming with sulphuric acid.
To explain this change it is sufficient to assume that there is first a
dehydration of the oxime to the nitrile which is hydrated by the min-
eral acid in the usual way to the amide.

205. In contact with sulphuric acid, ozimes of cyclic ketones are
transformed into internal amides, or iso-oximes. Thus the ozime of
cyclohexanone yields the lactam of -aminocaproic acid:

CH, . CH, H,.CH, .NH
' Rl \G:NoH - cm/onrCH:
'\CH .CH,” "\CH, . CH,.

The concentrated acid, to which a little water or acetic acid has
been added, is suitable for this reaction.*®

206. Alkaline solutions also can cause the migration of atoms.
The potassium salt of diazobenzene heated to 130° with concentrated
caustic potash is changed to the potassium salt of phenylnitrosamine.®®

8¢ StoLLg, J. prakt. Chem. (2), 73, 2909 (1908).

58 Acrex and JoHNS8ON, Am. Chem. Jour. 37, 410 (1907).

8¢ ZININ, Annalen, 137, 376 (1885).

87 Frrria, Annalen, 299, 20 (1898). Trmx and Surzesecer, Ibid., 319, 199
(1901). ErisNMzYRR, Jr., Ibid., 333, 205 (1904). Bouaavwrr, Ann. Chim. Phys.
(8), 15, 513 and Compt. rend., 157, 403 (1913).

88 WaLLACH, Annalen, 313, 171 (1900).

5% Scarauss and ScEMDT, Berichte, 27, 522 (1894),
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CH,.N:N.OK — CH, N/
.N:N. — . .
(] (o ] \K

207. Thiourea, CS(NH,),, on contact with a solution of ethyl
nitrite, isomerizes into ammonium isosulphocyanate, CSN . NH,.*

208. In certain cases, finely divided metals, copper, nickel, etc.,
can bring about a migration of atoms, thus causing a change of func-
tion. Thus unsaturated alcohols are transformed into aldehydes or
ketones in a way that is easy to explain.

Allyl alcohol, CH, : CH .CH,OH, passed in the vapor form over
reduced copper at 180-300°, is changed almost entirely into propionic
aldehyde, CH,.CH,CHO, with only slight traces of acroleine,
CHy : CH.CHO. The hydrogen produced by the decomposition of
the alcohol by the copper is immediately added to the double bond of
the acroleine.®!

Likewise oa-unsaturated secondary alcohols, R.CH:CH .-
CH(OH) . R’, mixed with hydrogen over reduced nickel at 195-200°,
are isomeriged into the ketones, R .CH,.CH,.CO.R’.**

§3. POLYMERIZATIONS

209. Frequently several molecules of the same kind, having one
or more double bonds, condense to a single molecule, which is called
a polymer of the original molecule. The presence of a catalyst fre-
quently causes such a change or accelerates its velocity. We will
examine from this point of view:

Hydrocarbons.
Aldehydes.
Nitriles and amides.

Hydrocarbons

210. Ethylene Hydrocarbons. Hydrocarbons of the ethylene
series, C,H,,, frequently change into polymers of double, triple, or
even quadruple, the original molecule yet retaining the same character
as the original.

Sulphuric acid, either concentrated or slightly diluted, frequently
causes this polymerization. In fact, its action is complex as, besides
polymerization, it can cause the addition of water to form secondary
or tertiary alcohols and also the formation of acid or neutral esters

60 Craus, Annalen, 179, 129 (1875).

¢ Sspatmmr and SzNpEeENSs, Ann. Chim. Phys. (8), 4, 483 (1905).

62 Douris, Compt. rend., 157, 55 (1913).
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of sulphuric acid. With hydrocarbons of moderate molecular weight,
there is principally the formation of alecohols and esters.®® Thus
sulphuric acid diluted with its own volume of water transforms &ri-
methyl-ethylene, (CH,),C : CH.CH,, at 0°, chiefly into dimethyl-
ethyl-carbinol, (CH,),C(OH) .CH,.CH,.*%

With ethylene hydrocarbons of high molecular weight, there is
chiefly production of polymers, particularly dimers. Thus duodecene
is changed by sulphuric acid quantitatively into viscous tetracosene
which is stable in presence of sulphuric acid.®®

The concentration of the acid determines the nature of there-
action. Thus a-hexene and +-heptene, with 85% acid yield alkyl
sulphuric acids, while they polymerize in contact with the normal
acid, H,S0,.

The acid, diluted with 20% of its volume of water, changes
1sobutene, in the cold, to tributene, boiling at 177°.°¢

Trimethyl-ethylene in contact with sulphuric acid diluted with
half its volume of water, furnishes, at 0°, much diamylene, boiling
at 154°.97

211. Zinc chloride can polymerize unsaturated hydrocarbons, e. g.
trimethyl-ethylene into diamylene, triamylene, and tetra-amylene.®®

Boron trifluoride transforms amylene into diamylene.®®

The use of catalysts under high pressures greatly favors the poly-
merization of ethylene into unsaturated hydrocarbons at high tem-
peratures. The products obtained with anhydrous alumina, under
70 atmospheres above 250°, are the same as those produced by heat
alone in the absence of the catalyst.”

Ethylene with anhydrous zinc chloride at 275° and 70 atmospheres,
gives a gas containing 36% ethylene, 3% hydrogen, and 61% satu-
rated hydrocarbons and a complex liquid of which 85% is pentane
and herane without any methyl-cyclobutane. The remainder consists
of numerous hydrocarbons including unsaturated hydrocarbons boil-
ing above 145° and naphthenes which are particularly abundant
around 250°.

Anhydrous aluminum chloride produces little effect with ethylene
at 70 atmospheres and 240°, but at 280°, a gas is obtained containing

63 Brooxs and HumrHREY, J. Am. Chem. Soc., 40, 822 (1918).

64 WIsCHNEGRADSKY, Annalen, 190, 336 (1877).

65 Brooxs and HumpHRreY, Loc. cit.

66 Burizrow, Berichte, 6, 561 (1873).

87 SCHNEDER, Annalen, 157, 207 (1871).

68 BAvrR, Jahresb., 1861, 660.

69 LANDOLPH, Berichte, 12, 1578 (1879).-

70 IpaTmr, J. Russtan Phys. Chem. Soc., 43, 1420 (1911), C. A,, 6, 736.
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only saturated hydrocarbons, and no liquid, but, instead, a rather
abundant carbonaceous residue.”

212. Doubly - Unsaturated Hydrocarbons. Acetylene is ad-
sorbed more energetically than hydrogen by colloidal palladium and
is to a great extent polymerized.”

Allylene is absotbed by concentrated sulphuric acid and is poly-
merized into mesitylene: ™

3 CH,.C i CH = C,H,(CH,),(1.3.5).

This can be explained by assuming that the acid first causes the
hydration of the allylene to acetone (308) and then dehydrates 3
molecules of this according to a well-known reaction.

Similarly crotonylene, or butine(2), shaken with slightly diluted
sulphuric acid (1 part water to 3 parts acid), gives hexamethyl-ben-
gene.™

Valerylene, C;H,, shaken with sulphuric acid changes into poly-
mers, trivalerylene and polyvalerylenes.”™

213. Divinyl, or butadiene, CH,: CH.CH : CH,, a8 well as its
higher homologs, piperylene, CH,.CH : CH.CH : CH,, tsoprene,
CH,:C(CH,) .CH:CH,, and dipropylene, CH,:C(CH,) .-
C(CH,) : CH,, polymerize spontaneously under the influence of heat
alone giving rise to various elastic solid hydrocarbons resembling
natural rubber and constituting the synthetic rubbers. This poly-
merization is greatly accelerated by the presence of various catalysts.
Thus with 5% metallic sodium or potassium, the reaction which goes
on in the cold or with slight warming, is complete and is not hindered
by the presence of non-polymerizable hydrocarbons.™

214. The polymerization of isoprene by barium perozide or ben-
2oyl perozide or potassium sulphide gives rise to the intermediate
formation of B-myrcene,

CH,:CH.C:CH.CH,.CH,.C:CH,,

CH, CH,

a hydrocarbon boiling at 63° at 20 mm., which, in turn, warmed with
sodium or with barium peroxide changes quantitatively into normal

71 Jeatmer and RutaLa, Berichte, 46, 1748 (1913).

78 PaaL and HOHENRGGER, Berichte, 43, 2684 (1910).

78 ScEnous, Berichte, 8, 17 (1875).

7¢ ALMEDINGEN, J. Russian Phys. Chem. Soc., 13, 392 (1881), C., 1881, 629.

78 BoucHARDAT, Bull. Soc. Chim. (2), 33, 24 (1880). ResouL, Annalen, 143,
373 (1867). .

76 Marrasws and Stranam, English Pat., 24,790 (1910). Harrizs, Annalen,
383, 157 (1911).
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caoutchouc; the direct polymerization furnishes only an abrormal
caoutchouc.”

215. Glacial acetic actd and especially acetanhydride acting at
150° have been recommended for the polymerization into caout-
choue,™ the presence of 02% of sulphur or of 0.002% of sulphuric
acid in the hydrocarbon being favorable to the reaction.™

Triozymethylene, at a high temperature in an autoclave, has also
been proposed as a catalyst in this reaction.® :

216. Cyclic Hydrocarbons. Pinene heated twelve hours with
formic acid changes to a hydrocarbon of double the molecular weight,
CyoH,,.

Pinene is transformed into colophene, C, H,,, by contact with con-
centrated sulphuric acid, boron fluoride, or phosphoric anhydride.**

Pinene heated to 50° with 20% of antimony chloride is changed
into tetra-terebenthine, C, H,..** Aluminum, ferric, and zinc chlo-
rides cause the formation of analogous products.® ‘

217. Indene. Indene polymerizes on contact with sulphuric acid
into para-indene, (C,H,),, which melts at 120°.%¢

Aldehydes

218. The tendency to polymerize is very general among aldehydes
and small traces of various materials are sufficient to cause the poly-
merization to take place, whether the molecules thus condensed are
joined by carbon to carbon or by means of the oxygen atoms.

219. Aldolization. The first method of condensation is called
aldolization; one of the aldehyde groups is preserved and the other
is converted into a secondary alcohol group. The name comes from
aldol, the first example to be studied.

Acetaldehyde kept for some time in contact with a small amount
of hydrochloric acid or of zinc chloride solution condenses to give
aldol, or butanalol (1.3): %

CH, . CHO + CH, . CHO = CH, . CH(0OH) . CH, . CHO
aldol

77 OsteoMuIsLENSKnN and KosHELev, J. Russian Phys. Chem. Soc., 47, 1928
(1915), C. A., 10, 1947. OsTROMUISLENSKI, Ibid., 48, 1071 (1916), C. 4., 11, 1768.

78 CeeM. Fasr. Aur. AcTeN, Prench Patent, 433.825.

79 BapiscEE, French Patent, 434,587,

80 Gross, French Patent, 459,987.

81 LaFoNT, Ann. Chim. Phys. (6), 15, 179 (1888).

82 SAINTE-CLARE-DEvILLE, Ibid. (2), 75, 66 (1839) and (3), 26, 85 (1849).

88 Prins, Chem. Weekbl., 13, 1264 (1016), C. A., 11, 586.
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The same result is obtained more readily by leaving acetaldehyde
for 18 hours in contact with a solution of neutral potassium carbonate
or with a fragment of solid caustic potash.®” Also in the presence of
zinc turmings at 100°, acetaldehyde gives aldol and likewise crotonic
aldehyde by loss of water (795).

220. Likewise benzaldehyde heated with an alcoholic solution of
potassium cyanide (10% of the weight of the aldehyde), is rapidly
transformed into benzoine, C,H,.CH(OH).CO.C/H,.*®* The
original aldehyde group is in this case changed to a ketone.

Anizaldehyde, CH,O.C,H,.CHO, with the same reagent, gives
anisoine, CH, .0.C,H, .CH(OH) .CO.CH,.O.CH,.*

On heating an hour and a half, the same catalyst transforms
cuminaldehyde into cuminoine,® and in half an hour, furfural into
furfuroine.

221. The aldolization of several molecules of aldehyde can be
realizsed successively or simultaneously.

Under the influence of milk of lime, formaldehyde condenses to
a hexose, CH,(OH).CH(OH).CH(OH).CH(OH) .CO.CH,OH,
which is racemic laevulose.®® Analogous condensations giving in-
active arabinose and laevulose, are realized in contact with granulated
tin® or with a mixture of magnesia, magnesium sulphate, and granu-
lated lead® A similar condensation can be obtained starting with
triozymethylene, (HCOH),. *

222. Second Method. The second method in which aldehydes
polymerize suppresses the aldehyde function, producing bodies called
paraldehydes and metaldehydes, the vaporization of which tends to
reproduce the original aldehyde.

Acetaldehyde in contact with small quantities of sulphur diozide,
anhydrous zinc chloride, hydrogen chloride, or carbonyl chloride soon
warms up and is converted into paraldehyde, boiling at 124°. The
same result is obtained by warming it with ethyl iodide or by leaving
a solution of cyanogen in acetaldehyde to stand for several days.*

87 Micuran. and Korp, Am. Chem. Jour., 5, 190 (1883).
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(1889).

9 Loew, J, prakt. Chem. (2), 34, 51 (1886).
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A few bubbles of hydrogen chloride or sulphur dioxide passed into
acetaldehyde cooled below 0°, convert it into metaldehyde, a sublim-
able solid.” By adding one drop of concentrated sulphuric acid to
100 cec. acetaldehyde, paraldehyde is obtained.

223. Likewise by passing a few bubbles of hydrogen chloride into
propionic aldehyde cooled below 0°, crystals of metapropanal (melt-
ing at 180°) are obtained along with parapropanal, a liquid boiling
at 169°. By a current of hydrogen chloride at —20°, metapropanal
is formed.®

When a current of dry hydrogen chloride is passed into butanal at
—20°, heat is evolved and, on stopping the gas, crystals of meta-
butanal (melting at 173°) separate out along with oily parabutanal.

Under the same conditions, cenanthal (heptaldehyde) gives para-
heptaldehyde (melting at 20°) and metaheptaldehyde (melting at
1400).”

224, Isobutyric aldehyde, with a concentrated solution of sodium
acetate at 150°, is changed into the dialdehyde boiling at 136°.2%
With a little chlorine, bromine, iodine, hydrochloric acid, phosphorus
pentachloride or zinc chloride, meta-isobutanal, melting at 59°,° is
produced.

With alcoholic potash it gives in succession, tri-isobutanal
(b.154°), tetra-isobutanal (b.190°), penta-isobutanal (b.223°), heza-
isobutanal (b.250°), and finally oily hepta-isobutanal.*?

Chloral behaves similarly in contact with various substances,
forming solid insoluble metachloral with sulphur diozide. Trimethyl
amine produces the same effect rapidly;°® fuming sulphuric acid
causes the same polymerization,’** while pyridine gives metachloral
in a gelatinous form.:°

225. Third Method. Aromatic aldehydes, e. g. benzaldehyds,
when warmed with alkali, undergo a special change, yielding the al-
cohol and acid at the same time:

2C.H;-CHO + KOH = C¢H;-COsK + C¢H;- CH;OH -

97 KexuLt and ZiINckE, Ibid., 162, 125 (1872).

98 OrNDORF, Amer. Chem. J., 12, 353 (1890).

99 Franke and WozeLka, Monatsh., 33, 349 (1912).
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Formaldehyde gives the same reaction to some extent with dilute
caustic soda.**® On the contrary, acetaldehyde, with caustic soda or
potash, polymerizes into a complex resin.

226. Isobutyric aldehyde with baryta water reacts somewhat like
aromatic aldehydes, yielding isobutyl isobutyrate:

(CH;)CH-CHO + CHO - CH(CHj)s = (CH,):CH - CO- OCH; - CH(CHa), -

‘When the solution is warmed, the ester is saponified into isobutyl al-
cohol and isobutyric acid.r*

227. This reaction takes place with all aliphatic aldehydes in
which the carbon atom next to the aldehyde group carries no
hydrogen.

It is sometimes caused by the presence of ethyl magnesium iodide.
With 2,2-dimethyl-propanolal’ the hydrozypivalic ester of 22-di-
methyl-propandiol is obtained: ¢

CH.\C<CH.0H OHO\! /CH _
CH,” \CHO HOH,C/
CH. H;OH H,0H

CHy” \CH;-0-CO/ \(CH,)s

228. The same reaction can be brought about with the lower
aliphatic aldehydes by the use of aluminum ethylate, Al(OC,H,),
(299). Thus formaldehyde is condensed into methyl formate, ace-
taldehyde into ethyl acetate, propionic aldehyde into propyl propio-
nate, even chloral into trichlorethyl trichloracetater*®

In the case of acetaldehyde this reaction goes quantlta.tlvely in
24 hours if 4% of ethyl aluminate be used and the mixture kept below
15°. The ethylate can be used in solution in ethyl acetate, xylene,1?
or golvent naphthar**

The reaction is carried out in this way: To 135 parts of acetalde-
hyde, 6 parts of aluminum ethylate containing 10% aluminum chlo-
ride are added little by little and the mixture let stand for ten hours.
The yield is 123 parts ethyl acetate.’*?
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Ketones

229. The ketones rarely polymerize but usually condense with
the loss of water.
However, aldolization of acetone takes place in the cold with a
concentrated solution of caustic soda.’*®* Thus:
/CH.

CH,-CO (:H.+co/C H CH,-CO-CH;-C(OH)
\CH, : \CH,

When the product is heated with the same alkali, the reaction is
reversed.
Nitriles and Amides

230. Hydrocyanic acid, or formic nitrile, HCN, kept with caustic
potash or an alkaline carbonate, desposits crystals of the empirical
formula (CNH), which are soluble in ether and appear to be the
nitrile of amino-malonic acid, CN . CH(NH,) . CN, along with brown
amorphous material.!** The same substance is obtained when a small
fragment of solid potassium cyanide is added to a water solution of
hydrocyanic acid.'!®

231. Propionic nitrile, CH, . CH, . CN, dissolved in its own weight
of anhydrous ether in contact with 20% metallic sodium is converted
into dipropionic nitrile, melting at 47°1*¢ Under the same conditions,
acetonitrile, CH, . CN, is converted into diacetonitrile, CH, . C(NH) .-
CH, .CN, melting at 52°.117

232. When. the same nitriles, pure and without the ether, are
heated with metallic sodium or potassium (1 of metal to 9 of nitrile),
they are polymerized into their trimers, acetonitrile into cyanethine,
(C’NH.)'. 118

Benzonitrile polymerizes on contact with sulphuric acid into

cyaphenine: 11°
i N7 \1]1
CeHi - &\N/C - CeH;

118 KopLiCHEN, Z. phys. Chem., 33, 129 (1900).

114 WirPERMANN, Berichte, 7, 767 (1874).

118 LescoevR and Riaaur, Compt. rend., 89, 310; Bull. S8oc. Chim. (2), 34,
473 (1880).

116 von MzxveR, J. prakt. Chem. (2), 38, 337 (1888).

117 Hourzwarrt, Ibid. (2), 39, 230 (1889).

118 FranxraNp and Kores, Annalen, 65, 269 (1848). Bavmm, Berichte, 3,
319 (1860) and 4, 176 (1871). vonN Mrxvmm, J. prakt. Chem. (2), 37, 153 (1883).

119 HorMANN, Barichte, 1, 198 (1868).
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233. Cyanamide, either in the cold in contact with concentrated .
caustic soda or potash, or in a hot solution to which is added a little
ammonia, is transformed into dicyanamide.!*

§3. DEPOLYMERIZATIONS

234. Depolymerizations are far more rare than polymerizations,
since the polymers usually correspond to a much more stable molec-
ular state. In exceptional cases, polymers can be decomposed into
the simple molecules by the action of heat and this return is greatly
facilitated by the very catalysts that cause the polymerization.

This is the case with paraldehydes and metaldehydes. The cat-
alysts which at low temperature polymerize the aldehydes into their
trimers break these up at high temperatures to regenerate the alde-
hydes. A trace of concentrated sulphuric acid, hydrochloric acid,
calcium or zinc chloride or the like is sufficient to change hot par-
aldehydes into the monomolecular aldehydes.!** Likewise metalde-
hydes are transformed into the aldehydes by heating with dilute sul-
phuric acid.***

Certain aldols can be decomposed, by warming with a trace of
potassium carbonate, regenerating the two molecules of the original
aldehyde. But with benzoine and analogous compounds this decom-
position does not take place simply.

235. The transformation of pinene and especially of dipentene,
C,H,e, into isoprene, C,H,, which is realized by the action of an in-
candescent platinum spiral,*** appears to be due to the eatalytic action
of the metal, for this reaction can be caused by passing the vapors of
the terpene over pumice impregnated with platinum black in an iron
tube at a very low red.1*¢

§4. CONDENSATIONS BETWEEN DISSIMILAR
MOLECULES

Aldehydes and Ketones

236. Aldehydes and ketones can add molecules of other kinds,
the reactions being comparable to aldolizations and aided by catalysts
of the same nature.

120 Haao, Annalen, 122, 22 (1862). BAUMANN, Berichte, 6, 1373 (1873).
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This reaction is general between aldehydes and nitroparaffines and
gives nitroalcohols. The presence of an alkali, or better an alkali
carbonate, is sufficient to cause the reaction.

By adding a small fragment of potassium bicarbonate to a mix-
ture of equal molecules of nitromethane and acetaldehyde, with an
equal volume of water, 1-nitropropanol(2) is obtained: ¢

CH;-CO-H + CH;NO, = CH,- CH(OH) - CH,NO;-

Likewise nitroethane condenses with formaldehyde in the presence
of a little neutral potassium carbonate to give 2-nitropropyl alcohol,
CH, .CH(NO,) . CH,OH.1#¢

Several aldehyde molecules may take part in the reaction. Nitro-
propane and formaldehyde with a little potassium carbonate give
2-nitro-methanol (2)-butanol (1) : 227

CH;:CH,-CH,NO; + 2HCHO = CH;-CH,C(NO,)(CH;0H),-

A mixture of formaldehyde (commercial formaldehyde solution)
and nitro-methane reacts violently on the addition of a fragment of
potassium bicarbonate to give 2-nitro-methylol(2)propanediol(1,3),
a nitro-triprimary alcohol melting at 158°.128

3HCHO + CH,;NO, = C(NO;) (CH:OH);-

237. The mixture of glyceric aldehyde and dihydrozyacetone
which is produced by the air-oxidation of glycerine in the presence of
finely divided platinum (92), condenses into i-laevulose in contact
with a water solution of caustic soda: 1
CH,OH-CHOH-CHO + CH,OH-CO-CH,OH =

CH,OH-CHOH-CHOH -CHOH-CO-CH,;0OH-

238. Acetone reacts with chloroform in the presence of solid caus-
tic potash to give acetone-chloroform or trichlor-tertiary-butyl
alcohol:

(CH,):CO + HCCl; = (CHj)s- C(OH) - CCly-

To a mixture of 500 parts acetone and 100 parts chloroform, 300
parts of pulverized caustic potash are added very slowly and the mix-
ture left for 36 hours.?*

239. Anhydrous aluminum chloride can sometimes cause the same

128 HeNrY, Bull. S8oc. Chim. (3), 13, 993 (1895).

12¢ Hengy, Ibid., 15, 1223 (1896). »
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Ibid., 33, 3098 (1900).

130 WrLiaeeopr and GoNiEseR, J. prakt. Chem. (2), 37, 361 (1888).
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sort of reactions Thus chloral gives an addition compound with
naphthalene, C,H, .CH(OH) . CCl,»

240. Acetylation of Aldehydes. The addition of the anhydrides
of monobasic organic acids to aldehydes yields esters of the ethylidene
glycols corresponding to the aldehydes. This reaction is catalyzed
by the presence of various metal salts, copper sulphate, zinc chloride,
ferric chloride, and stannic chloride and even by sulphuric acid. Thus
benzaldehyde and acetanhydride give benzylidene acetate quantita-
tively in the presence of copper sulphate:

CeH;-CHO + (CH;CO0):0 = C;H;-CH(O-COCH,);-

In the presence of stannic chloride, vanilline gives a quantitative
yield of the ¢riacetate, the phenol group being simultaneously
acetylated.’**

Hydrocarbons

241. Unsaturated hydrocarbons, ethylenic or acetylenic, may add
themselves to hydrocarbons in the presence of aluminum chloride.!*®
By passing acetylene into benzene containing aluminum chloride,
symmetrical diphenyl-ethane is obtained: 3¢

CeH, + CH: CH + C¢H; = C¢H;- CH,- CH;- CeH

and also a certain amount of styrene formed by the addition of only
one molecule of benzene:

CeHs + CH: CH = GH;-CH: CH,.

By passing ethylene into a warm mixture of diphenyl and alumi-
num chloride, ethyl-diphenyl is obtained:

CeHs: CeHy + CH,: CH;y = CoHs- CoH,- CHy - CH;
along with some of the diethyl derivative.:®
242. In an analogous way anhydrous aluminum chloride causes
the addition of carbon tetrachloride or of chloroform to ethylenic

chlorine derivatives. .
Thus trichlorethylene, CCl, : CHCl, gives, 'with carbon tetra-

131 FpanxvorTer and Danmus, J. Amer. Chem. Soc., 37, 2660 (1915).

132 KNOBVENAGEL, Annalen, 403, 111 (1913).

138 This may be considered as a case of the Friedel and Crafts reaction.
A trace of water is always present and reacts with the aluminum chloride to
give hydrochloric acid which adds to the hydrocarbon to form an alkyl chloride
which then reacts in the usual way liberating hydrochloric acid which repeats
the reaction.—E. E. R.

13¢ Varer and Vienne, Bull. S8oc. Chim. (2), 47, 919 (1887).

188 Apam, Bull. Soc. Chim. (2), 47, 689 (1887) and Ann. Chim. Phys. (6),
15, 262 (1888).
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chloride, heptachlorpropane, CCl, . CHCI. CCl,, boiling at 249°, and
with chloroform, hezachlorpropane, CCl, . CHCI.CHCI,, boiling at
216°.

Likewise dichlorethylene, CHCIl: CHC], and chloroform give
symmetrical pentachlorpropane, CHCI,.CHCl.CHCI,, boiling at
198°1%¢ See Chapter XX for the reverse reactions caused by
aluminum chloride.

243. Stannic chloride causes an analogous addition of ethylenic
or cyclohezenic chlorides to acid chlorides to form a-chlorketones.
Aluminum chloride also can be used as catalyst in the reaction but is
not so good.!*

136 Prins, J. prakt. Chem. (2), 89, 414 (1914).
137 DarzeNs, Compt. rend., 150, 707 (1910).



CHAPTER V
OXIDATIONS

I. Direct Oxidations by Gaseous Oxygen

244. The action of oxygen on various substances, or ozidations,
can be divided into three groups:

1. Oxidations which take place spontaneously as soon as the
oxidisable material and oxygen are brought together under the proper
conditions of temperature and pressure.!

2. Oxidations which are brought about by the simultaneous oxida-
tion of certain substances called auto-oridisers.

3. Oxidations effected by substances which are apparently un-
changed and which are called ozidation catalysts.

At first sight only the latter seem to belong in the present treatise.
But even in the first group, catalytic phenomena are of more or less
importance. We have already mentioned (73) the influence of
moisture on reactions. Practically, the amounts of water vapor con-
tained in the air or in the oxygen, even when they are dried by the
usual means, are sufficient to facilitate oxidations of the first class.

The case of induced oxidations, that is as a consequence of simul-
taneous oxidations, has been examined in Chapter III (150), and we
have shown how we can sometimes pass from the mechanism of such
reactions to catalytic oxidations which should be specially examined.

245. Platinum. The direct formation of a sort of unstable oxide
on the surface of the platinum (154) permits us to explain the im-
portant role of this metal in many oxidations. Its activity should
be proportional to its surface and it can be shown that the surface
is immeasurably larger for platinum sponge and especially for the
black than it is for the same amount of metal in foil or wire.

246. The use of platinum black enables us to effect many oxida-
tions. Ethyl alcohol poured on platinum black is vigorously oxidised
to acetaldehyde and acetic acid; the black is sometimes made incan-
descent and the alcohol may take fire. .

2 In cases of this kind it is practically impossible to eliminate the catilytio
effect of the interior surfaces of the walls of the containing vessel and hence it

is sometimes difficult to distinguish between reactions of this kind and those of
Class 3.— H. D. Gisss.
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Formic and ozalic acids are burned to water and carbon dioxide.?

Alcobols are usually oxidised to aldehydes and even to acids.
Cinnamic aldehyde can be obtained thus from the corresponding
alcohol.?

By oxidising glycerine by air in the presence of platinum black,
the isomers, glyceric aldehyde and dihydroxyacetone, are obtained: ¢
CH,;0H-CHOH-CH,0H + O = H;0 + CH;OH-CHOH-CHO
CH;OH -CHOH-CH,0H + O = H;0 4 CH,OH-CO-CH,OH -

However, platinum black has no effect on a mixture of carbon
monoxide and oxygen.®

247. The results given by the black are irregular because its action
is too violent, particularly at the beginning of the reaction.

By substituting for it, platinized asbestos where the active ma-
terial is diluted by a large proportion of inert material, regular oxida- °
tion of vapors mixed with suitable amounts of oxygen or of air, is
obtained. The manufacture of sulphur trioxide is only an application
of this on the large scale.

248. Colloidal platinum (67) has intense oxidising power, greater
than that of the black. It gives 50% carbon dioxide with a mixture
of carbon monozide and half its volume of oxygen.®

249. Platinum in very fine wire or very thin foil is employed
industrially in the oxidation of ammonia gas by the oxygen of the
air. The gaseous mixture, previously heated to about 300°, is passed
over the metal which is thereby maintained in incandescence.®! Con-
tact with the metal for one-five-hundredth of a second is sufficient
to obtain a good yield of nitrous vapors which are easily transformed
into nitric acid. _

It furnishes also an excellent method for the regular oxidation of
alcohols and of other sufficiently volatile organic substances.” Trillat
has described a method of operating which makes it easy to attain
this end by the aid of a platinum wire which is heated by a current
that can be regulated at will for any desired temperature ® and over
which a current of air passes laden with the vapors of the substance
to be oxidised.

3 MuLpes, Rec. Trav. Chim. Pays-Bas, 2, 44 (1883).

3 Steeckms, Annalen, 93, 370 (1855).

¢ GRiMAUX, Bull. Soc. Chim. (2), 45, 481 (1888).

§ PaaL, Berichte, 49 548 (1916).

¢ The points that are used in pyrography for burning designs on wood
contain leaves of platinum foil which are heated by the catalytic combustion
of the mixture of air and combustible vapors forced over them.— E. E. R.

7 Better catalysts than platinum are known for the oxidation of many

alcchols. See note to 254 injra.— H. D. Gmss.
8 TrrLrat, Bull. Soc. Chim. (3), 27, 797 (1902).
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Under these conditions methyl alcohol is oxidised below 200°
chiefly to formaldehyde with some methylal and water but no acid.
The acid appears when the spiral reaches a dull red, at the same time
that the formaldehyde and methylal increase. At a cherry red these
decrease and the proportion of carbon dioxide increases with increase
of incandescence.

The presence of water in the methyl alcohol favors the oxidation
which goes best when 20% of water is present.

Ethyl alcohol is oxidised as low as 225° and readily at a dull red
with a yield of 16.8% of acetaldehyde and 2.3% acetal. The results
are less and less favorable as the molecular weight of the alcohol
increases.

With propyl alcohol the yield of aldehyde is about the same as
with ethyl, but is 12% for normal butyl alcohol and 5% for 1sobutyl.
Isopropyl alcohol gives 16% acetone. Tertiary butyl alcohol breaks
up, on oxidation, into formaldehyde, acetone and water.

Allyl alcohol gives 5.8% acroleine, some acrylic acid, formaldehyde
and glyoxal.

Glycol oxidises at 90°, raising the spiral to incandescence and
yielding formaldehyde, glycolic aldehyde and glyozal® Glycerine
gives principally formaldehyde and acroleine.

Aromatic alcohols likewise produce some of the corresponding
aldehyde. Benzyl alcohol has furnished 4% benzaldehyde and
cuminyl alcohol, 5.7% cuminic aldehyde.

Cinnamic alcohol gives some cinnamic aldehyde at a dull red and
cinnamic acid and benzaldehyde at higher temperatures.

Isoeugenol oxidises at a dull red to give 2.9% vanilline mixed with
the unchanged substance.*®

250. The use of porous porcelain impregnated with platinum is
advantageous for securing the complete oxidation of organic com-
pounds in combustion analysis.}?

251. Metals of the Platinum Group. The various metals of this
family may be used as sponge or better as black for the same pur-

Palladium black gives good results.®
Osmium, a more moderate catalyst, sometimes has advantages.
In the oxidation of cyclohexene, it gives some cyclohexenol accom-

9 Trirat, Bull. Soc. Chim. (3), 39, 35 (1903).

10 Tayuar, Bull. Soc. Chim. (3), 39. 35 (1903).

11 Carrasco and Bmuront, J. Pharm. and Chim. (6), 27, 469; Chem. Centbl,,
1908 (2), 95.

12 WmrAND, Benichte, 46, 3327 (1913).



262 CATALYSBIS IN ORGANIC CHEMISTRY 92

panied by adipic acid and other products. The other metals of the
platinum family are not suitable for these reactions.

Tellurium may be used, but it is less active than osmium.'®

Colloidal irridium can catalyze the oxidation of carbon monoxide
as does colloidal platinum, but colloidal osmium is less efficient.’*

252. Gold and Silver. Gold and silver can be substituted for
platinum in the preparation of formaldehyde. Silvered asbestos ob-
tained by the reduction of the nitrate by formic acid and asbestos
gilded by the reduction of the chloride are more active than platinized
asbestos (245).1°

263. Copper. In the oxidation of methyl alcohol by the method
" of Trillat (248), the platinum spiral can be replaced by a roll of
copper gauze heated to a dull red.

The results obtained are entirely similar. In operating thus with
a current of 2.3 to 2.7 liters of air per minute, carrying 0.5 to 0.8 g.
methyl alcohol, copper gauze gives a yield of 48.5% formaldehyde
at 330°. There is at the same time production of carbon monoxide,
carbon dioxide and water vapor.®

The direct oxidation of methane by air in contact with copper or
silver is a practicable method for preparing formaldehyde. A mix-
ture of one volume of moist air with three volumes of methane is
passed over either of these metals or over a mixture of the two. The
formaldehyde that is produced is taken out by contact with water
and the residual gases are passed again over the catalyst.*”

254. Fokin, operating under identical conditions with air saturated
with methyl alcohol vapor passed over various catalysts, has obtained
the following yields of formaldehyde (figured on the methyl alcohol
used) : 18

Gilded asbestos ...................ooll, 1%
Silvered asbestos ................ ... 64-66
Coppered asbestos ................ovvennnn. 43-47
Platinized asbestos ........................ " 52
Reduced cobalt ........................... 28
Manganese in powder ...................... 2
Aluminum turnings ................0000.., 1.5
Reduced nickel ............... ... ...l 1.08

18 WiLLsTATTER and SoNNENFELD, Berichte, 46, 2952 (1913).

14 PaaL, Berichte, 49, 548 (1916).

18 FoxkiN, J. Russian Phys. Chem. Soc., 45, 286 (1913); C. A., 7, 2227.

16 Onvorr, J. Russian Phys. Chem. Soc., 39, 855 and 1023 (1907); C. 4., 3,
263 and 1692.

17 VerEIN r. CHEM. IND,, German patent, 286,731, J. Soc. Chem. Ind., 3s,
73 (1916).

18 FoxiN, J. Russian Phys. Chem. Soc., 45, 286 (1913); C. A., 7, 2227.
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A maximum yield of 84% was obtained by a mixture of silver and
copper. The silvered or gilded asbestos requires an initial tempera-
ture of only 200-250° and the heat evolved is sufficient to maintain
it at a suitable temperature.

Copper used alone requires continual heating, but this can be
avoided by placing ahead of the copper gauze some fragments of
pumice impregnated with platinum or palladium the incandescence of
which heats the gas sufficiently.?®

The presence of lead in the copper is unfavorable.

Ethyl, propyl, isobutyl and isoamyl alcohols may be oxidised
under like conditions.?* Ether is oxidised to formaldehyde and acet-
aldehyde.®* Various hydrocarbons have been submitted to regular
oxidation by the same process but the products have not been fully
studied.’?

255. As acetaldehyde can be prepared from acetylene (309), its
direct oxidation to acetic acid is an interesting industrial problem.

It appears to be realized by the use of platinum; the aldehyde
vapors carried by air or oxygen over platinized asbestos kept at 130-
40° are regularly transformed into acetic acid.?®

256. The same metals may be used as catalysts for the direct
oxidation of ammonia or amines.

Moist ammonia yields ammonium nitrite with a little nitrate and
very little free nitrogen.

Moist methyl amine gives formaldehyde along with ammonium
nitrite and nitrate, while ethyl amine gives some acetaldehyde.

Dimethylaniline produces formaldehyde and a complex aromatic
amine.** Aniline, toluidine and pyridine are oxidised with the forma-
tion of complex oily products.?®

19 The oxidation of isopropyl alcohol has been extensively investigated by
R. R. Williams and H. D. Gibbs in connection with the utilisation of the waste
unsaturated gases obtained in large quantities from the petroleum cracking
stills. It was found that the best catalyst was brass (sinc and copper). The
isopropyl alcohol is mixed with air and passed through brass gause at about
200°. With a catalytic chamber of a proper volume in relation to the radiation
surface, the reaction is continuous and requires no external heat. The yield of
acetone is over 90% of the theory. That the reaction is essentially a dehydro-
genation is shown by passing the isopropyl alcohol over the catalyst without
the oxygen of the atmosphere, acetone is formed but the necessary heat must
be supplied externally. This work was done for the U. 8. Government during
the war but the report has not yet been published.— H. D. Giss.

20 Orvorr, Ibid., 40, 203 (1908); C. A., 3, 3346.

21 Onwrorr, Ibid., p. 799; C. A., 3, 1147,

32 Orworr, Ibid., p. 652.

23 Dexyrus, French patent, 487412 (1918).

3¢ TriLrat, Bull. Soc. Chim. (3), a9, 873 (1903).

38 Orwory, J. Russian Phys. Chem. 8oc., 40, 659 (1008).
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257. Carbon. The less combustible forms of carbon may serve
as oxidation catalysts.

Coke at 200° aids in transforming toluene into benzoic acid.?®?’

Coal and lignite after being heated in the air to 300° are good
oxidation catalysts between 150 and 300°; the action, being partly due
to the oxide of iron which they contain, is increased by the addition
of ferric oxide. They can be used in the oxidation of ethyl alcohol
to acetaldehyde and acetic acid, and of toluene into benzaldehyde
and benzoic acid. Anthracene gives anthraquinone and borneol forms
camphor and camphoric acid.?®

258. Metallic Oxides. A large number of metallic oxides act as
oxidation catalysts and for the most of them this property can be
readily explained by the fact that they are readily reduced to the
metals or to lower oxides by the substances to be oxidised and are
readily reoxidised directly by oxygen. This is the case with the oxides
of copper, nickel and cobalt. When alcohol vapors alone are passed
over copper oxide moderately heated, aldehyde is formed and the
oxide is reduced, but if the air is mixed with the alcohol vapors the
copper is immediately reoxidised and can recommence the oxidation
of the alcohol. A like explanation fits the case of ferric oxide, which
can be reduced to a lower oxide which is reoxidised by the air. It is
more difficult to perceive the mechanism in the case of oxides which
can not be reduced to suboxides e. g. chromium sesquiozide which is,
nevertheless, an excellent oxidation catalyst.®

The catalytic activity of tron sesquioxide, such as is obtained by
roasting pyrites, is utilized industrially, in the manufacture of sul-
phuric acid by the contact process.

259. The use of metallic oxides as catalysts in the oxidation of
organic compounds has until recent years been limited to copper oxide

3¢ Dennstepr and Hassizr, German patent, 203,848, Chem. Centrbl., 1908,
2), 1750,

27 During the war various forms of carbon were extensively studied as
adsorbents for gases and as catalysts for certain reactions. Very active forms
of charcoal were developed by high heat treatments. These charcoals were
found to be excellent clarifying agents for solutions, and some forms catalyzed
certain reactions to a high degree. The reaction between chlorine and water
was found to be quite rapid at low temperatures, even so low as 0°, and at
100° it is very vigorous. The reaction is 2 Cl, + 2H,0 — 4HCI + O,. This
would constitute a reversal of the Deacon process were it not for the fact that
the oxygen does not appear as such but unites with the carbon gradually con-
suming the catalyst. See: The Production of Hydrochloric Acid from Chlorine
and Water. Ges, J. Ind. and Eng. Chem., 13, 538 (1920).— H. D. Gmss.

28 Wooa, Compt. rend., 145, 124 (1907); C. A., 1, 2690.

29 SapatzR and MaiLaw, Compt. rend., 143, 1394 (1906); C., 1906, (2), 402.
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which is the real agent when copper is used, as has been said above.
Sabatier and Mailhe have shown that the oxides of copper, nickel,
and cobalt, as well as those of chromium, manganese, uranium, etc.,
have catalytic properties entirely comparable to those of finely
divided platinum. When these oxides are heated to 200° in a mix-
ture of oxygen with the vapors of aliphatic hydrocarbons (methane,
pentane, hexane, and heptane), they become incandescent and main-
tain themselves so, giving mainly water and carbon dioxide, but also
a certain amount of aldehyde and acid.*® .

Almost simultaneously with the above work, Matignon and
Trannoy have shown the possibility of realizing a lamp without flame
by the aid of asbestos fibers impregnated with the oxides of iron,

" nickel, chromium, copper, manganese, cerium, and silver suspended
in & mixture of air and ether vapor.®°

The use of ferric oxide between 175 and 300° permits the regular
oxidation of toluene to benzaldehyde; the most favorable tempera-
ture is 280° and the yield of aldehyde may reach 20%. Above 280°
the oxide becomes incandescent and there is partial charring of the
products.

Employed in the same way, nickel oxide gives benzaldehyde above
150°, while at 270° incandescence begins to manifest itself.

With copper oxide (oxidised turnings), the reaction takes place
between 180 and 260°.% 22

%0 MatieNoN and TranNoy, Compt. rend., 143, 1210 (1908); C. 1906 (2),

202,
81 Wooa, Compt. rend., 145, 124 (1907), C. A,, 1, 2690.
32 The catalytic oxidation of carbon monoxide at low temperatures may be
brought about by certain metals such as platinum and palladium but the time
of contact necessary for complete oxidation is quite great. Mixtures of certain
metallic oxides are much more effective and may bring about the catalytic oxida-
tion of carbon monoxide at room temperatures with a surprisingly short time
of contact. These mixed-oxide catalysts require careful preparation in order
that they may function under these conditions. Fineness of subdivision and
intimacy of admixture of the ingredients are among the most essential condi-
tions. The most important of this class of catalysts for the oxidation of carbon
monoxide contains, as its essential constituent, manganese dioxide made by the
method of Frémy (Compt. rend., 83, 1213 (1876). Copper oxide or silver oxide,
when properly incorporated with this manganese dioxide, gives an excellent
catalyst which is capable of effecting the catalytic oxidation with great rapidity
even at temperatures somewhat below 0° C.

To prepare the catalyst, the Frémy oxide is washed free of sulphates and
filtered on a Biichner funnel. This paste, usually containing about 60% of water,
is analysed for moisture by drying to constant weight at 130° in oxygen. A
weighed amount of this paste is mixed with a large volume of cold water, care
being taken to secure a uniform suspension. To this suspension is added such
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260. Vanadium pentoride is also a very active oxidation catalyst
and can transform the vapors of ethyl alcohol mixed with air into
acetaldehyde and acetic acid.®® Acetaldehyde can also be changed
to acetic acid; this oxidation is readily realized by passing a current
of air through a solution of the aldehyde in glacial acetic acid con-
taining oxides of vanadium2* uranium ** and iron.®®

261. Cerium oxide also can be employed for transforming ace-
taldehyde into acetic acid (256). The aldehyde mixed with 1%
cerium oxide is submitted to the action of oxygen at two atmospheres
or of air at higher pressures. The oxidation evolves heat and gives
a yield of 95%.%

an amount of a solution of copper or silver nitrate, as the case may be, as will
give a mixture of 75% of manganese dioxide to 25% of the other oxide and,
with continual vigorous stirring, a solution of sodium carbonate is run in till
precipitation is just complete. The precipitate is filtered, carefully washed, and
thoroughly dried at about 130°. In order to produce a harder and less friable
product, it is well to compress the material in a filter press before drying. Silver
oxide may be precipitated by caustic soda, but with copper, sodium carbonate
must be used, the copper carbonate passing into the oxide during the drying.
Both silver and copper oxides may be used in the catalyst. Certain other oxides,
such as iron oxide, may be tolerated in limited amounts and appear to act only
us diluents. When properly prepared, these catalysts will bring about the com-
plete oxidation of carbon monoxide provided a sufficient amount of oxygen is
present in the mixture. Moisture is rapidly absorbed by the catalyst, diminish-
ing its activity, hence the gas mixture must be relatively dry for the oxidation
to be catalytic.— J. C. W. Frazer.

83 NAUMANN, MoesEr, and LINDENBAUM, J. prakt. Chem. (2), 75, 146 (1907).

3¢ Vanadium pentoxide is an excellent catalyst for the oxidation of toluene
to benzaldehyde, anthracene to anthraquinone, naphthalene to phthalic anhy-
dride and other reactions of a similar nature.

Phthalic anhydride is produced in America almost exclusively by this proc-
ess. Naphthalene is volatilized in an air stream and passed over the catalyst.
The reaction begins at about 300° and attains a maximum yield at about 400 to
450°, equaling about 50% of the theoretical. [Gisss, J. Ind. Eng. Chem., 11, 1031
(1919)1.

Vanadium compounds have been extensively employed in the production of
aniline black. [PINXNEY, Brit. pat. 2745 of 1871, See Chem. News, 33, 116
(1876)1.

Austerweil (U. 8. pat. 979,247 (1910); C. A., 5, 972) used vanadium com-
pounds in solution to catalyze the oxidization of borneol to camphor by nitric
acid. — H. D. Gisss. )

88 Recently the oxidation of bengene vapors by air in the presence of
vanadium pentoxide has assumed commercial importance as a method for manu-
facturing maleic acid, Wriss and Downs, J. Ind. Eng. Chem., 13, 228 (1920),
U. 8. patents 1,318,631-2-3, Oct. 14, 1919, C. A., 14, 70; Can. pat. 192,766, Sept.
10, 1919, C. A,, 13, 2683.—E. E. R.

3¢ JorNsoN, English patent 17,424 of 1911; J. Soc. Chem. Ind., 31, 772 (1912).

37 Farsw. Mmster, Lucrus and BrtNiNg, English patent 10377 of 1914,
J. 8oc. Chem. Ind., 33, 961 (1914),
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The use of cerium oxide permits acetic acid being made from ace-
tylene in one operation by effecting the hydration (309) and oxidation
simultaneously. It is sufficient to circulate a mixture of 130 parts
acetylene and 80 to 100 parts oxygen through a mixture of 400 parts
glacial acetic acid, 100 parts water, 50 parts mercuric nitrate, and
10 parts cerium oxide kept between 50 and 100°.3%

262. Anthracene can be transformed directly into anthraquinone
by gaseous oxygen under pressure and in the presence of catalysts.®®
Osmium peroxide in the small amount of 0.05% realizes this oxida-
tion rapidly with oxygen under 10 atmospheres pressure.* The same
result can be obtained by keeping anthracene suspended in 30 parts
water containing a little ammonia and 0.5 part copper oxide for 20
hours at 170° with compressed oxygen.*

The mixture of oxides remaining from the manufacture of
Welsbach incandescent mantles has been proposed as a catalyst for
direct oxidation.*

263. Metallic Chlorides. Anhydrous aluminum chloride, AlCl,,
causes the direct fixation of atmospheric oxygen by aromatic hydro-
carbons. Benzene gives a certain amount of phenol and toluene
yields m.cresole.*®

264. Manganous Salts. As has been stated in Chapter III (153),
manganous salts are active agents of direct oxidation, particularly in
water solution. This activity persists whatever be the acid constit-
uent of the salt; it is observed in the salts of mineral acids, in the
acetate, butyrate, benzoate and oxalate: it is sixteen times as great
in the succinate as in the nitrate. We can assume that the manganous
salt is partially hydrolyzed in water solution and that the resulting
manganous hydroxide is oxidised to the dioxide by one atom of an
oxygen molecule, the other oxidising the organic compound. The
nascent manganese dioxide, in turn, would part with its extra oxygen
to another portion of the organic compound and the manganous
hydroxide thus regenerated would begin the cycle again. A trace
of the manganous salt would thus be able to oxidise an unlimited
amount of the oxidisable substance.*

88 Dexyrus, French patent 479,656, J. S8oc. Chem. Ind., 35, 1179 (1916).

39 The best catalyst yet found for oxidising anthracene to anthraquinone is
vanadic oxide. The conditions are about the same as for the oxidation of
naphthalene to phthalic anhydride.— H. D. Gisss.

4 HorMANN, Berichte, 45, 8329 (1912).

4 German patent, 292,681.

43 MasoN and WnsoN, Proc. Chem. Soc., a1, 206 (1905); C., 1906 (1), 395.

43 Frieoen and Crarts, Ann. Chim. Phys. (6), 14, 435 (1888).

44 BerTrAND, Bull. 8oc. Chim. (3), 17, 758 (1897).
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Cerium salts may frequently act similarly (153).

265. Oxidation of Oils. The bleaching of oils can be effected
by a moderate oxidation with warm air in the presence of catalytic
oxides which doubtless act after being transformed into metallic
soaps, the true decolorizers.

Palm oil through which a current of air is passed at 80-90° is
bleached in four hours if 0.2% manganese borate is added. The same
oil with 0.1% cobalt borate is bleached in 3.5 hours by the passage
of less than its own volume of air. With the same proportion of
nickel or iron borate, about three times as much air and 10 hours
are required.*

If the operation is carried on in an autoclave with compressed air,
the addition of 0.02% of cobalt soap permits various oils to be
bleached perfectly and rapidly.¢¢

266. The so-called drying oils, such as linseed and poppy seed,
have the property of rapidly becoming thick fin contact with air,
which oxidises them, converting them. into resinous substances which
are almost insoluble in boiling alcohol. It has long been known that
this drying power, depending on the oxidisability, is greatly increased
by incorporating with the oils small proportions of salts of lead and
particularly of manganese, the important accelerating agent appearing
to be the metallic soap formed with the oil.4?

The metallic soaps that are the most active are those containing
metals which are capable of several degrees of oxidation, particularly,
cobalt, manganese, cerium, lead, chromium, iron, and uranium, while
soaps containing bismuth, aluminum, mercury, and thallium are less
active.s®

The direct oxidation of oils is retarded by moisture and accelerated
by light. Elevation of temperature and increase of the pressure of
the oxygen increase the velocity of the oxidation.*®

267. Metallic Silicates. Silicates can sometimes be substituted
for the corresponding oxides. Kaolin (aluminum silicate) causes the
union of hydrogen and oxygen at 230°.%¢

48 SasTRY, J. Chem. Soc., 107, 1828 (1916).

4 Rar, J. Soc. Chem. Ind., 36, 948 (1917).

47 LivaceE, Compt. rend., 124, 1520 (1897); C., 1897 (2), 332.
48 Mackry and INaLe, J. Soc. Chem. Ind., 36, 317 (1917).

49 FoxiN, Z. angew. Chem., 23, 1451 (1909).

80 JoannNis, Compt. rend., 158, 501 (1914); C. A., 9, 1866.
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II. — Oxidations Carried Out with Oxidising Agents

268. Oxidations by Hydrogen Peroxide. The oxidation of or-
ganic compounds by hydrogen peroxide can be advantageously cat-
alyzed by small quantities of ferrous or ferric salts (acetate).™*

Methyl, ethyl, propyl, butyl, isobutyl, and iscamyl alcohols are
oxidised to a mixture of aldehyde and acid, the acid being more
abundant when ferrous oxalate is used than with the sulphate. The
addition of wood charcoal favors the production of aldehyde. Man-
ganous salts can be substituted for the iron.®*

Qlycol furnishes glycolic aldehyde without any glyozal.®®
Q@lycerine reacts vigorously to give glyceric aldehyde, along with a
little dihydrozy-acetone.®* Arabite yields an araboketose and
dulcite, galactose.®® Malic acid passes into ozalacetic acid, HO,C .-
CO.CH,.CO,H.* .

Benzene is partially transformed into phenol and then to pyro-
catechol; ** p.hydroxybenzaldehyde, HO .C,H,.CHO, gives proto-
catechuic aldehyde.®®

Amines likewise undergo a regular oxidation to the corresponding
aldehydes when they are warmed above 50° with hydrogen peroxide in
presence of a ferrous salt; ethylamine giving acetaldehyde; isoamyl-
amine, 1sovaleric aldehyde; benzylamine, benzaldehyde, while amino-
ethyl alcohol is changed, above 30°, to a mixture of glycolic aldehyde
and glyozal.*®

The use of the double cyanide of copper and potassium permits
the oxidation of morphine hydrochloride by hydrogen peroxide to
dehydromorphine and pseudomorphine.®®

Furfural in alcoholic beverages can be destroyed slowly by the
addition of 1% hydrogen peroxide and 0.01% manganese acetate.®

269. Oxidation by Nitric Acid. Vanadium pentozide, employed

51 FENTON, J. Chem. Soc., 65, 899 (1804).

52 DorosHERvexn and Baror, J. Russian Phys. Chem. Soc., 46, 754 (1914);
C. A, 9, 1865.

63 FentoN and JacksoN, J. Chem. Soc., 75, 575 (1899).

84 FentoN and JacksoN, Ibid., 75, 1 (1899).

58 Nyuemra, Berichte, 35, 962 (1902).

5¢ FentoN and Jones, J. Chem. Soc., 77, 69 (1800) and 79, 81 (1901).

57 Cross, BeviN and Hrmera, Berichte, 33, 2015 (1900).

58 SomMmEr, German patent, 165,731, C., 1904 (2), 1631.

59 Suro, Biochem. Zeitschr., 71, 169 (1915); C. A., 9, 3059.

¢ Denias, Bull. Soc. Chim. (4), 9, 264 (1911).

61 CHAUVIN, Ann. Falsif.,, 6, 463 (1913); C. A., 8, 981.
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in the ratio of 0.1 g. to 50 g. cane sugar and 500 cc. nitric acid (density
1.4) causes the complete oxidation of the sugar in 20 to 30 hours in
the cold to ozalic acid without the formation of saccharic, mucic,
tartaric acids, etc., as by-products. Above 70°, carbon dioxide and
water are obtained instead of oxalic acid.®

In the presence of mercuric nitrate, nitric acid oxidises anthracene
to anthraquinone. The reaction is finished in three hours if 117 parts
anthracene suspended in 300 parts nitrobenzene are warmed to 30°
with 460 parts 31% nitric acid in which three parts of mercury have
been dissolv

In the nitration of aromatic compounds by mixtures of nitric and
sulphuric acids, the presence of a mercuric salt has no influence, but
with nitric acid of density 1.3, it oauses oxidation along with nitra-
tion or the substitution of a nucleus hydrogen by the phenolic hy-
droxyl group. Thus bengene, toluene, and ethyl-benzene give nitro-
phenols. It is possible to prepare 2,4-dinitrophenol and picric acid
by heating benzene on the steam bath under reflux with 8 times its
weight of nitric acid, density 1.3, and 15% mercuric nitrate. The
oxidation must precede the nitration, since nitrobenzene is not oxidised
by this treatment.®* *®

62 NAUMANN, Mozser, and LINDENBAUNM, J. prakt. Chem. (2), 75, 148 (1907).

o8 U. 8. patent, 119,546,

6¢ WoLLrENSTEIN and B&rems, Berichte, 46, 586 (1913).

o8 In addition to vanadium and mercury compounds, a number of other
substances have been found to accelerate oxidation by nitric acid. Disregarding
the mechanism of reaction, oxides of nitrogen and nitrous acid may be con-
‘sidered as catalysts for oxidation by nitric acid. For instance, Verxy (Proc. Roy.
Boc., 48, 458-9 (1891) ) found that the presence of nitrous acid initiated the oxi-
dation of copper, mercury and bismuth by 30% nitric acid. Oxides of nitrogen
are mentioned a number of times in the patent literature as being necessary or
desirable for the purpose of starting oxidation of organic compounds by nitric
acid, especially in the manufacture of camphor. Molybdenum compounds,
salts of manganese, iron, cerium and palladium, and even salts of calcium and
magnesium have, under various conditions, been found to accelerate oxidations
by nitric acid. Probably, in many cases, the acceleration produced by foreign
substances is due to the reducing action of the substance on the nitric acid, with
consequent formation of oxides of nitrogen. Thus the Commercial Research
Company proposes to start the oxidizing action of nitric acid on aromatic hydro-
carbons with side chains by means of formaldehyde, copper, zine, starch or other
reducing substance (Brit. Pat., 141,333 (1920) ).

Nitration by means of nitric acid is likewise accelerated by dissolved oxides
of nitrogen. KremeNc and ExL (Monatsh. 39, 641-88 (1918) ) studied the nitra-
tion of a number of phenol derivatives and concluded that pure nitrio acid,
free from dissolved nitrogen peroxide or nitrous acid, does not cause nitration.

HoLperRMANN (Berichte, 39, 1250 (1906) ) obtained negative results in efforts
to influence the position of the entering nitro-groups by nitrating in the pres-
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270. Oxidations by Hypochlorites. The additioh’ of &~ very
small amount of a cobalt or nickel salt to a solution of an alkaline
hypochlorite, or chloride of lime, causes the evolution of oxygen in
the cold.®¢

This oxidising mixture may be used for oxidising organic sub-
stances. It transforms o.nitrotoluene into o.nitrobenzaldehyde and
acid."

By the same means, phenanthridene is oxidised to phenanthri-
done: ¢

C.H, - CH Cel, - CO
G-k bur, - e

and acridine into acridone:
/CH . /CO
ca | om - o o

271. Oxidations by Chlorates. The oxidation of aniline hydro-
chloride, in the preparation of aniline black, is carried out in the cold
by a solution of potassium or sodium chlorate with the aid of metal
catalysts, the most active of which is vanadium pentozide, V,0,, of
which one part is sufficient for 270,000 parts of aniline and the corre-
sponding amount of chlorate. Salts of cerium and, to a less extent,
those of copper and #ron are useful catalysts but less powerful.

Osmium peroxide, OsO,, is at least as powerful as vanadium pent-

ence of catalysts, but an appreciably greater yield of dinitrobensene, from nitro-
bensene, was obtained by nitrating with, rather than without, a small amount
of mercuric nitrate, under conditions otherwise similar (28.0% and 235% of
theory respectively). Also, Holdermann obtained evidence that mercuric ni-
trate acts as catalyst in the nitration of beta-methylanthraquinone. For the
control of the position of the entering nitro-group, the use of considerable quan-
tities of different acids mixed with the nitric acid is more promising than the
use of small amounts of metal salts. See TinaLz and BrLaNck (J. Amer. Chem.
Soc., 30, 1395 and 1587 (1908) ).

Additional data on simultaneous nitration and oxidation in the presence of
mercury compounds aré given by WorLrrensteiN and Paar (Berichte, 46, 589
(1913) ) and Vienon (Bull. S8oc. Chim., 27, 547-50 (1920) ). There are also a
number of patents on this subject. Bilver, copper and aluminum salts are said
to act as catalysts as well as mercury.— A. 8. RICHARDSON.

68 FLaITMANN, Annalen, 134, 64 (1885).
87 BapmiscH®, German patent, 127388, C., 1903 (1), 150.
o8 Picrar and Parsy, Berichte, 26, 1962 (1893).
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onde and its" ub” miskes it possible to oxidise anthracene to anthra-
quinone by means of chlorates.®®

272. Oxidations by Sulphur Trioxide. Fuming sulphuric acid
is frequently used as an oxidiser for organic compounds, the trioxide
being reduced to the dioxide, but its action is not rapid enough in the
absence of metallic catalysts, the most active being mercuric sulphate
between 290 and 390°.7° The sulphates of potassium, magnesium,
manganese, and cobalt are without effect, while those of nickel and
iron act feebly. Only the sulphate of copper can replace that of mer-
cury in practice but it is disadvantageous. It should be mentioned
that a mixture of the sulphates of copper and mercury is more active
than the two taken separately.™

It has been proposed to add to the sulphuric acid the mixture of
the rare earths (oxides of cerium, lanthanium, etc.) which is a by-
product in the manufacture of thorium nitrate, but this has not proved
to be of any advantage.”

In the Kjeldahl method for estimating nitrogen in organic com-
pounds, the substances are boiled for a long time with fuming sul-
phuric acid. During the oxidation of the carbon and hydrogen, all
the nitrogen passes into ammonia which is retained by the sulphuric
acid without being burned. The addition of 0.5% mercuric sulphate
triples the speed of the oxidation.”™ In practice, 1 to 2 g. of mercury
to 20 cc. acid is used for § to 7 g. of sample to be analyzed.

273. The chief application of oxidation by fuming sulphuric acid
is the preparation of phthalic acid from naphthalene, a reaction which
is the basis of one of the methods for making artificial indigo.™
When naphthaline is moderately heated with the acid, sulphonation
takes place, but above 200° oxidation sets in. At 275° the oxidation
rate is quintupled by 1% of mercuric sulphate.”™

274. In the presence of mercuric sulphate, fuming sulphuric acid
can oxidise anthraquinone and further oxidise the hydroxyanthra-
quinones first formed. Thus anthraquinone and 1-hydroxyanthra-
quinone give quinizarine, 1,4-C, H,0,(OH),."

At 200-250°, alizarine gives quinalizarine, 12,58-C, H,0,(OH),,

¢ HorMANN and ScEumPrur, Berichte, 48, 816 (1915).

70 GraEBE, Berichte, ag, 2806 (1896).

71 Brepia and BrowN, Z. physik. Chem., 46, 502 (1903).

72 Drrz, Chem. Zeit., a9, 581 (1905); C., 1905 (2), 485.

73 WorarTH, Chem. Centr., 1885, 17 and 113.

74 BapiscHE, German patent, 91,202,

76 This process is being replaced by the high temperature air oxidation
process. See note to 260 supra.— H. D. Gmss.

76 WACKER, J. prakt. Chem. (2), 54, 88 (1896).
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and 1,3,5,7-tetrahydroxyanthraquinone heated with 20 parts of sul-
phuric acid of 66° Bé. to the same temperature in the presence of 0.05
part mercuric sulphate, yields 1,3,4,5,78-hexahydroxyanthraquinone
or anthracene blue. The addition of boric acid greatly favors these
reactions.

275. Oxidations by Permanganates. The oxidation of aliphatic
alcohols by potassium permanganate in presence of ferrous sulphate
readily gives aldehydes but, on the contrary, in the presence of ferrous
oxalate, the acids are formed quantitatively.”

276. Oxidations by Persulphates. The persulphates of the alka-
lies mixed with nitric acid and a small quantity of silver nitrate are
useful for oxidising organic compounds. The active agent is a silver
peroxide or permitrate which is constantly regenerated by the per-
sulphate.”

Benzene is transformed into quinone by this means, and ozalic acid
is burned to carbon dioxide. Quinone is broken up into a number of
products among which is found maleic acid.”™

277. Oxidations by Nitrobenzene. In the dye industry niiro-
benzene is frequently used as an oxidising agent, being reduced to
aniline; the presence of ferrous salts aids in these oxidations.

77 Dorosupvsxn and Baror, J. Russian Phys. Chem. Soc., 46, 764 (1914);
C. A, 9, 1865.

78 Kumrr, Berichte, 38, 3063 (19056). Basorovsxy and Kuzma, Z. Elektroch.,
14, 196 (1908).

™ Kuwmpr, Berichte, 39, 3716 (1908).



CHAPTER VI
VARIOUS SUBSTITUTIONS IN MOLECULES

§ 1. —INTRODUCTION OF CHLORINE, BROMINE
AND IODINE

Chlorinations

278. The presence of anhydrous chlorides is a great aid in the
direct chlorination of organic compounds, whether the chlorides are
added as such or as the elements which are immediately transformed
into the chlorides by the chlorine. There is no need to distinguish
between these two. '

Iodine or Iodine Chloride. Iodine, or iodine monochloride, in
presence of an organic substance and of chlorine is changed to the
trichloride which gives up chlorine to the organic substance, being
itself reduced to the monochloride which starts all over again. With
2 to 12% of iodine it is easy to chlorinate benzene} toluene? the
zylenes,® ete., and also to transform carbon disulphide into carbon
tetrachloride.* ®

The chlorine compounds thus obtained are always mixed with
a small amount of iodine derivatives formed by catalytic induction.

279. Bromine. This can catalyze chlorinations in the same
manner as jodine, particularly in the preparation of carbon tetra-
chloride from the disulphide, but its use is less advantageous.

280. Sulphur. The immediate chlorination of sulphur by chlo-
rine to several degrees of chlorination makes of it a good chlorinating
agent of moderate activity which gives excellent results in some
cases. Thus to transform acetic acid into chloracetic, chlorine is

1 Mtuas, J. Chem. Soc., 15, 41 (1862); Jahresb. 1862, 414 and 1864, 524.
JunerLEiscH, Ann. Chim. Phys. (4), 15, 186 (1868).

3 BmiLstEIN and GITNER, Annalen, 139, 334 (1866). LimrricHT, Ibid., 139,
326 (1866). HUbnEs and MasErT, Berichte, 6, 790 (1873).

8 WoLleaTH, Zeit. f. Chem., 1866, 488, KrUcmr, Berichte, 18, 1755 (1885).
Kuvuae, Ibid., 18, 2099 (1885). Kocs, Ibid., 23, 2319 (1890).

¢ English patent, 18,890 of 1899,

8 With iodine as a catalyst, the reaction may be stopped at the inter-
mediate stage, C1,C8Cl, though with iron, carbon tetrachloride is formed at
once. (Hmurrice and Rem, J. Amer. Chem. Soc., 43, 593 (1921)).—E. E. R.

104
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passed into the boiling acid containing a small amount of sulphur.
In two hours 8 parts of acetic acid are changed to 10 parts chloracetic
containing but little acetyl chloride. In the cold, with a little sul-
phur or sulphur chloride, only acetyl chloride is obtained.®

281. Phosphorus. Red phosphorus can be substituted for sul-
phur in the preparation of chloracetic acid (280).

The presence of phosphorus trichloride greatly facilitates the
formation of benzyl chloride from toluene. By passing a current of
chlorine into 100 parts of boiling toluene containing 1 part phos-
phorus trichloride (as far as possible in the sunlight),” 80 parts of
the desired product are obtained in eight hours.

282, Charcoal. Wood charcoal readily causes the chlorination
of hydrogen to hydrochloric acid without explosion. By passing a
mixture of equal volumes of carbon monoxide and chlorine through
a long tube filled with fragments of charcoal, carbonyl chloride is ob-
tained.®* Animal black gives even better results, a 30 cm. tube being
sufficient.® 1°

A charcoal made by calcining blood with potassium carbonate
can serve as a catalyst for the chlorination of organic substances
between 250° and 400°. The progressive and complete chlorination
of ethyl chloride can thus be readily obtained.:

Carbon can likewise serve as a catalyst in the preparation of
carbon tetrachloride from carbonyl chloride by a kind of auto-chlori-
nation:

2COC]; = CO, + CCl,-

The carbony! chloride vapors are passed through a succession of
towers filled with coke or animal charcoal®

¢ Avaer and Brar, Bull. Soc. Chim. (3), 2, 146 (1889). Russanor, J. Rus-
gian Phys. Chem. Soc., 1891, 1, 222; Berichte, 35, Ref. 334 (1892).

7 If sunlight is used no other catalyst is required. The chlorine reacts as
fast as it can be passed in, even at 0°.—E. E. R.

8 ScHiEL, Jahresb., 1864, 359.

¢ ParzaNo, Gas. Chim. Ital., 8, 238 (1878).

10 Using 10 g. charcoal prepared from ox bones, ArxinsoN, Hsvcock and
Pore (J. Chem. Soc., 117, 1410 (1920) ) caused carbon monoxide and chlorine to
combine at 40 to 50° as rapidly as the mixture could be passed into the U-tube .
containing the catalyst. After the preparation of 10 k. of phosgene this catalyst
had lost none of its activity.

They found the activated charcoal from Army box respirator to
be more active still, it being extremely efficient even at 14°. Even
at 50° this catalyst does not cause the formation of hydrogen chloride in mix-
tures of chlorine and carbon monoxide containing hydrogen.—E. E. R.

11 Damorszau, Compt. rend., 83, 60 (1876).

12 . 8. patent, 808,100,



283 CATALYSIS IN ORGANIC CHEMISTRY 106

283. Metallic Chlorides. Activity is possessed by the chlorides
of polyvalent metals which have several degrees of chlorination,
such as iron, thallium, molybdenum, antimony, tin, gold, vanadium,
uranium, etc., and also by aluminum chloride and to a certain extent
by zinc chloride but not by the chlorides of the alkaline or alkaline
earth metals or of nickel, cobalt, manganese or lead.*

Moisture is usually unfavorable to their action.

284, Aluminum Chloride. Anhydrous aluminum chloride, or
aluminum turnings, is an excellent chlorination catalyst.’* It readily
realizes the transformation of carbon disulphide into carbon tetra-
chloride.®* The addition of 3% of it to benzene permits the progres-
sive introduction of chlorine, going from the monochlor- to hexachlor-
bengzene.!?

A mixture of equal volumes of chlorine and carbon monozide
passed over fragments of anhydrous aluminum chloride at 30-35°,
is partially transformed into phosgene. The yield is better when the
mixture of the gases is passed into chloroform saturated with alumi-
num chloride.®

285. Ferric Chloride. A little ferric chloride, for which may be
substituted iron scale, iron sesquioxide or sulphide, ferrous carbonate,
or even iron sulphate, gives good results with the substitution of
chlorine in aromatic compounds.

By using one part ferric chloride and one of iron powder to 300
parts of benzene, one obtains a yield of 335 parts of monochlor-
benzene with 37 parts of poly-chlor-.2®2°

13 WrLaeropT, J. prakt. Chem. (2), 34, 264 (1886) and 35, 391 (1887).

14 Smeriq, Annalen, 337, 178 (1887).

15 GorpscEMIT and LarseN, Z. phystk. Chem., 48, 424 (1804). BORNWATER
and HoLieMAN, Rec. Trav. Chim. Pays-Bas, 31, 221 (1912).

16 MouNeYrAT, Bull. Soc. Chim. (3), 19, 262 (1898).

17 MouNeYraT and Pourer, Compt. rend., 127, 1026 (1898); C., 1809 (1), 199,

18 ProrNikov, J. Russian Phys. Chem. Soc., 48, 457 (1916).

19 FarLeerG, Lisr & Co., German patent, 219,242,

20 Tt is usually assumed that the action of ferric ‘chloride depends on the
polyvalency of iron, supposing that a part of its chlorine is abstracted by the
benzene leaving ferrous chloride which then combines with free chlorine to re-
generate the ferric chloride.

In order to find whether benzene actually takes chlorine away from ferrio
chloride the following experiments were tried in my laboratory by H. K. Parker.
Ferric chloride was sublimed, as it was formed, into a dry flask which was re-
peatedly evacuated to remove free chlorine. To this ferric chloride, 100 g. of
bensene was added and kept at 40° for 30 hours, after which water was added.
No chlorine was found in the bensene layer. The water layer contained 2.90 g.
ferric chloride and 0.36 g. ferrous. Into a similar mixture of ferric chloride and
benzene, dry chlorine was passed at 40° for 2 hours and extensive chlorination
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It is equally satisfactory for the chlorination of toluene® or the
xylenes.**

The use of ferric chloride facilitates the commercial preparation
of carbon tetrachloride from carbon disulphide:

C8; + 3 Cls = 8,Cl; + CCL

because it catalyzes the chlorination of the carbon disulphide by the
sulphur chloride according to the equation:

C8; +28,Cly = 68 + CCl.

The reaction commences at 60° and is continued at the boiling tem-
perature of the mixture.?® 2¢

28¢. Molybdenum Chloride. Molybdenum chloride, MoCl,, is
an excellent catalyst in the aromatic series and, when used to the
amount of 0.5%, permits successive stages of chlorination. Its use
is of no advantage in the aliphatic series.?

287. Antimony Chlorides. The chlorides of antimony (which
can be replaced by the powdered metal or by the oxide) are frequently
employed as carriers in chlorinations. They are more active than
iodine and permit the complete chlorination of benzene.*®

They are useful in transforming carbon disulphide into the tetra-
chloride.?”

The successive use of iodine and of antimony pentachlorde
enables us to pass directly from benzyl chloride to hexachlor- and
heptachlortoluene ®

288. Tin Chloride. Stannic chloride (which can be replaced by
the metal or the oxide) can also give good effects.*® Its action, as

took place. At the end there was 30 g. benzene still unchlorinated and treat-
ment with water showed only 0.04 g. ferrous iron.

These experiments show that the reduction of ferric chloride by a large
excess of benzene is very slight. It seems to me best to regard the action of
ferric chloride as analogous to that of aluminum chloride in this reaction, see
note to 157.—E. E. R.

21 Sgxria, Annalen, 237, 162 (1887).

22 Craus and Burstemr, J. prakt. Chem. (2), 41, 552 (1890).

38 Mthzs and Dusois, German patent, 72,999, English patent, 19,628 of
1893.
» With iron as catalyst, it is impossible to stop at the intermediate,
ClL,CS8CL.—E. E. R.

38 AroNHEIM, Berichte, 8, 1400 (1875). Smmia, Annalen, 237, 152 (1887).

26 MtLLER, Zest. Chem. Pharm., 1864, 40.

37 HorMANN, Annalen, 115, 264 (1860).

28 Bensmin and Kunmrszra, Annalen, 150, 308 (1869).

3% Pfrricou, Bull. 8oc. Chim. (3), 3, 189 (1890).
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without doubt is the action of all chlorides used to aid direct chlori-
nations, is proportional to its concentration.®
289. Aluminum Bromide. Its use permits the direct prepara-
_tion of perchlorethane, CCl, .CCl,, starting with acetylene tetrabro-
mide, CHBr, . CHBr,, or with ethylene bromide.*

Brominations

290. Anhydrous chlorides and bromides are more or less active
agents in bromination just as in chlorination. The hydrobromic acid
produced in the reaction is the product most readily followed.*

291. Iodine. Iodine, or rather iodine bromide, which is the im-
mediate product, is frequently used and leads especially to the
bromination of the aromatic nucleus.®®

292. Manganese. Powdered metallic manganese is an excellent
catalyst for the bromination of benzene, toluene, and xylene. With
3 g. of the powdered metal and bromine, 18 g. bengene is completely
converted into monobrombensgene in 90 hours in the cold, without the
metal suffering any appreciable attack.®¢ The slight traces of bro-
mide formed on the surface are doubtless sufficient to catalyze the
reaction.

293. Aluminum Chloride. A small proportion is sufficient to
effect the regular bromination of most organic compounds. Thus
1 g. can cause the bromination of 120 g. benzene.®®

We may put alongside of the brominations catalyzed by aluminum
chloride the migration, which it causes, of the bromine of tri-
bromphenol to benzene?® or toluene” which are thereby trans-
formed to brombengene or m.bromtoluene with the production of
phenol. .

Aluminum bromide causes a regular bromination of toluene.®®

Zinc Chloride and Bromide. Zinc chloride or metallic sinc
which is changed to the bromide may be effective.®®

30 GowpscHMmWT and LarseN, Z. physik. Chem., 48, 424 (1904).

31 MounsYrAT, Bull. S8oc. Chim. (8), 19, 262 (1898).

33 GuUsTAVEON, J. prakt. Chem. (2), 63, 281 (1900).

33 Rnumr and Apor, Berichte, 8, 1287 (1875). Jacomsen, Ibid., 17, 2372
(1884) and 18, 359 (1885). Brunme, Chem. Cent., 1900 (2), 257.

% Ducziimz, GaY, and RayNaup, Bull. Soc. Chim. (4), 15, 737 (1914).

35 Frrria, Annalen, 131, 381 (1862). Laeov, Bull. S8oc. Chim. (2), 48, 210
(1887). Roux, Ann. Chem. Phys. (8), 13, 347 (1887).

3¢ KomN and MiOLusr, Monatsh. Chem., 30, 407 (1909).

37 KoaN and Buwm, Ibid., 33, 923 (1912).

38 GusraveoN, J. Russian. Phys. Chem. Soc., 9, 286 (1877),

# Scmwrarmlul, Gaz. Chim. Ital, 13, 70 (1882),
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Ferric Chloride or Bromide. Ferric chloride or finely divided

iron (which changes to the bromide) is a good bromination catalyst.®
CH; — CHBr

Cyclobutene bromide, - . , brominates in the presence of
CH; — CHBr

iron powder to tetrabrombutane, the ring being opened.

Mercuric Chloride or Bromide. These may be used as bromi-
nating agents.® Without doubt the simultaneous formation of
aluminum and mercuric bromides is the cause of the remarkable
activity of aluminum amalgam as a bromination catalyst.*®

Introduction of Iodine

294. The direct introduction of iodine into organic molecules is
very difficult but may sometimes be accomplished by the aid of ferric
chloride, as is the case with benzene. The yield of iodide thus
formed is low.%

§2.—ADDITION OF. SULPHUR

295. Anhydrous aluminum chloride can cause the addition of sul-
phur to benzene at 75-80°. Thiophenol, C,H,.SH, and products
derived from it, phenyl sulphide and phenylene sulphide, are thus
obtained.*

206. The direct sulphuration of diphenylamine, by heating the
amine with sulphur, requires a temperature of 200 to 265° for 6 to 8

hours: ¢ .
NH<CC§+% = H3+3®H‘>NH.

In the presence of iodine the reaction is complete in 10 minutes at
185°, giving a quantitative yield of thiodiphenyl-amine instead of
50 to 60%. Thiodinaphthyl amines, etc., are also prepared in good
yields.+

4 ScCHENFELEN, Annalen, 231, 164 (1885).

4 Wruisritrea and Bruce, Benichte, 40, 3979 (1907).

42 LAZAREW.

48 CoaeN and Daxiwn, J. Chem. Soc., 75, 893 (1899).

4 LorHAR MrYER, Annalen, 231, 195 (1885).

4 Frowzs and Cearrs, Bull. Soc. Chim. (2), 39, 306 (1883).
46 BerNTHSEN, Annalen, 230, 77 (1885).

47 KnomvaNaAcm, J. prakt. Chem. (2), 89, 11 (1914).
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§3.—ADDITION OF SULPHUR DIOXIDE

297. Benzene warmed with aluminum chloride absorbs sulphur
dioxide readily giving benzene sulphinic acid, C,H,.SO,H.** The
reaction is accelerated by the presence of hydrochloric acid and is
doubtless due to the formation of an unstable addition product which
reacts with the benzene in the presence of the aluminum chloride
and hydrochloric acid.*® '

§4— ADDITION OF CARBON MONOXIDE

298. The direct addition of carbon monoxide to hydrocarbons is
an exceptional reaction which can be realized in only a small number
of cases. However, the use of aluminum chloride or bromide makes
it possible with aromatic hydrocarbons.

A mixture of carbon monoxide and hydrogen chloride is passed
for several hours into benzene containing aluminum chloride and
10% cuprous chloride at 40 to 50°.

It can be assumed that the carbon monoxide dlssolves on account
of the cuprous chloride and forms formy! chloride, H.CO . Cl, which
then reacts as an acid chloride on the benzene in the presence of
aluminum chloride (891). We have in the end:

C,H, + CO = C,H, . CHO.

The yield is 90%.5° Likewise from toluene and aluminum chlo-
ride, p.toluic aldehyde, CH,.CH, .CHO, with a yield of 73%;*
0.Xylene gives, by the same method, 1,2 dimethyl-benzaldehyde (4).

pXylene and mesitylene give analogous results.s

The presence of the cuprous chloride and the hydrogen chloride
seem to be superfluous and it is sufficient to cause the carbon mon-
oxide under pressures of from 40 to 90 atmospheres to act on the
benzene in the presence of aluminum chloride and a little hydrogen
chloride.®®

48 Frmper and CrarTs, Ann. Chim. Phys. (6), 14, 443 (1888).

49 KNomveENAGEL and KmNNER, Berichte, 41, 3315 (1908). ANDRIANOWBKI,
Bull. 8oc. Chim. (2), 31, 199 and 495 (1879).

50 RmrorMATSKI, J. Russian Phys. Chem. Soc. 33, 164 (1801); C., 1901 (1),
1226.

51 GarrerMANN and Kocr, Berichte, 30, 1623 (1897) and GAmuANN, Ibid,,
31, 1149 (1898). English patent, 13,709 of 1897.

52 Bayer anp Co., Chem. Cent., 1898, 932. HarbiNg and Conm, J. Amer.
Chem. Soc., 23, 594 (1901).

L Engh'sh patent, 3,152 of 1915; J. Soc. Chem. Ind., 35, 384 (1916).
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§ 5. —INTRODUCTION OF METALLIC ATOMS

Formation of Alcoholates

299. Aluminum alcoholates are formed by the direct action of
aluminum amalgam on alcohols thoroughly freed from water.’* But
the presence of a catalyst enables them to be prepared directly from
aluminum. It is sufficient to add a little mercuric chloride, todine
or even ethyl iodide. Thus ordinary absolute alcohol readily gives
aluminum ethylate, A1(OC,H,),, a folid melting at 134° which can
be isolated by distilling at 15 mm. pressure.®®

Production of Mixed Organo-Magnesium Compounds

300. The production of mixed organo-magnesium compounds from
organic halides is equivalent to the addition of the magnesium atom
to the organic molecule:

R

Br.

This reaction is usually carried out in anhydrous ether which
plays the role of catalyst in their formation. It is possible to carry
out the reaction in benzene in the presence of a small amount of ether.
Without doubt, we have in succession:

Mg+ RBr=M

R
RBr + (GsH)0 = ‘\o<
Br

CHy R R ,CsH
No¢” + Mg = M|< + O
GH/ \Br Br
Tegenerated
The regenerated ether can repeat the first reaction.
301. The ethyl ether as catalyst can be replaced by other ethers,
amyl ether, etc., or even by a small quantity of a tertiary amine such

a8 d¥methyl amiline, the reaction taking place in benzene, toluene,
hexane, or ligroine. In this case the temporary addition product

would be: ¢
\ /R
H/N \Br.

8¢ TisTcHENKO, J. Russian Phys. Chem. Soc., 31, 483 (1899).
56 MmisTer, Lucros and BrUNING, German patent, 286596; J. Soc. Chem.
Ind., 34, 1168 (1915). 56 TscHELINZEFY, Berichte, 37, 4534 (1904).

and then:
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302. The formation of organo-magnesium halides is easy with
organic bromides or iodides but it is greatly facilitated by the pres-
ence of a suitable catalyst, todine, hydriodic acid or an alkyl todide
such as ethyl todide.

The addition of such catalysts is indispensable for the formation
of these derivatives from aliphatic or cycloaliphatic chlorides, but
even with this assistance they can not be prepared from aromatic
chlorides.

According to Zelinski, iodine and magnesium produce in
anhydrous ether some of the compound, Mgl, . 2(C,H;),0, which he
was able to isolate and which would start the reaction.’”

303. A certain number of substances hinder the formation of the
organo-magnesium compounds. We may mention anisol, ethyl ace-
tate, chloroform, and carbon disulphide which act as negative
catalysts (11).

304. For the preparation of mixed organo-zinc compounds, Blaise
uses pure ethyl acetate as a oatalyst instead of ether and operates
in a toluene or petroleum ether solution. Actually one-third of a
molecule of ethyl acetate is used for one molecule of the alkyl
iodide.**

87 ZELINSKI, J. Russian Phys. Chem. Soc., 35, 399 (1903).

58 Brams, Bull. Soc. Chim., 1911, Conference, 7.



CHAPTER VII
HYDRATIONS

305. HypraTION reactions can be separated into two distinct groups
according to whether the water is added without splitting the mole-
cule or whether the addition of the water causes the original molecule
to break up into two or more new ones.

As examples of the first group we have the addition of water to
unsaturated hydrocarbons giving alcohols or ketones, or to nitriles
and wmides.

Reactions of the second class are more frequent, such as the
saponification of esters, the decomposition of acetals and glucosides,
the hydrolysis of amides, oximes, hydrazones, semicarbazones, etec.

More or less concentrated mineral acids are very powerful agents
for realizing the various hydration reactions, whether in concentrated
form, they give rise to unstable temporary addition products which
decompose to form the hydration products and to regenerate the acids,
or whether they act in dilute solution in consequence of their elec-
trolytic dissociation, the chief factors being the hydrogen ions so
liberated.

Water solutions of the strong bases, either the alkalies or alkaline
earths, can often realize hydrations which water alone can usually
accomplish but at a much slower rate or a much higher temperature.

1.— Fixation of Water by Addition

306. Ethylene Compounds. Moderately concentrated sulphuric
acid enables us to add, in the cold, a molecule of water to isobutylene,
(CH,),C : CH,, to give trimethyl-carbinol, (CH,),.COH!* By
adding amylene, little by little, to a mixture of concentrated sulphuric
acid and ice, diluting with ice water, washing with soda, and dis-
tilling the product, dimethyl-ethyl carbinol is obtained with a yield
of 85 to 92% of the amylene.?

Likewise 3-methylpentene, CH, : CH . CH(CH,) . CH, . CH,, adds
water to give the corresponding tertiary alcohol.

1 Buriarow, Annalen, 144, 22 (1867).

* Isopropyl alcohol is now manufactured by absorbing in sulphuric acid

the propylene from the gases resulting from the cracking of heavy hydro-
carbons.— E. E. R.

3 Apams, Kamy, and Magver, J. Amer. Chem. Soc., 40, 1950 (1918).
113
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With 85% sulphuric acid hezene~1 and heptene-3 give the
secondary alcohols, accompanied by a certain amount of the sulphuric
acid esters, while the 100% acid only polymerizes the hydrocarbons.*

At 45° sulphuric acid effects the addition of water to iso-oleic
actd which is changed to hydrozystearic acid.®

307. Dilute nitric acid provokes the rapid hydration of pinene,
C,,H,,, in alcohol solution, at the ordinary temperature to form
terpine, C,,H,,0,.*

Hydrochloric acid also can cause the addition of water. By
digesting for three hours in the light a mixture of croton aldehyde,
CH,.CH : CH.CHO, and hydrochloric acid, the aldol, 8-hydroxy-
butyric aldehyde, CH, . CH(OH) . CH, . CHO, is formed.’

308. Doubly Unsaturated Compounds. Acetylene hydrocarbons
and their allenic isomers can add water in the presence of sulphuric
acid and other catalysts to give ketones:

R.C:C.R' + H,0 = R.CO.CH;.R’

R n R /RII
and R’>C :C: C<R”’ + H,0 R">CH.CO.CH\R’"

With sulphuric acid, the reaction is carried out by dissolving the
hydrocarbon in the cold concentrated acid and pouring this solution
immediately on to ice.®

The mechanism appears to be the formation of an unstable sul-
phuric acid derivative which decomposes on contact with water to
form an unsaturated alcohol which’' immediately isomerizes into the
ketone. Thus with ethyl-acetylene, we should have successively:

H
CH, .CH,.C:CH 4 H0, = CHy.CHC? "
\0.S0,H

H
CH..CH,.C/C = HSO, + CH,.CH,.C(OH) : CH;
\0.S0.H

CH,.CH.C(OH) : CHs = CH,.CH;.CO.CH,.

In the case of true acetylene hydrocarbons, the product is a methyl
ketone. With disubstituted acetylenes, two isomeric ketones are ob-
tained. This is the case with methylamylacetylene.?

¢+ Brooxs and HumpHREY, Ibid., 40, (1018).
S Savrzerr, J. prakt. Chem. (2), 37, 284 (1888).
6 Wiaaers, Annalen, 57, 247 (1846).

T Wirrz, Bull. 8oc. Chim. (2), 43, 286 (1884).

8 B&mawL, Bull. S8oc. Chim. (2), 47, 33 (1887).

9 Bfnay, Ibid. (2), so, 359 (1888).



115 HYDRATIONS 812

Acetylene should give acetaldehyde, but this condenses with loss
of water (795) and crotonic aldehyde is the chief product.®

309. Water solutions of mercuric salts, the chloride, bromide, and
sulphate, cause the same formation of ketones in consequence of the
temporary production of combinations of the hydrocarbon and the
salt, which are then decomposed by water. Thus allylene, CH, .-
C: CH, gives acetone, CH, .CO . CH,.

Acetylene behaves normally, yielding acetaldehyde: **

CH:CH + H;0 = CH,.CHO.

Acetylene is absorbed at 25 to 45° in a solution of mercuric oxide
in water containing 45% or less sulphuric acid, or 25% phosphoric
acid. The solution saturated with the gas is warmed to 80 to 100°
when acetaldehyde is given off. The solution is then cooled and
made to take up more gas and so on. By a number of repetitions
the mercuric salt produces 20 times its own weight of acetaldehyde.*
A stronger solution of sulphuric acid is unfavorable as it would cause
the formation of crotonic aldehyde and other condensation products.
(See the direct formation of acetic acid (261).)

310. This hydration of acetylene to acetaldehyde can likewise be
accomplished by passing the moist gas over zine, nickel, or ferrous
oxides at 300°. There is the formation of a certain amount of acetal-
dehyde and also of crotonic aldehyde. If the moist acetylene con-
tains ammonia, the formation of acetaldehyde is shown by the deposit
of crystals of aldehyde ammonia.’®

311. Nitriles. Nitriles dissolved by gentle warming in sulphuric
acid diluted with 20% of water, are transformed into amides. The
same transformation can be effected also by caustic soda and potash;
but, especially if the operation is carried on in alcohol solution in
the neighborhood of 100°, the hydration may go so far as to break
the amide down into ammonia and the acid, which is at least partially
neutralized by the alkali. .

312. Imides. It is the same way with tmides, succinimide,

CH,—CO\
CH,-C0/
at first amido-succinic acid, H,N.CO.CH,.CH,.CO,H* the
further hydration of which yields succinic acid.

10 BgrrHELOT, Compt. rend., 128, 336 (1899).

11 KurscHEROFF, Berichte, 17, 13 (1884).

13 Drmyrus, French patent, 487411 (1918).

(1911') CHicamaBINg, J. Russian Phys. Chem. Soc., 47, 703 (1915); C. 4., 9, 2512
5).

1¢ TgucHERT, Annalen, 134, 136 (1865).

NH, warmed with a small amount of baryta water, gives
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H,N.CH —CO~ )
/NI-I, heated to 100° with
H;— CO:-
aqueous ammonia, adds a molecule of water to give asparagine,
HOOC.CH,.CH(NH,) . CONH,.!s
Acetaldehyde in water solution causes cyanogen to add two mole-
cules of water to form oramide, H,N . CO .CO .NH, .

Likewise aspartic imide,

I1. — Hydrations with Decomposition

313. A hydration which results in the decomposition of the mole-
cule is usually called hydrolysis.

§ 1. HYDROLYSIS IN WATER SOLUTION

Hydrolysis of Esters. The hydrolysis of esters is known as
saponification.

When a water solution of methyl acetate or ethyl acetate is kept
in the cold, there is a slow decomposition by water to give the alcohol
and free acid:

CH;.CO0,.GH; + H,0 = CH;.CO.H + C,H;.OH

The reverse reaction of esterification tends to reform the ester so
the decomposition is never complete; the reaction tends to an equi-
librium, the more water there is present, the more ester will be de-
composed, but this limit is not reached at ordinary temperatures till
after some years. In several days, the amount of ester decomposed
is only about 1%. On the contrary, if a small amount of hydro-
chloric acid, or other strong acid, be added to the mixture, the reaction
becomes very rapid, the limit being reached in 24 hours.

Furthermore, the acid added is in no way changed. It is entirely
precipitated by silver nitrate which shows that it has not formed an
appreciable amount of ethyl chloride. Up to a certain limit, the
saponifying power of the acid is proportional to its concentration;
and for different acids, at the same molecular concentrations, the
saponifying power is proportional to the strength of the acid which
is measured by its electrolytic dissociation, and consequently this
activity is defined by the number of hydrogen ions in a unit volume
of the solution. Hydriodic, hydrobromic, nitric and chloric acids,
which are strongly ionized, are consequently powerful catalysts, and
80 is sulphuric actd which is most commonly used for this purpose.

18 Kozrner and Mmnozzi, Gas. Chim. Ital.,, 17, 173 (1887).
18 Lxsia, Annalen, 113, 246 (1860).
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314. This action is general and applies equally well to the saponi-
fication of fats which are esters of glycerine with the fatty acids.
A fat heated with water and 4% sulphuric acid to 120° is completely
hydrolyzed in 12 hours, 42% of the fatty acids being liberated in the
first hour. To produce a like decomposition with water alone re-
quires heating to 220° in an autoclave.!?

315. In very dilute solutions the velocity of saponification is the
same with hydrochloric, hydrobromic, hydriodie, nitric, chloric and
methyl sulphuric acids of the same acidity and is proportional to the
concentration of the acid.

It is the same for all the esters of a given organic acid with dif-
ferent primary alcohols.?®

316. On the other hand, the velocity changes greatly when the
organic acid from which the ester is derived is changed. Thus for
ethyl esters the saponification velocity of the formate is 25 times
that of the acetate, 50 times that of the isobutyrate, 100 times that
of the valerate, and 4,000 times that of the benzoate.

317. The presence of neutral metallic salts modifies the velocity,
chlorides accelerating the saponification by hydrochloric acid,** while
sulphates retard the action of sulphuric acid.

Pressure may also have an effect; in the case of the saponification
of methy! acetate by hydrochloric acid, pressure increases the velocity.

318. The soluble bases, potassium, sodium, barium, and calcium
hydroxides have an analogous effect which, at first sight, would be
attributed to the affinity of the base for the acid liberated, were the
amount of ester saponified not disproportionate to the amount of base
reacting. The real reason for the saponification is again found in
the dissociation of the bases in dilute solution into ions.

The saponification of fats has given clear evidence on this point.
The amount of lime required to saturate all of the fatty acids of a
fat is about 9.7%, and in practice might reach 12 to 14%, but experi-
ence shows that 1% is sufficient for complete saponification in water
at 190° under 12 atmospheres pressure, while 3% produces this result
in 8 to 10 hours, at 170° and 8 atmospheres.?

It appears from the above figures that, in spite of the additional
energy liberated by the combination of the bases with the acids, the
catalytic activity of the bases is less than that of the strong acids.

17 LawxowrrscH, Confér. & la Soc. Chim., 1909, 12.

18 L3weNExRz, Z. phys. Chem., 15, 305 (1894). .

1 Trey, J. prakt. Chem. (2), 34, 353 (1896), Eurme, Z. phys. Chem., 3a,
348 (1900).

% LywxowrrscH, loc. cit, p. 8



319 CATALYSBIS IN ORGANIC CHEMISTRY 118

319. For different strong bases, in very dilute solution and at the
same concentration, the saponification velocity is independent of the
nature of the base, whether it be potassium, sodium, barium or cal-
cium hydroxide, but is proportional to the concentration of the base.

For esters derived from the same acid, the velocity changes
greatly with the alcohol, thus methyl acetate is saponified twice as
rapidly by caustic soda in the cold as is isobutyl acetate®* The
influence of the nature of the acid is less than it is in saponification
by strong acids. Thus when methyl esters are saponified by caustic
soda at 14°, the velocity for the acetate is about double that for the
isobutyrate, six times that for the isovalerate, and quadruple that
for the benzoate.

In the saponification of ethyl acetate by bases, the presence of
neutral salts cuts down the velocity.*

320. The saponification of chlorine derivatives is not usually pos-
sible, but benzal chloride and benzotrichloride are hydrolyzed to
benzaldehyde and benzoic acid by water alone when heated under
pressure.

The saponification of benzal chloride, C,;H;CHCl,, by water alone
requires a temperature of 140-160°.2* In the factory it is usually
effected by means of milk of lime. In the presence of iron powder,
the reaction can be carried out at 90-95°.2®

It is the same way with benzotrichloride which is readily trans-
formed into benzoic acid in the presence of irom, ferric chloride,
ozide or benzoate.®®

321. Ethers. Water alone breaks up ethers into two molecules
of the alcohols very slowly.?* The addition of small quantities of
sulphuric acid greatly accelerates the reaction.2®

322. Acetals. Acetals can be regarded as mixed ethers derived
from alcohols and the unstable gylcols of which aldehydes and ke-
tones are the anhydrides. Their hydrolysis cannot be accomplished
by water alone, nor by alkalies, even when hot. On the contrary,
it is easily effected by boiling with either dilute hydrochloric acid
or with sulphuric acid diluted with four volumes of water, the alde-
hyde and the alcohol being set free.

323. Polysaccharides. Polyoses and polysaccharides such as
sucrose, lactose, maltose, trehalose and even starch, dextrine and

31 AprHBNIUS, Z. phys. Chem., 1, 110 (1887).
22 LimpricHT, Annalen, 139, 319 (1866).

28 ScruLTZB, German patent, 82,927.

2¢ LixeEN, Annalen, 165, 136 (1873).

28 ERLaNMEYER, Zest. f. Chemie, 4, 343 (1888).
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cellulose can be regarded as ethers or acetals involving the many
alcohol groups and the aldehyde or ketone groups of the simple
hexoses. Their hydrolysis into the simple sugars can be realized
more or less readily by the aid of small quantities of acids as
catalysts,

324. The inversion of cane sugar, that is, its complete hydrolysis
into glucose and fructose, can be brought about by traces of mineral
acids and is, perhaps, the earliest catalytic reaction to be observed.*®
Hydrochloric, sulphuric, or even ozalic acid can be used and the
velocity of the hydrolysis is proportional to the concentration of the
hydrogen ions resulting from the electrolytic dissociation of the acid.
Concentrated sugar solutions are rapidly inverted by traces of acid.
A solution containing 80 g. sugar to 20 g. water, with the addition
of 0.004 g. hydrochloric acid, is completely inverted by boiling for
an hour.?” Even carbonic acid can cause this reaction, slowly in the
cold, rapidly when heated. A sugar solution saturated with carbon
dioxide and heated for an hour in a sealed tube is completely in-
verted.?®

The velocity of the inversion of sugar by strong acids is increased
by the addition of neutral salts.2®

When the reaction is carried on in alcohol solution, the velocity
varies considerably with the proportion and nature of the solvent.*
Increase in the concentration of the sugar increases the velocity.®*

High pressure diminishes the velocity of inversion by hydrochloric
acid, the diminution being about 1% for 100 atmospheres.**

325. The hydrolysis of maltose is slower than that of cane sugar,
requiring at least three hours of boiling with 3% sulphuric acid.*

Trehalose is slowly hydrolyzed into glucose by warming with
dilute sulphuric acid.*¢

326. Sulphuric actd diluted with 33 parts of water is used in the
commercial preparation of glucose by the hydrolysis of starch at
100° for three hours. The addition of a little nitric acid to the sul-

26 CzmeNT and DesorMEes, Ann. Chim. Phys., 59, 329 (1806).

37 WoHL, Berichte, 23, 2086 (1890).

28 LipPMANN, Berichte, 13, 1823 (1880).

20 SpoHR, Z. physik. Chem., 3, 194 (1888). ARRHENIUS, Ibid., 4, 226 (1889).
EuLzs, Ibid., 32, 348 (1900).

80 Bumrows, J. Chem. Soc., 105, 1260 (1914).

81 Rosanory and Porrez, J. Amer. Chem. Soc., 35, 248 (1913).

82 RONTGEN, Wiedermann’s Annalen (3), 45, 98 (1892). Rormmunp, Z.
physik. Chem., 20, 170 (1898).

88 MgmssL, J. prakt. Chem. (2), a5, 120 (1882).

3¢ MUNTz, Jahresber., 1873, 820. BmerEmLor, Ann. Chim. Phys. (3), 535,
272 (1859).
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phuric acid seems to shorten the time required. There is an inter-
mediate formation of dertrine which is, in turn, hydrolyzed by the
dilute acid.

327. Glucosides. The various substances designated by this name
are numerous among vegetable products and have a constitution anal-
ogous to that of the polysaccharides. Their hydrolysis by pure
water can usually be accomplished only by heating to high tempera-
tures in sealed tubes, but by boiling with dilute mineral acids, they
are decomposed into a sugar (usually glucose) and one or more sub-
stances of various kinds.

The action of acids is comparable to that of soluble ferments, such
as emulsine, but is more rapid and more drastic, the product of hy-
drolysis being sometimes altered by the peculiar action of the acid.

328. Thus arbutine when boiled with dilute sulphuric acid is
hydrolyzed into 1 molecule of glucose and 1 molecule of hydro-
quinone,®® which is identical with the results obtained by long con-
tact with emulsine in the cold.

Helicine is hydrolyzed by dilute acids into glucose and salicylic
aldehyde® and quercitrine into isodulcite and quercitine (tetrahy-
droxyflavanol.?”

The ruberythric acid of madder root gives alizarine and 2 mole-
cules of glucose when boiled with dilute acids.’®

329. Salicine heated to 80° with 10 parts of fuming hydrochloric
acid (d. 125), gives 2 molecules of glucose?®® and saliretine,
O(CH,.CH, .OH),, while the action of emulsine in the cold or
boiling with dilute acid leads to saligenine, 0.HO .C,H,. CH,OH %

Amygdaline is decomposed by boiling with dilute hydrochloric
or sulphuric acid, just as it is in the cold by emulsine, into benzalde-
hyde, hydrocyanic acid, and 2 molecules of glucose:

CyoH,,NO,, + 2H,0 = C,H, . CHO + HCN + 2C,H,,0,.

But when acids are used the hydrocyanic acid formed is rapidly
hydrolyzed into formic acid and ammonia.*

Coniferine is split by emulsine into glucose and coniferyl alcohol,
but when the hydrolysis is carried out by boiling with dilute acids,
the alcohol is resinified.+

88 KawaALmm, Annalen, 84, 356 (1852).

36 PmiA, Annalen, 56, 64 (1845).

37 RiaAup, Annalen, go, 289 (1856).

38 Gragse and LixserRMANN, Annalen, Supl., 7, 206 (1870).

89 KrauT, Annalen, 156, 124 (1870).

40 PriA, Annalen, 56, 37 (1845).

41 Lupwia, Jahresber., 1855, 699 and 1856, 679, Arch. Pharm. (2), 87, 273.
43 TIRMANN and HAARMANN, Berichte, 7, 611 (1874).
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330. The dilute acids can be replaced by dilute soluble bases such
as sodium, potassium and barium hydroxides or even by a solution
of zinc chloride (for example with helleborine).®®

331. Acidamides and Analogous Compounds. The derivatives
formed by the loss of a molecule of water between an organic acid
and ammonia, an amine, hydroxylamine, hydrazine, phenylhydrazine
or semicarbazid can be more or less readily hydrolyzed into the mole-
cules from which they were derived. This hydrolysis can be accom-
plished by mineral acids which combine with the ammonia or other
base or by aqueous alkalies which unite with the organic acid.

Amides which can be hydrolyzed by boiling with pure water are
much more rapidly hydrolyzed by heating with dilute mineral acids
or with dilute alkalies.

332. The hydrolysis of ozimes takes place on contact with hot
concentrated hydrochloric acid, which combines with the hydroxyl-
amine that is liberated along with the aldehyde or ketone.

Phenylhydrazones are hydrolyzed in the cold with concentrated
hydrochloric acid which combines with the phenylhydrazine.

—N
\C .COOH, is hydrolyzed

H-NB/

by sulphuric acid diluted with 4 molecules of water to give 2 mole-
cules of hydrazine and 2 molecules of oxalic acid.*

333. Heating in a sealed tube with a concentrated solution of
hydrochloric acid causes the hydrolysis of sulphocyanic esters:

ON.SR + 2H,0 = R .SH + CO, + NH,,

as well as of mustard oils, or isosulphocyanic esters:
CS : NR 4 2H,0 = H,S 4 CO, 4+ H,NR.
“amine
334. On the contrary, the hydrolysis of isocyanic esters, or alkyl
carbylamines, is carried out by boiling with aqueous *® or alcoholic ¢
potash:

N
Bisdiazoacetic acid HOOC C<N

CO : NR + H,0 = CO, + H,NR,

and the activity of the base can be attributed to its affinity for car-
bonic acid.

8 HuspMANN and Marm#E, Annalen, 135, 56 (1885).

# Currrus and Lana, J. prakt. Chem. (2), 38, 532 (1888).
45 Wurrz, Ann. Chim. Phys. (3), 43, 43 (1854).

46 Havrizn, Bull. Soc. Chim. (2), 45, 706 (1888).
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335. The hydrolysis of amides and of alkyl amides can be carried
out by acids or alkalies indifferently. In the case of aliphatic amides,
the reaction is usually effected by heating with alcoholic potash or
soda and takes place slowly, sometimes requiring heating for several
days. We have:

‘R.CO.NH, + H,0 = R .CO,H + NH,,

and we may believe that the affinity of the potash for the acid deter-
mines the reaction.

336. In most of the above reactions the catalytic role of the acids
and bases does not appear, at first sight, to be well established. We
can, however, assume that it is really catalytic, since in the reactions
that have been most closely studied, such as the hydrolysis of amides,
amounts of acid far less than equivalent to the amides greatly accel-
erate the reaction. In the case of the hydrolysis of acetamide by
dilute mineral acids, it has been found that the activity of the acids
is proportional to their ionization and to the concentration of the ions
in the system.*

§ 2.— HYDROLYSIS IN GASEOUS SYSTEMS

337. The Saponification of Esters. Titania, TiO,, which readily
causes the esterification of alcohols by aliphatic acids (767), between
280 and 300°, just as readily reverses the reaction and brings about
the saponification of esters by water. The rapid passage of a mix-
ture of water and ester vapors in equivalent amounts over the oxide
at 280 to 300° is sufficient to reach about 30% hydrolysis and this
percentage is increased as the relative amount of water is increased
till practically complete hydrolysis is effected by very large amounts
of water. *

Thoria can produce the same effect but with less activity.*®

338. Ethers. Thoria, ThO,, which effectively catalyzes the forma-
tion of phenyl oxide, (C,H,),O, from phenol at 400 to 500°, can
equally well decompose it when phenyl ether and water vapor are
passed over the heated oxide, the decomposition reaching 50%.%®

339. Hydrolysis of Carbon Disulphide. The reaction of water
vapor on carbon disulphide in the presence of appropriate catalysts,
such as ferric oxide, can be considered a case of hydrolysis. The re-
action is incomplete but goes in this direction:

CS, + 2H,0 = CO, + 2H,8S.

47 Osrwawp, J. prakt. Chem. (2), 27, 1 (1883).
48 Sapatizr and Mamwux, Compt. rend., 153, 494 (1911).
4 Saparee and Esrm, Bull. 8oc. Chim. (4), 15, 228 (1914).



123 HYDRATIONS 41

This reaction applied to illuminating gas suppresses 67% of the
carbon disulphide which it contains and, if the hydrogen sulphide is
absorbed as rapidly as it is formed, all of the carbon disulphide is
eliminated.®®

III. —- ALCOHOLYSIS

340. The action of alcohols on esters can be compared to the sapon-
ification of esters by water and is likewise catalyzed by small quanti-
ties of strong mineral acids, hydrochloric and sulphuric.®* '

If & primary aliphatic alcohol, R’OH, is mixed with the ester de-.
rived from an acid, RCOOH and a complex alcohol, MOH, we shall

" have: 52

R.CO.OM + R’.OH — MOH +R.CO.OR".

The alcohol, MOH, is set free. This is what takes place when
methyl, ethyl, propyl alcohols and the like attack the esters of borneol,
glycerine, etc., in the presence of a minute amount of hydrochloric
acid.

Thus bornyl acetate in a methyl alcohol solution, containing 1%
hydrochloric acid, is rapidly decomposed into borneol and methyl
acetate.

Qlycerides dissolved in absolute alcohol containing a few per cent
of hydrogen chloride yield glycerine and the fatty acid ethy!l esters.®s

341. Haller has designated these saponifications which take place
readily with all the fats, by the name of alcoholysis. They can be
carried out by mixing 100 g. of a fat with 200 g. dry methyl alcohol
containing 1 or 2 g. hydrogen chloride and heating on a steam bath
under reflux till the mixture becomes homogeneous. If necessary

80 Griuwpr, Soc. Tech. de U'Ind. du gaz en France, 1918, 245. °

81 Sodium alooholate is an even better catalyst than hydrochloric acid. In
the transformation of methyl benzoate into the ethyl ester, sodium ethylate
was found to be about 4,000 times as efficient as an equivalent amount of
hydrochloric acid. (R, Amer. Chem. J., 45, 506 (1911) ).—E. E. R.

82 This reaction is a perfectly general one and simple alcohols may be re-
placed as well as “ complex,” thus methyl alcohol replaces ethyl and vice versa
a8 shown by R (Amer. Chem. J., 45, 479 (1911) ), and recently by RmMzEr
and Downes (J. Amer. Chem. Soc., 43, 946 (1921) ).

For a number of references on alcoholysis see article by Parozr and Rmm
(J. Ind. and Eng. Chem., 13, 129 (1920) ). It is a reversible reaction, the
equilibrium point depending on the concentrations and activities of the two
alcohols competing for the acid and hence can never be complete, no matter
how much one alcohol predominates.—E. E. R.

88 RocHLEDER, Annalen, §9, 260 (I846). BerrHELOT, Ann. Chim. Phys. (3),
41, 311 (1854). .
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more hydrogen chloride may be added during the reaction. The mix-
ture is finally poured into brine which dissolves the glycerine and
causes the methyl esters of the fatty acids to separate as a top layer.®

This reaction is rapid with cocoa butter®® and castor oil, with
which heating for several hours is sufficient,*® and is slower with
drying oils such as linseed.®” It goes just as well with ethyl, propyl,
and 1sobutyl alcohols.®®

5¢ Harixr, Compt. rend., 143, 657 (1906).
86 Harixr and YoussourriaN, Compt. rend., 143, 803 (1906).
86 HaLrzr, Compt. rend., 144, 462 (1907).
87 HaLrLer, Compt. rend., 146, 259 (1908).



CHAPTER VIII
HYDROGENATIONS

HYDROGENATIONS IN GASEOUS SYSTEM,
GENERALITIES, USE OF NICKEL

342. Historical. The catalytic properties of finely divided plati-
num discovered by Davy and Doebereiner at the beginning of the
nineteenth century, have shown its power to cause oxidations. Sev-
eral chemists attempted to apply the special powers of platinum
sponge to other reactions and particularly to the direct addition of
hydrogen to various substances. In 1838, Kuhlmann showed that
nitric oxide, or the vapors of nitric acid, warmed with hydrogen in
the presence of platinum sponge gave ammonia.! In 1852, Coren-
winder observed that the same agent caused hydrogen to combine
rapidly, though incompletely, with iodine between 300 and 400°.2
In 1863, Debus, with the aid of platinum black, accomplished the
addition of hydrogen to hydrocyanic acid to form methyl amine,® and
found that ethyl nitrite is transformed into alcohol and ammonia
under the same circumstances. In 1874, von Wilde succeeded in
transforming acetylene into ethylene and then into ethane, by plati-
num black at room temperature.*

343. In a series of investigations continued since 1897, Sabatier
and Senderens (1897-1905), then Sabatier and Mailhe (1904-1908),
and Sabatier and Murat (1912-1914) have established and extended
to a large number of cases a general method of direct hydrogenation
of volatile organic compounds, based on the use of finely divided
catalytic metals and particularly on the use of nickel recently reduced
from the oxide.®

1 KuHLMANN, Compt. rend., 7, 1107 (1838).

2 CormNWINDER, Ann. Chim. Phys. (3), 34, 77 (1852).

8 DxBus, Annalen, 128, 200 (1863).

¢ voN Wik, Berichte, 7, 352, (1874).

8 These investigations have been published in a large number of original
articles of which more than 50 are in the Comptes Rendus de ’Academie des
Sciences as well as in various collective memoirs of which the chief are: SasariEs,
Vth Congress of Pure and Applied Chemistry, Berlin, 1904, IV, 663. SasaTmR
and Spnomeens, Confer. Soc. Chim., Paris, 1905. S8asaTiER, Rev. Gen. 8c., 16,
842 (1905). SasaTiER, Rev. Gle. Chim., 8, 381 (1905). SaaTIER and SENDERENS,

125



34 CATALYSBIS IN ORGANIC CHEMISTRY 126

As early as 1902 this new method was taken up in many French
and foreign laboratories and numerous chemists have contributed,
along with the above authors, to widen its application.

344. Essentially the process consists in passing the vapors of the
substance mixed with hydrogen over a layer of the catalytic metal,
platinum black, or even nickel, cobalt, iron, or copper reduced from
the oxides in the same tube in which the hydrogenation is to be car-
ried on, maintained at a suitable temperature, sometimes room
temperature but more commonly somewhere between 150 and 200°.
A temperature around 180° is very frequently found to be the most
suitable.

Of the five metals mentioned above, nickel is the most active and
it and cobalt are the only ones capable of effecting certain hydro-
genations such as that of the benzene nucleus. Copper is less power-
ful and platinum and iron are between cobalt and copper.

345. The apparatus employed by Sabatier and his co-workers
comprises: ‘

1. A hydrogen generator.

2. A working tube to contain the catalytic metal.

3. An arrangement for introducing the vapors to be hydrogenated
along with the hydrogen.

4. A receiver to collect the product of the reaction.

346. The Hydrogen Generator. The hydrogen can be prepared
by the action of commercial hydrochloric acid diluted with half its
volume of water on ordinary granulated zinc. The continuous gen-
erator of Sainte-Clair Deville consists of two large flasks of 10 to
15 1. of which the lower tubulures are connected by large rubber tub-
ing. One flask is filled with granulated zinc and the other with hydro-
chloric acid. The gas is washed with strong caustic soda and then
with concentrated sulphuric acid. A graduated safety tube in the
acid wash bottle serves to indicate the gas pressure. Between the
two wash bottles is a stop cock to regulate the gas and beyond the
acid wash bottle is a pinch cock for further adjustment of the pres-
sure. To secure a regular delivery of the gas it is sufficient to main-
tain the acid in the safety tube at a constant height. On account of

Ann. Chim. Phys. (8), 4, 319 (1905). Sasarmm, VIth. Congress Pure and Appl.
Chem., Rome, 1906, Xth. Sect. 174, SapaTmr and MamLuz, Ann. Chim. Phys. (8),
16, 70 (1909). SaBaTIER, Berichte, 44, 1984 (1911). SaBaTiER, Address at Stock-
holm on the reception of the Nobel Prize, Rev. Scient., 1, 289 (1913). SasariER,
Confer. & Toulouse au Congrés du gas, Le Gaz, 57, 1914. Sasares, Confér.
& University of London, Rev. Gle. Chim., 17, 185 and 221 (1914). Sapatmr and
Mueat, 4nn. de Chim. (9), 4, 2563 (1915).
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the large dimensions of the apparatus, a constant evolution of gas
can be maintained for at least six hours.

The hydrogen must be carefully freed from impurities derived
from the zinc or from the acid (hydrogen sulphide, arsine, phosphine
and hydrochloric acid vapors). For this purpose it passes through
a tube of Jean glass, filled with copper turnings kept at a dull red,
which stops the major part of the impurities. The purification is
completed by passing the gas through a long tube filled with slightly
moist fragments of caustic potash which retains acid vapors as well as
any remaining hydrogen sulphide. The purified gas passes to the
reaction tube.

The complete drying of the gas appears superfluous as it has been
shown that moist hydrogen hydrogenates benzene or phenol, over
nickel, at least as well as dry.®

Electrolytic hydrogen, which is on the market in steel cylinders
at high pressures, can be used to advantage. These cylinders fitted
with suitable reducing valves, furnish a nearly pure gas which can
be freed from the small amount of oxygen which it contains by passing
over red hot copper in a tube followed by a drying tube containing
caustic potash.

347. The Reaction Tube. In a glass tube 65 to 100 cm. long
and 14 to 18 mm. inside diameter, a longer or shorter (35 to 80 cm.)
thin layer of platinum black or of the oxide, from which the catalytic
metal is to be prepared, is spread. The tube is heated in a gas fur-
nace such as is used for organic combustions but in which the burners
have wing tips with little holes so that there are a large number of
little flames equal in size and close together distributing the heat
evenly.

The tube is laid in a semicircular trough and rests on a rather
thick layer of calcined magnesia or fine sand. The temperature is
taken simply with a glass thermometer graduated to 450° which is
embedded in the trough by the side of the tube and which may be
moved from place to place to test the evenness of the heating.

The temperature read on the thermometer is always a little lower
than that in the tube, the difference being greater at higher tempera-
tures.” For temperatures around 180 to 200° the difference is hardly
more than 10 to 15°, while at 350° it may be as great as
36°. The limits between which the reactions go on are usually wide
enough so that this approximate determination of the temperature is
sufficient.

¢ SBapatrer and Espm, Bull. Soc. Chim. (4), 15, 228 (1914).
7 Sasatom and Mawas, Ann. Chim. Phys. (8), 30, 208 (1910).
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348. If more exact determinations are desired a rectangular copper
oven 12x15x 65 cm. down the centre of which runs a copper tube is
used. The thermometer and the tube containing the previously pre-
pared catalysts are placed in this tube side by side. A metallic regu-
lator contained in a copper tube parallel to the first controls the gas
and maintains the temperature at which it is set. The copper box is
filled with a liquid which up to 270° may be boiled linseed oil, or for
higher temperatures a mixture of equal weights of sodium and potas-
sium nitrates which is liquid above 225°. For delicate hydrogena-
tions with such substances as benzoic esters, Sabatier and Murat
have employed & massive bronze block, 65 cm. long, 10 cm. wide and
7 cm. high, of rectangular cross section, with rounded corners. Two
symmetrically placed holes 256 mm. in diameter run from one end to
the other of the block: the one contains the tube carrying the nickel
and the other the metallic regulator which controls the gas supply
of the furnace. Any desired temperature is thus obtained very
uniformly on account of the large mass of the good conducting metal.
On account of this conductivity, the temperature may be raised
quickly. Small holes parallel to the large ones receive the thermo-
meters.

The temperature may be first carried to 350° for the preparation
of the nickel and then lowered to any desired temperature, such as
180°, for carrying out the hydrogenation.

In case nickel-coated pumice is used as catalyst (126) a very use-
ful arrangement is to fill the two limbs of a vertical U-tube with the
catalyst. This tube may be heated in an air bath to 350° for reduc-
ing the nickel and then lowered into an oil bath kept at 180° or into
the vapors of boiling aniline, 185°, for the hydrogenation.

Heating on the furnace is less regular and requires close attention
but has the advantage that the interior of the tube may be watched.

349. Heating by electric resistance may be conveniently employed.
The reaction tube is surrounded by asbestos paper on which is wound
a 1 mm. ferro-nickel spiral which, in turn, is surrounded by a second
layer of asbestos paper. By the aid of suitable resistances the current
is regulated to show the proper readings on an ammeter. The tem-
peratures in the centre of the tube corresponding to various ammeter
readings are previously determined by experiment.®

This method of heating has the advantage, as compared to the
open furnace, that the tube is heated uniformly around its whole

8 The conditions of the experiment must be exactly duplicated during the
calibration since otherwise incorrect estimates of temperatures are possible as
varying amounts of heat are removed by varying currents of gas through the
tube.—E. E. R.
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circumference, and, with it it is best to employ nickeled pumice filling
the whole tube rather than a layer of nickel resting in the bottom.?

350. Introduction of the Substance. The method of introducing
the substance to be hydrogenated varies, of course, according to its
physical state.

If it is a gas the forward end of the tube containing the catalyst
carries a two-hole stopper with two tubes, one for the gas and one
for the hydrogen. The gas is furnished by a continuous generator
(as with acetylene or carbon dioxide) or by a metal or glass gasom-
eter into which it is measured in advance (carbon monoxide, propy-
lene, nitrous oxide), or even by a discontinuous apparatus which can
be operated sufficiently regularly (as for ethylene, or nitric oxide).
A wash cylinder with pressure indicator interposed between a stop
cock and a screw pinch cock as has been described above for hydro-
gen (346), serves to admit the gas at any desired constant rate. In
the case of discontinuous generators, a safety valve is arranged by
having a side outlet tube dipping under mercury 8o that the excess of

gas may escape.

361. For most liquids, Sabatier and Senderens have devised an
extremely simple apparatus. The liquid is conducted by a capillary
tube to the interior of the reaction tube. The liquid is placed in a
large vertical tube T, the lower end of which carries a stopper through
which passes the vertical portion of a bent capillary tube, the hori-
gontal portion of which passes through the stopper in the end of the
reaction tube.

For a given liquid, the flow is more rapid the larger the bore of the

9 BruNnEL, Ann. Chim. Phys. (8), 6, 205 (1905).
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capillary tube and the greater the head of liquid, AB. By main-
taining this head constant, a regular flow of liquid is obtained.

It is well to arrange it so that the liquid does not fall from the end
of the capillary tube in drops, but flows steadily from its end either
on to the wall of the reaction tube or over the surface of the cork in
its end.

The selection of the capillary tube depends on the viscosity of the
liquid, a smaller tube being used for mobile liquids.

It is evident that there are two independent ways of regulating
the flow of the liquid, by changing the diameter of the capillary tube
or altering its height. Besides, the capillary tube can be fed by a
reservoir with as large a surface as may be desired and, for experi-
ments of long duration, the tube A can be placed in communication
with a flask of large size in which the variations of level are very slow.

It is convenient for the stopper D to be at some distance from the
heated portion of the tube; 3 to 4 cm. is sufficient. The layer of metal
should not commence for a little distance, about 10 ¢m. from the
stopper. The liquid introduced by the capillary volatilizes regularly
in this open space. It is important to watch that the liquid does not
wet the catalyst which is frequently altered by contact with the liquid.

352. We may also operate by bubbling the hydrogen through the
liquid to be hydrogenated, thus carrying along the vapors. If the
liquid is very volatile (acetaldehyde, propionic aldehyde, nitrogen
peroxide, etc.) cooling is necessary so that the amount of the vapors
carried along will not be too great.

If the liquid is only slightly volatile, heating may be required,
always selecting a temperature so that the hydrogen will be in excess
of that required for comnplete hydrogenation.®™

353. For soltd substances which melt below 100°, the same appa-

% In order to get an equimolecular mixture of the vapor and hydrogen,
the liquid through which the hydrogen is bubbled must be kept at such a tem-
perature that its vapor pressure is 330 mm. For some liquids this temperature
may be found from tables in the literature. The vapor pressure curves for
various classes of liquids are not quite similar, owing to different degrees of
association, but for most organic liquids, except the lower alecohols, the vapor
pressure is 380 mm. at from 20 to 24° below their boiling points. To have a
little more than 1 molecule of hydrogen to 1 of the vapor the liquid should be
kept at from 25 to 30° below its boiling point. These same liquids have vapor
pressures approximately one third of an atmosphere at 32 to 38° below their
boiling points and should be kept at such temperatures to obtain 2 molecules
of hydrogen to 1 of the vapor or at somewhat lower temperatures if an excess
of hydrogen is desired, as is usually the case. Similar calculations may be made
when a larger number of molecules of hydrogen to one of the compound are
desired. — E. E. R.
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ratus may be used by surrounding the capillary tube and the vertical
tube T with a sort of cylindrical air bath, the lower end of which is
heated by a Bunsen burner. The current of warm air is sufficient to
maintain the substance in the liquid condition. This method may
be used with phenol, the cresoles, the nitronaphthalines and naphtha-
line.

A thick copper capillary tube brazed on to a copper vertical tube T
may be used, and this may be heated directly by a small flame.

‘When the substance melts above 100°, it is placed in long porcelain
boats in the forward part of the tube, a long tube being selected. The
volatilization of the substance is effected by careful heating, a portion
at a time, starting from the end next to the heated metal. The re-
action is of course limited to the amount of material in the boats and
is consequently intermittent.

Solids melting below 180° may be kept fused by a suitable air bath
and the vapors carried on by the hydrogen which is bubbled through.

354. When the product of the hydrogenation is a liquid, it is fre-
quently sufficient to mix some of it with the solid to be hydrogenated,
thus lowering the melting point so that the usual apparatus for liquids
may be employed. This is the case with phenol and with ortho and
meta cresoles.

The use of solvents which can not be hydrogenated, such as water,
paraffine hydrocarbons (hexane, heptane, etc.) usually gives poor
results, particularly when water is used.

355. Apparatus for Collecting the Reaction Products. If the
products of the hydrogenation are all gages, they are collected at the
end of the catalyst tube in a gas holder over water, care being taken
to saturate the water with common salt to diminish the solubility of
the gases. It is well to time the collection of issuing gas in a gradu-
ated tube. A comparison of the rate at which the gases come out
with the rate at which they are passed in, frequently gives valuable
information as to the exact course of the reaction.

356. If the products are partly or entirely liquid, the reaction tube
is connected with a condenser. When the substances are only slightly
volatile this may be simply a double-necked flask. When the vola-
tility, at room temperature, is considerable, a U-tube is employed
from the bottom of which a tube leads down into a flask in which the
liquid collects. The U-tube is placed in an inverted tubulated bell-
jar which is filled with cold water, ice, or a freezing mixture. The
gas issuing from the other limb of the U-tube is collected over water
and measured.

357. Solid reaction products are collected by prolonging the re-
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action tube and cooling the further end. The tube should be long
enough to project a considerable distance from the furnace and the
end should be inclined downward so that condensed liquids will not
run back towards the catalyst.

HYDROGENATIONS BY MEANS OF NICKEL

358. In Chapter II the conditions have been described under which
nickel may be used to advantage as a catalyst for hydrogenations
(53), and methods have been given for obtaining a metal of excellent
catalytic properties. Nickel reduced at a red heat below 700° is
capable of effecting all sorts of hydrogenations and in particular
can hydrogenate benzene to cyclohexane;?° but that reduced above
750°, or which has been heated to that temperature after having been
reduced at a lower, is incapable of hydrogenating benzene, is no longer
pyrophoric and does not gain in weight when exposed to cold air.
It is then capable of only certain hydrogenations, such as the reduc-
tion of nitro derivatives.

359. As has been stated above (112), the presence of chlorine,
bromine, or iodine, even in traces, in the metal paralyzes its catalytic
activity. An oxide prepared by precipitation from the chloride can
not be used, but good results can be obtained with an oxide produced
by calcining the sulphate at a red heat.

Whatever care one may take, it is never possible to avoid all the
causes of poisoning the metal catalyst and particularly in consequence
of the progressive fouling of the metal which is more or less rapid ac-
cording to the work done with it, a gradual diminution of the catalytic
power, its sentlescence, so to speak, is noticed.

360. Darzens believes that nickel exists in three forms, a, 8, and %.
The very active v form is said to be obtained by reduction below 260°
and is considered unstable, remaining in metastable state below 260°.
Above that temperature it passes into the less active S8 nickel, then
at a bright red into the a form which is entirely inactive for hydro-
genations.’* According to this author the power to hydrogenate ben-
zene belongs exclusively to - nickel, which is contrary to the observa-
tions of Sabatier and Espil quoted above. These transformations of
4 nickel, rapid at high temperatures, would take place slowly even
at low temperatures and would explain the senilescence of the metal
apart from many poisoning effects.*

10 Sapater and EsprL, Bull. Soc. Chim. (4), 15, 779 (1914).

11 DanzeNs, Bull. S8oc. Chim. (4), 15, 771 (1914).
12 Darzens, Compt. rend., 139, 869 (1904).



133 HYDROGENATIONS 364

361. Choice of Reaction Temperature. A given hydrogenation
can be realized only within a well-defined temperature interval.

In practice, a lower temperature limit is set by the necessity of
maintaining in the vapor state in the reaction tube, not only the com-
pounds to be transformed but also the products of the reaction.

To a certain extent elevation of temperature accelerates the re-
action and consequently raises the proportion of the substance hydro-
genated during its passage through the tube. But beyond a certain
limit, sometimes not far above the temperature at which the reaction
begins, there is a profound modification of the phenomenon, it being
possible to completely reverse the reaction in some cases. Thus the
hydrogenation of benzene may be accomplished as low as 70°, and
it increases in velocity as the temperature is raised till a maximum is
reached at 180-200°. Then it decreases till 300° is reached, at which
benzene is no longer hydrogenated, but, on the contrary, cyclohexane
18 decomposed into benzene and hydrogen.

362. By hydrogenating around 300°, the aromatic nucleus remains
almost unaffected while any unsaturated side-chains are hydro-
genated.*®* Thus styrene, CCH,CH : CH,, hydrogenates almost com-
pletely at 300° to ethyl-benzene, C,H,.CH,.CH,, while if the tem-
perature be reduced to 180°, this is further changed into ethyl-
cyclohezane, C,H,,.CH,.CH,.

If the temperature is raised above 300°, the aromatic nucleus is,
little by little, broken up, and particularly in the case of benzene the
reaction:

CH, +9H, — 6CH,
mmethaue

tends to become more and more important.+

363. When a compound can add several molecules of hydrogen in
succession, we can sometimes contrive, by suitably choosing the tem-
peratures, to produce one after the other of the various combina-
tions.'® In the hydrogenation of anthracene over nickel, at 180°,
perhydro-anthracene, C, H,,, is obtained along with the dodeca-
hydro-, at 200°, the octohydro-, and at 260°, the tetahydro-
anthracene.!®

364. The easy hydrogenations are those which take place over a
wide range of temperatures, as the saturation of ethylene bonds or
the reduction of nitro compounds. The more difficult cases are those

18 SxpaTme and Munrat, Ann. de Chim. (9), 4, 255 (1915).

14 SapatTmR and SaNpeens, Ann. Chim. Phys. (8), 4, 334 (1905).
18 Saparrer and Mamwae, Compt. rend., 137, 240 (1903).

18 GobcHor, Ann. Chim. Phys. (8), 12, 468 (1907).
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where the possible temperature interval is narrow, as is the case in
the hydrogenation of the aromatic nucleus, especially with diphenols,
pyrogallol,'” benzoic esters, and quinoline.!®

365. As has been stated above (167), the hydrogenating activity of
nickel is attributed to the rapid formation of a hydride formed
directly by the hydrogen gas on the surface of the metal. This
hydride is readily dissociated, and if it is brought into contact with
substances capable of taking up hydrogen, it gives it to them very
rapidly, regenerating the metal which can again form the hydride,
repeating these reactions indefinitely.

The well-attested impossibility of carrying on all sorts of hydro-
genations with any sort of nickel leads to the idea that there are
several stages of combination with hydrogen. The nickel produced
above 700° can doubtless form only the first hydride, comparable to
that formed by copper, and capable of reacting with nitro groups or
with an ethylene hydrocarbon. Only powerful nickel, such as is
furnished by the reduction at a low temperature of the oxide pre-
pared from the nitrate, can form a perhydride capable of hydro-
generating the aromatic nucleus (167).

RESULTS OBTAINED BY HYDROGENATION OVER
NICKEL IN GASEOUS SYSTEM

366. The results obtained by hydrogenation over reduced nickel
can be divided into four groups:

1. Simple reductions without fixation of hydrogen,

2. Reductions with simultaneous fixation of hydrogen,

3. Addition of hydrogen to molecules which contain multiple bonds
between various atoms,

4. Hydrogenations accompanied by decomposition of the
molecule.

REDUCTIONS EFFECTED WITHOUT FIXATION
OF HYDROGEN

367. The reduction effected by the aid of nickel corresponds most
frequently to the elimination of oxygen in the form of water; it can
also remove sulphur as hydrogen sulphide.

368. Nitrous Oxide. The first case is furnished by nitrous oxide
which is reduced to nitrogen, even at the ordinary temperature, with-

17 SABATIER, Berichte, 44, 1997 (1911).
18 Sapatree and Murat, Compt. rend., 158, 309 (1614).
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out any production of ammonia or hydrazine. By increasing the
.proportion of nitrous oxide in the hydrogen, the heat evolved raises
the first portions of the nickel to incandescence, and there results a
partial decomposition of the nitrous oxide with the appearance of red
nitrogen peroxide, the hydrogenation of which carried on by the
neighboring hot nickel gives a little ammonia.!®

369. Aromatic Alcohols. The hydrogenation of aromatic al-

. cohols over nickel at 350—400° replaces the hydroxyl group by hydro-
gen and leads to the corresponding aromatic hydrocarbon.?®

Benzyl alcohol is changed to toluene, phenylethyl alcohol to ethyl-
benzene, benzhydrol, C,H,.CH (OH).C,H,, is changed quantitatively
into diphenyl-methane, C{H,.CH,.C,H,, and phenyl-p.cresyl carbinol,
into phenyl-p.cresyl-methane.

Likewise, vapors of triphenyl carbinol, carried along by benzene
vapors and hydrogen over nickel at 400°, readily yield triphenyl-
methane.

This reaction is particularly easy when the alcoholic hydroxyl is
attached to a carbon atom adjoining a carbon atom united to hydro-
gen in the same paraffine side-chain. The mechanism of the reaction
may then correspond to a dehydration into the phenyl-ethylene
hydrocarbon, which is at once hydrogenated into the saturated hydro-
carbon. Thus tolyl-dimethyl carbinol, CH,.C.H,.C(OH).(CH,),,
which is very readily dehydrated, gives with a nickel only slightly
active cymene, which may be transformed into menthane if an active
nickel is used below 180°.*

370. Phenols and Polyphenols above 250°. Phenol hydro-
genated at 250 to 300° over nickel, gives only benzene with the elimi-
nation of water: ‘

C,H,.OH + H, =— H,0 + C H,.

But the reaction is slow and much of the phenol passes by
unchanged. If the attempt is made to hasten the reaction by
raising the temperature, the benzene is attacked with the formation
of methane. The three cresoles behave the same way and yield
toluene.

At 250° the diphenols (pyrocatechin, resorcine, and hydroquinone)
undergo a similar reaction, the hydroxy!l groups being successively re-
placed by hydrogen, phenol being first formed and then benzene.’?

19 SapatTEr and SmNbperENs, Compt. rend., 135, 278 (1902).
20 SapaTrEr and Mumat, Ann. de Chim. (9), 4, 268 (1015).
21 8MIrNoF, J. Russian Phys. Chem. Soc., 41, 1374 (1909).
22 SasaTr and SmNpxrENs, Ann. Chim. Phys. (8), 4, 429 (1905).
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371. Furfuryl Alcohol. This alcohol submitted to a careful
hydrogenation over nickel at 190°, yields methylfurfurane.?®

CH-CH
LH ﬂ) CH,OH — p}H }IJ CH,
AN O/ AN 0/

372. Carbon Disulphide. Carbon disulphide submitted to hydro-
genation over nickel below 200°, gives an addition product having a
very disagreeable odor (492), but if the operation is carried on at
450-500°, in excess of hydrogen, the reaction takes place thus:

CS, + 2H, = 2H,S + C.

This reaction is utilized in freeing coal gas from carbon disulphide
which it contains up to 0.02%.

The gas is freed from hydrogen sulphide by chemical purification
in the Laming absorbers and is then heated to 400° and passed
through steel tubes 7 ¢cm. in diameter containing porous earth im-
pregnated with nickel and heated to between 400 and 500°. The gas
is cooled when it passes out of the tubes and is freed by a second
passage through the chemical absorbers from the hydrogen sulphide
which has been formed. On account of the deposition of carbon and
also on account of a certain sulphurization of the surface, the nickel
loses its activity rather rapidly. It is regenerated by passing air
which burns up the carbon and converts the nickel to the oxide which
is again reduced by the first portions of gas that enter. The installa-
tion of this process at the Greenwich gas works is capable of handling
500,000 cu. m. per day.2*

REDUCTIONS WITH SIMULTANEOUS FIXATION
OF HYDROGEN

373. These reductions can be considered as true substitutions of
hydrogen either for oxygen or, in a few cases, for the halogens,
chlorine or bromine.

374. Oxides of Nitrogen. Although the oxides of nitrogen are
outside of the scope of this treatise, yet their close connection with
organic nitro and nitroso compounds justifies us in mentioning the
conditions of their catalytic hydrogenation. ’

23 Papoa and PonTi, Linces, 15 (2), 610 (1909); C., 1907 (1), 570.
24 CARPENTER, J. Gas Lightling, 126, 928 (1914). Evans, J. Soc. Chem. Ind,
34, 9 (1915).
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Nitric oxide, MO, is readily reduced above 180° with the forma-
tion of ammonia pnd water according to the equation:

NO + 5H — NH, + H,0.

But the nitric oxide reacts with the ammonia more and more
rapidly the higher the temperature, giving nitrogen and water ac-
cording to the equation:

2NH, + 3NO = 5N + 3H,0.

By progressively increasing the proportion of nitric oxide, the
metal becomes incandescent and this greatly increases the produc-
tion of nitrogen.*®

375. If hydrogen which has passed through a thin layer of liquid
nitrogen peroxide, cooled a little below 0°, is passed over cold reduced
nickel, a slight evolution of heat is noticed which is due to the
formation of nickel nitride.®

If it is heated to 180°, white fumes of ammonium nitrate and
mitrite appear which, when hydrogenated further, give ammonia and
water. We have finally:

NO, + 7H — NH, + 2H,0.

If the proportion of nitrogen peroxide in the hydrogen is increased
by warming the vessel containing the nitrogen peroxide, the white
fumes are produced in abundance and incandescence of the nearest
portion of the metal layer is noticed and a violent explosion soon
takes place.?®

376. The vapors of nitric acid mixed with hydrogen and passed
over nickel at 290° give much ammonium nitrate. At 350° only
water, ammonia, and free nitrogen are produced.s®

377. Aliphatic Nitro Compounds. Nitromethane is completely
hydrogenated between 150 and 180° to methyl-amine without any
side reactions. But above 200° and particularly towards 300°, there
is partial hydrogenation of the methyl-amine into methane and
ammonia:

CH, . NO, + 4H, = CH, 4+ NH, 4+ 2H,0
and at the same time, the formation of certain amounts of dimethyl-

and trimethyl-amines along with the ammonia by a reaction identical
with that which has been described in the hydrogenation of nitriles.

28 Sapater and SenbpraENs, Compt. rend., 135, 278 (1902).
26 SapaTIER and SmNDERENS, Ann. Chim. Phys. (7), 7, 413 (1895).
27 SapaTmR and SzNpmmmns, Compt. rend., 135, 226 (1902).
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Likewise nitroethane is readily transformed at 200° into ethyl-
amine accompanied by diethyl-amine, triethyl-amine and ammonia.
At 350° the matter is complicated by the formation of ethane and also
of methane which is due to the dissociation of the ethane by the
nickel. But this secondary formation of the hydrocarbon is less
than with nitromethane.

378. Aromatic Nitro Compounds. Above 200° nitrobenzene is
rapidly transformed into aniline, but the aniline is immediately hydro-
genated to form cyclohexylamine, etc. (466). If only slightly active
nicke] is used, the nucleus is not hydrogenated and aniline is the only
product.®® -

Above 250°, a part of the nitrobenzene is reduced to benzene and
ammonia:

C,H, . NO, + 4H, = C,H, + NH, + 2H,0.

This reaction is more in evidence above 300° and even the benzene
is broken up to form methane:

C,H, . NO, + 13H, = 6CH, + NH, + 2H,0.

Ortho and meta nitrotoluenes behave similarly with a nickel cat-
alyst at 200 to 250°, and as the further hydrogenation of the resulting
toluidines does not take place readily, the toluidines are obtained
nearly pure.

These reactions can be used in the factory and it has been pro-
posed to prepare aniline by passing a current of hydrogen and steam
through nitrobenzene maintained at 120° and then into a long tube
containing reduced nickel also kept at 120°. A theoretical yield is
claimed.®®

379. a-Nitronaphthalene gives at 300° beautiful white needles of
a-naphthyl amine, but if the temperature is raised to 330°, or better,
to 380°, ammonia is evolved and there condense, along with the
diminishing naphthyl amine, naphthalene and tetrahydronaphtha-
lene’® We have:

Con1 . NO, + 4Hz = C,H; + NH, + 2H,0.

380. Dinitro derivatives are transformed with the same facility.
The dinitrobenzenes give the corresponding diamines at 190-210°.
At 250°, there is the splitting off of ammonia to form aniline3® Like-

28 SapatmR and SenpErENS, Compt. rend., 135, 226 (1902).

29 Farsw. MmsTeR, Lucius and BatYNING, German patent, 282,492 (1913).
30 MiaNoNac, Bull. Soc. Chim. (4), 7, 154 (1910).
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wise the dinitrotoluenes yield the cresyl-diamines at 175-180°, but
above 190° ammonia is split off and the toluidines are -the chief
products.®*

381. The nitrophenols hydrogenated over nickel at 160-190°, yield
the amino-phenols regularly; but there are simultaneously produced
certain amounts of ammonia and phenol and also a little aniline.??

382. Esters of Nitrous Acid. It is stated in all the textbooks
that a fundamental distinction between the nitrohydrocarbons and
their isomers, the nitrites, is that the nitro compounds yield amines
on hydrogenation, while the nitrous esters are either not affected or
give the alcohols and ammonia without any amine.

Gaudion has found that nitrous esters are regularly hydrogenated
by nickel to give amines exactly like their isomers. This author has
worked at 180° with methyl and ethyl nitrites, at 200° with propyl
and tsopropyl, and at 220° with isobutyl and isoamyl.

As a consequence of the secondary reaction already mentioned,
all three amines, primary, secondary, and tertiary, are obtained, the
secondary always in the largest quantity. Thus from isoamy! nitrite,
31% mono-, 62% di-, and 7% tri-isoamyl-amines are obtained.

The discussion of these facts has led Gaudion to assume that there
is an isomerization of the nitrous esters into the nitro bodies at the
temperature of the reaction.?®

The reality of this transformation by heat alone has since been
established. It begins at 100° and is rapid at 125-130°.2¢

By carrying on the hydrogenation at low temperatures, around
125-130°, over nickeled asbestos, the unchanged nitrous esters are
hydrogenated along with the nitro bodies into which they are partly
isomerized so that there is simultaneous production of ammonia and
the corresponding alcohol from the nitrite and of the amine from the
nitro compound; while when a nitro compound is hydrogenated, the
primary amine alone is formed without any secondary or tertiary.
This is the case with methyl, ethyl, propyl, isobutyl and isoamyl ni-
trites.®

383. Oximes. In the aliphatic series, aldoximes and ketoximes
are readily reduced by hydrogen in the presence of nickel at 180-
220° to give primary and secondary amines with a small amount of
tertiary.

With acetorime, the chief product is diethyl amine, while with

81 MigNoNAc, Bull. Soc. Chim. (4), 7, 823 (1910).

82 MiaNoNac, Bull. Soc. Chim. (4), 7, 270 (1910).

288 GaupioN, Ann. Chim. Phys. (8), 25, 129 (1912).

3¢ Neoar and CHowpURG, J. Chem. Soc., 109, 701 (1916).
8 Nxoar and CrowpURG, J. Chem. Soc., 111, 899 (1917).
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heptaldozime, C,H,,.CH : N.OH, the primary amine is the most
abundant.

The ozime of acetone gives isopropyl-amine, with twice as much
of the di- and a little of the tri-isopropyl-amine. Analogous results
are obtained with butanorime(2), C,H,(CH,)C: N.OH, pentan-
oxime(2), pentanorime(3), and 24-dimethyl pentanozrime(3).%

By this means the secondary amines from secondary alcohols can
be prepared with good yields, a class of substances otherwise difficult
to obtain.

384. This method can also be applied to aromatic aldoximes in
spite of the difficulty of vaporizing them without decomposition. It
is best to operate with a rapid current of hydrogen and at as low a
temperature as possible. Acetophenone-oxime, C,H,.C( : NOH) .-
CH,, carried thus over nickel at 250-270°, gives a small amount of
the primary amine, C,H,. CH(NH,) . CH,, a larger amount of the
secondary amine and some acetophenone regenerated by the action of
the resulting water on the oxime.

The results are not so good with propiophenone-oxime, from which
small amounts of the primary and secondary amines are obtained
along with much phenylpropylene and phenylpropane, and still poorer
results are obtained with butyrophenone oxime.

On the contrary, the method serves well with benzophenone-ozime
from which up to 70% of the primary amine, (C,H;),CH .NH,, is
obtained with a certain amount of the secondary.*”

385. The ketorimes of the cycloparaffines react in an analogous
manner.

The hydrogenation of cyclohezanone-oxime over nickel at 190-
200° gives cyclohexyl-amine regularly with a little dicyclohexyl
amine and aniline.?®* The results are not so good with the three
methyl-cyclohexanone-oximes, as the yields of the amines are poor.

CH: . CH:\C

CH,.CHy”

over nickel at 180°, proceeds smoothly to give a mixture of the three
cyclopentyl-amines, the secondary forming half of the product and
the primary and tertiary, each about one-fourth. Analogous results
are obtained with methyl-cyclopentanone-oxime.*®

3¢ MarLus, Compt. rend., 140, 1601 (1905), Ibid., 141, 115 (1905) and Bull,
8oc. Chim. (4), 15, 327 (1914). -

87 MarLax and Murar, Bull. Soc. Chim. (4), 9, 464 (1911).

88 Amoroux, Bull. Soc. Chim. (4), 9, 214 (1011).

39 SapaTize and MaiLes, Compt. rend., 158, 985 (1914).

The hydrogenation of cyclopentanone-orime, :NOH,
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Menthone-ozime yields the primary and secondary amines and a
little regenerated menthone.®

Camphorozime, when hydrogenated over nickel gives the corre-
sponding amine in good yield.«

386. Aliphatic Amides. Acetamide is readily hydrogenated at
230° by nickel with the production of water and ethylamine and also
some dimethylamine, due to the decomposition of the primary amine
by the metal, and a small amount of ammonia.

Propionamide, CH, . CH, .CO . NH,, gives results entirely simi-
lar.¢ e

387. Ethyl Acetoacetate. Ethyl acetoacetate, the ester of an
unstable B-keto-acid, gives, when hydrogenated over nickel, a triple
reaction: ¢

1. A hydrogenation by substitution:

CH,.CO.CH,.CO,.C,H, -+ CH,.CH,.CH,.CO,.C,H,.

ethyl butyrate

2. A breaking up of the molecule into the fragments CH,.CO .-
CH,- and -CO,.C,H, which are hydrogenated separately, the first
into acetone and then isopropyl alcohol (435), the second into ethyl
formate which is decomposed, under the reaction conditions, into
ethyl alcohol and carbon monoxide which may go into methane (867).

3. A condensation of the molecule with the formation of solid
dehydroacetic acid, (CH, . CO),, which is produced by the action of
heat alone on ethyl acetoacetate,** and which the presence of the
nickel, without the hydrogen, causes to be formed at 250°:

2 CH,.CO.CH,.CO,.C,H, = (CH,CO), + 2C,H, . OH.

388. Aromatic Aldehydes. Contrary to what takes place with
aliphatic aldehydes, the hydrogenation of aromatic aldehydes over
nickel does not reduce them to alcohols, but tends to replace the oxy-
gen by hydrogen, H,, to give the aromatic hydrocarbons, which below
250° may be more or less hydrogenated to the cyclohexane hydro-
carbons. There is, at the same time, some decomposition of the alde-
hyde into the hydrocarbon and carbon monoxide (618). Thus
between 210 and 235°, benzaldehyde gives toluene and benzene
according to the two reactions:

CH,.CHO 4 2H, - H,0 4+ CH, .CH,
CH, .CHO = CO 4+ C,H,,

4 Manus and Mugar, Bull. 8oc. Chim. (4), 9, 464 (1911),

41 Aoy and Brustier, Bull. Soc. Chim. (4), 9, 734 (1911).

42 Mams, Bull. 8oc. Chim. (3), 35, 614 (1908).

48 Sapatiee and Mawem, Bull. Soc. Chsm. (4), 3, 232 (1908).
& GuurEMR, Zeit. f. Chem., 3, 8 (1866).
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and these are accompanied by certain proportions of methylcyclo-
hezxane and cyclohexane, the carbon monoxide being partly reduced
to methane (393) .4

389. Aromatic Ketones. The hydrogenation of aryl-aliphatic
ketones, effected rapidly over a nickel of only moderate activity or
at a temperature above 250°, is limited to replacing the ketone
oxygen by H, with the production of the corresponding aromatic
hydrocarbon. Thus acetophenone, C,H,.CO.CH,, gives ethyl-
benzene, C,H,.C,H,; methyl-p.cresyl ketone; CH,.CH,.CO .-
CH,, yields p.methyl-ethyl benzene; p.tert-butyl-acetophenone,
(CH,),C.C,H,.CO.CH,, gives p.ethyl-tert-butyl-benzene; and
benzyl-acetone, C,H,.CH, .CH, .CO .CH,, yields butyl-benzene.*®

But when the hydrogenation is carried on at 180°, with an active
nickel which is capable of hydrogenating the nucleus, the aromatic
hydrocarbon is reduced to the cyclohexane derivative. One can be
sure of avoiding this complication if nickel is used that has been so
altered that it can not hydrogenate benzene or if the operation is
carried on about 300°, the temperature at which cyclohexane deriva-
tives are dehydrogenated even in excess of hydrogen.*

It is the same way with diaryl ketones which are quantitatively
reduced to the corresponding hydrocarbons by nickel at 300°.

Thus benzophenone at 300° is entirely reduced to diphenylmethane,
while with an active nickel at 160°, dicyclohexylmethane is formed.

Desozybenzoine, C,H,.CH,.CO .C,H,, yields dibenzyl, C,H, .-
CH, .CH,.CH,, at 350°. Likewise dibenzyl ketone, C,H,.CH, .-
CO.CH,.C,H,, is 70% transformed at 400° into symmetrical
diphenylpropane, which is accompanied by toluene formed by the
breaking up of the molecule with the separation of carbon monoxide
which is reduced to methane. The same hydrocarbon is formed by
the hydrogenation over nickel at 350° of phenyl-phenylethyl ketone,
CH;.CO.CH,.CH,.C,H,. %

390. Likewise methylonaphthyl-ketone yields a-ethylnaphtha-
lene, and methyl-B-naphthyl and the propyl-naphthyl ketones behave
in & similar manner.*®

Hezahydroanthrone is hydrogenated at 200° into octohydroanthra-
cene: 80

45 BapaTiER and SeNpErENs, Compt. rend., 137, 301 (1903).
48 Darzens, Compt. rend., 139, 868 (1904).

47 BasaTiER and Murar, Ann. Chim. (9), 4, 263 (1915).

48 Saparmr and Murat, Ann. Chim. (9), 4, 264 (1915).

4 Darzens and Rost, Compt. rend.,, 146, 933 (1908).

80 GoncHor, Bull. Soc. Chim. (4), 1, 712 (1907).
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/CH’\C.H. /CH:\C
CH — CeH,y oH
"\co / e cn,/

Likewise methyl(1)cyclopentanone(3) is advantageously trans-
formed at 250° into methylcyclopentane.*

Drhydrocamphorone, CH;.CH/ "CH .CH(CHy)s, is hy-
\CH,.CHy”’
drogenated at 180° to form methyl-isopropyl-cyclopentane, boiling at
1320,

391. Aromatic Diketones. Similarly to the monoketones, the
aromatic diketones, when hydrogenated over nickel, give the hydro-
carbons.®®

Dibenzoyl, C,H, . CO . CO . CH,, which is an a diketone, is hydro-
genated over nickel at 220° to symmetrical diphenylethane, or di-
benzyl, C,H,.CH,.CH,.CH,, beautiful crystal flakes, without
appreciable secondary reactions.

Benzoine, C,H,.CH(OH) .CO.C,H,, gives the same hydro-
carbon as the sole product at 210-220°.

Benzoyl-acetone, C;H, . CO.CH, .CO.CH,, which is a 8 dike-
tone, when hydrogenated over nickel at 200°, reacts in two ways:

1. Butylbenzene is formed to an extent of about 80%.

2. Following a general tendency of B diketones, there is a break-
ing up into two fragments, C,;H,.CO- and -CH, .CO .CH,, which
gre hydrogenated separately, the one into toluene and the other into
acetone, and then into isopropyl alcohol.

392. Anhydrides of Dibasic Acids. The anhydrides of dibasic
acids which have been submitted to hydrogenation at low tempera-
tures, have given only the corresponding lactones.

Succinic anhydride gave butyrolactone. 5

(?H: .CO\O - CH, .CH:\O

CH,.C0/ CH,.C0 /"
Over nickel at 200°, phthalic anhydride yields phthalid quantita-

tively:
i1 No - e’ ™™o
co/ "Nco/
51 ZzLINSKY, Berichte, 44, 2781 (1911).
52 GoncHor and Tasoury, Compt. rend., 156, 470 (1913).
63 Saparmr and Mamwns, Compt. rend., 145, 1126 (1907).
8¢ ElyxMANN, Chem. Weekblad, 4, 191 (1907).
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Even by operating at 130° with very active nickel it is impossible
to replace the second carbonyl.®®

In the same manner camphoric anhydride is changed into campho-
lid exclusively: %

% /OB
C'H"\Cg>0 - C'H“\Co >0

393. Carbon Monoxide. The direct hydrogenation of carbon
monoxide over nickel gives a simple method for the synthesis of
methane: .
CO + 3H, = H,0 4 CH,.

The reaction commences around 180-200° and goes on rapidly
without complications at 230-250°. With the theoretical mixture of
hydrogen and carbon monoxide, 3:1, the reaction is practically com-
plete, the resulting gas being nearly pure methane.

The nickel is not sensibly altered by the reaction when it is car-
ried on below 250° and can be used indefinitely. On cooling it is
found to be slightly carbonized but still pyrophoric and completely
soluble in dilute hydrochloric acid without carbonaceous residue.

The reaction is less complete when the carbon monoxide is in ex-
cess; in an experiment carried out with 85 volumes of carbon mon-
oxide to 51 volumes of hydrogen, almost one third of the hydrogen
passed through the tube without combining, although the velocity of
the gas was no greater than in the experiment quoted above.

394. If the operation is carried on above 250°, complications arise
due to the special effect that finely divided nickel has on carbon mon-
oxide which it breaks up into carbon and carbon diozride (614):

2CO = C + CO,.

The carbon dioxide which is thus formed is partially hydrogenated.
Its proportion is greater, the higher the temperature, since the
secondary reaction which produces it is greatly accelerated by rise
of temperature.

Thus when operating at 380° with the theoretical mixture which
gives methane completely at 250°, a gas is obtained which contains:

Carbon dioxide .................. 10.5% by vol.
Methane .............coevvinnen 67.9
Hydrogen ..........ccovvvvvnnen. 21.6

5¢ ElykMANN, Chem. Weekblad, 4, 191 (19807).
55 GopcHOr, Bull. Soc. Chim. (4), 1, 243 (1907).
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At the same temperature, water gas, equal volumes of hydrogen
and carbon monoxide, gives 52.6% carbon dioxide, 39.8% methane,
and 7% hydrogen.

‘When the percentage of carbon monoxide is still further increased,
the hydrogenation is greatly weakened; much hydrogen passes
through and the proportion of carbon dioxide becomes very large.*®

395. Carbon Dioxide. Like the monoxide, carbon dioxide is
readily hydrogenated over nickel to form methane:

CO, + 4H, = CH, + 2H,0.

The reaction begins at a higher temperature than that with car-
bon monoxide, namely, around 230°, and is rapid above 300° and
does not offer any considerable complications up to 400°. The theory
calls for four volumes of hydrogen to one of carbon dioxide. With
gas mixtures containing a larger proportion of hydrogen, the carbon
dioxide disappears almost completely.

Thus in an experiment with 82% of hydrogen and 18% carbon
dioxide, passed through the tube containing the nickel at the rate of
55 cc. per minute, the issuing gas contained:

With the nickel at 258° ............ 17.2% by vol. carbon dioxide

[{3 [{3 “ [ 2830 ............ 0.5% “ [{3 [{} [{3

396. Carried on at 300° with an excess of hydrogen, this reaction
gives a very advantageous method for preparing pure methane if
liquid air is available for' condensing the methane. The gas is washed
with caustic potash to free it from traces of carbon dioxide, dried and
the methane condensed, leaving the hydrogen as gas.’”

397. Application to the Manufacture of Illuminating Gas.
The production of methane by the direct hydrogenation of carbon
dioxide over nickel can be used for the commercial preparation of a
gas rich in methane having a high calorific power and capable of
being used either for heating or for lighting by using incandescent
mantles.®®

If hydrogen is available (produced electrolytically or by the action
of iron on steam at a red heat), the hydrogenation of carbon dioxide
over nickel at 300 to 400° is an excellent way to prepare methane.5®

But the preparation of the hydrogen costs too much for it to be
used for the manufacture of illuminating gas. One must start with

8¢ Sxpatmae and Sanomaens, Compt. rend., 134, 514 (1002).

57 SasaTrEr and SmNpERENS, Compt. rend., 134, 689 (1902).

58 Sapariem, VI Internat. Cong. Pure and App. Chem., Rome, 1906, IV sect.
p. 188,

5 Sapatimm, French patent, 356,471, June 17, 1905,
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a cheap commercial gas such as water gas, Riché gas, Siemens gas,
etc. Various methods may be followed.

398. First method. Water gas obtained by the action of steam
on red-hot carbon varies in composition according to the temperature
at which it is prepared.

At a bright red, there are equal volumes of hydrogen and carbon
monoxide:

C + H,0 = CO + H,.

At a lower temperature (a very dull red) there are only carbon
dioxide and hydrogen:

C + 2H,0 = CO, + 2H,.

If the temperature is intermediate (cherry red), the reaction is
intermediate:
2C 4 2H,0 = CO 4 CO, 4 3H,.

If in this case the carbon dioxide be removed by any method there
remains the mixture CO 4 3H,. The carbon dioxide may be ab-
sorbed by a solution of potassium carbonate which is changed to the
bicarbonate, but is regenerated with evolution of carbon dioxide by
boiling. The carbon dioxide may be solidified by refrigeration or
absorbed in cold water under pressure. The residual mixture,
CO + 3H,, is converted into pure methane by passing over nickel
at 230-250°, 5 volumes of water gas thus furnishing 1 volume of
methane. A practical difficulty arises from the fact that the catalyst
must be kept between 230 and 250°, since above 250° there is char-
ring with loss of carbon and fouling of the nickel resulting in a rapid
diminution of its catalytic power.

399. Second Method. The operation is carried on in two phases:

Water gas prepared at a high temperature and very nearly
CO + H, is passed over nickel at 400 to 500°, by which all the carbon
monozide disappears forming either methane with the available hy-
drogen, or splitting up into carbon dioxide (614) and finely divided
carbon which is deposited on the nickel. If from the gas so produced,
the carbon dioxide is absorbed, the remainder is very rich in methane.
For the conditions cited above (394), the composition would be 83.8%
methane and 15% hydrogen with a calorific power of 7,800 calories
per cu. m,, while the original gas had only 2,880. This is the gas of
the first phase.

If steam be passed over the intimate mixture of carbon and nickel
obtained above, kept at 400 to 500°, the carbon reacts rapidly tend-
ing to give hydrogen and carbon dioxide which being in the nascent
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state react to give a certain proportion of methane. The final product
is a mixture of hydrogen, methane and carbon dioxide and if the car-
bon dioxide is eliminated, there remains a mixture of hydrogen and
methane of high calorific power which can be used. This is the gas
of the second phase, less rich in methane than the first. Its formation
has eliminated the carbon from the nickel which is then ready to
repeat the first phase of the reaction.*

400. Third Method. The gas of the second phase can be obtained
alone by preparing at first the intimate mixture of nickel and carbon
by the action of finely divided nickel on various gases rich in carbon
monoxide such as Siemens gas or producer gas. The carbon mon-
oxide disappears leaving carbon dioxide and carbon. It is sufficient
to maintain this carbonaceous mass at 400 to 500° and pass super-
heated steam over it to have a mixture of methane, hydrogen and
carbon dioxide which can be used after the latter is eliminated.”

401. Fourth Method. The two phases of the reaction that have
just been described can be combined in practice. All that is required
is to maintain finely divided nickel at 400 to 500° and pass over it a
mixture of suitable proportions of water gas (or Riché gas®*) and
superheated steam. Under these conditions the carbon monoxide dis-
appears and is replaced by hydrogen, methane and carbon dioxide,
and if the latter is eliminated, we have in one operation a usable
mixture of hydrogen and methane. .

This method of operating appears economical. The amount of
nickel required for the reaction is less than 1 k. for making 1 cu. m.
of gas per hour. Besides, if the carbonated gases introduced are suit-
ably purified and if this purification is completed by passing over
copper turnings heated to 600°, the nickel may be said to retain its
catalytic power indefinitely. By starting with water gas a gas is
obtained having an average composition of 48% methane and 52%
hydrogen and having a calorific power of 5,800 calories per cu. m.
This gas does not contain an appreciable amount of carbon monoxide
which is present in coal gas in considerable amount (from 8 to 15%)
and which renders it decidedly toxic.

In fact the reactions that take place with these conditions under
the influence of nickel between water gas and steam can be summed
up in this equation:

5(CO 4 H,) 4 H,0 =2CH, + 2H, 4 3CO,.
water gas

00 SsaTiER, French patent, 355,900, July 5, 1905.

61 SapaTIER, French patent, 355,900, 1905.

62 The Riché gas is a mixture of carbon monoxide, hydrogen, methane and
carbon dioxide prepared by heating woody or cellulose materials.
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Theoretically 5 volumes of perfect water gas should give 2 volumes
of the mixture containing 50% methane. In practice, as the water
gas contains some carbon dioxide, about 3 volumes are required on
the average for 1 volume of the finished gas.

402. The use of industrial refrigeration permits a very advan-
tageous modification of the first process (398). The water gas should
be prepared at the highest possible temperature so as to contain
CO 4 H, and a little carbon dioxide and nitrogen. By suitable re-
frigeration 75% of the carbon monoxide can be liquefied and a mix-
ture of CO + 4H, obtained which passing over nickel at 200 to 250°
would furnish exactly the gas CH, 4+ H, equivalent to coal gas. The
refrigeration condenses all of the substances that may be toxic to the
nickel (sulphurous gases, etc.) and hence guarantees the long life of
the catalyst.

The carbon monoxide separated by the liquefaction may be used
for heating the catalyzers or for driving motors.®®

403. Aromatic Halogen Derivatives. The direct reduction of
aromatic halogen derivatives by hydrogen in the presence of nickel
may take place more or less readily: it is easy with chlorine deriva-
tives, less easy for bromine derivatives, and difficult for iodine com-
pounds; the reason being easy to find in the decreasing affinity of the
halogens for hydrogen as we pass from chlorine to iodine, since the
simultaneous formation of the hydro-acid determines the substitution
of hydrogen.

When the vapors of chlorbenzene are carried by hydrogen over
reduced nickel at 160°, a strong absorption of hydrogen is noted at
once and a little cyclokerane is condensed without any chlorcyclo-
hezane. The chlorine remains, fixed by the nickel, the surface of
which loses all activity by being changed to the chloride. After a
short time the chlorbenzene passes through unchanged.

But if the temperature is raised above 270° a vigorous evolution
of hydrochloric acid is observed and a readily separated mixture of
benzene and chlorbenzene is condensed. At the same time there is
the formation of crystals of diphenyl.

In contact with nickel at 270° or above, chlorbenzene gives nickel
chloride, and the liberated residue, C,H,~, combines with hydrogen
to give benzene and unites with itself to form a small amount of
diphenyl. But at this temperature the nickel chloride is reduced by
hydrogen forming hydrochloric acid and regenerating the nickel which
repeats the reaction indefinitely.

404. An analogous reduction is observed when the polychlor-

63 Sanatmer, Second Congress on Refrigeration, t, 115 (1912).



149 HYDROGENATIONS 406

derivatives of benzene are acted on by hydrogen in the presence of
nickel above 270°; the chlorine atoms are progressively replaced by
hydrogen.

Thus m.dichlorbenzene gives a mixture containing:

Benzene ..........ciiiiiiiiiiiiiiiiianen 30%
Monochlorbenzene ................c00unnn. 60%
Unchanged dichlorbenzene ................ 10%

pDichlorbenzene gives 35% bengene and 65% monochlorbenzene.

Perchlorbenzene, C,Cl,, acts in the same way at 270° and gives
s mixture of the trichlorbenzenes (particularly the 1,2,4), dichlor-
benzenes, monochlorbenzene, and benzene.

The presence of aliphatic side-chains and hydroxyl groups facili-
tates the reduction, the chlortoluenes being more readily reduced than
chlorbenzene.

2,4,8-T'richlorphenol is readily reduced at 270° and gives 70%
of phenol accompanied by monochlorphenols, particularly the ortho.

The reduction goes even better with amino derivatives, such as
the chloranilines which give aniline hydrochloride at 270°.

The chlornitrobenzenes suffer simultaneous reduction of the nitro
group and elimination of the chlorine, furnishing aniline hydrochloride
at 270°.%¢

405. It can be foreseen that the reduction of bromine derivatives
will be more difficult, since the temporary nickel bromide is less
easily reduced by hydrogen. However, the reaction can be carried
out well with monobrombenzene at 270° and also with p.bromtoluene,
the bromanilines and the bromnitrobenzenes.

2,4,6-Tribromphenol readily yields phenol accompanied by
p.bromphenol and 2,4—dibromphenol.

406. The difficulties are greater for the iodine derivatives. Iodo-
benzene pasded over nickel with hydrogen at 270° gives no lasting
evolution of hydriodic acid; some benzene and diphenyl are formed,
but the reaction stops, since the nickel is not restored by the hydrogen
and does not continue the reaction.

If pure hydrogen is passed into the tube, fumes of hydriodic acid
appear, hence nickel iodide is reduced by hydrogen at 270° but not
in the presence of iodobenzene, doubtless because this compound
gives iodine to the nickel faster than the hydrogen can remove it.
Practically, the reduction of iodobenzene can be forced by alternately
passing pure hydrogen and hydrogen mixed with iodobenzene vapors

64 SapaTrze and MamwLnm, Compt. rend., 138, 245 (1904).
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over the nickel at 270°. But under these conditions the metal is not
a true catalyst.c®

407. Esters of Halogenated Aliphatic Acids. Vapors of ethyl
mono-, di-, and tri-chloracetates, when passed over nickel at 300°,
with excess of hydrogen, are reduced to ethyl acetate, the chlorine
atoms being successively replaced by hydrogen. Ethyl bromacetate
is a8 readily reduced to ethyl acetate.®®

65 SapaTiER and Marm, Compt. rend., 138, 245 (1904).
66 SapaTiER and MALEE, Compt. rend., 169, 7568 (1919).



CHAPTER IX
HYDROGENATIONS (Continued)

HYDROGENATIONS IN THE GAS PHASE —USE
OF NICKEL (Continued)

ADDITION OF HYDROGEN

408. MaNY hydrogenations correspond to the fixation of hydrogen
by addition. This addition takes place either to free carbon, whigh
is rare, or to complex molecules containing double or triple bonds
between the atoms. We will examine these in the following order:

1. Direct fixation by carbon,

2. On double bond between two carbon atoms, so-called ethylene
bond, C: C,

3. On triple bond between two carbon atoms, called the acetylene
bond, C : C, A

4. Triple bond between carbon and nitrogen, C : N,

5. Quadruple bond between carbon and nitrogen, C: N,

6. Double bond between carbon and an oxygen atom, C : O,

7. Aromatic nucleus,

8. Various rings,

9. Carbon disulphide.

1. Direct Fixation of Hydrogen by Carbon

409. Berthelot noted' the direct union of hydrogen and carbon at
the temperature of the electric arc? to form acetylene which was
necessarily accompanied by some methane and ethane resulting from
the pyrogenetic decomposition of the acetylene.

Bone and Jerdan state that carbon unites directly with hydrogen
at 1200° forming 1 to 2% methane.?

But Berthelot, carrying out the reaction with pure carbon in a
quartz tube, could not confirm the formation of methane and con-
cluded that it must have come from impurities in the carbon used by
the English chemists.®

1 BerrHELOT, Ann. Chim. Phys. (4), 13, 143 (1868).

2 Bons and JemoaN, J. Chem. Soc., 71, 42 (1897).
3 BeeTHELOT, Ann. Chim. Phys (8), 6, 183 (1905).
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410. According to Henseling, the formation of methane by carbon
and hydrogen begins at 300° in the presence of finely divided nickel.

Sabatier and Senderens, by passing hydrogen at 250° over the
intimate mixture of carbon and nickel which is formed by the action
of reduced nickel on carbon monoxide between 250 and 300°, have
definitely proved the production of methane, but also detected water
vapor. After some time the formation of methane ceased though
there was still much carbon with the metal. They attributed the
formation of methane and water to the presence of a nickel carbonyl
combination formed by the action of the carbon monoxide. The
same chemists found no methane when the carbonaceous mixture had
been prepared above 400°, a temperature at which carbonyl com-
pounds can not exist.*

411. Mayer and Altmayer have confirmed the very slow formation
of methane from carbon in contact with nickel or cobalt. At all tem-
peratures above 250° methane is decomposed by nickel into carbon
and hydrogen, the amount remaining being fixed for each tempera-
ture, and the same whether the limit be approached from above or
from below as is true with all reversible reactions (19), and not al-
tered when cobalt is substituted for nickel. The amounts of methane
at equilibrium are:

At 250° ..ot 98.8% by volume
536° .....iiiiiiiiiina 512%
625° ...ttt 24.7%
850° ....iiiiiiiiiiiienen 1.6%

But this formation is very slow and could never be used for the
preparation of methane. The velocities of the mixtures of gases
passed over the mixture of carbon and nickel to obtain the equilibrium
were not over 0.2 to 0.3 cc. per minute.®

2. Ethylene Double Bond

412. The ethylene double bond is very easily attacked by direct
hydrogenation over nickel and adds two atoms of hydrogen. This is
readily accomplished by nickel reduced above 500° and even by nickel
which has been weakened by the action of poisons.

413. Hydrocarbons. Ethylene is hydrogenated by nickel from
30° up, the reaction which continues indefinitely, with evolution of
heat, gives ethane exclusively. The hydrogenation is more rapid
toward 130-150°.°

¢ Saparme and SmNpmrENs, Bull. Soc. Chim. (4), 1, 107 (1807).

& Maver and AurMaYsR, Berichte, 40, 2134 (1907).

¢ Sapatmr and SenpzmENS, Compt. rend., 134, 1359 (1897).
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In the presence of excess of hydrogen, all the ethylene disappears,
while with excess of ethylene all the hydrogen is used up and a mix-
ture of ethane and ethylene is obtained from which it is easy to re-
move the latter by bromine water leaving the ethane pure.

This reaction has been used for the manufacture of ethane for
refrigerating machines. The mixture of equal volumes of ethylene
and hydrogen is passed through tubes 1 m. long and 7.5 cm. in diam-
eter containing reduced nickel and heated to 200°. With a velocity
of 2 cu. m. per hour a gas containing 80% of ethane is obtained. In
order to complete the union of hydrogen and ethylene the mixture
is compressed to 30 or 40 atmospheres in a vessel filled with nickeled
pumice.’

Above 300° nickel decomposes ethylene (912) with the liberation
of carbon, and the production of methane and certain amounts of
higher paraffines which can be liquefied.®

414. Other ethylene hydrocarbons can be transformed into the
corresponding saturated hydrocarbons below 160° without any com-
plications. But above 200° and particularly above 300° there can be
partial breaking of the carbon chain with the formation of saturated
hydrocarbons with smaller numbers of carbon atoms and also more
complicated.

With propylene, CH,.CH:CH,, the reaction commences in the
cold and up to 200° nothing but propane, CH, . CH, . CH,, is produced
8o long as the hydrogen is in slight excess. When the propylene is in
excess, particularly above 290°, amall amounts of higher liquid hydro-
carbons with petroleum odors are formed, and at higher temperatures
there is more and more deposition of carbon with splitting up of the
propane.

Trimethyl-ethylene, or 2-methyl-butylene, (CH,),C : CH.CH,,
is totally hydrogenated by excess of hydrogen into pure 2-methyl
butane or i3opentane, at 150°.

Likewise hexene(2) gives hezane; and caprylene, or octene(l),
octane without complications below 160°.*

By the hydrogenation of 2,2-dimethyl-methylene(3)-pentane, over
nickel at 160°, 2,2,3-trimethyl-pentane, boiling at 110.5° is obtained,
and likewise 2,6-dimethyl-heptane, boiling at 135° from 2-ethyl-
5-methyl-hezxene.?

¢ Saarr and SmnpErens, Compt. Rend., 134, 1369 (1897).

7 SprenT, J. Soc. Chem. Ind., 33, 171 (1913).

8 SasaTmEn and SzNpErENS, Compt. rend., 134, 1127 (1902).

® Crark and Jonms, J. Amer. Chem. Soc., 34, 170 (1912). Curarx and Baaas,
Ibid., 34, 54 (1912).
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Likewise nonene(2) is transformed entirely into nonane.r®

Methyl-propyl-octene gives the corresponding methyl-propyl-
octane, and 4-cyclohexyl-heptene, the 4-cycloheryl-heptane.’

415. In the case of phenyl- or polyphenyl-ethylene hydrocarbons,
when the hydrogenation is carried out with a weakened nickel such
as is not capable of hydrogenating benzene (56), or with active nickel
at 300°, the aliphatic double bonds are saturated without hydrogenat-
ing the aromatic nuclei.

Thus styrene, C,H,.CH :CH,, gives only ethyl-benzene,
C.H; .CH,CH,.

The ortho, meta, and para, cresyl-propenes(2) are regularly
changed into the ortho, meta, and para cymenes.?

1-Phenyl-2-propyl-pentene yields 1-phenyl-2-propyl-pentane.r*

Stilbene, or symmetrical diphenyl ethylene, C,H,.CH:CH.CH,,
is readily transformed by a slightly active nickel at 240° into dibenzyl,
CH,CH,CH,CH, Likewise aa-Diphenyl-ethylene is readily
changed to aa-diphenyl-ethane, 12-diphenyl-propene(l) and 1,1-
diphenyl-propene(2) furnish the corresponding diphenyl-propanes and
similar statements hold for the diphenyl-butenes and diphenyl-
pentenes.’®

Ocimene, (CH,),C:CH.CH,.CH:C.CH:CH,, or 2,6-dimethyl-octa-

CH,
triene(2,5,7), of oil of basil is readily hydrogenated over nickel
at 130-140° to the corresponding 2,6-dimethyl-octane boiling at
158° 3¢

416. Unsaturated Alcohols. The fixation of hydrogen fre-
quently takes place without alteration of the alcohol group.

Propenol, or allyl alcohol, CH, : CH .CH,OH, is readily hydro-
genated at 130-170° over nickel, to give nearly pure propyl alcohol
containing only a slight amount of propionic aldehyde.!®

Geraniol, (CH,),C:CH.CH,.CH,.C:CH.CH,OH, or 2,6-dimethyl-

CH,
octadiene (2,6) ol (8), is readily hydrogenated at 130-140° to give the
corresponding dimethyl-octanol. At the same time a little of it is
reduced to the saturated hydrocarbon.

10 Crark and Jongs, J. Amer. Chem. Soc., 37, 2536 (1915).

11 Murat and AMoUROUX, J. Pharm. Chim. (7), s, 473 (1912), C. A,, 7, 1494,
12 SapaTiER and MuUrAT, Compt. rend., 156, 184 (1913).

18 SapatiER and Mugat, Ann. Chim. (9), 4, 284-297 (1915).

1¢ ENKLAAR, Berichte, 41, 2085 (1908).

18 SapatmEr, Compt. rend., 144, 879 (1907).
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The hydrogenation of lnalool, or 2,6-dimethyl-octadiene(2,7)-
ol(6), (CH,),C:CH.CH,.CH,.C(OH).CH : CH,, furnishes the

CH,
same products.t®
Citronellol, (CH,),C : CH.CH,.CH,.CH.CH,.CH,0H, like-

CH,
wise gives dihydrocitronellol

We have seen (208) that the hydrogenation, over nickel at 200°,
of secondary a-unsaturated alcohols gives the isomeric saturated ke-
tone instead of the saturated secondary alcohol, by a simple migra-
tion of the hydrogen of the alcohol group.

417. Esters. The esters of unsaturated acids are readily hydro-
genated over nickel whatever be the position of the double bond.

Esters of acrylic acid give esters of propionic at 180°.

Ethyl dimethyl-acrylate likewise gives ethyl tisovalerate, and
ethyl undecylenate, the undecylate.

It is the same way with ethyl enanthylidene-acetate, C,H,, .~
CH:CH.CO,.C,H,.

The same fixation of hydrogen takes place with the esters of un-
saturated aromatic acids without the hydrogenation of the nucleus.
Methyl ctnnamate, C.H, . CH : CH . CO, . CH,, gives methyl phenyl-
propionate.

Ethyl phenyl-isocrotonate, CH,.CH :CH.CH,.CO,.C,H,,
acts in a similar manner.!®

418. Ethers of Unsaturated Alcohols. The vapors of allyl
ether, carried by an excess of hydrogen over nickel at 138-140° are
totally changed to propyl ether.®

Isosafrol, CH..CH:CH.C.H,<2>CH,, is hydrogenated in

the side chain to dihydrosafrol without affecting the ether group.s®
419. Unsaturated Aldehydes. Acroleine, CH, : CH.CHO, is

hydrogenated over nickel at 160° to propionic aldehyde®* which can

be further hydrogenated, by a slower reaction, to propyl alcohol.
Likewise crotonic aldehyde over nickel at 125° is changed to buty-

16 ENKLAAR, Rec. Trav. Chim. Pays-Bas, 27, 411 (1908), and Berichte, 41,
2085 (1908).

17 HaLizr and MarTINE, Compt. rend., 140, 1303 (1905).

18 DarzENs, Compt. rend., 144, 328 (1907).

19 SapaTIER, Compt. rend., 144, 879 (1907).

20 Hengmarp, Ch. Wkbld., 4, 630-2; Chem. Cent., 1907 (2), 1512.

21 SxpaTIER and SENDEeENS, Ann. Chim. Phys. (8), 4, 399 (1905).
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ric aldehyde with a yield of 50%, with about 20% of butyl alcohol
resulting from the subsequent hydrogenation of the aldehyde.’*

420. Unsaturated Ketones. The fixation of hydrogen on ethy-
lene double bonds is so rapid that it can be effected before the ketone
group, -CO-, is changed to the secondary alcohol group, -CH (OH)-.

Mesityl oxide, (CH,),C : CH.CO.CH,, is transformed at 160-
170° into 2-methyl-pentanone(4),** accompanied by some of the cor-
responding alcohol and even of isopentane3* Likewise methyl-
hezenone, (CH,),C:CH.CH,.CO.CH,, gives the corresponding
methyl-hezanone.

3-Methyl-heptene (3) one (5) is transformed at 180° into 3—methyl-
heptanone(5), and likewise 2,4,8-trimethyl-nonene(4)one(6) gives
the corresponding saturated ketone.?®

Phorone, (CH,),C: CH.CO.CH : C(CH,),, when hydrogenated
over nickel at 160-170°, is totally changed to di-isobutyl-ketone, or
tsovalerone.** By operating at 225° the ketone is accompanied by
the alcohol and the saturated hydrocarbon.*’

421. By hydrogenating pulegone rapidly over nickel at 140-160°,
the unsaturated side chain can be hydrogenabed without affecting the
ketone group to give pulegoment

(cn.),cc/co \cn CHi—(CHy):CH. cn\ \cn CH..

/—COo— .
Camphorone, CH..CH\ \c :C(CHy), is hydrogenated
CH;.CHy”

over nickel at 130° to give dihydrocamphorone, boiling at 182°.3®

422, Unsaturated Acids. Their hydrogenation is readily carried
out over nickel without any damage to the catalytic metal. The
vapors of crotonic acid, CH, . CH : CH . COOH, at 190° give butyric
acid quantitatively. The vapors of oleic acid, carried along by a
violent current of hydrogen over nickel at 280-300°, are readily trans-
formed into solid stearic acid, and the same is true of its isomer elaidic
acid.®®

31 Doumts, Bull. 8oc. Chim. (4), 9, 922 (1811).

38 DarzeNs, Compt. rend., 140, 162 (1905).

3¢ 8xrra, Berichte, 41, 2038 (1908).

25 Boproux and TaBourY, Compt. rend., 149, 422 (1909).

26 SapaTme and MarLas, Ann. Chim. Phys. (8), 16, 70 (1909).

37 8xrra, Loc. cit.

28 Havizr and MarTINe, Compt. rend., 140, 1288 (1805).

29 Goocror and Tasoury, Compt. rend., 156, 470 (1913).

%0 Sasarier and MaLEE, Ann. Chém. Phys. (8), 16, 73 (1909).
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3. The Acetylene Triple Bond

423. If hydrogen mixed with a small proportion of acetylene is
passed over cold reduced nickel, the metal becomes warm, the more
so when the proportion of acetylene is increased. With 2 volumes
of hydrogen to 1 of acetylene the spontaneous evolution of heat may
heat the end of the nickel train to 150°. The contraction of the gas
is enormous, greater than corresponds to the formation of ethane:

C,H, + 2H, = C,H,.

The volume is reduced to one fourth, although a little unchanged
acetylene and some ethylene remain, showing incomplete hydrogena-
tion, because there is produced at the same time a considerable pro-
portion of higher hydrocarbons, part of which are liquefied. The
nickel is coated with a little carbon which is readily separated by
dilute acids.

On the contrary, the formation of ethane is complete in the pres-
ence of an excess of hydrogen.

424, Inversely if the proportion of acetylene in the mixture is
increased, the metal heats up more, the liquids formed become more
abundant and the presence of hydroaromatic and aromatic hydro-
carbons can be shown. Finally, an incandescence is noticed similar
to that produced by acetylene alone on nickel (914).>

425. a-Heptine, or cenanthylidene, is readily hydrogenated over
nickel to n.heptane.®

4. The Triple Bond Between Carbon and Nitrogen

426. The direct hydrogenation of nitriles, R.C: N, easily carried
out with nickel, leads to the formation of the primary amines,
R.CH, . NH,, which on account of secondary reactions caused by the
metal, are accompanied by secondary and tertiary amines. These
reactions correspond to the formation of ammonia which is eliminated,
and consequently the secondary amine constitutes the major portion
of the product. We have:

2 R.CH, .NH, - NH, + (R.CH,),NH

primary amine “secondary smine
and R.CH,.NH, 4 (R.CH,),NH = NH, }- (R.CH,),N.
tertiary amine

427. Aliphatic Nitriles. Formic-nitrile or hydrocyanic acid is not

81 Sapatier and Sknpeaens, Compt. rend., 128, 1173 (1809).
82 SapaTme and SznpmeaNs, Compt. rend., 1358, 87 (1902).
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affected by hydrogenation except above 250° but then gives the three
methyl-amines and ammonia.

Acetonitrile is readily hydrogenated at 200° and gives a mixture
containing 60% diethyl-amine, and 20% each of the mono- and tri-
amines.

With ethyl cyanide, the dipropyl-amine forms nearly 80% of the
product.

Isoamyl cyanide likewise gives chiefly secondary amine, the pri-
mary being formed in least amount. The amines are accompanied
by a little isopentane.

It is evident that the hydrogenation of aliphatic nitriles gives us
a valuable and convenient method of preparing secondary amines.*®

428. Aromatic Nitriles. The results are not nearly as good with
aromatic nitriles from which the hydrocarbons and ammonia are
formed.

However, the hydrogenation of benzonitrile at 250° gives a certain
proportion of benzyl-amine and dibenzyl-amine and the same is true
of p.toluo-nitrile which gives a mixture of the primary and secondary
amines.®*

429. Dicyanides. Ethylene dicyanide, when hydrogenated over
nickel, gives a certain proportion of tetramethylene-diamine result-
ing from the regular hydrogenation:

CN.CH,.CH,.CN+44H,—=NH,.CH,.CH,.CH,.CH, . NH,.
This is accompanied by a little ammonia and pyrrolidine,
CH,. CH,
. \NH

, resulting from its decomposition.®
CH;.CHy”

5. Quadruple Bond Between Carbon and Nitrogen

430. Carbylamines. The aliphatic isocyanides, or carbylamines,
R .N : C, which former wet reduction methods were unable to hydro-
genate because they were decomposed by hydration, can add 4H over
nickel at 160-180° to form the secondary amines, R .NH .CH,

They are accompanied by a small amount of the primary amine,
R.CH,.NH,, and the secondary amine, (R.CH,),NH, resulting
from the hydrogenation of the nitrile, R.C { N, produced by partial
isomerization of the isocyanide.

Methyl carbylamine gives a yield of 80% of dimethyl-amine.

88 SapaTiEr and SgNpErENS, Compt. rend., 140, 482 (1905).

8¢ FrésavLr, Compt. rend., 140, 1036 (1905).
85 GaupioN, Bull. Soc. Chim. (4), 7, 824 (1910).
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The metal is gradually coated with tarry material which diminishes
its activity. ,

Ethyl carbylamine gives chiefly methyl-ethyl-amine with a little
mono- and di-propy! amines.

Tertiary-butyl-isocyanide, (CH,),C . N i C, hydrogenated at 170-
180°, gives methyl-tert.butyl-amine, which has never been obtained
by other methods.

If the reaction is carried on at 220-250°, the secondary amine
molecule is broken up with the formation of ammonia and hydro-
carbon.®¢

431. Aliphatic Carbimides. It is convenient to consider along
with the carbylamines the -aliphatic carbimides, or 1isocyanates,
R.N:CO (although the hydrogenation is not simply the addition
of hydrogen but also its substitution for the oxygen atom), because
the result is the same for both classes.

Over nickel at 180-190°, the chief reaction is:

R.N:CO + 3H, = H,0 + R.NH.CH,.

But a disturbance is caused by the water produced which reacts
immediately with a part of the carbimide to form a disubstituted urea,
(R.NH),CO, and carbon dioxide. The alkyl urea is immediately
hydrogenated, giving: .

(R.NH),CO + 3H, = H,0 + NH, .R + R.NH . CH,,

Hence there is a certain amount of the primary amine, R .NH,,
and on account of secondary actions of the metal, the secondary,
R,NH, and tertiary, R,N, also.

Thus ethyl isocyanate gives a considerable amount of methyl-
ethyl-amine, a little diethyl-amine, and traces of ethyl-amine and
triethyl-amine.®

6. Double Bond between Carbon and Oxygen

432. The carbonyl group, CO, which frequently occurs in organic

cCompounds, is readily hydrogenated over nickel to the alcohol group,
HOH.

Aliphatic Aldehydes. Hydrogenated over nickel below 180°,
these are regularly transformed into the primary alcobols without the
production of di-secondary glycols or acetals as by-products.

Formaldehyde vapors at 90° are readily transformed and methyl

3¢ SapaTmr and Mamwms, Compt. rend., 144, 955 (1907).
37 SapaTiER and Marwuam, Compt. rend., 144, 824 (1907).
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alcohol is condensed along with water which is due to the formation
of methane according to the reaction:

H.CO.H + 2H, = CH, + H,0.

But the covering over of the metal surface with a thin coating of
triozy-methylene soon suppresses its activity. If the temperature is
raised, this trouble disappears, but the formation of methane increases
as well as the decomposition of the formaldehyde itself (508).

Acetaldehyde is readily transformed into alcohol around 140°, but
at 200° the destruction of the aldehyde is already apparent.

Propionaldehyde is regularly hydrogenated to propyl alcohol be-
tween 100 and 145°.

It is the same with isobutyric and isovaleric aldehydes at 135-160°
which yield about 70% of the alcohols, the rest of the product being
unchanged aldehyde with a little acetal.

433. Aromatic Aldehydes. These do not give this reaction but
tend to form the hydrocarbons; thus benzaldehyde at 210-235° gives
benzene and toluene accompanied by a certain proportion of the cor-
responding cyclohexane compounds. The reaction which takes
place is:

CH,.CHO 4 2H, = C,H, . CH, + H,O

along with the decomposition of benzaldehyde by nickel:
C.H,.CO.H =~ C,H, 4+ CO

followed by a partial hydrogenation of the carbon monoxide to
methane.®®

434. Pyromucic Aldehyde. Furfural, or pyromucic aldehyde,
CH,O0 .CHO, hydrogenated over nickel at 190°, gives furfuryl alco-
hol, C,H,O . CH,OH, accompanied by some secondary products (see
371 and 487) .*°

435. Aliphatic Ketones. Aliphatic ketones, being more stable
towards nickel than the aldehydes, are hydrogenated regularly into
the secondary alcohols and, unlike their conduct in the classic reduc-
tion by sodium amalgam, they do not form any secondary products
such as pinacones. The method is an excellent one for the prepara-
tion of many secondary alcohols, which are produced almost
quantitatively.

This process is readily applied to acetone which forms isopropyl
alcohol at 115-125° which is thus prepared quite cheaply. It is no
less good for butanone, diethyl-ketone, methyl-isopropyl-ketone,

38 Sasarr and SnpmreNs, Compt. rend., 137, 301 (1903).

%9 Papoa and PonTi, Linces, 15 (2), 610 (1906), C., 1907 (1), 570.
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methyl-propyl-ketone, and methyl-butyl-ketone. It is only above
200° that decompositions of the molecules begin to take place.t®

Diusopropyl®* and diisobutyl ¢* ketones are readily transformed
into the secondary alcohols under the same conditions.

When the hydrogenation of ketones is carried out above 200°
different results are obtained. Acetone hydrogenated between 200
and 300° gives neither isopropy! alcohol nor its pinacone, but chiefly
methyl-isobutyl-ketone (boiling at 114°) accompanied by diisobutyl-
ketone (b.165°).¢

Methyl-nonyl-ketone, hydrogenated at 300°, does not give the cor-
responding alcohol but various products, one of them a ketone,
C.H,0.4

436. Alicyclic Ketones. The method is readily applied to these.

Cyclopentanone is hydrogenated over nickel at 125° to give 50%
of cyclopentanol, a little cyclopentane, and 40% of a complex ketone
formed by the joining of two rings, the cyclopentyl-cyclopentanone.*®

The a- and B-methylcyclopentanones are hydrogenated at 150° to
the corresponding alcohols, accompanied by greater quantities of the
dimethyleyclopentyl-pentanones formed by the union of two rings.t

Cyclohexanone and the three methyl-cyclohexanones are regularly
hydrogenated below 180° to the corresponding alcohols with small
amounts of the hydrocarbons.4”’

0.CH
Pulegomenthone, (CHs);CH.C ,/C0-Ca \CH.CH,, hydro-

H,.CHy”

genated by an active nickel at 140-160°, gives a mixture of menthol
and pulegomenthol.®

437. Keto-acids. Laevulinic acid, CH,.CO.CH,.CH,.COOH,
hydrogenated over nickel around 250°, gives the hydroxy-acid, which
loses water to form wvalerolactone, CH, .(|3H .CH, .CH, .CO.»

Vg 4N
\¥

438. Diketones. The results of the hydrogenation of these de-
pend on the nature of the compounds.*®

40 Ssparrer and SgnpEeeNs, Compt. rend., 137, 302 (1903).

41 Amouroux, Bull. Soc. Chim. (4), 7, 164 (1910).

42 Mareg, Bull. 8oc. Chim. (4), 15, 327 (1914).

48 Lassizur, Compt. rend., 156, 795 (1913).

¢ Havizr and Lassigur, Compt. rend., 150, 1017 (1910).

45 Goocror and Tasoury, Compt. rend., 153, 881 (1911).

46 GoocHor and Tasoury, Bull. S8oc. Chim. (4), 13, 591 (1013).
47 SapaTieR and SzNpERENS, Ann. Chim. Phys. (8), 4, 402 (1905).
48 Harrer and Martine, Compt. rend., 140, 1298 (1905).
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a-Aliphatic Diketones. Diacetyl, or butanedione, CH,.CO .-
CO .CH,, by hydrogenation at 140-150°, is totally transformed into
a8 mixture of butanol-one(2,3), CH,.CH(OH).CO.CH,, and
butanediol {2,3), CH, . CH(OH) . CH(OH) . CH,.

439. B-Aliphatic Diketones. Acetyl-acetone, CH,.CO.CH, .-
CO.CH,, when hydrogenated at 150°, gives two simultaneous re-
actions. One part is normally hydrogenated to form pentol(2) one(4),
CH, .CH(OH) .CH, .CO.CH,, while the larger portion is split into
two fragments:

CH,.CO.CH,.CO.CH,+ H,=CH,.CO.H 4 CH,.CO.CH,.

The acetaldehyde and acetone thus formed are then reduced to
ethyl and 1sopropyl alcohols.

Methyl-acetyl-acetone, CH,.CO.CH(CH,).CO.CH,, forms
hardly anything but the decomposition products.

440.y -Aliphatic Diketones. Acetonyl-acetone, CH,.CO.CH, -
CH,.CO.CH,, when hydrogenated at 190°, is totally trans-
formed, not into the corresponding diol but into the ether,
CH,. (IJH .CH,.CH,.CH.CH,, produced by its dehydration.

0O
J

441. Aromatic Ketones. Aromatic ketones and diketones give
the corresponding alcohols by hydrogenation but go chiefly into the
hydrocarbons (389 et seq.).

442. Quinones. We can consider quinones as unsaturated alicy-
clic diketones. They are readily hydrogenated by nickel at 200°,
and add H, to form the corresponding diphenols in excellent yields.

This is the case with ordinary quinone which gives hydroquinone
quantitatively, with toluguinone, with p.ryloquinone, and with thymo-
quinone.

But if the operation is carried on at a higher temperature, 220 to
250°, the diphenol is no longer obtained, but water, the monophenol,
and even the hydrocarbon.*

443. Ethylene Oxides. The direct hydrogenation of these ozides
is doubtless readily carried out in all cases.

In the particular case of the ether of cyclohezanediol(1,2), hydro-
gen is added at 160° to give a quantitative yield of cyclohezanol: °?

CH;.CH;. CH\ CH,.CH,.CHOH
—_ . .
CH,.CH,. CH/ CH,.CH,.CH,

81 SaBATIER and Ma1LEE, Compt. rend., 146, 457 (1908).
82 BruNEL, Ann. Chim. Phys. (8), 6, 237 (1905).
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7. The Aromatic Nucleus

444, The direct hydrogenation of the aromatic nucleus has long
been considered very difficult to accomplish. When benzene is re-
duced by concentrated hydriodic acid at 250°, cyclohexane, CH,,,
is not produced as was hoped, but its isomer, methyl-pentamethylene,
boiling at 69°, is formed by a molecular rearrangement.®® However,
this method of reduction has been successfully used with toluene and
m.xylene which give certain amounts of the corresponding saturated
cyclic compounds. But this formation is very difficult and most of
the aromatic hydrocarbons can not be hydrogenated in this way.
The hydroaromatic hydrocarbons might be separated from Baku
petroleum by laborious fractionations or prepared by tedious
synthetic processes.

The direct hydrogenation of phenol and of its homologs had never
been accomplished, nor had that of aniline and related aromatic
amines.

On the contrary, benzoic and the phthalic acids had been hydro-
genated by sodium amalgam. ‘

445. In 1900, Lunge and Akunoff showed that combination takes
place when a mixture of benzene vapor and hydrogen is passed over
platinum black in the cold, or better, at 100°, and calculated from the
decrease in volume of the mixture that cyclohexane, C,H,,, must have
been formed although the same reaction with platinum sponge gave
only cyclohezxene, C,H,,. But the activity of the catalyst was quickly
exhausted, and they were not able to isolate any product of the hydro-
genation.®*

The use of reduced nickel enables us to hydrogenate the aromatic
nucleus regularly in most cases. This hydrogenation ordinarily takes
place around 180° without isomerization and usually without side
reactions, hence with good yields. This is without doubt the most °
important service rendered by reduced nickel.

446. Aromatic Hydrocarbons. The direct hydrogenation of
benzene to cyclohexane, C,H,,, takes place with nickel above 70°.
Its speed increases with the temperature up to 170-190°, where it is
rapid without any side reaction. Above that, and particularly above
300°, a part of the benzene is reduced to methane and carbon is de-
posited on the nickel.

Cyclohexane is sometimes obtained at once, but usually it contains
some benzene which has escaped the reaction and which is more

83 KisaNEkR, J. prakt. Chem. (2), 56, 364 (1897).
8¢ LuNan and AKUNOFF, Zeit. anorgan. Chem., a4, 191 (1900).
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abundant the more worn out the nickel is. Treatment with a mixture
of 1 volume fuming nitric acid to 2 volumes concentrated sulphuric
acid easily removes the benzene.®®

447. All of the homologs of benzene are hydrogenated over nickel
at 150 to 180°, being transformed into the homologs of cyclohexane.

Below 250° the hydrogenation takes place without any complica-
tions with the methyl derivatives of benzene, toluene, ortho, meta,
and para zylene, mesitylene and pseudocumene, the yields of the cor-
responding methyl cyclohexane derivatives being practically quanti-
tative, though traces of the aromatic hydrocarbons remain. These
may be readily eliminated by shaking with the nitric-sulphuric acid
mixture which has little effect on the saturated hydrocarbons in the
cold. )

448. But if we start with substituted benzenes containing long
side chains, ethyl, propyl, isopropyl, and butyl, while the correspond-
ing derivative of cyclohexane is always the chief product, there is
always more or less of the saturated hydrocarbon resulting from the
shortening of the long side chain. Thus ethyl-benzene gives, along
with ethyl-cyclohexane, a little methyl-cyclohezane with correlative
formation of methane. Propyl-benzene gives a little ethyl- and
methyl-cyclohexane. This disturbance is more serious when the long
side chain is a branched one, e. g., isopropyl. Thus with p.cymene
which is p.methyl-isopropyl-benzene, along with about 66% of
p.methyl-isopropyl-cyclohezane, about 16% each of p.dimethyl- and
p.methyl-ethyl-cyclohezane are obtained.

This formation of by-products which is due to the power that the
nickel has of dissociating the molecules, is greater with higher tem-
perature, and for that reason it is best not to go above 180°.

449, By this method, methyl-cyclohexane, the three dimethyl-
cyclohezanes, 13,5- and 1,34-trimethyl-cyclohexanes, propyl-cyclo-
hexane, p.methyl-ethyl-cyclohezane, isopropyl-cyclohexane, the three
methyl-isopropyl-cyclohexzanes or menthanes, and dimethyl-isobutyl-
cyclohezane have been prepared.®®

450. Above 250°, and particularly above 300°, the production of
the cyclohexane hydrocarbons diminishes and then disappears alto-
gether since the inverse dehydrogenation begins and becomes more
and more rapid (641).

451. Phenyl-ethylene, styrene, or cinnamine, C,H;.CH : CH,, is

55 SapaTER and SpnpEeENS, Compt. rend., 133, 210 (1901).

%6 SisaTieR and SzNpErRENS, Compt. rend., 133, 566 and 1254 (1901).
SaarR and Murar, Compt. rend., 156, 184 (1913), and Ann. Chim. (9), 4, 271
(19185).
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hydrogenated at 160° by an active nickel to ethyl-cyclohexane. With
a slightly active nickel around 200° hardly anything but ethyl-
benzene is obtained.®”

Phenyl-acetylene, CH,.C : CH, hydrogenated over nickel at
180°, gives almost exclusively ethyl-cyclohezane.®®

452. Polycyclic Aromatic Hydrocarbons. Hydrogenation over
active nickel at about 170° permits the addition of 6 atoms of hydro-
gen to each aromatic nucleus. The low volatility of the polyphenyl
hydrocarbons, which do not boil except at temperatures above 250°,
makes it necessary to carry their vapors along by a large excess of
hydrogen. A single passage over the nickel under the conditions used
for benzene does not effect complete hydrogenation and it is usually
necessary to repeat the process with the product.

However, a single operation is all that is required to transform
diphenyl-methane, C,H,.CH,.C,H,, into dicyclohezyl-methane,
CH,, .CH,.CH,,.*

With diphenyl, C,H;.C,H,, Eijkman® obtained only phenyl-
cyclohezane, C,H, . C,H,,, boiling at 240°, but Sabatier and Murat
have succeeded in transforming it into dicyclohezyl, C,H,, . CH,,,
melting at 4° and boiling at 233° and almost unattacked by the mix-
ture of nitric and sulphuric acids.®®

Likewise symmetrical diphenyl-ethane, or dibenzyl, C,H,.CH, .-
CH, .CH,, has been completely transformed into 1.2-dicyclohexyl-
ethane, C,H,, .CH, .CH, . C,H,,, boiling at 270°. The 1,1-diphenyl-
ethane, (C,H,),CH .CH,, is changed with greater difficulty into the
1,1-dicyclohexyl-ethane boiling at 256°.

The four diphenyl-propanes are more or less readily transformed
into the dicyclohexyl-propanes over nickel at around 170°.

Only in the case of dimethyl-diphenyl-methane, (CH,),C(CH,),,
a quaternary hydrocarbon, is there any notable breaking up of the
molecule into isopropyl-cyclohexane, ethyl-cyclohezane, methyl-
cyclohezane and even cyclohexane.

Five diphenyl-butanes have been easily hydrogenated over active
nickel at 170°, to the corresponding dicyclohexyl-butanes, and like
results have been obtained with three diphenyl-pentanes which do not
boil below about 300°.%

453. According to whether the temnperature is higher or lower,
triphenyl-methane, CH(C,H,),, gives first dicyclohexyl-phenyl-

87 Sasarrer and SsNpmrENS, Compt. rend., 133, 1255 (1901).

58 SapaTmm and SgNperENs, Compt. rend., 135, 88 (1902).

50 EyyxmaN, Chem. Weekblad, 1, 7 (1903), C., 1903 (2), 989.

60 Sapatizr and Murar, Compt. rend., 154, 1390 (1912).

61 Sapatee and Mumat, Ann. Chim. (9), 4, 303 (1915).
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methane, C,H; . CH(C,H,,),, and then tricyclohexyl-methane,
CH(C,H,,),.**

On the contrary, the hydrogenation of symmetrical tetraphenyl-
ethane, (C,H,),CH . CH (C.H,),, has miscarried, since under the in-
fluence of very active nickel at 230-240°, it yields only dicycloheryl-
methane produced by the hydrogenation of the two halves of the
molecule.?

454. Hydrindene, which can be regarded as benzene with a satu-

CH,
rated side chain, C / \CH,, adds 6 atoms of hydrogen

CHY”

to form dicyclononane, C,H,,, boiling at 163°.%¢

CeHs
Fluorene, - \CH,, .over nickel at 150°, furnishes only the
CHy”
decahydro-fluorene boiling at 258°.%°

455. Aromatic Ketones. With an active nickel at a moderate
temperature, the -CO- group is changed to -CH,~ and the aromatic
rings are hydrogenated (389).

Thus acetophenone gives ethyl-cyclohezane.

Dibenzyl-ketone, C,H, . CH, . CO.CH, . C,H,, with active nickel
at 175°, can give immediately symmetrical dicyclohexyl-propane,
CH,,.CH,.CH,.CH,.C,H,,. .

456. Phenols. The direct hydrogenation of the aromatic nucleus
can be readily accomplished in phenol and its homologs by the use
of nickel.

Phenol, hydrogenated at 180°, gives immediately cyclohezanol,
C.H,, . OH, containing 5 to 10% unchanged phenol, small quantities
cyclohexanone and cycloherene, C.H,,. The mixture boiling between
155 and 165° can be purified by a second passage over the nickel at
150-170° which changes the phenol and cyclohexanone completely into
cyclohexanol.®

457. 0.Cresol is regularly transformed by nickel at 200-220° into
o.methyl-cyclohexanol with a yield of better than 90%. There is
a little of the ketone which can be extracted with sodium bisulphite.

m.Cresol, under the same conditions, gives a mixture of the alcohol

62 GopcHor, Compt. rend., 147, 1057 (1908).

63 SapaTiER and MuUraT, Compt. rend., 157, 1497 (1913).

64 ELykMAN, Chem. Weekblad, 1, 7 (1903), C., 1903 (2), 989.

o5 ScamMmT and Mrrzeer, Berichte, 40, 4566 (1907).

66 SapaTER and MuUraT, Compt. rend., 155, 385 (1912).
o7 SagaTmER and SENDERENS, Compt. rend., 137, 1025 (1903).



167 HYDROGENATIONS IN THE GAS PHASE 461

and ketone which can be rehydrogenated at 180° to give practically
pure m.methyl-cyclohezanol.

p.Cresol is readily hydrogenated at 200-230° to form p.methyl-
cyclohexanol containing only traces of the ketone which are readily
eliminated by bisulphite.®®

458. The zylenols, or dimethyl-phenols, are hydrogenated over
nickel with varying degrees of success. 1,3-Dimethyl-phenol(4), at
190-200°, changes almost completely to the corresponding dimethyl-
cyclohexanol with a little ketone and m.xylene.

The same may be said of the 1,4—dimethyl-phenol(2), which gives
the corresponding cyclohezanol with about 10% of the ketone.

1,2--Dimethyl-phenol(4), hydrogenated under the same conditions,
gives only about 25% of the desired cyclohezanol, about 8% of the
ketone, while about 67% is reduced to o.zylene.®®

459. In the same manner with an active nickel at below 160° the
regular hydrogenation of p.butyl-phenol, methyl-butyl-phenrol, one
dimethyl-butyl-phenol,” and one diethyl phenol ™ have been hydro-
genated into the corresponding cyclo-aliphatic alcohols.

Thymol is satisfactorily hydrogenated to hezahydrothymol at
180-185°,

The same may be said of its isomer carvacrol, which is hydrogen-
ated at 195-200° to hexahydrocarvacrol.™

460. Polyphenols. The addition of 6H to the nucleus in poly-
phenols is difficult to realize by the use of nickel, doubtless because
the desired reaction can be effected only between narrow temperature
limits. At 200° the hydrogenation leads to phenol and benzene,
mixed with cyclohexanol and cyclohexane, without any appreciable
amount of the desired cycloaliphatic diols or triols.”™

461. On the contrary, by lowering the temperature to around
130°, the normal addition of hydrogen can be accomplished in some
cases.

Hydroquinone at 130°, gives exclusively cyclohezadiol (1,4), or
quinite, as the cis form, but if the hydrogenation is carried on at 160°,
a mixture of the cis and trans forms is obtained with some phenol
and cyclohexanol.

Pyrocatechin, at 130°, gives exclusively cycloheradiol(1,2), melt-
ing at 75°,
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Resorcine is difficult to hydrogenate at low temperatures on
account of its slight volatility, but small amounts of cyclohexa-
diol(1,3), melting at 65°, have been isolated.™

462. Pyrogallol, at 120-130°, gives cyclohezatriol(1,2,3), melting
at 67°.7¢

463. Thymoquinol, C,H,(CH,)CH,(OH),, is hydrogenated by
nickel to menthane-diol(2,5), melting at 112°.7

464. Ethers of Phenol. By means of nickel, below 150°, we
may accomplish the direct hydrogenation of phenol ethers without
breaking up the molecules.

Thus amisol, C,H,.OCH,, gives methozry-cyclohexane, CH,, .-
OCH,. The methyl ethers of the cresols are transformed into the
corresponding methory-methyl-cyclohezanols. Phenetol gives ethoxy-
cyclohexanol.™

465. Aromatic Alcohols. Up to the present, the hydrogenation
over nickel has not been accomplished without eliminating the hy-
droxyl group. Thus benzyl alcohol gives toluene and methyl-cyclo-
hezane.

p.Tolyl-dimethyl-carbinol, CH,.C,H,.C(OH) (CH,),, changes
to hexahydrocymene, identical with menthane, when hydrogenated at
1560°.""

466. Aromatic Amines. On hydrogenating anriline at 190°,
ammonia is evolved and a nearly colorless liquid with strong ammo-
niacal odor is obtained which gives on fractionation:

1. A little benzene and cyclohexane, going over around 80°,

2. About 30% of cyclohezyl-amine, C,H,, . NH,, boiling at 134°,

3. A small amount of unchanged aniline, boiling at 182°,

4. A portion boiling above 190°, consisting of about 30%
dicyclohexyl-amine, boiling at 252°, and .about 30% of cyclo-
hexyl-aniline, boiling at 279°, and a little diphenyl-amine, boiling
at 311°,

The dicyclohexyl-amine comes from the decomposition of the
cyclohexyl-amine by the nickel, with elimination of ammonia, simi-
lar to what has been mentioned in connection with the hydrogenation
of nitriles (426). The cyclohexyl-aniline and the diphenyl-amine
can be regarded as produced by the partial dehydrogenation of the
dicyclohexyl-amine.’
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467. The toluidines, CH, . C,H, . NH,, are more difficult to hydro-
genate than aniline, but appear to give similar results.

By operating with m.toluidine (boiling at 197°) over nickel at
200°, we obtain, along with a little methyl-cyclohezane, boiling at
101°, and unchanged m.toluidine, a considerable amount of metho-
cyclohezxyl-amine, CH, . C,H,, . NH,, boiling around 150° and having
an intensely alkaline reaction, and higher alkaline products boiling
at 145 and 175° respectively under 20 mm. pressure, which are doubt-
less dimethocyclohexyl-amine and methocyclohexyl-aniline. But the
activity of the nickel falls off rapidly to nothing. This effect is even
more marked with ortho and para toluidines and with the zylidines,
whether these amines contain toxic substances or whether slightly
volatile products of the reaction remain on the surface of the nickel
and suppress its activity.”™

468. The hydrogenation of the nucleus by nickel at 160-180° is
more readily accomplished for anilines substituted in the NH,- group.
The most difficult of these is methyl-aniline which gives a rather
moderate yield of cyclohexryl-methyl-amine. A secondary reaction,
which becomes more and more important as the temperature is raised,
tends to produce the aliphatic amine, with the simultaneous libera-
tion of cyclohexane or benzene.

Much more satisfactory results are obtained with ethyl-aniline,
which gives cyclohexryl-ethyl-amine, boiling at 164°, with dimethyl-
aniline, which leads to cyclohezyl-dimethyl-amine, boiling at 165°,
and with diethyl-aniline which yields cyclohexyl-diethyl-amine,
boiling at 193°.%°

469. Diphenyl-amine, (C,H,),NH, when submitted to hydrogena-
tion over nickel at 2560°, is decomposed into ammonia and cyclohexane.
But by working at 190-210° with vapors of diphenyl-amine carried
along by a large excess of hydrogen, it is possible to accomplish a
regular hydrogenation, producing cyclohezyl-aniline and dicyclohexyl-
amgne, accompanied by certain amounts of cyclohexane, cyclohexyl-
amine, and even aniline, resulting from the breaxing up of the mole-
cule by nickel.®

470. Benzyl-amine, such as is usually obtained by various methods
of preparation, can not be hydrogenated over nickel without break-
ing up of the molecule into ammonia and toluene, even below 100°.
The cause must be the presence of foreign substances which injure
the catalyst, since the normal hydrogenation can be realized with

7 SasaTieR and SzNDERENS, Ann. Chim. Phys. (8), 4, 387 (1905).
80 SxpaTize and Ssnpermns, Compt. rend., 138, 1257 (1904).
0 SapaTmER and SeNperENS, Ann. Chim. Phys. (8), 4, 483 (1905).
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benzyl-amine obtained by the catalytic action of thoria on a mixture
of ammonia and benzyl alecohol vapors, and hezahydrobenzyl-amine
is obtained, accompanied by dithezahydrobenzyl-amine.®?

471. Aromatic Acids. Direct hydrogenation over nickel fails
when it is applied to benzoic acid or its homologs. When the vapors
of benzoic acid, carried along by an excess of hydrogen, are passed
over a very active nickel at 180-200°, the production of a little
cyclohexane and traces of hexahydrobenzoic acid is observed at the
start, but after a very short time the benzoic acid passes on un-
changed, the surface of the nickel having doubtless become coated
with a stable bensoate.®®

Sabatier and Senderens failed likewise in the hydrogenation of
the esters of benzoic acid, as the nickel rapidly became inactive. But
by operating with the metal block at a perfectly regulated tempera-
ture below 170°, Sabatier and Murat have succeeded in accomplishing
the regular hydrogenation of methyl benzoate, and even more readily,
the hydrogenation of the esters of higher alcohols, and have thus ob-
tained methyl, ethyl, isobutyl, and isoamyl hezahydrobenzoates, the
1soamyl ester in 80% yield. The saponification of these esters yields
the hezahydrobenzoic acid immediately.**

By the same method, they realized the complete hydrogenation
of esters of phenyl-acetic acid to those of cyclohezyl-acetic at 170-
185°,%8 of esters of hydrocinnamic acid to esters of S-cyclohexyl-
propionic,®® and finally of esters of ortho, meta, and para toluic acids
to those of the corresponding hezahydrotoluic acids.

8. Various Ring Compounds
472. Trimethylene Ring. Cyclopropane, or trimethylene,

CHs\c
H,, is hydrogenated by nickel above 80°, and rapidly at
CHY”
120°, to form propane.®’
Likewise ethyl-trimethylene is hydrogenated by nickel +to

t'copentane'
\CH CH,.CH, H'\CH.CHz.CHa.“
CHY T o/
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Methyl-cyclopropene yields isobutane at 170-180°: ®°

CH CH;
N Y
C.CH, — H.CH,.
CHY” CHY”

Dimethylmethylene-cyclo-propane gives isohezane at 160°: *
CH’\C
:C(CHs;)s — CH,.CHyCH,CH(CH,)s
CHY”

473. Tetramethylene Ring. Cyclobutane furnishes butane,
while cyclobutene, at 180°, passes first into cyclobutane and then into
butane ™

474. Pentamethylene Ring. Cyclopentadiene is regularly hy-
drogenated to cyclopentane.®®

475. Hexamethylene Ring. Cycloherene, C,H,,, is readily re-
duced to the cycloherane condition by nickel below 180°. The same
is true of the cycloheradienes.

All the cyclohezene hydrocarbons are readily hydrogenated by
nickel to the cyclohezane hydrocarbons. Thus the ethylene hydro-
carbons formed from the three dimethyl-cyclohexanols readily
furnish the three dimethyl-cyclohexanes.®® Methyl-ethyl-1,2-cyclo-
hexene regularly passes into the corresponding saturated deriva-
tive.*

Menthene, CH, .CH, .C,H,, submits to regular hydrogenation
at 176° to give p.methyl-isopropyl-cyclohezane, or menthane, iden-
tical with that formed from cymene and accompanied by certain
amounts of the same seconda.ry products *® (448).

Phenyl-cyclohexene(1,1) is readily changed to phenyl-cyclohexane
by a slightly active nickel. The same is true of cyclohezyl—cyclo-
hezxene(1,1), which furnishes dicyclohexyl.®®

476. Acetyl-cyclohexane, CH,.CO.C,H,,, is hydrogenated by
nickel at 160°, without affecting the ketone group, to give hezahydro-
acetophenone."

Ethyl tetrahydrobenzoate, C,H, .CO,C,H,, is transformed into
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ethyl hexahydrobenzoate, and the ester of cycloherene-acetic acid,
CH, .CH,.CO,H, into that of hexahydrophenyl-acetic acid.®®

Carvone adds hydrogen to its double bond and its ketone group
passes into the alcohol, forming a mixture of hydrocarvols.®

477. Terpenes. The terpenes with two double bonds add 2H,
with nickel at 180°, while the terpenes with one double bond usually
add only H,.

Limonene gives menthane, identical with that from menthene and
cymene with the same secondary products. The same is true of
sylvestrene and terpinene.

Pinene is readily transformed at 170-180° into dihydropinene,
C,oH,,, boiling at 166°, identical with that prepared by the action of
hydroiodic acid (Berthelot).

The camphene (from an unknown source), melting at 41°, studied
by Sabatier and Senderens, added H, with difficulty at 165-175° to
furnish a camphane, C,,H,,, boiling at 164° and appearing to be
identical with that which Berthelot had previously isolated.2®®

The camphene from pinene hydrochloride gave a mixture of a
solid camphane, melting at 65-67°, and liquid camphane, boiling at
1600.101

An inactive camphene melting at 47-49° was transformed into a
solid camphane, melting at 60°, by a single hydrogenation over
nicke] 202

478. Terpineol, hydrogenabed over nickel, even at a low tempera-
ture, around 126°, is changed to hezahydrocymene.!®

a-Thujene, cm.c<CH26H'—>c.CH(cm)., changes into heza.

hydrocymene.***

479. Heptamethylene Ring. Cycloheptadiene, C,H,,, hydro-
genated over nickel at 180°; yields only cycloheptane, stable even
with prolonged hydrogenation at 200°, but at 235° it seems to
isomerize into methyl-cyclohexaner*®

480. Octamethylene Ring. Cyclo-octadiene, C,H,,, hydroge-

98 DarzzNs, Compt. rend., 144, 328 (1907).

9 Havize and MarTiN®, Compt. rend., 140, 1302 (1905).

100 SapaTier and SgnpEreNs, Compt. rend., 133, 1256 (1901).

101 L1pp, Annalen, 382, 265 (1911).

102 NamprxiN and Miss ABAUMOVSEAYA, J. Russian Phys, Chem. Soc., 47,
414 (1915), C. A., 10, 45

108 Hazzs and MarTIN®, Compt. rend., 140, 1393 (1905).

10¢ ZprINsxY, J. Russian Phys. Chem. Soc., 36, 768 (1904).

100 Wiistitrer and KaMEKATA, Berichte, 41, 1480 (1908).
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nated very slowly over nickel at 180°, gives cyclo-octane, C,H,4,2%
which further hydrogenation at 200-250° appears simply to isomerize
into dimethyl-cyclohezane.2°?

Bicyclo-octene, at 150°, furnishes bicyclo-octane, boiling at
1400.100

481. Naphthalene Nucleus. Naphthalene is transformed at 200°
by nickel into tetrahydronaphthalene,*® boiling at 205°,1° while at
176°, decahydronaphthalene, or naphthane, boiling at 187°, is
formed.1?

a-Naphthol, by means of two successive hydrogenations at 170°
and 136°, respectively, is transformed into decahydro-a-naphthol,
melting at 62°.

Likewise by hydrogenation at 170° and then at 150°, 8-naphthol
yields decahydro-8-naphthol, melting at 75°.11

H
482. Acenaphthene, CmH<CICHg, which is related to naphthalene
3

in constitution, is transformed by nickel at 210°, as well as at
250°, into the tetrahydro-, C,,H,,, boiling at 254°.1*

483. Anthracene Nucleus. Anthracene is hydrogenated in steps,
more hydrogen being taken up at lower temperatures. At 260°
tetrahydroanthracene, C, H,,, melting at 89°, is formed, while at 200°,
octohydroanthracene, melting at 71°, is obtained. By using a very
active recently prepared nickel, it is possible to transform the octo-
hydro- into perhydroanthracene, C, H,,, melting at 88°.11¢

484. Phenanthrene Nucleus. Phenanthrene, C,H,,, hydrogen-
ated at 160° over a very active nickel, gave a mixture of the heza-

106 WiisTiTrar and VmeagurH, Berichte, 40, 957 (1907).

107 Wrstitrer and Wassw, Berichte, 44, 3444 (1911).

108 WiLsriTrse and VaraauTH, Berichte, 41, 1480 (1908).

100 The tetrahydro has d. 09153 and boils at 205-207° and is known as
tetralin while the dekahydro is known as dekalin and has d. 0.88272° and boils
at 189-191°, Tetralin spirits is a mixture of the two. These are coming to be
important as turpentine substitutes, particularly in Europe. See bz KmoHEL,
Rev. chim. ind., a9, 173-178 (1920), C. A., 14, 3803; also SHROETER, Annalen, 436,
1 (1922).—E. E. R.

110 SapaTizr and SmNpmmENs, Compt. rend., 133, 1257 (1901).

111 Lgroux, Compt. rend., 139, 673 (1904).

113 Lgroux, Compt. rend., 141, 953 (1905). Ann. Chim. Phys. (8), 31, 483
(1910).

18 Sapatie and SznpErEns, Compt. rend., 133, 1257 (1001). GoocHor,
Bull. 8oc. Chim. (4), 3, 529 (1908).

114 GoocHor, Ann. Chim. Phys. (8), 13, 468 (1907).
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hydro—, boiling at 305°, and the octokydro-, C, H,,, boiling at 280° 11
These results are different from those obtained by Schmidt and
Metzger, who got only dihydrophenanthrene at 150°¢ and from
those of Padoa and Fabris, who obtained a mixture of the solid
dihydro- and the liquid tetrahydro- at 200°, but were able to get the
dodecahydro— at 176°.117

485. Complex Rings. Pyrrol, when hydrogenated over nickel at
180-190°, gives 25% of pyrrolidine, C H N, with a small quantity of
a substance which appears to be hezahydro-indoline 8

486. Pyridine is only slowly attacked by hydrogenation over
nickel between 120 and 220°, and does not yield any piperidine;
there is opening of the ring with the formation of some amyl-amine.2?

487. Furfuryl-ethyl-carbinol yields tetrahydrofurfuryl-ethyl-
carbinol on hydrogenation at 175°.1%°

Methyl-a-fufurane adds 2H, at 190° to give tetrahydro-methyl-

CH,.CH.
a-furfurane, (EH’ CH’>0 E. If the hydrogenation is pushed,
L '—_"'C

the ring is opened and methyl-propyl-ketone is formed, finally methyl-
propyl-carbinol, or pentanol(2) .13

488. Quinoline, when hydrogenated over a very active nickel at
160-190°, adds 2H, to the pyridine ring to form tetrahydrogquinoline
in excellent yield.

Likewise 6-methyl-quinoline is readily hydrogenated to the corre-
sponding methyl-tetrahydroquinoline.1**

By carrying out the hydrogenation at 130-140°, over a very ac-
tive nickel, decahydroquinoline may be obtained. Likewise quin-
aldine furnishes decahydroquinaldine in excellent yield.22*

489. By hydrogenating quinoline at a higher temperature, the
normal addition of hydrogen does not take place, but the ring is
opened to yield ethyl-o.toluidine, which does not remain as such but
closes the ring, with loss of hydrogen to give a-methyl-indol: *¢

115 BretraUu, Compt. rend., 140, 942 (1905).

116 ScammT and MEeTzamR, Berichte, 40, 4240 (1907).

117 Papoa and Faemis, Gas. Chim. Ital, 39 (1), 333 (1909).

118 Papoa, Gaz. Chim. Ital., 36 (2), 317 (1908)..

119 Sapatme and MAmwes, Compt. rend., 144, 784 (1907).

120 Dounris, Compt. rend., 157, 722 (1913).

121 Papoa and Ponri, Linces, 15 (2), 610 (1908), C., 1907 (1), 570.
122 DarzeNs, Compt. rend., 149, 1001 (1909).

128 SxpatiER and Murat, Compt. rend., 158, 309 (1914).

124 Papoa and CaruaHI, Lincet, 15, 113 (1908), C,, 1906 (2), 1011.



175 HYDROGENATIONS IN THE GAS PHASE 493
CH CH

i Y N e vem ad on
W b Lrmb bemom “mb & bem

W w m w N

490. Carbazol, diphenyl-imide, when hydrogenated over nickel at
200° under 10 atmospheres pressure, gives aS-dimethyl-indol: 2®

5e”" N\o— o Nog H/C\C——-CCH.
b bk Tewb b

NcB/ v/ \cB/ NcH/ \NH /

491, Acridine is slowly hydrogenated over nickel at 250-270° to
af -dimethyl-quinoline : 1%

R I S AT
: W&\L I lem

5/ \ca/éﬂ \cu/ \CH/

9. Carbon Disulphide

492. When carbon disulphide vapors are carried by an excess of
hydrogen over nickel at 180°, a volatile, extremely ill-smelling sub-
stance is produced which gives a yellow mercury salt, a white cad-
mium salt, and brown lead and copper salts, and which appears to be
methylene-dithiol, H,C (SH),.*

HYDROGENATIONS WITH IDECOMPOSITIONS

493. Catalytic nickel quite frequently exercises a more or less
intense decomposing action on the molecules: in such cases not only
the original compound but also the fragments resulting from its
decomposition are hydrogenated.

Hydrocarbons. We shall study in Chapter XXI the decom-
positions that hydrocarbons undergo at high temperatures in the
presence of nickel and other catalysts. The study of the simultaneous
hydrogenations can not be separated from that of the decompositions
and molecular condensations resulting therefrom.

138 Papoa and CHiaves, Linces, 16 (2), 762 (1907), C., 1908 (1), 649

136 Papoa and Fasmis, Linces, 16 (1), 921 (1907), C., 1907 (2), 612,
137 Sasarmme and Esri, Bull. Soc. Chim. (4), 1s, 228 (1914).
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494. Aliphatic and Aromatic Ethers. Aliphatic ethers resist
hydrogenation over nickel quite well, but when it is carried out above
250°, there is decomposition into hydrocarbon and alcohol which is
then attacked, furnishing the products of the hydrogenation of its
debris.

Thus ethyl ether gives ethane and alcohol which gives the frag-
ments of acetaldehyde, of which the carbon monoxide is partly
changed to methane: 12

(C,H,),0 + H, = C,H, + CH, . CH,0H
then CH, . CH,0H = CH, + CO + H,
CO + 3H, = CH, + H,0.

Aromatic ethers undergo an analogous decomposition with nickel,
this taking place at moderate temperatures with the mixed alkyl
phenyl ethers and greatly diminishing the yields of the mixed alkyl-
cyclo-aliphatic ethers which are made by their hydrogenation.

In the hydrogenation of anisol to methozy-cyclohezane (464),
there is the production of certain amounts of methyl alcohol and
cyclohexane.**® If the operation is carried on above 300°, there is no
hydrogenation of the nucleus and scission is rapid in the same
manner as8 with aliphatic ethers.

We have two reactions:

CH,.O.R+H,~RH+4CH,.OH
~phenol
and CH;.O.R4+H,-~CH,+ R.OH
“aloohol
the alcohol itself being more or less broken down by the hydrogena-
tion.

This is the case with the methyl ethers of phenol, of the three
cresols, of a-naphthol, etc., and also with phenyl oxide which is the
most resistant to decomposition.}*®

495. Phenyl Isocyanate. Phenyl isocyanate, when hydrogenated
over nickel at 190°, breaks up into two portions which are hydro-
genated separately:

C,H, . N : CO = CO + C,H, . N-.

We obtain aniline and carbon monoxide which yields methane
with the formation of water. This reacts quantitatively with the
original compound to give carbon diozide and solid diphenyl-urea.r®

128 SxpaTizr and Sknperens, Bull. S8oc. Chim. (3), 33, 616 (1905).

120 Maree and Murar, Bull. Soc. Chim. (4), 11, 122 (1912).

130 SxpariEe and Mawes, Compt. rend., 144, 8256 (1907).
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496. Amines. Various amines hydrogenated over nickel at above
300-350°, tend to form ammonia and a hydrocarbon. This reaction
which takes place readily with aliphatic amines has already been
mentioned with aniline (378). It takes place with the homologs of
aniline, with benzyl-amine and with the naphthyl-amines.

Hezamethylene-tetramine is completely decomposed yielding
ammonia, trimethyl-amine and methane: 1

N(CH,.N: CH,), + 9H, = N(CH,), 4 3NH, + 3CH,.

497. Compounds Containing —N . N-, Phenylhydrazine, hydro-
genated above 210°, is split into ammonia and aniline, accompanied
by cyclohexyl-amine, dicyclohexyl-amine, and even by benzene and
cyclohexane.}®®

The main reaction is:

C.H,.NH.NH, + H, -— NH, 4+ C,H, . NH,.

Azobenzene, C,H,.N : N.C,H,, hydrogenated at 290°, yields
aniline chiefly .12

Indol. On hydrogenation over nickel at 200°, indol is split into
o.toluidine and methane: 1%

/CE
+ CH,

/CH\ _
C‘H‘\NH /CH + 3H, C‘H\Nﬂg

131 Gpasar, Gas. Chim. Ital.,, 36 (2), 505 (1906).
132 SapaTer and SenpeemNs, Bull. Soc. Chim. (3), 35, 259 (1906).
133 Cagrasco and Pavos, Linces, 14 (2), 699 (1908), C., 1906 (2), 683.



CHAPTER X
HYDROGENATIONS (Continued)
HYDROGENATIONS IN GASEOUS SYSTEM (Continued)

I.—USE OF VARIOUS CATALYSTS

498. Nickel as a hydrogenation catalyst can be replaced by vari-
ous finely divided metals, such as cobalt, iron, copper, platinum, and
the platinum metals, particularly palladium.

Cobalt

499. Finely divided cobalt such as is produced by the reduction
of the oxide in the hydrogenation tube itself, seems to be able to take
the place of nickel in all the various reactions which nickel can
catalyze.

But its use is disadvantageous because its activity is less and more
eagily destroyed than that of nickel; because higher temperatures
are required when using it; and also because the reduction of its oxide
ig practicable only in the neighborhood of 400°, and hence the oxide
resulting from spontaneous oxidation during the time the apparatus
is cold and out of use, can not be reduced at temperatures below 250°
such as are commonly used in hydrogenations.

500. Ethylene Hydrocarbons. When a mixture of ethylene and
an excess of hydrogen is passed over cold reduced cobalt, immediate
action takes place with the production of ethane, and the end of the
cobalt layer becomes hot. The heated portion moves slowly along
the metal and the evolution of heat finally ceases and the production
of ethane stops also, doubtless because the cobalt is slightly car-
bonized in the course of the reaction and its activity so diminished
that it is unable to continue the reaction without the aid of external
heat.

At 150°, the hydrogenation of ethylene continues indefinitely,
but the cobalt is slowly weakeped, more rapidly than nickel.

Above 300°, the disturbance due to, the action of the cobalt on
the ethylene (910) appears and the issuing gases contain methane
and carry along small amounts of liquid hydrocarbons.?

1 SABATIER and SENDERENS, Ann. Chim. Phys. (8), 4, 344 (1905).
178
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The action of cobalt on the homologs of ethylene is similar to
that of nickel but weaker.

501. Acetylene. Reduced cobalt, entirely free from nickel, can
serve to hydrogenate acetylene, but there is no reaction in the cold.
The fixation of hydrogen begins at about 180°, and the ethane pro-
duced is accompanied by a small amount of liquid hydrocarbons,
which are more abundant if the reaction is carried on at 250°.*

502. Benzene and its Homologs. Reduced cobalt can efféct the
direct hydrogenation of benzene and its homologs at 180°, but its
activity falls off rather rapidly.®

503. Aliphatic Aldehydes and Ketones. Cobalt can transform
aliphatic aldehydes and ketones into the alcohols below 180°, but is
less active than nickel. Under identical conditions, with the same
apparatus, the same temperature, the same velocity of hydrogen, and
the same rate of admission of acetone, the yield of isopropyl alcohol
was about 83% with nickel as catalyst but slightly less than 50%
with cobalt.¢

504, Carbon Monoxide and Dioxide. Reduced cobalt can cause
the transformation of carbon monozide into methane, as does nickel,
but the reaction does not begin till about 270°. It is rapid at 300°,
but is opposed more strongly, than is the case with nickel, by the
decomposition of carbon monoxide into carbon and the dioxide (615).
This decomposition is as rapid with cobalt as with nickel, while the
hydrogenation is slower with the cobalt.

The hydrogenation of carbon dioxide is effected by cobalt from
300° up. It is rapid at 360° and even more 8o at 400° and is accom-
plished without any complications.®

Iron

505. Finely divided iron, obtained by the reduction of its oxides,
can be substituted for nickel as a hydrogenation catalyst in certain
cases, but is less active than nickel and even less active than cobalt.
Besides, it has the marked disadvantage of being much more difficult
to prepare from its oxide. Between 400 and 500° it is necessary to
continue the action of hydrogen from six to seven hours to obtain
complete reduction. When the metal is reduced more rapidly at
higher temperatures, it is no longer pyrophoric and has only slight
activity. .

* SaBaTIER and SENDERENS, Ann. Chim. Phys. (8), 4, 352 (1905).
3 SaBaTER and SENDXRENS, Ann. Chim. Phys. (8), 4, 368 (1905).

¢ 8aBATIER and SgNDERENS, Ann. Chim. Phys. (8), 4, 400 and 403 (1905).
§ BaBaTIER and SENDERENS, Ann. Chim. Phys. (8), 4, 424 (1905).
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506. Ethylene Hydrocarbons. Iron causes the hydrogenation
of ethylene only above 180°, and its activity decreases with the slow
carbonizing of the metal.

Acetylene. The hydrogenation of acetylene does not commence
till above 180°, and always gives rise to the formation of rather large
amounts of colored hydrocarbons, containing higher ethylene hydro-
carbons soluble in sulphuric acid, aromatic hydrocarbons, and only
a small amount of saturated hydrocarbons. The odor and appearance
of the product suggest certain natural petroleums of Canada.

To a certain extent, iron can cause the hydrogenation of aldehydes,
ketones and nitro compounds, but is incapable of transforming carbon
monoxide and dioxide into methane or of adding hydrogen to the
benzene nucleus.®

Copper

507. Reduced copper is a useful catalyst for certain hydrogena-
tions. For such its use is advantageous on account of its ease of
preparation, the low temperature, below 180°, at which its oxide can
be reduced, and its resistance to poisons which is more marked than
with other metal catalysts.

508. Reduction of Carbon Dioxide. Copper, even in its most
active form (59), is incapable of causing the direct hydrogenation of
carbon monozide to methane and does not show any action on mix-
tures of carbon monoxide and hydrogen below 450°.

- It is the same way with mixtures of hydrogen and carbon dioride
below 300°, but between 350 and 400° a special reaction appears
gradually and is quite definite at 420-450°. There is reduction of
the carbon dioxide into carbon monoxide and water, according to the
equation:

CO, + H, = CO + H,0.

Thus with a mixture of one part carbon dioxide to about three
parts of hydrogen, a gas was obtained containing:

Carbon monoxide ............ 100% by volume
Carbon dioxide .............. 172% “ “
Hydrogen ................... 728% “ “

More than a third of the carbon dioxide had been reduced to the
monoxide. The proportion reduced is less when the concentration of
hydrogen in the mixture is less.

¢ SABATIER and SzNDBRENS. Ann. Chim. Phys. (8), 4, 345, 353, 368, 425, and
428 (1905).
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In no case is even a trace of methane formed.”

509. Nitro Compounds. Copper gives results analogous to those
with nickel (373 to 378) only at higher temperatures.

Nitrous oxide is reduced to nitrogen at 180° and nitric oxide
is changed into ammonia at the same temperature. Nitrogen
peroxide gives copper nitride in the cold,® and it is only towards
180° that ammonia is produced. If the proportion of nitrogen per-
oxide becomes too great, there is incandescence followed by an ex-
plosion.?

510. Nitromethane, hydrogenated between 300 and 400°, gives,
along with methyl-amine, a liquid of a more or less brown color with
a disgusting odor in which appear crystals which are the methyl-
amine -salt of nitromethane.

Between 300 and 400°, nitro-ethane gives ethyl-amine without
notable complications.2®

511. Copper is the best of all the finely divided metals for trans-
forming aromatic nitro derivatives into the amines, since its very
regular hydrogenating action affects only the -NO, group and does
not touch the aromatic nucleus. Nitrobenzene is thus changed to
amline from 230° up, the reaction being rapid -and very regular be-
tween 300 and 400°, and so long as the hydrogen is in exeess, aniline
is obtained in 98% yield containing only traces of nitrobenzene and
the red azobenzene. The same metal can be used for a long time.
The hydrogen can, without inconvenience, be replaced by water gas,
the carbon monoxide of which acts usefully as a reducing agemt to
some extent since a part of it is transformed into carbon dioxide.
The manufacture carried out with copper, a metal which is not costly
and which serves for a long time and is easily regenerated without
loss, and by means of a very cheap gas, can be carried on continu-
ously and is very economical.1*

Coppered pumice at 200-210° has been proposed as a substitute
for copper.:? '

512. The manufacture of the toluidines from the nitrotoluenes is
also advantageously carried on by copper at 300-400°, and likewise

7 SaBATIER and SyNDERENS, Ann. Chim. Phys. (8), 4, 426 (1908).

¢ SaBATIER and SzNpERENS, Ann. Chim. Phys. (7), 7, 401 (1896).

* SapaTIER and SzNDERENS, Compt. rend., 138, 278 (1902).

1 SapaTizr and SpNpERENS, Compt. rend., 138, 227 (1902).

u Saparizr and SpnpErENS, Compt. rend., 133, 321 (1901). — SaBarier, Vth.
Cong. Pure and Appl. Chem., Berlin, 1908, II, 617. — SzNDERENS, French Patent,
312,616 (1901).

1 Bapisces, English patent, 6,409 of 1915. — J. Soc. Chem. Ind., 35, 920
(1916).
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a-naphthyl-amine is readily obtained from a-nitronaphthalene at
330-350°.1*

The chlornitrobenzenes are regularly transformed by copper into
the chloranilines at 360-380°. On the contrary, copper gives poor
results with the dinitrobenzenes and the bromnitrobenzenes*

At 265° the results are excellent with the nitrophenols and the
nitranilines®

513. Esters of Nitrous Acid. Nitrous esters are regularly
hydrogenated into the amines, over copper as well as over nickel, but
at a higher temperature, 330-350°, the results are satisfactory for
nitrites with heavy hydrocarbon chains, but are less so for methyl
nitrite which gives brown products analogous to those obtained from
nitromethane.®

514. Oximes. Copper accomplishes the regular hydrogenation of
aliphatic aldozimes and ketorimes between 200 and 300° into primary
and secondary amines without complications,*” and the same may be
said about aliphatic amides.*®

515. Ethylene Compounds. Most often copper serves to add
hydrogen to the ethylene double bond.

Ethylene, propylene and a-octene are changed to the correspond-
ing saturated compounds at above 180°. However, trimethyl-
ethylene and P-hexene are not hydrogenated by copper, and it has
been concluded that copper does not cause the hydrogenation of any
except a-ethylene compounds, that is to say, those in which one of
the CH, groups of the ethylene is not substituf

This limitation is not general since the vapors of oleic acid are
readily hydrogenated into stearic acid at around 300°. Water gas
can be substituted for the pure hydrogen in this preparation and it
has industrial possibilities.3

It may be noted that copper does not cause the hydrogenation of
symmetrical diphenyl-ethylene, or stilbene, C,H; . CH : CH . CHj, of
cyclohezxene, C,H,,, or of the methyl-cyclohexenes.®*

516. The use of copper, which acts on the ethylene double bond

B SaaTiErR and SENDERENS, Compt. rend., 135, 225 (1902).

4 MigNoNac, Bull. Soc. Chim., (4), 7, 164, 270 and 504 (1910).

4 BrowN and CArrICk, J. Amer. Chem. Soc., 41, 436 (1919).

18 GAUDION, Ann. Chim. Phys. (8), 25, 136 (1912).

17 MaiLam, Compt. rend., 140, 1691 (1905) and 141, 113 (1905)

13 MarLem, Bull. Soc. Chsm. (3), 33, 614 (1908).

1» SapaTiER and SeNDERENS, Compt. rend., 134, 1127 (1902).

20 SABATIER, French patent, 394,957 (1907).

1 SABATIBR, 60th. Cong. des Soc. Sav. (1912). Journ. Offic., 3628: April 11,
1012, |
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without attacking the aromatic nucleus, permits us to effect certain

hydrogenations distinct from those obtained with nickel. Phenyl-

ethylene, or styrene, CH,.CH : CH,, which nickel changes into

ethyl-cycbhezane, is transformed quantitatively at 180° by copper
into ethyl-benzene.??

: /CHe . :

517. Limonene, CH,;.C¢Hs.C which nickel readily

\CH,
changes into menthane (477), gives only dihydrolimonene, C, H,,,
isomeric with menthene.® ‘

518. Acetylene Hydrocarbons. Copper can not hydrogenate
acetylene in the cold, the reaction being around 130° over copper
with a light purple color and around 180° over copper of a clear red.
Carried on with excess of hydrogen, the reaction always gives a cer-
tain proportion of liquid hydrocarbons along with the ethane.

When the amount of acetylene equals or surpasses the amount of
hydrogen, the special condensing action of copper on acetylene (914)
becomes evident: the copper swells up gradually on account of
the formation of solid cuprene, (C,H,), the gases evolved contain
higher ethylene hydrocarbons and a mixture of liquid ethylene and
aromatic hydrocarbons (benzene, and homologs and styrene) is col-
lected.

A gas mixture containing 21 H, to 19 C,H, gave, at 150° over
violet copper, a condensation of materials containing 25 C with about
65% carbon, one third as cuprene and the other two thirds as liquid
hydrocarbons.?®

519. The hydrogenation of a-heptine over copper at below 200°,
gave a little heptane, but chiefly heptene, diheptene, and triheptene.*

520. Phenyl acetylene, C,H,.C: CH, which nickel transforms
easily into ethyl-cyclohexane (451), gave by hydrogenation over
copper between 190 and 250°, ethyl-benzene, C,H,.CH,.CH,,
accompanied by a little phenyl-ethylene and a nearly equal amount
of symmetrical diphenyl-butane, C,H,.CH,.CH, .CH,.CH,.C,H,,
a well crystallized solid.?®

6521. Nitriles. Copper can transform nitriles into primary and
secondary amines ® in the same manner that nickel does. It acts

8 SABATIER and SENDERENB, Compt. rend., 133, 1265 (1901).

8 SaBaTIER and SENDERENS, Compi. rend., 130, 1559 (1800).

3 SapaTiER and SpNDERENS, Compt. rend., 135, 87 (1902).

% SiaTIER and SENDERENS, Compl. rend., 135, 88 (1902).

3 SapaTiER and SENpERENS, Compt. rmd, 140, 482 (1905) and Bull. Soc.
Chim. (3), 33, 371 (1905).
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similarly on the carbyl-amines,*” but its action is less rapid than that
of nickel. '

522. Aliphatic Aldehydes and Ketones. Below 200°, copper
can transform these slowly into the alcohols, but the inverse action
usually preponderates and this makes the use of copper less
advantageous.

Furthermore, copper is incapable of transforming the oxides of
carbon into methane or of hydrogenating the aromatic nucleus.

523. Aromatic Ketones. When benzophenone is hydrogenated
at 360° over copper with a violet tint, prepared by the reduction of
the hydroxidg (59), diphenyl-methane is formed directly.?®

Platinum

524. Platinum black can be used for direct hydrogenation in quite
a large number of cases and its activity is greater than that of copper
though less than that of nickel. Its activity is greater, the more
tenuous the black and the more recently it has been prepared. It is
rapidly exhausted and this fact taken together with the high cost of
the metal renders its use generally less advantageous.

Platinum moss, or sponge, behaves the same way but with less
activity, which is usually not manifested except at a higher tempera-
ture.

525. Union of Carbon and Hydrogen. The presence of finely
divided platinum on the carbon accelerates its direct combination
with hydrogen to form methane at 1200°, the limit of the combina-
tion, 0.53%, not being altered.®

526. Ethylene Compounds. A mixture of ethylene and hydrogen
is transformed into ethane in the cold in the presence of platinum
black.>* But after some time the slight carbonization of the metal
prevents the reaction from proceeding at the ordinary temperature
and it is necessary to heat to 120°, or even to 180°, to obtain a rapid
formation of ethane.®

Analogous results are obtained with propylene.

The vapors of amyl oleate can be hydrogenated over platinized
asbestos to amyl stearate.®*

527. Acetylene Hydrocarbons. Acetylene combines with hydro-

87 SaBariErR and Maruum, Ann. Chim. Phys., (8) 16, 95 (1909).

% SaparmER and Murar, Compi. rend., 158, 761 (1914).

® PriNg, J. Chem. ‘Soc., 97, 498 (1910).

8 voN WILDE, Berichie, 7, 352 (1874).

2 SapATiER and SENDERENS, Compl. rend., 131, 40 (1900).

8 FoxiN, J. Russian Phys. Chem. Soc., 38, 419 (1908), C., 1906 (2), 758.
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gen in the cold in the presence of platinum black, giving first ethylene
and then ethane.®

In presence of an excess of hydrogen, acetylene is entirely trans-
formed into pure ethane without any side reactions.

At 180° the same reaction takes place more rapidly but there is
the formation of a certain amount of higher liquid hydrocarbons.
By augmenting the proportion of acetylene in the mixture, ethylene
becomes the main product but some ethane is always formed even
though unchanged acetylene remains.

If the proportion of acetylene becomes great enough, with the
platinum black at 180°, a certain amount of smoky decomposition
of the gas is observed and this ends with incandescence, as is the case
with nickel (914).

Platinum sponge is not active in the cold and does not effect the
hydrogenation of acetylene except above 180°.2

528. Hydrocyanic Acid. Platinum black can hydrogenate
hydrocyanic acid to methyl-amine at 116°, but the cyanidation of the
metal soon diminishes its activity and stops the reaction.*

529. Nitro Compounds. Nitrogen oxides, either nitric ozide or
the diozide, are readily reduced to ammonia with the aid of platinum
sponge which is thereby heated to incandescence.®®

530. Nitromethane is hydrogenated over platinum sponge at 300°,
more slowly than over copper but with analogous results (510).%¢

531. Various forms of platinum, black, sponge, and platinized
asbestos, can cause the transformation of nitrobenzene into aniline,
but their catalytic power is low and, if the hydrogen is not in large
excess, there is incomplete reduction with the formation of crystal-
lized hydrazobenzene.®

532. Aliphatic Aldehydes and Ketones. Finely divided plati-
num is unsuitable for the regular transformation of these into the
alcohols, since at the temperatures which must be used, which are
above 200°, the metal acts powerfully to break up the aldehyde mole-
- cule into carbon monoxide and hydrocarbon (622).

533. Finely divided platinum, even in the form of highly active
black, has proved powerless to effect the direct hydrogenation of
carbon monozide or diozide to methane. There is no action even up
to 450°.3 _

# SaBaTIER and SzxpxRENS, Compl. rend., 131, 40 (1900).

¥ Dxsus, J. Chem. Soc., 16, 249 (1863).

8 KuHLMANN, Compt. rend., 7, 1107 (1838). -

8 SABATIXR and SENDERENS, Compl. rend., 135, 226 (1902).

8 SapATIER and SENDERENS, Ann. Chim. Phys. (8), 4, 414 (1905).
% SApATIER and SENDERENB, Compt. rend., 134, 514 and 689 (1902).
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534. Aromatic Nucleus. Recently prepared platinum black can
transform benzene into cycloherane at 180° for a time, but its ac-
tivity diminishes rapidly and soon disappears.

Platinum sponge has not this power.**

According to Zelinsky, platinum is as well able to hydrogenate
benzene, toluene, the three rylenes and ethyl-benzene, as is nickel .+

He states the same about palladium.

535. Polymethylene Rings. Spirocyclane, with the aid of plati-
num, first adds H, to form ethyl trimethylene, which passes to pen-
tane by a second addition: 4

o8 BN o CHCH, — CHy.CH, .CH.CH, .CH,
. . — . . — . 3. 1. 3. 3
CHy” \CH, CHY’
Cyclo-octatetrene adds 4H, with the aid of platinum sponge to
form cyclooctane.**
Palladium

536. Palladium, previously charged with hydrogen, is able to effect
varied hydrogenations, such as the transformation of nitrobenzene into
aniline, nitromethane into methyl-amine, and nitrophenols into amino-
phenols (Graham). It is easy to foresee that it can serve equally well
as & hydrogenation catalyst, the intermediate hydride which enables
it to accomplish these results being notably stable in this case.

The formation of aniline by the action of hydrogen on nitrobenzene
in the presence of palladium was shown by Saytzeff.®

Carbon monoxide can be reduced in the cold, or better, at 400°,
to methane in the presence of palladium sponge.t

Phenanthrene, carried over palladium sponge at 150-160° by a
current of hydrogen, gives a mixture of tetrahydro- and octohydro-
phenanthrene *®

Unfortunately the excessive price of palladium restricts its useful
applications.

. 9 SaBarmER and SENDERENS, Ann. Chim. Phys. (8), 4, 368 (1905).
# 72pLINSKY, J. Russian Phys. Chem. Soc., 44, 274 (1912).
4 ZxLiNsKY, J. Russian Phys. Chem. Soc., 44, 275 (1912).
8 WiLisTiTTER and WASER, Berichle, 44, 3423 (1911).
@ Korss and Savrzusr, J. praki. Chem. (2), 4, 418 (1871).
# BreTBAU, Etude sur les meth. d’hydrogenation, 1911, p. 22.
¢ BrerEAU, Ibid, D. 24.
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II. — HYDROGENATION BY NASCENT HYDROGEN

537. Certain catalyses yield hydrogen and the gas so produced
can be immediately employed for hydrogenation purposes. We can
thus use as sources of active hydrogen, alcahol vapors, formic acid,
and even a mixture of water and carbon monozide.

Hydrogenation by Alcohol Vapors

538. Primary and secondary alcohols can, under the influence of
various catalysts, be decomposed into aldehydes and ketones and
hydrogen (653): the hydrogen thus set free can act in the nascent
state on substances the vapors of which are mixed with the alcohols.

Copper can easily realize such reactions, but we can attribute to
its action the hydrogenation correlative to the decomposition.

We can use mized oride catalysts (6756) and even dehydrating
catalysts, such as thoria, the presence of the substance that can be
hydrogenated orienting the decomposition of the alcohol in the direc-
tion of the separation of hydrogen and greatly diminishing the extent
of the dehydration reaction.

Thus over thoria at 420°, benzhydrol, with ethyl alcohol in excess,
gives much diphenyl-methane accompanied by a little benzophenone
and tetraphenyl-ethane (720): acetaldehyde is evolved and the gases
arigsing from its decomposition.

The alcohol most suitable for this sort of hydrogenation is methyl
alcohol on account of its great tendency to produce formaldehyde
and particularly the products of its decomposition, carbon monoxide
and hydrogen (693): -

H .CH,0H = 2H, + CO.

The vapors of the substance to be hydrogenated are passed over
thoria at 420°, with an excess of methyl alcohol, the hydrogenation
is advantageously accomplished in all cases in which the product is
stable at that temperature. Thus benzophenone and benzhydrol are
changed almost completely into diphenyl-methane, while benzyl al-
cohol and benzaldehyde give toluene, acetophenone furnishes ethyl-
benzene, and nitrobenzene yields aniline.t® ¢

# Saparier and Murar, Compé. rend., 187, 1499 (1913). — Bull. Soc. Chim.
(4), 15, 227 (1914).

4 By using 2.5 moles of ethyl aleohol to 1 of bensaldehyde, and passing the
mixed vapors over ceria on asbestos at 300-300°, bensyl alcohol is obtained
along with acetaldehyde. Similarly citronellol is formed from citronellal and
phenylethyl alcohol from phenylacetaldehyde. The yields are variable and the
catalyst is rapidly fouled, probably on account of the formation of condensation
products of the aldehydes either alone or with each other. See article by
Milligan and myself, Jour. Amer. Chem. Soc., 44, 202 (1922). — E. E. R.
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Hydrogenation by the Vapors of Formic Acid

539. The vapors of formic acid passing over various catalysts,
finely divided platinum, copper or nickel reduced from their oxides,
cadmium, stannous oxide or zinc oxide, are decomposed below 300°
into carbon dioxide and hydrogen (824):

HCO,H = H, + CO,.

This hydrogen can be used to hydrogenate substances the vapors
of which are present in the system. Under these conditions, using
nickel at 300°, acetophenone is changed to ethyl-benzene, phenyl-
ethyl-ketone into propyl-benzene, and benzophenone into diphenyl-
methane.

Thoria, alumina and zirconia effect the same hydrogenations above
300°, but the oxides of manganese appear to be inactive.*®

Hydrogenation by the Mixture of Carbon Monoxide and Water

.540. The mixture CO 4 H,O can be transformed into CO, 4 H,,
the reaction being favored by the temporary combination of the car-
bon dioxide with the catalyst or by the immediate utilization, thanks
to the catalyst, of the hydrogen to hydrogenate the carbon monoxide
into methane. The reaction then becomes:

4CO + 2H,0 = 3C0, + CH,.

It is found, in fact, that a mixture of steam and carbon monoxide
passing over lime at above 1000° gives the above reaction and we
have the following reaction at the same time:

CO + H,0 = CO, + H,.

As calcium carbonate is entirely decomposed at this temperature,
the lime acts as a true catalyst. By separating the carbon dioxide,
we can obtain a mixture containing:

Hydrogen ..................... 88% by volume
Methane ® .................... 12%

The same mixture passing over iron wool likewise gives methane
in varying amounts:

At 250° ...........cciuuannn 7.3% by volume
At 950° ..................l 112%
At 1250° ...........ciiienln 71%

By the use of fine nickel turnings a maximum content of 12.5% of

« Mamnue and px Gooon, Bull. Soc. Chim. (4), a1, 61 (1017).
4 VigNoN, Compl., rend., 156, 1995 (1913). :
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methane is obtained at 400°. With copper turnings, almost no result
is obtained at 500°, and the maximum, 6.3%, is obtained at 700°.
Precipitated silica gives a maximum of 8.4% at 700°, while for
alumina, obtained by calcining the hydroxide, the maximum, 3.8%,
is obtained at 950°, and for magnesia, a maximum of 6.7% at 900°.*

8 VianoN, Compt. rend., 157, 131 (1913). — Bull. Soc. Chim. (4), 13, 889 (1913).



CHAPTER XI
HYDROGENATIONS (Continued)

DIRECT HYDROGENATIONS OF LIQUIDS IN
CONTACT WITH METAL CATALYSTS

541. We have explained the phenomena of direct hydrogenation
as accomplished by various finely divided metals when the substance
to be hydrogenated is brought in contact with the metal in the gaseous
form, by assuming a sort of hydride of the metal, an unstable com-
pound formed rapidly and decomposed rapidly in the act of hydro-
genating the substance (165). This explanation does not necessarily
require that the substance to be hydrogenated be in the gaseous form
as we can see that the same reaction can be accomplished with a
liquid material intimately mixed with a finely divided metal capable
of taking up hydrogen. In order that the hydrogen may come into
contact with the metal it is necessary that its solubility in the liquid
be made sufficiently great by using low temperatures at the ordinary
pressure, or a high pressure of hydrogen if it is necessary to heat.

An energetic and continuous agitation, constantly renewing the
contact of the catalyst with the unchanged portions of the liquid will
be most useful.

Furthermore, in order for the metal to be able to preserve its
activity, it must not be oxidisable at the working temperature, or
this temperature must be high enough to assure the reduction by the
hydrogen in the system of any oxide formed.

542. From these conditions may be derived several methods which
give results in general identical with those obtained by the method
of Sabatier and Senderens of hydrogenating vapors over nickel, and
which may offer great advantages in some cases.

The first attempt to hydrogenate substances directly in the liquid
state had for its object the hydrogenation of liquid fats and was made
in 1902-1903.! Then followed the method of Ipatief based on the use
of nickel at 250 to 400° in the presence of hydrogen compressed to
more than 100 atmospheres, and at almost the same time the method

! LypriNce and Simvke, German patent, 141,029 (1003). — NormaN, English
palent, 1515 of 1903. Chem. Cent., 1903 (1), 1199.
190
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of Paal, relying on the use of colloidal metals (platinum or palladium)
acting at near the ordinary temperature, and then in 1908, the method
of Willstétter which depends on the use of platinum black.

We shall take up first the methods using the precious metals, then
those employing the common metals whether at high pressures of
hydrogen or at pressures near the atmospheric.

543. Except the process of Ipatief, which, on account of the high
pressures used, demands an entirely special outfit, the various methods
of hydrogenation in liquid medium employ apparatus of the same
kind, though they may vary much in forms and dimensions. The
main thing is a working vessel containing the liquid to be hydro-
genated, either alone or dissolved in a suitable solvent and mixed
with the solid catalyst. This recipient, which must be capable of
being kept at known temperatures, is mounted on a mechanical shaker
capable of assuring the best possible contact between liquid, catalyzer,
and hydrogen. It is kept in communication with a cylinder of com-
pressed hydrogen which can be introduced from time to time under
known pressures, or if the hydrogenation is to be carried on at
atmospheric pressure, the recipient communicates continuously with
a hydrogen gasometer, the graduations of which enable us to follow
the course of the reaction and to determine its end.

I.—-METHOD OF PAAL

544. The methods of preparing colloidal platinum and palladium,
such as are used in the method of Paal, have been given above (67 to
71). The amounts of these metals to be used are not over 16 to 50%
of the weight of the substance to be hydrogenated, and can, according
to Paal, be reduced to from 0.5 to 1% for colloidal palladium or to
1 to 2% for colloidal platinum.?

Use of Colloidal Palladium

545. Reductions with Simultaneous Fixation of Hydrogen.
Nitro compounds are readily changed into amino compounds. Thus
nitrobenzene is easily transformed into aniline, particularly at 65—
85°3

Nitroacetophenone gives aminoacetophenone.*

The halogen of chlorine or bromine derivatives may be readily
replaced by hydrogen when a current of hydrogen is passed through

3 PaaL, German patent, 208,193, 1913, — Chem. Cent., 1917 (2), 145.
3 PaaL and AMBERGER, Berichie, 38, 1406 (1900).
¢ 8x1TA and MxeY=R, Berichls, 45, 3579 (1912).
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the compound containing colloidal palladium and boiling under reflux.
Thus we obtain benzene from brombenzene. This reduction works
well with o.chlor-benzoic acid, o.chlorcinnamic acid, chlorcrotonic
acid, and chlorcaffeine, etc., without any other change in the mole-
cule.t

546. Fixation of Hydrogen by Addition. The ethylene double
bond is readily hydrogenated.

Ethylene is easily transformed into ethane.®

Styrene gives ethyl-benzene.

Bromstyrene is simultaneously saturated and dehalogenated to
ethyl-benzene.”

1,10-Diphenyl-decadiene(1,9) furnishes 1,10-diphenyl-decane.®

Mesityl oxide, treated in alcohol solution with the metal prepared
by means of gum arabic, changes into methyl-isobutyl-ketone.®

a-Methyl-B-ethyl-propenal, hydrogenated under the same condi-
tions under 2 atmospheres pressure of hydrogen, gives chiefly the
saturated aldehyde, a-methyl-valeric aldehyde, accompanied by a
small amount of the unsaturated alcohol a-methyl-pentenyl alcohol.r®

Crotonic, isocrotonic, and tetrolic acids are transformed into the
corresponding saturated acids.’?

Fumaric acid in an hour and a half, and maleic acid in seven hours
are changed into succinic acid. Oleic acid gives a 60% yield of
stearic actd in 43 minutes.

Cinnamic acid is changed into phenylpropionic acid.*®

Cinnamic aldehyde, dissolved in 20 parts of alcohol, is transformed
into phenylpropioric aldehyde.*®

Isopropylidene-cyclopentanone adds H, to form tsopropyl-cyclo-

pentanone: 1
O —-CH, C -~ CH,
TN\g. o/ - \CH.CH<CO )
CH/ Nom-La, CH,” CH:—CH
¢ RoseNMUND and ZxTsceE, Berichie, 51, 579 (1918).
¢ Paar and HARTMANN, Berichte, 48, 984 (1915).
7 BorscEE and HmiMBURGER, Berichie, 48, 452 (1915).
¢ BorscEE and WOLLEMANN, Berichte, 44, 3185 (1911).
% WarLacH, Nach. Ges. der Wiss. Gottingen, 1910, 517. — SKrrA, Berichies, 48
1486 (1915).
10 Sxrra, Berichis, 48, 1486 (1915).
U BOpsExEN, VAN DErR Wrxips and Mowm, Rec. Trav. Chim. Pays Baa, 35,
260 (1915).
18 Paar and GERUM, Berichte, 41, 2273 and 2277 (1908).
¥ Sxrra, Berichie, 48, 1691 (1915). — BSEsExxN, vAN DER WEmE and Mox,
Rec. Trav. Chim. Pays-Bas, 38, 260 (1916).
14 'WaLLACH, Annalen, 304, 362 (1912).
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547. In the case of diethylene compounds, if the double bonds are
consecutive, both are hydrogenated simultaneously but if they are
separated by more than one carbon atom, they are hydrogenated
successively.

Thus phorone gives first dihydrophorone and then valerone.

Drbenzylidene-acetone, CH, .CH : CH.CO.CH : CH.C.H,, can
give first benzyl-benzylidene-acetone, C,H,.CH : CH.CO.CH, .-
CH, .C,H,, and then dibenzyl-acetone.r®

548. The acetylene triple bond can be saturated in two steps,
Acetylene itself gives ethylene chiefly, up to 80%.*

Phenyl-acetylene in acetic acid solution gives styreme and then
ethyl-benzene?

Tolane yields stilbene and then dibenzyl. Diphenyl-diacetylene
passes intoory-diphenyl-butadiene ary, then into ay-diphenyl-butaner?

Phenylpropiolic acid, C.H;.C : C.COOH, gives a poor yield of
cannamic actd, CH, .CH : CH.CO,H, and does not go into phenyl-
propionic.8

2,5-Dimethyl-hexine (3)—diol(2,6) adds only H, to give the
ethylene-diol, and the same is true of 1,4-diphenyl-butine(2)-
diol(1,4) ** and of dimethyl-diethyl-butine-diol,*® while dimethyl-
diphenyl-butine-diol gives, in succession, the ethylene glycol and the
saturated glycol3* On the contrary, 2-methyl-4—phenyl-butine(3)—-
ol(2), (CH,),C(OH) .C C.CH,, adds 2H, immediately to give the
saturated alcohol.??

Dimethyl-octine-diol CH"CH’\C(OH) ciC C(OH)/C He CHs
Y 100, CH/ L . \CH‘ ’

hydrogenated in alcohol solution, adds H, to form dimethyl-octene-
diol 2®

In the hydrogenations of these acetylene glycols, the speed of the
reaction is usually proportional to the amount of catalyst present,

% Paar, Berichte, 45, 2221 (1012).

10 Paar and HoHENEGGER, Berichle, 48, 275 (1915). — PaaL and ScEwaRz,
Berichte, 48, 1202 (1915).

17 KeiLBER and ScEwaRz, Berichie, 48, 1951 (1912).

18 Paar and Scaware, Berichie, 51, 640 (1918).

19 ZaLxiND, J. Russian Phys. Chem. Soc., 45, 1876 (1914), C. A., 8, 1419.

% Zaixinp and Miss MaREKARYAN, J. Russian Phys. Chem. Soc., 48, 538
(1016), C. A., 11, 584.

1 ZauxiNp and Kvarisevegn, J. Russian Phys. Chem. Soc., 47, 688 (1015),
C. A, 9, 2511, .

8 ZaLxiNo, J. Russtan Phys. Chem. Soc., 47, 2045 (1915), C. A., 10, 1355.

2 ZALxIND and Miss MARKARYAN, J. Russian Phys. Chem. Soc., 48, 538 (1916),
C. A., 11, 584,
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but sometimes it is independent of the amount of catalyst, contrary
to all predictions.

549. The transformation of aldehydes and ketones into alcohols
can be effected, but with difficulty.

Benzaldehyde is partially reduced to benzyl alcohol.3*

Phenyl-acetaldehyde is regularly hydrogenated to the correspond-
ing alcohol.

With hydrogen at one atmosphere pressure, phorone is hydro-
genated to di-tsobutyl-carbinol, but under half an atmosphere, the
reduction stops at valerone.’*

In acetic acid solution, mesityl oxide is hydrogenated to methyl-
isobutyl-carbinol, but in alcohol, as stated above, the reaction stops
at the ketone.?®* The saturated alcohol is also obtained by working
under 5 atmospheres pressure.?*

550. Hydrozy-methylene derivatives containing the group

>C : CHOH, are changed into methyl derivatives >CH .CH,.

551. Benzoic acid furnishes herahydrobenzoic.3?

562. Carvone is transformed into tetrahydrocarvone. There is
addition of hydrogen to the double bonds of pinene, which, under 2
atmospheres pressure, gives pinane, of camphene which passes to
camphane, melting at 53°2* of eucarvone, of a- and B-terpineols, of
thujone, of isothujone, of methylheptenone, of cyclohezenone, etc.®®
Likewise pulegone is changed to menthone.

553. Naphthalene is reduced to decahydronaphthalene.®

554. Azobenzene, in alcohol solution under 2 atmospheres pres-
sure of hydrogen, is reduced to hydrazobenzene in five minutes and
then into aniline in 4.5 hours. Orange No.3 is immediately de-
colorized under these conditions.>®

The a- and B-ionones are transformed into the odorless dihydro-
and then into the tetrahydroionones.*

555. Quinidine gives dihydroquinidine, melting at 165°. Cin-
chonidine adds H, to form the dihydro- melting at 229°.2 Cin-
chonine adds H, to form cinchotine.®®

% 8xrra and RiTTER, Berichie 43, 3393 (1910).

8 BKrTA, Berichte, 48, 1486 (1915).

1% Krz and ScHARFFER, J. prakt. Chem. (2), 88, 604 (1913).
37 Sxrra and MEYER, Berichte, 48, 3587 (1912).

# Sxrra and MEYER, Berichte, 48, 3579 (1912).

9 WaLLACH, Annalen, 336, 37 (1904).

% Sgrra, Berichie, 48, 3312 (1912).

u 8xrra, MeYEr and BERGEN, Berichle, 45, 3312 (1912).

8 Sxrra and Norp, Berichte, 48, 3316 (1912).

8 Paay, German palent, 223,413.
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Pyridine is changed to piperidine and quinoline to decahydro-
quinoline®™ Dracetyl-morphine furnishes the dihydro- and piperine,
tetrahydropiperine.®®

Strychnine, dissolved in dilute nitric acid under 2 atmospheres
pressure. of hydrogen, gives the dihydro-, but under 3 atmospheres,
tetrahydrostrychnine, while brucine always gives its dihydro-.

Colchicine furnishes tetrahydrocolchicine.®®

Egg lecithine, dissolved in absolute alcohol, gives hydrolecithine.®®

Use of Colloidal Platinum

556. Colloidal platinum, prepared according to one of the methods
given in Chapter II (67 to 71), can be substituted for colloidal palla-
dium and gives results but little different.

According to Paal and Gerum its activity is less.¥ According to
Fokin, on the contrary, the platinum is three times as active and much
more apt to hydrogenate the aromatic nucleus.?® The velocity of
the hydrogenation increases rapidly with the amount of the metal
employed.®®

557. The reduction of nitro-derivatives into amino- is readily carried
out with nitrobenzens which gives aniline and with nitroacstophenons
which yields aminoacstophenons. 4

558. The addition of hydrogen to double and triple bonds takes
place easily even with many complex rings.

Ethylens is transformed to ethane but less rapidly than by colloidal
palladium, the action being proportional to the amount of platinum
used. !

Amylene is changed to peniane, oleic and lLinolelc acids into stearic
and crotonic, malele, aconitic, sorbic, cifraconic, and itaconic acids are
changed into the corresponding saturated acids, while allyl alcohol gives
propyl alcohol.®®

Acstylene is reduced to a mixture of ethylene and ethane.#

559. Heptaldehyde, hydrogenated by the aid of colloidal platinum
prepared by the germ method, is changed to heptyl alcohol.#

# 8xrraA and PaaL, German paient, 230,724, C., 1911 (1), §22.

8 HorrMaNN — LA Roca® & Co., German patent, 279,999, C., 1914 (2),1214.
8 PaaL and OxEmE, Berichle, 46, 1297 (1913).

8 PaaL and GeruwM, Berichie, 40, 2209 (1907) and 41, 2273 (1908).

8 FoxiN, J. Russtan Phys. Chem. Soc., 40, 276 (1908).

® FoxiN, Z. Angew. Chem., 23, 1492 (1909).

“ SxirA and MeYER, Berichte, 48, 3579 (1912).

4 Paar and ScawArs, Berichie, 48, 994 (1915).

® Paar and ScEwaRrz, Berichte, 48, 1202 (1915).

@ Sxrra and MxYxR, Berichte, 45, 3589 (1912).
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a-Methyl-g-ethyl-propenal, treated in acetic acid solution, is changed
completely into a-methyl-pentanol.

Mesityl oxids, in water solution, goes to methyl-isobutyl-ketons, but
in acetic acid solution, into methyl-isobutyl-carbinol.44

560. The aromatic nucleus is hydrogenated more or less readily.
With the metal prepared by the germ method, benzens is transformed
into cyclohezana.

Tolusne, in acetic acid solution under 2 atmospheres pressure, is
changed to methyl-cyclohezans and benzoic acid into hezahydrobenzoic.*®

Cinnamic aldshyde is transformed into phenylpropionic aldshyds in
the cold. In acetic acid solution phenylpropyl alcohol is obtained mixed
with a little propyl-benzene, while with a larger amount of the catalyst
and a pressure of 3 atmospheres, cyclohexyl-propyl alcohol is obtained.
Under the same conditions, in acetic acid solution, benzyl-aniline fur-
nishes hexahydrobenzyl-aniline accompanied by cyclohsryl-amine and
methyl-cyclohezane.®

Phenylacstaldehyds gives the corresponding alcohol with a little
ethyl-benzene, cyclohexanol, cyclohexanone, and cyclohexane.

Benzaldshyds gives toluens and methyl-cyclohexans along with benzyl
alcohol.

Benzophenone yields dicyclohezyl-methane at 60°.

a and B-Ionones, in acetic acid solution, furnish trimethyl-hy-
drozybutylcyclohezane.¥

Caryophyllens, CsHy, adds Hy in methyl alcohol solution.®

561. With colloidal platinum, prepared with gum arabic, we can
obtain piperidine from pyridine.s*

The addition of 3H; takes place with various homologs of pyridine,
hydrogenated in acetic acid solution under atmospheric pressure or
under 2 or 3 atmospheres.4®

The pyridins-carbonic acids are transformed into piperidinic acids.t®

Quinoline gives, in turn, telrahydro- and then dscahydroquinoline.*®

Diacetyl-morphine adds H; and cinchonine yields hezahydrocincho-
nine. B

4 SxrTA, Berichte, 48, 1486 (1915).

4 Skrra and MEYER, Berichie, 45, 3589 (1912).
 Sxrra, Berichte, 48, 1685 (1015).

¢ Sxrra, Berichie, 48, 1486 (1915).

# DrussEN, Annalen, 388, 136 (1912).

# Sx1ra and BRUNNER, Berichte, 49, 1597 (1916).
% Hzmss and LixeeranDT, Berichie, 50, 385 (1917).
8 8xrra and BRUNNER, Berichie, 49, 1507 (1916).
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II. METHOD OF WILLSTATTER

562. The process consists in submitting to a current or to an un-
limited amount of an atmosphere of hydrogen gas, the substance
dissolved in a suitable vehicle and intimately mixed by means of con-
stant agitation with the platinum or palladium black. It was employed
first by Fokin, who transformed in this way olstc acid dissolved in ether
into stearic acid by a current of hydrogen in the cold with palladium
or platinum black as catalyst.®

But Willstatter is the one who has generalized this method by
applying it to various uses.

Platinum black prepared according to the method of Loew (62)
serves best.®* Palladium black can also be used: it is prepared by
reducing palladous chloride with formaldehyde in the presence of caus-
tic soda.®* But it is not so desirable as platinum black.

The substance dissolved in ether or in any other inert solvent is
treated with the platinum black and is put into a flask which is continu-
ally agitated by a mechanical shaking machine and which communicates
with a gasometer filled with hydrogen. According to circumstances,
quite different amounts of platinum black are used, varying from 3
to 33% of the weight of the substance.

Dilution of the material is not indispensable to the success of the
method.

Use of Platinum Black

563. Willstatter has called attention to this quite unexpected fact,
that in certain cases hydrogenation by means of platinum black is
not possible unless it has been previously charged with a certain pro-
portion of oxygen.

In most cases, platinum black containing oxygen or free from oxy
gen may be used indifferently, as in the hydrogenation of benzene to
cyclohexane; on the contrary, the hydrogenation of pyrrol requires
platinum black absolutely free from oxygen. On the other hand, the
decomposition of hydrazine demands that the platinum black that is
to be used be previously aerated.s®

The aeration of the platinum black is indispensable for the hydro-
genation in acetic acid solution of phthalic and naphthalic anhydrides
and the reaction does not continue unless the apparatus is opened

8 FoxiN, J. Russian Phys. Chem. Soc., 39, 607 (1907).

# Somewhat improved method WiLLsTATTER and WALDSCHMIDT-LEITE, Bmchto
s4, 121 (1921).—E. E. R.

# BreTRAU, Div. méth. d’hydr. app. au Phénant, Paris, 1911, p. 25.

8 PuraorTI and ZawicemLiul, Gas. Chim, Iial., 34 (1), 57 (1904).
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from time to time for the aeration of the black. Oxygen appears to
play an active part in the hydrogenation which is indicated by the
products obtained. For phthalic anhydride the products are, hezahy-

Hy
drophthalid, CoHu<(; o >0, o.hezahydrotoluic and hezahydrophthalic

acids, and for naphthalic acid, tetrahydronaphthalid, hexahydronaph-
thalid, decahydroacenaphthene, CisHyo, and tetrahydro-methyl(1) naphtha-
lene-carbonic acid(8).

The influence of these anhydrides on the conditions of hydrogenation
can effect even the hydrogenation of the dibasic acids themselves;
the presence of the anhydrides prevents this from taking place unless
the platinum be aerated. Isophthalic acid, which usually contains traces
of the anhydride, can not be hydrogenated except with aerated
platinum.®¢ &

564. Nitro Compounds. The reduction of nitro or nilroso com-
pounds to amino is readily effected by 1 cg. of platinum black to 1 g.
of the material dissolved in ether or acetone. A few minutes are suf-
ficient for complete reduction; thus p.nifrotolusns is changed to
p.toluidine, 1-nitrosonaphthol(2), into aminonaphthol. But the nitroso-
terpenes are changed quantitatively into the corresponding hydrox-
ylamines.®®

565. Ethylene Double Bonds. These are readily saturated.
Amylene is changed to pentane.

w- Nitrostyrens, dissolved in absolute alcohol or in glacial acetic
acid, adds a single atom of hydrogen, two molecules combining % :

C¢H;.CH : CH.NO, N CeH,.CH.CH,.NO,
CeH;.CH : CH.NO, Ce¢H;.CH.CH; .NO,

Olsic alcohol is readily transformed into octadscyl alcohol, ethyl
oleate quantitatively into ethyl stearats, and erucic alcohol into docosyl
alcohol.

5 WrLLsTATTER and JACQUET, Berichte, 51, 767 (1918).

$7 In a more recent article WrLrsrArTeR and WaLDSCEMIDT-LyITZ [Berichis,
84, 113 (1920) ] show that the presence of oxygen in the platinum black is neces-
sary in all cases. This oxygen is gradually used up by the hydrogen during the
process of hydrogenation. With ethylene compounds the addition of the hydrogen
is 80 extremely rapid that the desired hydrogenation may be accomplished before
the catalyst becomes inactive by loss of its oxygen but if the hydrogenation is
slow, the catalyst may require revivification by aeration at intervals during the
process. In this respect palladium black and even nickel act similarly to platinum
black. — E. E. R.

8 CusmMaNoO, Lincei, 26 (2), 87 (1917).

8 SoNN and SCHNELLEMBERG, Berichte, 50, 1913 (1917).
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Phytens, CyxHy, gives phytans, CoHe; phytol, CeHyOH, dihydro-
phytol, CoH4OH, slowly but with a good yield. Geraniol (416) is
hydrogenated only slowly and gives the corresponding saturated alco-
hol at the end of several days.®®

Linalool furnishes 2, 6-dimethyl-octanol (6).%!

Safrol and tsesafrol are hydrogenated in two hours to dihydrosafrol.
Likewise eugenol and isoeugenol pass into isopropyl-guaiacol.®

Piperonal-acetone and dipiperonal-acetone are transformed into the
saturated ketones.®

Cholesterine, in ether solution with one third its weight of platinum
black, is changed into dihydrocholesterine in two days.®

Oletc acid gives stearic and ethyl oleate yields ethyl stearate.®

566. Acetylene Triple Bonds. The acetylens glycols of the formula,
RR’':C(OH).C : C.C(OH) : RR’, give the corresponding saturated
glycols and also certain amounts of the alecohols, RR’: C(OH)CHj,.-
CH;.CH, : RR’.%* Thus &, 5-dimethyl-hexine(3)diol(2, 4) furnishes the
saturated glycol.®®

Dimethyl-disthyl-butine-diol, which adds only H, with colloidal pal-
ladium (548), takes up 2H; with platinum black.”

Dimethyl-diphenyl-butine-diol can add Hy; and then 2H, by steps.®8

Octadi-ine-diol(1, 8), HOH,C.C : C.CH,;.CH,.C : C.CH,0H, hy-
drogenated at 70° in alcohol solution, gives a mixture of octane-diol
(1, 8) and n.octyl alcohol.®®

Octadi~ine-dioic actd, HO,C.C : C.CH;.CH,.C : C.CO,H, dissolved
in & mixture of alcohol and ether, furnishes suberic acid in four
days.™

567. Aldehydes and Ketones. Aldshyde and ketons groups can be
regularly transformed into the corresponding alcohol groups. Crotonic
aldehyds, in anhydrous ether, is changed in eleven hours into & mixture
of 70 %, butyric aldehyde and 30 % butyl alcohol.™

® WiLisritrrer and MAYRR, Berichie, 41, 1475 (1908).

8 Barsmr and LocquiN, Compt. rend., 158, 1655 (1914).

® FourNIER, Bull. Soc. Chim. (4), 7, 23 (1910).

®# VavonN and FamiesiN, Compl. rend., 169, 65 (1919).

# Wnisritrer and MAYER, Berichie, 41, 2199 (1908).

% Duront, Compt. rend., 156, 1623 (1913).

# ZALKIND, J, Russian Phys. Chem. Soc., 45, 1875 (1914), C. A., 8, 1419.

87 ZAaLxiND and Miss MARKARYAN, J. Russian Phys. Chem. Soc., 48, 538 (1916),
C. A, 11, 584,

® Zaixinp and Kvarisemvskn, J. Russian Phys. Chem. Soc., 47, 688 (1915),
C. A, 9, 2511.

® Lysrimau, Compt. rend., 188, 1187 (1914).

70 Lzsrmmavu and Vavon, Compt. rend., 148, 1335 (1909).

" FourNIER, Bull. Soc. Chim. (4), 7, 23 (1910).
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Acstons is changed to isopropyl alcohol in water solution and methyl-
ethyl-ketone is changed into methyl-ethyl-carbinol in 12 hours. Disthyl
and dipropyl-ketones are similarly reduced.

The transformation into the alcohol is more readily effected with
cyclopentanone dissolved in 5 volumes of ether, with cycloheranons and
with the methyl-cyclohexanones.

Mesityl ozide gives first methylisobulyl-ketone and then methyl-
1sobutyl-carbinol.

In ether solution, phorone yields diisobutyl-ketone, while in acetic
acid it gives ditsobutyl-carbinol.

Citral in ether solution gives a mixture of £, 6-dimathyl-octane and
2, 6-dimethyl-octanol (8).”

Menthone yields menthol and pulegone gives pulegomenthol.™ Carvons
with 209 of platinum black takes up in succession, H,, 2H,, 3H, to
form carvotanacetone, tetrahydrocarvons and finally carvomenthol slowly.™

568. Aromatic aldehydes are transformed almost quantitatively
into alcohols, which is a valuable reaction since other methods give
hydrocarbons (388). With 10 g. of black a gram molecule can be hydro-
genated in a few hours. This can be done with benzaldshyde, methyl-
salicylic, benzoyl-salicylic, and anisic aldehydes, vanilline and its methyl,
ethyl, acetyl, and benzoyl derivatives, piperonal, which gives the alcohol
melting at 54°, and cinnamic aldehyde, which yields phenyl-propyl
alcohol.™

At 70° anisaldehyds gives anisalcohol but at 97° it is polymerized.

On the contrary, acetophenons takes up 10 atoms of hydrogen at
once to form ethyl-cyclohezans.™ :

569. Aromatic Nucleus. Aromatic compounds are completely
hydrogenated to cyclohexane derivatives on the condition that they are
perfectly pure. Traces of impurities, particularly sulphur compounds,
hinder the reaction.”

Toluene and the zylenes are hydrogenated more readily than ben-
zene, and higher homologs still more readily. Butyl-benzens, amyl-
benzene, hexyl-benzene, octyl-benzene, etc., up to pentadecyl-benzens are
readily changed in acetic acid solution into the corresponding cyclo-
hexane derivatives.”®

Durene furnishes hexahydrodurens.

7 VavoN, Ann. Chim. (9), 1, 144 (1914).

7 VavoN, Comp:. rend., 188, 287 (1912).

74 VAvON, Comptl. rend., 153, 68 (1911).

% Vavon, Compt. rend., 184, 359 (1912).

16 VavoN, Compt. rend., 158, 287 (1912).

7 WirsTirTER and HATT, Berichle, 43, 1471 (1912).
18 Hawsm, J. prakt. Chem. (2), 93, 40 (1915).
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Styrene gives ethyl-cyclohezans;™ and phenol, cyclohexanol.™

Eugenol adds 4H, to form propyl-methozy-cyclohezanol.®®

Anilins produces chiefly dicyclohezyl-amine with only 10 % of cyclo-
hezyl-amine. Chlortoluens is transformed into methyl-chlorcyclohexane.™

In ether solution, benzoic acid is slowly changed to hezahydrobenzoic
acid without intermediate products.®!

In acetic acid solution, p.aminobenzoic acid is quantitatively reduced
to p.aminocyclohezane-carbonic acid and hydrozybenzoic acid is similarly
hydrogenated.®

We have seen above (563) that phthalic anhydride can be hydro-
genated by means of platinum black aerated from time to time. The
ordinary method serves well for phthalimide which gives as the sole
product, hexahydrophthalimide : %

CH: CHs. CH: CO\

CHg CH,. CH: Co.

570. Terpenes. Limonens,in ether solution with 25 9 of its weight
of platinum, adds H, in 30 minutes in the cold to form carvomenthens,
boiling at 175°, and then an additional H, in 65 minutes to form
menthane.®*

Pinene, 500 g. with 15 g. platinum, absorbs hydrogen rapidly, 60 L
per hour at the start, and at the end of 24 hours is entirely transformed
into dihydropinens, boiling at 166° (477). Camphens gives a solid
dihydrocamphens melting at 87°,85

a-Thujene, CyeH,s, which by the method of Sabatier and Senderens

yields menthane (478), is totally transformed by platinum black and
hydrogen under 25 to 50 atmospheres in two days into thujane, CicHis,
boiling at 157°, the inner ring remaining intact. Similar transforma-
tions take place with S-thujene and with sabinene.®®

Isoamyl-carvol adds 2H; to give the corresponding saturated
alcohol.®

The sesquiterpenes, CysHy, as well as their ketone and alcohol
derivatives, add 4 or 6 atoms of hydrogen.

7 WiurerATrER and Kina, Berichie, 46, 527 (1913).

% MApINAVEITIA and Brangs, Soc. Espan. Fis. Quim., 10, 381 (1913), C. A.,
7, 3500.

8 WirsTXTrER and MAYER, Berichie, 41, 1475 (1908).

# HouBmN and Prau, Berichie, 49, 2294 (1916).

8 WILLSTATTER AND JACQUET, Berichie, 51, 767 (1918).

# Vavon, Bull. Soc. Chim. (4), 15, 282 (1914).

® VavoN, Compt. rend., 149, 997 (1909) and 153, 1675 (1911).

% Tcrouaarry and FomiN, Compt. rend., 151, 1058 (1910).

¥ SpMuMLER, JoNAS and OxLSNER, Berichie, 50, 1838 (1917).
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Thus i302tngiberens,®® eudssmene,® and ferulens,® take up 2H;. The
same is true of doremons, Cy;HaO, which gives tetrahydrodoremons with-
out alteration of the ketone group and of doremol which forms the sat-
urated alcohol. Farnesol, C;xHaO adds 3H,.*°

Betulol, Cy;HyO, adds 2H, to form the alcohol, Cy;HyO, when it
is hydrogenated in anhydrous ether solution.

571. Complex Rings. Cyclo-octenone is changed to cyclo-octanone
by 10% of its weight of black. Cyclo-octatriens and cyclo-octatstrens,
CH:CH.CH:CH

* _» are transformed into cyclo-octane.”
CH CH.CH:CH

In the hydrogenation of the latter, the first three H, are fixed with
about the same velocity, while the last H, is added only about half so
fast.®

Naphthalens adds hydrogen rapidly to form the dihydro- and then
the tetrahydro- and finally, more slowly, decahydro-naphthalens.®

Phenanthrens, dissolved in ether, gives dikydro-phenanthrens (melt-
ing at 94°), in two days in the cold, or in 8 hours at the boiling point
of the ether.® However, Breteau failed to obtain any hydrogenation
in cyclohexane solution.®

Santonine yields tetrahydro-santonine when hydrogenated in glacial
acetic acid.” Sodium santonate takes up the same amount of hydrogen
to form sodium tetrahydrosantonate.®®

Pyrrol adds 2H, to form pyrrolidine.®®

Indol, in glacial acetic acid, yields octahydro-indol, an alkaline
liquid with a disagreeable odor boiling at 182°, accompanied by a little
dihydro-indol.2®

572. Quinine sulphate is completely hydrogenated in dilute sul-
phuric acid solution by hydrogen under a pressure of more than an
atmosphere to dihydroquinine sulphate, the hydrogenation being con-

" » SpMmiEr and BECKER, Berichie, 46, 1814 (1913).
# SpmMLER and Risse, Berichte, 46, 2303 (1913).
% Spuurer, JoNas and RoeNiscH, Berichte, 50, 1823 (1917).
% SpmMLER, JONAS and RICHTER, Berichie, 51, 417 (1918).
® WiLLsTATTER and WASER, Berichle, 44, 3434 (1911).
® WiristTATTER and HRIDELBERGER, Berichte, 46, 517 (1913).
% WiLtstATrsr and HATT, Berichle, 48, 1471 (1912). — WiLLsTATTER and
Kina, Ibid., 46, 627 (1913).
% Scemipr and FiscHER, Berichte, 41, 4225 (1908).
% BreTBAU, Méth. d’hydrog. app. au Phénant, Paris, 1911, p. 20.
97 AsaHINA, Berichte, 46, 1775 (1913).
% CusMaNo, Lincei, 22, 507 (1913).
® WiLisTATTER and HATT, Berichie, 48, 1371 (1912).
10 WiLierXTTER and JAcQUET, Berichle, 51, 767 (1918).
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tinued till the solution does not decolorize potassium permanganate.0!
Dihydromorphine and dihydrocodeins can be obtained in the same
way.18 '

Use of Palladium Black

573. The use of palladium black !® immersed in the liquid appears
to be usually less advantageous than the use of platinum black. How-
ever, it has led to some remarkable results, such as the reduction of
carbonates to formates.

574. Reduction without Addition of Hydrogen. The most important
reaction is the synthesis of formates by the reduction of bicarbonates:

KHCO; + H; = HCO;K + H,O.

This requires a high pressure and a temperature around 70°.

In a silver plated bomb, 10 g. potassium bicarbonate, 200 cc. water,
and 1.5 g. palladium black are placed with hydrogen at 60 atmospheres.
After heating for 24 hours to 70° 74.7 % of the salt is changed to
formate. :

The reaction takes place without catalyst, but extremely slowly,
only 0.6 % of formate being produced in 24 hours.

The potassium ‘bicarbonate can be replaced by sodium borate, the
bomb then being filled with equal volumes of carbon dioxide and hy-
drogen under 60 atmospheres.1%¢

The reaction can be carried out without the presence of the alkali
salt, by maintaining & mixture of carbon dioxide and hydrogen under
high pressure in the presence of water and palladium black. By working
at 20° and under a pressure of 110 atmospheres a 1 % solution of formic
acid is obtained.108

575. Reduction of Acid Chlorides. Another reaction which is
peculiar to palladium black is the reduction of actd chlorides to aldehydes:

R.COCl + H; = R.CHO + HCL

The acid chloride, dissolved in a hydrocarbon, is submitted to hy-.
drogenation in the presence of palladium black precipitated on barium
sulphate.

Benzoyl chloride gives benzaldehyde with a yield of 97 %; butyryl

10 VprwiN, CHININFABR. ZIMMER & Co., English patent 3,948 of 1912,

18 GQerman patent 260,233.

18 Preparation — WiLLsTXTTer and WaLDsCEMIDT-LmrTs, Berichts, s4, 123
(1921).—E. E. R.

14 Brepia and CARTER, Berichte, 47, 541 (1914).

% Brepic and CARTER, English patent, 9,762 of 1915; J. S. C. I., 34, 1207
(1915).
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chlorids furnishes 50 % of the aldehyde and stearyl chlorids is reduced
to its aldehyds.1%¢

576. Nitro Compounds. The reduction of nifro to amino com-
pounds is difficult to carry out with palladium, but nitrobenzene does
give aniline on prolonged contact with an excess of hydrogen and
palladium black in alcohol solution.!®”

577. Ethylene and Acetylene Bonds. Olsic acid, in ether solution, is
slowly transformed to stearic acid, the reduction being rapid when it
is carried on at a higher temperature and with hydrogen under pres-
sure. The same is true for the esters of olsic acid and this is the basis
for the industrial use of palladium black in the hardening of liquid
fats (946).

H,
Vinyl-trimethylene, CHi : CH.CH<EH, treated in the cold with
2

hydrogen under 35 atmospheres in the presence of palladium chloride,
which is reduced, yields ethyl-trimethylene.!%®

The acetylene glycols of the type, RR’ : C(OH).C : C.C(OH)
:RR/, yield mainly the saturated hydrocarbons, RR’ : CH.CH;.CH,-
CH :RR'.\»®

Eugenol stops with the formation of dthydroeugenol,!'® the ring not
being hydrogenated as with platinum black (569).

578. Aromatic Nucleus. The hydrogenation of the aromatic nu-
cleus is not usually effected by palladium black, but the hydrogenation
of hexahydrorybenzens to inosite at 50-55° may be mentioned. The
inosite formed melts at 218° as does natural inosite.!!!

579. Phenanthrens is hydrogenated, in cyclohexane solution, by
half its weight of the black to tetrahydrophenanthrene.''*

Use of other Metals of Platinum Group

580. Ruthenium Black. The black prepared by formaldehyde and
ruthenium chloride solution has a catalytic activity inferior to that of
platinum.

If 0.05 g. of this black is added to 0.5 g. cinnamic acid in 2 cc.
glacial acetic acid, phenyl-propionic acid is formed in 8 hours without

14 ROSENMUND, Berichie, 51, 585 (1918).

197 GerUM, Inaug. Dissertation, Erlangen, 1908.

10 Friepov, J. Russian Phys. Chem. Soc., 44, 469 (1912).

1% DyuronT, Compt. rend., 156, 1623 (1913).

10 MADINAVEITIA and Branes, Soc. Espan. Fis. Quim., 10, 381 (1913), C. A.,
7, 3500.

U WieLAND and WIsHORT, Berichie, 47, 2082 (1914).

us BreTeAU, Div. méth. hydrog., Paris, 1911, p. 26.
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the ring being attacked. Toluens, dissolved in acetic acid and sub-
jected to hydrogenation for 8 hours, is not affected.!s
581. Rhodium Black. Rhodium black is more active than ruthe-
nium. Under the conditions given above, cinnamic acid is transformed
into phenyl-propionic in 3 hours and into cyclohexyl-propionic in 15
hours. Toluene can be hydrogenated to hezahydrotoluens in 12 hours
by 10 % of its weight of the black.!s
582, Iridium Black. This black prepared by reducing the chloride
by sodium formate, has an activity entirely analogous to that of ruthe-
nium black (580).11
583. Osmium Black. This black, prepared by reducing osmic
anhydride by formic acid, does not effect any hydrogenation of cin-
namic actd in 5 hours,!8
Osmium diozide has been mentioned as able to hydrogenate oils
when used to the amount of 0.5 %,14 but it is certain that it acts after
it is reduced to the metal which is the true catalyst.l1®
13 MADINAVEITIA, Soc. Espan. Fie. Quim., 11, 328 (1913).
14 LgaMANN, Arch. Pharm., 281, 152 (1913), C. A., 8, 586 (1914).
15 NorMAN and Scaick, Arch. Pharm., 253, 208 (1914).



CHAPTER XII
HYDROGENATIONS (Continued)

DIRECT HYDROGENATION OF LIQUIDS IN CONTACT
WITH METAL CATALYSTS (Continued)

III. METHOD OF IPATIEF

584. Tris method consists in warming the substance to be hy-
drogenated in contact with nickel or nickel oxide and hydrogen com-
pressed to at least 100 atmospheres in a very strong container. The
hydrogenation velocity is greater when the oxide is used, which Ipatief
attributes to the real catalytic power of the oxide. As we have seen
above (80), catalytic power appears to belong exclusively to the metal;
since the temperature is always above 250°, the nickel oxide must at
least in part be reduced to the metal which is more active than the
metal prepared in advance and which has been subjected to incandes-
cence more or less intense while being introduced into the container,
being thereby agglomerated and reduced in catalytic power.

The nickel is frequently replaced by copper, copper oxide, iron or
palladium, or even by zin¢ powder.

585. Apparatus. The apparatus used for all of this work consists
of a soft steel tube lined with copper, holding 250 to 275 cc. and capa-~
ble of sustaining 600 atmospheres at 600°.! It is heated electrically by
a nickel resistance wire. Changes of pressure are shown by a manom-
eter. If the apparatus has been filled with hydrogen at a certain
pressure, the pressure increases according to the rise of temperature,
if there is no absorption of hydrogen or evolution of gas, but less
rapidly if there is absorption of hydrogen, while if there is decompo-
sition with evolution of gas, the pressure increases more rapidly and
this increase measures the rate of decomposition.

The material of which the apparatus is constructed appears to
influence the results in some way. Thus in a bronze tube the use of
reduced copper as catalyst did not effect the complete hydrogenation -
of the aromatic nucleus, while this was realized in an iron apparatus.?

1 IpaTIRF, Berichte, 37, 29061 (1904). — J. Russian Phys. Chem. Soc., 36, 786
(1904), C., 1904 (2), 1020.
8 IraTier, J. Russian Phys. Chem. Soc., 43, 1557 (1910).
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Use of Nickel

In order to carry out a hydrogenation, about 25 g. of the material
to be hydrogenated is placed in the apparatus with 2 to 3 g. nickel
oxide (NiO or Ni;O0;) and hydrogen is admitted to 100 atmospheres at
which pressure it holds about one gram molecule of hydrogen. The
temperature of heating may reach 400°.or even 600° and the resulting
pressure may be 2.5 or 3 times the original, i.e. 250 to 300 atmos-
pheres. The necessity of having an expensive apparatus and the real
dangers of its use are against the general employment of the method
of Ipatief, which is not superior to the method of Sabatier and Sender-
ens except in special cases where the slowness of hydrogenation or the
need of high pressures requires its use. Most organic substances give
the same products by both methods.

586. Formation of Methane. The direct hydrogenation of carbon
in the presence of nickel, oxide of nickel, or nickel oxide and alumina,
does not take place below 600° under moderate pressures of hydrogen,
but under very high pressures, methane is produced above 500°, the
amount increasing with rise of temperature.

The reduction of carbon dioride to methane which takes place in-
completely at 450° under ordinary pressure, is not more complete at
high pressures even with an excess of hydrogen.?

587. Ethylene Double Bonds. The hydrogenation of substances
containing ethylene bonds is readily effected.

Oleic acid heated a long time at 100° with finely divided nickel
and hydrogen at 25 atmospheres is not affected, but under 60 atmos-
pheres pressure it is changed to stearic actd in 12 hours. Liguid fats
are transformed to solid.*

50 g. cottonseed oil with 3 g. nickel oxide at 220-230° with hydrogen
at 60 atmospheres gave in 4 hours a fat with iodine number (938) of
only 11, while at ordinary pressures this result was obtained only at
255,08 ¢

Dimethyl-allyl-carbinol is changed to dimethyl-propyl-carbinol under
the same conditions.

At 140 to 150°, mesityl oxide gives methyl-isobutyl-ketons mixed with
a little of the corresponding alcohol.

Cyclohezxene is reduced to cyclohezane.

8 IpaTer, J. praki. Chem. (2), 87, 479 (1913).

¢ FoxiN, J. Russian Phys. Chem. Soc., 38, 419 and 855 (1906).

8 IpaTIER, J. Russian Phys. Chem. Soc, 46, 302 (1914).

¢ With high speed stirring this reduction can be accomplished in about the
same time with 0.1 g. nickel on infusorial earth with hydrogen at atmospheric pres-
sure at 180°. — E. E. R.
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588. Aldehydes and Ketones. The transformation of aliphatic
aldehydes and ketones into the alcohols can be accomplished, but it is
limited by the inverse reaction of dehydrogenation especially when the
temperature exceeds 200 to 250°.

Isobutyric and isovaleric aldshydes are partly reduced to the corre-
sponding alcohols at 250° and 100 atmospheres.

At 250° acstone is completely changed to isopropyl alcohol and the
same is true of various aliphatic ketones at around 200°. At about
280° the hydrogenation is limited by the inverse reaction which in-
creases with elevation of temperature. From 300 to 325° acetone no
longer gives any alcohol since isopropy! alcohol is decomposed into
water, propane and lower saturated hydrocarbons, especially methane.”

Laevulogse in solution is transformed, at 130° under 100 atmos-
pheres, to a-mannits, glucose into sorbite, and galactose into dulcits.

589. Aromatic Nucleus. The hydrogenation of the aromatic nu-
cleus is realized in all cases.

Benzens is totally changed to cyclohezans in 1.5 hours at 250° with
8% nickel oxide. Nickel sesquioxide gives better results than the
monoxide. At 300° the cyclohexane produced does not remain but is
decomposed into benzene, methane and carbon.?

At 250° diphenyl is reduced to dicyclohezyl and dibenzyl to dicyclo-
hexylethane.

At 245° phenol is transformed in 14 hours to cyclohezanol accompan-
ied by some cyclohezans. At 200° hydroquinone gives quinits.® The
product is & mixture of the cis and trans forms, but the yield is poor,
a8 most of the diphenol goes into resinous products.!?

At 230° under 100 atmospheres, phenyl ozide gives in 12 hours a
mixture of cyclohexyl oxids,.cyclohexanol and cyclohezane.!*

Anisol, C,H;OCH,, in 24 hours at 240° under 100 atmospheres,
gives 409 hezahydroanisol accompanied by cyclohexanol and cyclo-
hexane.

Guatacol, 0.HO.C,H,.OCH,, in 12 to 15 hours at 220 to 240° and
100 atmospheres, yields hexahydroguaiacol with cyclohexanol and a
little cyclohexane.

7 IpaTixr, J. Russian Phys. Chem. Soc., 38, 76 (1906) and 39, 681 (1907),C. 4.,
1, 2877. — Berichte, 40, 1270 (1907).

8 Irater, J. Russtan Phys. Chem. Soc., 39, 681-693 (1907), C. A., 1, 2877 and
2878.

* Iramimy, J. Russion Phys. Chem. Soc., 38, 75 (1906) C., 1906, (2), 86.—
Berichte, 40, 1281 (1907).

1 IpaTer and Louvogor, J. Russian Phys. Chem. Soc., 46, 470 (1914).

u Jparmy and Pmmurow, J. Russian Phys. Chem. Soc., 40, 501 (1908), C.,
1908 (2), 1098. — IraTIEY, Berichte, 41, 993 (1908).

1 Iparmer and Louvogor, J. Russian Phys. Chem. Soc., 46, 470 (1914).
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590. The hydrogenation of phenols having unsaturated side chains
is accomplished in two steps. At 95° and 30 to 50 atmospheres, only
the side chain is attacked but by raising the temperature to 185 to
200°, the nucleus is also hydrogenated.

Thus, anethol. p.CH,0.CeH,.CH : CH.CH,, with 10 % nickel at
95° and 50 atmospheres is transformed completely in 4 hours to
methozy-propyl-benzene, but 20 hours at 200° produce propyl-cyclo-
hezans, the methoxy group being reduced to water and methane.

Likewise eugenol, H,;C (HO)C,H;.CH.,CH : CH,, and' isoeugenol,
H,C(HO)CsH,;.CH : CH.CH,, furnish methozy-propyl-phenol in 2 or
3 hours at 29°, while at 195° in 7 hours, the chief product is methozy-
propyl-cyclohexane, HyCO.C¢H,,-CsH;, the phenol group being elim-

The methyl ether of eugenol adds only H, at 95° but in 10 hours at
210°, the same product is obtained as from eugenol.

Safrol and isosafrol are not hydrogenated at ordinary pressure at
140 to 160° with constant agitation for 5 hours, but under 50 atmos-
pheres at 93°, dihydrosafrol, boiling at 228° is obtained in 2 hours.
In 10 to 12 hours at 180°, a product is obtained boiling at 207° which
appears to be methoxy-propyl-cyclohexans.

By 50 hours heating at 220° under 115 atmospheres, antline gives
40 to 50 % of cyclohexyl-amine, about 10 % dicyclohezyl-amine and some
cyclohexyl-aniline. 14

Diphenyl-amins yields dicyclohexyl-amine.s

Benzaldehyde, at 200°, gives tolusne and methyl-cyclohezans,'® while
at 280° in 12 hours, toluene, dibenzyl and resinous products are
obtained.4

Aromatic ketomes act as they do in Sabatier’s process (389) and
yield hydrocarbons, benzophenone going into diphenyl-methane and
benzoine into dibenzyl.1® V7

Ipatief’s process is useful for the hydrogenation of aromatic acids,
but it is not well to use the free acids which attack the nickel
nor the esters which give poor results (ethyl terephthalats is decom-
posed into ethyl p.toluate, methane and carbon dioxide), but the
alkaline salts. Thus potassium benzoate gives 40 % of the hexahydro-
benzoate at 280° in 9 hours and sodium benzoats is even more readily
hydrogenated.

B IpaTier, Berichte, 46, 3589 (1913).

1 TpaTIEY, Berichte, 41, 993~1001 (1908).

8 Ipater, J. Russian Phys. Chem. Soc. 40, 491 (1908), C., 1908 (2), 1088.

16 IpaTimy, J. Russian Phys. Chem. Soc., 38, 75 (1908), C., 1906 (2), 86.

17 Iparmoy, J. Russian Phys. Chem. Soc., 38, 756 (1906) and 39, 693 (1907),
C. A., 1, 2877.



691 CATALYSIS IN ORGANIC CHEMISTRY 210

Potassium phthalate gives the hexahydrophthalate at 300° in good
yield.1®

Sodium cinnamats gives the cyclohexyl-propionate at 300° under 100
atmospheres.?

591. Terpenes. Terpene compounds undergo the regular trans-
formations.®

Limonenes is transformed into dihydrolimonene and then into men-
thans at 300-320° under 120 atmospheres.

At 265° pinene gives pinane and menthane at 300°.

At 240° in 10 to 15 hours, camphene furnishes an isocamphane
melting at 57° and boiling at 162.5°.

At 280°, under 120-130 atmospheres, carvons passes into carvomen-
thone. At 220°, pulegons gives menthons, which at 280° is mixed with
menthane.

Camphor is completely changed into borneol at 350°.

592. Various Rings. At 250° under 120 atmospheres, naphthalene
gives, in turn, tetrahydro- and decahydro-naphthalens.

The a- and S-naphthols are changed to a- and S-decahydronaphthols,
melting at 57° and 99° respectively.*

Anthracens, submitted to repeated hydrogenations at 260-270°
under 100 to 125 atmospheres for 10 to 16 hours, gives in succession,
tetrahydro-, decahydro- (m.73°) and finally perhydroanthracene (m.88°)
and at the same time is partially destroyed.

At 400°, phenanthrens gives better results, the dihydro- and then
the tstrahydro- being obtained and, by a second operation, the octa-
hydro- and perhydrophenanthrens with the odor of caoutchouc.?

Quinoline first yields tefrahydroquinoline and then, almost quantita-
tively, decahydrogquinoline.®

Use of Iron

593. At 350-400°, iron transforms aliphatic aldehydes and ketones
into the alcohols. Acetons, at 400° and 103 atmospheres in 20 hours
yields 25 % of isopropyl alcohol. Isobutyric aldehyde gives 75 % of the
corresponding alcohol at 350° but acetaldehyde is partly resinified and
partly decomposed into carbon monoxide and methane.

18 Tparor and PrILIPOW, J. Russian Phys. Chem. Soc., 40, 501 (1908), C., 1908
(2), 1098. — IraTiEF, Berichle, 41, 993 (1908).

» Iparier, J. Russian Phys. Chem. Soc., 41, 1414 (1909).

80 IpaTier, Berichie, 43, 3546 (1910). — IrATIEF and MaTow, Berichle, 48, 3205
1912).
¢ n ;nmr, J. Russtan Phys. Chem. Soc., 39, 693 (1907), C. A., 1, 2877.—
Berichte, 40, 1281 (1907).

8 Jpatmey, JAxowLEW and RAKITIN, Berichis, 41, 996 (1908).

8 Ipatiey, J. Russian Phys. Chem. Soc., 40, 491 (1908), C., 1908 (2), 1098.
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The hydrogenation of the aromatic nucleus does not take place,
even at 420° but cyclohezane is brought back to benzene.?* At 280°
benzaldehyde gives a mixture of tolusne and dibenzyl. The same result
is obtained when benzyl alcohol is hydrogenated at 350° and 96 atmos-
pheres. 26

Use of Copper

594. Copper, or copper oxide (certainly reduced to the metal),
readily permits the hydrogenation of ethylene bonds at 300 to 350°
under 100 to 200 atmospheres, but when used alone does not effect
the hydrogenation of the benzene ring.%

Sodium cinnamate is changed to the phenyl-propionats.®

Unsaturated side chains of phenols are saturated at 270 to 300°
without modification of the nucleus.?®

Acetons yields 65 % of isopropyl alcohol at 280-300°.

Pinens is transformed to pinane, while camphene gives two hy-
drides, a solid melting at 66° and a liquid boiling at 162°3°

The sodium salts of the two naphthalic acids act differently when
hydrogenated with copper at 300° under 100 atmospheres. The a acid
furnishes tetrahydronaphthalene directly, while the $ leads first to the
tétrahydro-naphthalic acid and then to decahydronaphthalens.™

Use of Other Metals

595. Zinc powder can cause the reduction of acetone to the alcohol
with a yield of 50 %.

By using palladium, reduced from the chloride by formates, in the
proportion of 1 g. to 30 g. of the substance to be hydrogenated under
110 atmospheres at 110°, methyl-sthyl-acroleins, C;Hs.CH : CH (CH,)-
-CHO, is transformed in 2 or 3 days to methyl-pentanol.

Mesityl oxide is changed in 2 days at 110° to methyl<sobulyl-ketons.

By continuous shaking at 110°, citral is reduced to the decanol with
a little of the decane. The same may be said of geraniol.

Acstyl-acetons, under 116 atmospheres at 109° is changed to pen-
tanediol in six hours. '

Carbohydrates dissolved in aqueous alcohol are changed to the

8 Ipatier, J. Russian Phys. Chem. Soc., 38, 76 (1906) and 39, 681 (1907),
C. A, 1, 2877,

8 IpariEy, J. Russian Phys. Chem. Soc., 40, 489 (1908), C., 1908 (2), 1098,

2% JpaTIEF, Berichie, 43, 3387 (1910).

%7 IpaTier, J. Russian Phys. Chem. Soc., 41, 1414 (1909).

% IpaTiEY, Berichte, 46, 3589 (1913).

# Iearor and Dracrussor, J. Russian Phys. Chem. Soc., 43, 1563 (1911), C.,
1911 (1), 1292.
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corresponding hexites at 110° under 100 atmospheres. Laeruloss yields
mannite, glucose goes into sorbite and galactose into dulcite.®

IV. HYDROGENATIONS BY NICKEL IN LIQUID
SYSTEMS UNDER LOW PRESSURES

596. Very extensive use has been made of the common metals,
particularly nickel, for hydrogenation in liquid medium in the case of
liquid fats the molecules of which contain ethylene bonds. The de-
scription of the methods followed and the results obtained is the special
object of the last chapter but the same process can be generalized and
extended to a large number of cases. The fundamental condition of
success is a sufficiently energetic agitation in the hydrogen. A pressure
of several atmospheres is useful but not indispensable, the hydrogena-
tion being capable of being carried out with even reduced pressure.
Simply bubbling the hydrogen through the liquid is not sufficient.

Brochet has tried to define exactly the conditions for using this
method.*!

597. Apparatus. Different forms of apparatus may be used
according to the amount of the work to be done and the magnitude of
the pressure to be used. The pressures run from 1 to 50 atmospheres,
being usually around 10 to 15.

A red copper autoclave of 1200 cc. capacity, which can operate
satisfactorily with 700 to 800 cc. of liquid, may be used. The bronze
cover is fitted accurately and made tight with lead foil packing, being
held in place by screw clamps. It is fitted with a thermometer-well
dipping into the liquid, a pressure gauge, and a valve for the intro-
duction of the hydrogen. The apparatus is heated electrically by a
ferro-nickel coil insulated by asbestos and surrounded by sheet asbestos
to keep the heat in. After the introduction of the liquid to be hydro-
genated, either alone or in solution, and the addition of the catalyst,
the autoclave is closed and connected with the hydrogen tank which
is placed along side on the platform of a mechanical shaker. When
the operation is finished, the catalyst is filtered off and may frequently
be used immediately for another hydrogenation.®

Brochet uses a 500 cc. glass cylinder connected with & hydrogen
tank by means of a bubble counter which measures the amount of hy-
drogen absorbed, and enables one to follow the course of the reaction.

% Iparier, J. Russian Phys. Chem. Soc., 44, 1002, and 1710 (1912); C. 4., 7,
1171, and Berichie, 43, 3218 (1913).

8t BrocHeT, Bull. Soc. Chim. (4), 13, 197 (1913) and 15, 554 (1914).

8 A convenient laboratory apparatus with high speed stirring has been de-
scribed by Rem, J. Amer. Chem. Soc., 37, 2112 (1815). — E. E. R.
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598. Catalysts. The nickel used is prepared by reducing at about
300° the oxide prepared by calcining the carbonate, nitrate or oxalate.
After cooling in a current of hydrogen, the reduced metal is plunged
quickly into the liquid to be hydrogenated, avoiding contact with the
air as much as possible.

The nickel may be used alone as a metal powder or incorporated
with inert materials such as infusorial earth, pumice, or charcoal (126).
This incorporation with a carrier is advantageous and gives, on re-
duction at 450°, a catalyst which is more active than the metal alone
reduced at 350°, and a fortiori more active than the metal alone
reduced at 450°.8

Nickel on a carrier is much less sensitive to toxic agents than
nickel alone. Thus for the metal alone, the amount of hydrogen sul-
phide required to kill the catalyst is 0.02-0.005 g. to 0.5 g. of the
catalyst, according to the method of preparation, but may be as high
as 0.1 g. for the metal on a porous support.

We have seen (584) that Ipatief has found it advantageous with
his method to use an oxide of nickel, such as NiO or Ni;Os, in place of
the metal, and that he considers the oxide more active. The same
substitution has been proposed for the hydrogenation of oils (943), in
which the oxides should show a greater activity and should be less
susceptible to the action of poisons, particularly sulphur.?®* But in all
cases the activity of the oxide may be explained by assuming that it
is partially reduced to the metallic state, the metal being more active
on account of being formed within the liquid and in a better state of
subdivision. This is the opinion of Brochet, who considers the presence
of the free metal necessary for hydrogenation but thinks that it is
activated by the presence of foreign substances, such as its oxide, or
salts or even other metals.?¢

The presence of metallic nickel in the oxide which is used as cat-
alyst has been denied by Erdmann, who bases his conclusion on the
absence of conductivity in the catalyst after it has been freed from
fatty material.

At any rate, it is well established that at the temperature at which
the hydrogenation of oils is carried on, nickel oxide is reduced to the
suboxide, Ni,O, which is necsssarily slowly reduced at these same
temperatures to the free metal, the presence of which is easily shown
by the direct formation of nickel carbonyl by the action of carbon

® KuLBER, Berichte, 49, 55, (1916).

4 KxLBER, Berichie, 49, 1868 (1916).

% Bxprorp and ERDMANN, J. prakt. Chem. (2), 87, 425 (1913).
8 BrocmxT, Bull. Soc. Chim. (4), 18, 770 (1914).
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monoxide below 100°.*” Meigen and Bartels,?®* Norman and Pungs®
and later Frerichs, who found an appreciable conductivity in the oxide
which had served for the hydrogenation of oil,¥ have come to the
same conclusion, that is, that the oxide is inactive in hydrogenation,
the activity belonging only to the free metal.

Erdmann has claimed that the most active factor in hydrogenation
is a suboxide, such as Ni,O, which would form an unstable hydride

O/NiH
with hydrogen, e.g. \NiE’ which is capable of transferring hydro-

gen to the molecules which can take it up. This special aptitude of
the suboxide has been claimed by Senderens and Aboulenc, according
to whom acetone can be hydrogenated at 110° under 30 atmospheres
pressure by the suboxide but not by the metal.&

The amount of catalyst may be as low a8 0.5 % of the liquid to be
hydrogenated, but it is better to use larger amounts in order to hasten
the reaction.®® ‘

599. Method of Work. It is best to operate at least 20° below the
boiling point of the liquid used as solvent so that its vapor will not
dilute the hydrogen too much. If substances are hydrogenated with-
out solvent, 100 to 150° is the usual range of temperatures but some-
times from 150 to 200°.

Alcohol, more or less diluted, and acetic acid are the most favor-
able solvents. Benzene, acetone, ether, and ethyl acetate are not so
good, while chloroform is rather harmful 4

The course of the reaction is easily followed, either by the pres-
sure gauge or by the bubble counter, which shows directly the volume
absorbed. This enables one to see at what temperature the reaction
goes best.

600. Results Obtained. Nitro derivatives are readily changed to
the corresponding amines. Azo and hydroazo compounds are split
into two amines; but by operating in the presence of caustic soda
which moderates the action of the catalyst, it is possible to obtain
azozy, azo, hydrazo and finally amino from aromatic nitro compounds.4

87 SaBAaTIER and Esein, Compt. rend., 158, 674 (1914).

% MxigeN and BarTRLS, J. praki. Chem. (2), 89, 206 (1014).

®» NorMaN and Punas, Chem. Zeit., 39, 29 (1915), C. A., 9, 1552.

4© FrERricHS, Arch. Pharm., 283, 512 (1915).

4 SpNpERENS and ABOULENC, Bull. Soc. Chim. (4), 17, 14 (1915).

@ In hydrogenating cotton seed oil, 0.1 % nickel on a carrier is ample and even
0.01% gives fair results. —E. E. R.

4 KxLBER, Berichts, 49, 55 (1916).

# BrocaxT, Bull. Soc. Chim. (4), 18, 554 (1914).
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601. Ethylene Double Bonds. These are easily saturated at low
temperatures, even in the cold, with the evolution of heat.

A mixture of ethylene, with hydrogen in excess, is changed to ethane
by being passed at atmospheric pressure through a saturated hydro-
carbon in which a nickel catalyst is kept in suspension by rapid
stirring. ¢

a-Octens, treated in alcohol solution with 20 % of active nickel and
hydrogen at 15 atmospheres, is completely changed to octans in the
cold. This can be accomplished under atmospheric pressure but takes
much longer.4¢

Olsic acid is reduced to stearic acid at 250° with a velocity which
is nearly proportional to the pressure of the hydrogen.#

The aliphatic esters.of oleic acid are transformed into stearic esters.

The salt formed by combining hot olelc acid with aniline is rapidly
hydrogenated to a brittle solid melting at 76°.4

Cinnamic acid, in twice its weight of amyl alcohol, is completely
changed to phenylpropionic in 45 minutes by 10% of nickel at 100°
under 15 atmospheres. The fact that the acid attacks the nickel does
not hinder the reaction. However, it is better to use sodium cinnamate
in 4 parts of water, which is hydrogenated in the cold.

Methyl cinnamats, dissolved in methyl alcohol, is changed to methyl
phenylpropionate 4 in the cold in 3 hours under 15 atmospheres pres-
sure. Under ordinary pressure the action is much slower, the reduc-
tion of ethyl cinnamate requiring 7 hours at 70°.5

Anethol, CH;0.C,H,.CH : CH.CH;,, is rapidly transformed into
methoxy-propyl-benzens when treated without solvent with 109 of
nickel at 60-80° under 15 atmospheres, but requires 5 times as long
at 1 atmosphere.

Isosafrol, dissolved in 3 parts of alcohol with 19 % of nickel, adds
H; in an hour at 65°.

Geraniol and linalool saturate their double bonds, but allyl alcohol
does not at 70° under 15 atmospheres, neither does allyl sulphocyanats.
Piperonyl-acrilic acid gives piperonyl-propionic acid in the cold under
15 atmospheres.®

The acstylens tripls bond is also saturated without difficulty.

4 RataER and REm, J. Amer. Chem. Soc., 37, 2115 (1915).

# BrocezTr and Bauxr, Bull. Soc. Chim. (4), 17, 50 (1815), and Compt. rend.,
189, 190 (1914).

¢ 8aAw, J. Soc. Chem. Ind., 33, 771 (1914).

# Epnias and RasiNovirz, J. Ind. Eng. Chem., 8, 1105 (1916).

¢ BroceExT and Bauxr, Loc. cit.

8 Brocrpr and CaBAreT, Compt. rend., 159, 326 (1914).

@ BrocHeT and Baumr, Bull. Soc. Chim. (4), 17, 50 (1916).
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602. Aldshydes and ketonss. Aldehydes and ketones are not
appreciably hydrogenated under atmospheric pressure. Thus the
allyl-ketones dissolved in 5 parts of alcohol and treated at 60° with
hydrogen under atmospheric pressure are hydrogenated in several
hours to the saturated ketones without affecting the ketone group.®

On the contrary, by working under pressure it is possible to change
aldehydes and ketones to the corresponding alcohols.®

603. Various Rings. The hydrogenation of the benzene ring or of
similar rings is much more difficult to attain and is scarcely realizable
except in the case of phenols and of compounds directly related to
them. %

With ordinary phenol the addition of hydrogen takes place slowly
from 50° up and rapidly between 100 and 150° under 15 atmospheres,
with complete transformation into cyclohezanol without the simul-
taneous production of cyclohexanone.

Likewise several hours are sufficient for the hydrogenation of a-
and B-naphthols at 150° under 15 atmospheres.

Eugenol, CH;0 (OH)C.H;.CH,;.CH : CH,, adds H, rapidly at 60°
and 15 atmospheres to form propyl-methozxy-phenol but the ring is not
hydrogenated unless the operation is carried on at 150°.

Indigotine. Indigo, dry or in paste, suspended in water containing
a little caustic soda (10 g. indigo to 250 c. dilute caustic soda) is
reduced at 70° by 5 g. nickel to indigo white in 40 minutes. The same
reaction applies to thio-indigo and to malachite green which is reduced
to the leuco base.®

Hydrogenations by nascent Hydrogen in Liquid Systems in
contact with Metals

604. The decomposition of formic acid by the catalytic action of
metals of the platinum group provides hydrogen (824) which can be
used in the liquid itself to effect hydrogenations. By the use of
spongy or colloidal palladium, cinnamic acid can be transformed into
phenylacetic or quinine into hydroquinine.®

# CorNUBERT, Compt. rend., 189, 78 (1914).

8 BrocHET and CABARET, Compt. rend., 159, 326 (1914).°

% The hydrogenation of naphthalene is thoroughly described by SHROETER,
Annalen, 436, 1, (1922).—E. E. R.

¥ BrocueT, Compt. rend., 160, 306 (1915).

¥ VEREIN. CEININFABR. ZmuxRr & Co., German patent, 267,306, 1914, C., 1914
(1), 88.



CHAPTER XIII
VARIOUS ELIMINATIONS
§ I. —ELIMINATION OF HALOGENS

605. THE classical method for the elimination of halogens from
chlorine, bromine or iodine compounds is treatment with sodium.!
The presence of benzene or pstroleum ether retards this reaction greatly,
but ordinary ether and ethyl acetate usually accelerate it.*> The use
of small amounts of acstonitrile greatly facilitates the reaction. Thus
sodium does not act on methyl iodide in the cold but the addition of
one or two drops of acetonitrile causes an immediate and abundant
evolution of ethane, CH;.CH;.

The same is true with ethyl, propyl, tsopropyl and allyl todides, tre-
methylens bromide and benzyl chloride. Ethyl cyanide produces a similar
catalytic effect and propyl cyanids is less effective while benzoniirile
and bensyl cyanide have no such effect.?

§ 2. —ELIMINATION OF NITROGEN

606. Diazo Compounds. In many important reactions of aro-
matic diazo compounds, a molecule of nitrogen is eliminated. Cu-
prous salis are frequently useful or indispensable catalysts for these
decompositions. Copper powder can produce the same effects, doubt-
less through the initial formation of cuprous compounds.

Diazobenzene hydroxide, CeHs.N : N.OH decomposes immediately
even at 0° in the presence of copper powder to form phenol and nitro-
gen. The copper for this purpose is precipitated by zinc dust in a
saturated solution of copper sulphate, washed with water and then
with a very dilute solution of hydrochloric acid and preserved wet
and protected from the air.¢

607. Hydrochloric acid reacts with diazo chlorides, on boiling, to
give the corresponding aromatic chloride, on condition that the de-

1 WurTs, Ann. Chim. Phys. (3), 44, 275 (1855).
* ELBs, Synth. Darstel. d. Kohlenstl., Leipzig, 1889, 3, 59.
$ MicrAxL, Amer. Chem. Jour., 35, 419 (1901).
¢ GATTERMANN, Berichie, 23, 1220 (1890).
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composition takes place in the presence of copper powder or cuprous
chloride.®* We have:

CeH;.N;3.Cl + HCl = N, + CeH,.Cl + HCI.

The cuprous chloride is used in hydrochloric acid solution.

This action of cuprous chloride has been explained by assuming
that it acts in the presence of hydrochloric acid as a reducing agent
giving cupric chloride and hydrogen:

2CuCl + 2HCl= 2CuCl, + 2H
and 2H + C¢H;.N : NCl= CsHy; . NH.NHCIL.

The hydrazine compound thus formed reduces the cupric chloride:
2CuCl; + C{Hs . NH.NHCI = 2CuCl + 2HCI + C¢H;.Cl + Nj.

regenerated

The regenerated cuprous chloride repeats the same effects.

608. Hydrobromic acid reacts in a similar way on diazonium
bromides in the presence of cuprous bromidse. The cuprous bromide is
prepared by warming 20 g. copper turnings with a solution of 12.5 g.
copper sulphate and 36 g. potassium bromide in 80 cc. water con-
taining 11 g. sulphuric acid.®

609. Diazonium salts in water solution with sodium nitrite, in
the presence of copper powder or moist cuprous oxide, are transformed
into nitro compounds (Sandmeyer reaction):

CeH;.N;.Cl + NaNO,; = C¢H;.NO; + NaCl + N;.

610. Diazonium salts yield the corresponding aromatic isocyanates,
CeH;.NCO, when treated with potassium isocyanate in presence of
copper powder.’

611. Hydrazine Compounds. Phenylhydrazine is decomposed at 150°
into aniline, nitrogen and ammonia, on contact with cuprous chloride,
bromide, or iodide:

3CsH; .NH .NH,; = 3CsH;.NH, + N; + NH;.

The chloride acts more rapidly than the bromide and this more
rapidly than the iodide. When more than 19% of the chloride is
added, the decomposition is violent and almost explosive. The crys-
tallized compound, Cul.2C,H;.NH.NH,, which may serve as an
intermediate step in the catalysis, has been isolated.?

$ SANDMEYER, Berichte, 17, 1635 (1884).

¢ SANDMEYER, Berichte, 17, 2652 (1884).

T GATTERMANN, Berichte, 23, 1220 (1890).

8 ArBusow and TICHWINSKY, Berichle, 43, 2295 {1910) and J. Russian Phys.
Chem. Soc., 48, 60 (1813), C. 4., 7, 2225.
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The hydrazones derived from hydrazine and saturated cyclic ke-
tones are decomposed, with the evolution of nitrogen, on contact with
a small fragment of solid potash.

Cyclohexone hydrazone gives cyclohexane in a violent reaction:

o OB \c N.NH, = cag O \CHz+N:

,\CHz C C 2

In every case the hydrocarbon obtained contains CH; in place of
the CO of the ketone. Thus hydrazones from the mathyl cyclohexones
yield methyl cyclohezane, that from camphor furnishes camphane,
CioHjs melting at 158°, and that from jfenchone leads to fenchans,
boiling at 151°.°

612. 8, 8. — Diphenyl-pyrazoline heated with fragments of potash
and platinized porous porcelain decomposes into nitrogen and diphenyl-
cudopromm 10

H
CeH,. CH\ NG G, Gl CHL N CH GH, + N
NH.NZ

§ 3. — SEPARATION OF FREE CARBON

613. In many cases the dehydrogenation of hydrocarbons leads to
the separation of free carbon and we shall see (Chapter XXI) that
various finely divided metals frequently provoke this decomposition.
But it is well to consider here a very important reaction which takes
place with the separation of carbon from carbon monoxide in contact
with certain substances.

614. Decarbonization of Carbon Monoxide. In the reduction of
the oxides of iron, nickel and cobalt carried on above 400° by carbon
monoxide, it has long been known that carbon is deposited and this
continues at the expense of the carbon monoxide according to the
equation:

2C0 = CO; + C.

Mond found that nickel can produce this effect between 350 and
450°.11

Sabatier and Senderens have shown that the reaction takes place
with reduced nicksl above 230°, elevation of temperature accelerating
the decomposition of the carbon monoxide. "'With a layer of nickel

¢ KizaNer, J. Russian Phys. Chem. Soc., 43, 582 (1911), C. A., 6, 347.
10 KizaNgR, J. Russian Phys. Chem. Soc., 47, 1102 (1915), C. A., 9, 3051.
u Monp, LaNgER and Quincks, Chem. News, 63, 95 (1890).
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35 cm. in length and a flow of gas of 25 cc. per minute, the amounts
of carbon dioxide formed from 100 cc. of the monoxide were:

At 238° ...l 1.2 ce.
250° ... 3.8
275° .. 17.9
285° ...l 23.2
300° ..., 40.5
320° ...l 49.0
349° and above....... 50.0, complete transformation.

The reaction may be complete as can be shown by experiment; and
besides, the inverse formation of carbon monoxide from carbon and
the dioxide does not begin below 400°. We do not have to any extent:

C + CO, = 2C0,
nor: Ni + COs = NiO + CO.

This would take place no more at higher temperatures, such as
650° and 800°.12

615. Reduced cobalt gives rise to the identical reaction at above
300°.

Finely divided iron, kept at 445° with carbon monoxide for several
hours, transforms it completely into carbon dioxide with the deposition
of carbon.®

Finely divided platinum, reduced copper, and finely divided siloer,
do not produce a similar effect on carbon monoxide below 450°.

616. The separation of carbon can be explained by assuming the
temporary formation of nickel or cobalt carbonyl which the high tem-
perature decomposes into metal, carbon, and carbon dioxide.!*

But we can explain the phenomenon equally well by the mechan-
ism which is apparent in the case of iron. At low temperatures, iron
tends to reduce carbon monoxide to carbon with the formation of
ferrous oxide:

Fe + CO = FeO + C,

but at a higher temperature, there is the formation of carbon dioxide
and iron:
FeO + CO = CO, + Fe.

The iron thus regenerated can repeat the first reaction. These two
successive steps may take place likewise with nickel and cobalt without
our being able to perceive the intermediate compound, the oxide, since

1 8opATIER and SENDERENS, Bull. Soc. Chim. (3), 29, 204 (1903).
13 BoupouarD, Ann. Chim. Phys. (7), 24, 5 (1901).
4 BerTHELOT, Ann. Chim. Phys. (6), 26, 560 (18923).
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the reduction of the oxide by the carbon monoxide takes place at a
temperature lower than that at which the metal reduces the gas, the
oxide of the metal can remain only in inappreciable amount. From
this it can be seen that the reaction will take place better with nickel
than with iron, since a considerable proportion of the iron is actually
transformed into the oxide.!®

617. Manganous oxide, which dehydrogenates alcohols after the
manner of metals (701), appears to give, doubtless by a mechanism
analogous to that which has just been described, a certain amount of
decomposition of carbon monoxide into carbon and carbon dioxide,
but it is always small below 350°.1¢

§4. — ELIMINATION OF CARBON MONOXIDE

618. The decomposition of aldehydes and ketonss can take place
as a consequence of the elimination of carbon monoxide under the in-
fluence of catalysts, either finely divided metals or anhydrous oxides
acting at higher temperatures.

With aldshydes the reaction goes more readily and yields chiefly:

R.CO.H=CO+ RH.
hydrocarbon

619. Reduced nickel acts energetically above 200°. The vapors
of propionic aldehyds are rapidly dissociated at 235° into carbon mon-
oxide and ethane. Benzaldehyds is largely decomposed at 220° into
benzene and pure carbon monoxide.¥

Furfural is changed by nickel at 270° into furfurans!®:

CH :CH CH :CH
. >O - .
CH : C-2-CHO CH:CH/

620. With kelones the result is more difficult to obtain. Starting
with a ketone R.CO.R’ a certain amount of the hydrocarbon R.R’
may be formed but the débris resulting from the groups R and R’ are
the chief products.

Acstone is decomposed by nickel, slowly at 240° and rapidly at
270°, yielding carbon monoxide and the CH; radicals which give a
little ethane and ethylene but chiefly methane, hydrogen and carbon.}?

621. Reduced copper has less effect: at 310° its action on propi-
onic aldehyds is negligible and it is only at 350° or better at 400° that

¥ SABATIER and SENDERENS, Ann. Chim. Phys. (8), 4, 485 (1905).
16 SapaTIR and MamLe®, Ann. Chim. Phys. (8), 20, 315 (1910).

17 SaBaTIER and SENDERENS, Ann. Chim. Phys. (8), 4, 474 (1905).
13 Papoa and PonTi, Linces, 15 (2), 610 (1906), C., 1907 (1), §70.
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carbon monoxide and a mixture of ethane, hydrogen and buians is
obtained.”” Its action is energetic on formaldehyde which it decom-
poses almost completely into carbon monoxide and hydrogen.’®* The
resulting carbon monoxide can be absorbed by caustic soda present in
the mixture and furnish, according to a well known reaction, sodium
formate. 3

Copper has no appreciable effect on ketones below 400°.

622. Platinum sponge and particularly platinum black have an
intense destructive action on aldehydes. Propionic aldehyde is
attacked at 225° and at 275° decomposes rapidly into the same gas-
eous products as are obtained with copper.®!

The action on ketones is less intense.

623. At 300° palladium black decomposes formaldehyde completely
into carbon monoxide and hydrogen with traces of carbon dioxide and
methane. Likewise acetaldshyds, propionic aldehyde, bulyric aldehyds,
benzaldehyds, and the toluic aldehydes are more or less split at temper-
atures around 300° into carbon monoxide and the corresponding
hydrocarbons.®

624. The decomposition of formic acid into carbon monoxide and
water which is effected by certain oxides, titania, blus oxide of tungsten,
alumina, silica, and 2irconta, and which can be regarded as an elimina-
tion of carbon monoxide, will be studied later (825), as also the
decomposition of formic esters, which is chiefly according to this
reaction (866):

H.CO,CnH’n.H = CO + CnH:n.H.OH.
" aloohal

625. Anhydrous aluminum chloride can decompose acid chlorides
with the elimination of carbon monoxide. This takes place with
dichloracetyl chloride which is split into carbon monoxide and chloro-
form with heptachlorpropans as a by-product, resulting from the action .
of the chloroform on the original product.®

§ 6. — ELIMINATION OF HYDROGEN SULPHIDE

626. Mercaptans. Cadmium sulphide catalyzes the decomposition
of mercaptans according to two consecutive reactions exactly analo-
gous to those according to which a primary alcohol is dehydrated to an
ether and then to an unsaturated hydrocarbon (701).

19 SaBATIER and MAmLEE, Ann. Chim. Phys. (8), 30, 345 (1910).
30 Loxw, Berichte, 20, 145 (1887).

% SABATIER and SENDERENS, Ann. Chim. Phys. (8), 4, 475 (1905).
2 Kuznezov, J. Russian Phys. Chem. Soc., 48, 5567 (1913).

8 Prins, J. prakt. Chem. (2), 89, 414 (1914).
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At a moderate temperature, we have:
2CoHam41.SH = HS + (CoHzny1)sS.
T sulphide

At a higher temperature, a more rapid decomposition yields hydro-
gen sulphide and the ethylene hydrocarbon:

CyH41 .SH = HS + C,Hj.

Thus ethyl mercaptan, CsHs .SH, passed over cadmium sulphide at
320°, is almost completely transformed into the neutral sulphide,
(C:H;).8, while at 380° it is completely decomposed into hydrogen
sulphide and ethylene.

Isoamyl mercaptan is changed into tsoamyl sulphide at 360°, but
above 400° gives hardly anything but amylene.

The decomposition of primary aliphatic mercaptans over cadmium
sulphide at regulated temperatures constitutes a regular method of
preparing primary sulphides from the mercaptans.

627. The mechanism of the decomposition is altogether analogous
to that of alcohols (169). We can assume the formation of a cadmium
mercaptide from the mercaptan and cadmium sulphide. This would
decompose, according to the temperature, either into the neutral sul-
phide or into the ethylene hydrocarbon with the regeneration of the
metal sulphide which would then repeat the reaction, thus playing
the part of a catalyst.

We have at first:
CdS + 2Cth+1.SH = (CnHzn+|S)sz + st
‘mercaptide
then:

(CaH418)sCd = CdS + (CoHzn41)s8
“eulphide

and at a higher temperature:
(CaHn18):Cd = CdS + HsS + 2C.H,.

The transitory formation of the cadmium mercaptide is further
indicated by the change of color of the sulphide, which takes on an
orange tint quite different from the bright yellow of the original
sulphide and retains that color after cooling in consequence of the
persistence of a certain amount of the mercaptide. '

628. Secondary mercaptans have a stronger tendency to decom-
pose into the ethylene hydrocarbons but can, nevertheless, furnish
some neutral sulphide. .

Cyclohezyl mercaptan, passed over cadmium sulphide at 300°, gives
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12 to 15% of the sulphide but the major portion is decomposed to
cyclohexene, while at 350° all of it goes into cyclohexene.®

629. Thiophenols. Aluminum chlorids acts on a warm solution of
thiophenol in petroleum ether, eliminating hydrogen sulphide and
forming the diphenyl sulphide. At the same time some thianthrene,

C.H¢<';>C.H4, is formed by loss of hydrogen.®

630. Formation of Thioureas. The thioureas can be obtained by
the reaction of primary aromatic amines on carbon disulphide in the
presence of a little sulphur as catalyst.

Thus 1 part each of aniline, alcohol, and carbon disulphide and
0.005 part crystallized sulphur are warmed for several hours on the
steam bath to obtain symmetrical diphenyl-thiourea:

/NH.CeHs
C8,; + 2CH;NH; = H.8 + CS: .
\NH.C.H,
The ortho and para toluidines, the naphthyl-amines and even
P .aminophenol give the same reaction 3

§ 6. —ELIMINATION OF AMMONIA

631. Reduced nickel has various effects on primary, secondary,
and tertiary amines, and among these effects one is the elimination of
ammonia.®

Above 300° this is a clean cut reaction with aliphatic amines con-
taining less than 5 carbon atoms. Thus ethylamine splits up into
ammonia and ethylens, which at that temperature is in turn decom-
posed into carbon, methane, hydrogen and ethane (910). We have:

C:H; .NH; = NH, + GH.,.

Amines containing five or more carbon atoms, e.g. amyl-amins,
undergo this reaction and are simultaneously dehydrogenated to
nitriles. This is true for benzyl-amine also.?®

Aromatic amines, aniline and the toluidines, are much more resist-
ant, being hardly attacked by nickel at 350° but towards 500° there
is elimination of ammonia with complete destruction of the molecule,
according to a complicated reaction.*®

# SaBATIER and MarLae, Compt. rend., 150, 1570 (1910).
% Dxuss, Rec. Trav. Chim. Pays-Bas, 27, 145 (1908).

* HuGERSHOFF, Berichle, 33, 2245 (1899).

7 SaBaTiER and GaAvuDION, Compt. rend., 168, 309 (1917).
3 SaBaTIER and GaAuDION, Compt. rend., 168, 226 (1917).
# SaBATIER and GAUDION, Compi. rend., 165, 309 (1917).
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632. By heating a-naphthylamine for 8 hours with a molecule of
aniline in presence of a small amount of iodine (less than 19%), am-
monia is eliminated and phenyl-naphthylamine is formed in 859%
yield.

The use of very small proportions of iodine enables us to prepare
the secondary amines derived from a-naphthylamine and the three
toluidines, ortho and para anisidines, and meia and para chloranilines,
with yields superior to those obtained by the usual methods.

By heating S-naphthylamine on the steam bath for 4 hours with
less than 19 of iodine, it is almost quantitatively changed into BS'-
dinaphthyl-amine.

Likewise p.aminophenol heated below 200° for 5 hours with
0.0025 % iodine, loses ammonia and yields about 70 % pp’.dihydroxy-
diphenylamine.3®

633. Cuprous chloride and bromids and also zinc chlorids catalyze
the decomposition of the phenylhydrazones derived from the lower
aliphatic aldehydes and ketones, giving ammonia and substituted
indols.

Thus the phenylhydrazone of methyl-ethyl-ketons evolves ammonia
at 180° when 0.2% of cuprous chloride is added and yields £, 8-di-
methyl-indol in 2 hours.

The phenylhydrazone of propionic aldehyds gives similarly $-meth-
ylindol (skatol). With copper chloride the yield is 60 % and reaches
73 9% with ginc chloride.

With aldehydes there is some formation of nitriles resulting from
splitting off aniline (635).

The formation of S-methyl-indol is thus represented:

CH CH,.CH, C
B¢/  NCH CH : (0

~ NC———c—-CH, N,
Hé\CH/E\NH/ A Hé\CH/JJ:\NH/g " |

In the same way, the phenylhydrazone of acstonyl-acetons yields
dimsthyl-amino-phenyl-pyrrol.®

With the phenylhydrazones derived from higher aliphatic alde-
hydes, this reaction is of little importance as it is overshadowed by the
formation of nitriles (635).

% KNOBVENAGEL, J. prakt. Chem. (2), 89, 20 (1914).

8 Arpusor and TixHVINBSKY, J. Russian Phys. Chem. Soc., 48, 73 (1913),
C. A., 7, 2225. — ArBusor and Friavur, Ibid., 48, 604 (1013), C. A., 7, 3599. —
Ansusor and Kerurzxn, Itdd., 48, 609 (1913), C. A., 7, 3599.
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§ 7. — ELIMINATION OF ANILINE

634. The stability of aniline in the presence of nickel, which has
been mentioned above, enables us to predict that the action of nickel
on alkyl anilines will tend to split off aniline, a8 ammonia is elimi-
nated from the alkyl ammonias. This is what takes place with methyl-
aniline at 250°. Aniline is regenerated with the separation of the
group CH; which decomposes into methane and carbon, the reaction
being nearly thus:

2CeH; .NH.CH,; = 2CH;.NH,; + C + CHi,.
With ethyl-aniline, we have:
C¢H;.NH.CH; = C,H,.NH, + G,H,,
the ethylene being entirely decomposed by the nickel (912) into carbon,
methane, ethane and hydrogen, the hydrogen acting on the aniline to
give a little ammonia and bengene.

Dimethyl-aniline and disthyl-aniline behave in an entirely anal-
ogous manner.%

635. The phenylhydrazones of higher aliphatic aldshydes are de-
composed by copper, zific, and platinum chlorides into nitriles and
aniline:

R.CH :N.NH.CH; = R.CN + C,H;.NH,.

This is true for isobutyric, tsovaleric, and isoheptylic aldehydes. The

simultaneous production of indols (633) is of little importance.®

8 SaBATIER and GAUDION, Compt. rend., 168, 309 (1917).
® ArBusor, J. Russian Phys. Chem. Soc., 48, 74 (1913).



CHAPTER XIV
DEHYDROGENATION

636. W= have explained direct hydrogenation by means of finely
divided metals by the formation of an unstable hydride, produced
rapidly by the metal and capable of readily giving up its hydrogen.
If this explanation is correct, an important consequence can be
readily foreseen. The catalytic metals, nickel, copper, and platinum,
should be able to take up hydrogen not only from molecules of free
hydrogen but also from other substances capable of furnishing hydro-
gen, and consequently to be dehydrogenation catalysts, a prediction
which experiment has largely verified.

637. This capability has been long known in some cases. As
early as 1823 it was known that iron, copper, gold, silver, and platinum
had the power of greatly facilitating the decomposition of ammonia,
without appreciable alteration of the metal. The decomposition of
the ammonia can be thus effected at a much lower temperature than
in the absence of these metals.?

In 1843, Reiset and Millon noticed that alcohol vapor passed
through a tube filled with fragments of porcelain and heated to 300°,
is not appreciably decomposed, but that decomposition manifests
itself at 220° in presence of platinum sponge.?

In 1866, Berthelot noticed that the presence of iron favors the
decomposition of acetylene at a red heat,® and later Schiitzenberger
stated that platinum sponge warmed in a current of acetylene, decom-
poses it with incandescence, giving a voluminous mass of carbon in
which the metal is diffused.¢ '

This active decomposition of acetylene was rediscovered in 1896
by Moissan and Moureu, who observed it also with recently reduced
iron, cobalt, and nickel.® A similar decomposition of ethylene in con-
tact with the same metals at 300°, was obtained in 1897 by Sabatier
and Senderens,® who interpreted it by assuming the temporary for-

! Duronag and TufNARD, Ann. Chim. Phys. (2), 23, 440 (1823).
* Rzisxr and Mmion, Ann. Chim. Phys. (3), 8, 280 (1843).
$ BxrTHELOT, Compl. rend., 63, 906 (1866).
¢ ScHUTIENBERGER, T'raité de Chemis, I, 724.
- 8 MomsaN and Mourzvu, Compt. rend., 1323, 1241 (1896).
¢ SaBATIER and SENDBRENS, Comp!. rend., 124, 616 (1897).
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mation of a metal hydride and were thus led to apply these metals to
dehydrogenation reactions as well as to those of hydrogenation.

638. The dehydrogenation catalysts are primarily the metals, and
to a less degree, certain anhydrous metal oxides and some salts derived
from these oxides, carbon and, in exceptional cases, anhydrous alu-
minum chloride.

The effects produced by these catalysts can be divided into several
groups:

1. Dehydrogenation of hydrocarbons.

2. Return of hydroaromatic compounds to aromatic with double
bonds.

3. Conversion of primary alcohols to aldehydes and of secondary
to ketones.

4. Dehydrogenation of poly-alcohols.

5. Dehydrogenation of amines to nitriles.

6. Direct synthesis of amines from hydrocarbons.

7. Formation of rings by loss of hydrogen.

§ 1. — DEHYDROGENATION OF HYDROCARBONS

639. Finely divided metals exercise an important dehydrogenating-
effect on hydrocarbons, the effect being greater the higher the tem-
perature. The separation of hydrogen is always accompanied by mo-
lecular changes, which are frequently followed by condensation into
more complex hydrocarbons. We will return to the breaking down
and building up of hydrocarbons by catalysts in Chapter XXI, which
is devoted to that subject, and will content ourselves in the following
paragraph to the regular passage of hydroaromatic hydrocarbons to
the aromatic with double bonds.

§ 2. —DEHYDROGENATION OF HYDROAROMATIC
COMPOUNDS

640. The various compounds formed by the hydrogenation of
stabls cyclic compounds tend to revert to the latter by loss of hydrogen
when submitted to the action of finely divided metals at tempera-
tures higher than those at which they are formed directly. Among
the metals, reduced nickel shows itself as particularly active.”

The dehydrogenation can take place in the presence of excess of
hydrogen, and in some cases the excess of hydrogen, far from hinder-

Y Thig is probably a reversible reaction reaching a definite equilibrium for each
temperature and pressure of hydrogen. Quantitative studies are most desirable.
—E. E. R.
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ing the reaction, regulates it by favoring the maintenance of the cyclio
structure and diminishing the tendency to the breaking up of the
molecule into many fragments (644).

641, Cyclohexane, which can not be formed by the direct hydro-
genation of benzene by the aid of nickel above 300° (446), suffers a
partial dehydrogenation to benzene above 300°, but a part of the
bengene is transformed to methans by the liberated hydrogen:?

3CeHu = 2C¢Hs + 6CH,.

The presence of a current of hydrogen stabilizes the molecule to a
certain extent so that it is only slightly broken up at 350°. At 400°
about 30 % of the cyclohexane passing over the nickel with the hydro-
gen is decomposed into benzene.®

With methyl-cyclohezans alone, decomposition begins at 240° and
is rapid at 275° the gas evolved then containing:

Methane ............ 78 % by volume
Hydrogen............ 22 9% by volume

The condensed liquid contains a large proportion of toluene.

Ethyl-cyclohezane is attacked slowly at 280 to 300° and gives a
gas containing 83 9% methane and 17 % hydrogen, a mixture of cthyl-
benzene and toluens being condensed.

The 1, 8-dimethyl-cyclohezrans acts like cyclohexane and is stabilized
by an excess of hydrogen. At 400° the dehydrogenation to m.zylene
does not exceed 25 %,.10

Reduced copper exercises a similar but less intense action which
does not begin till above 300°.

642. Hydroxy and amino substitution products of cyclohexane
hydrocarbons undergo dehydrogenation still more readily and above
350° the reaction is not hindered by an excess of hydrogen.

In the presence of nickel above 350°, cyclohezanol and its homologs
come back to the phenol condition. This effect commences at even
much lower temperatures: when cyclohexanone is hydrogenated over
nickel at 230° 259% of phenol is collected along with the cyclo-
hexanol.!? In a current of hydrogen at 360° the tranaformatlon into
phenol is practically complete.*

The same effect is even more important for the cychc poly-alcohols
and also for the amines such as cyclohszryl-amine which tends to regen-

8 SaBaTmR and MaiLeE, Compt. rend., 137, 240 (1903).

% SaBATIER and DaupiEr, Compt. rend., 168, 670 (1919).

1 SapATIER and GAUDION, Unpublished results.

1 8Sxrra and RITTER, Berichie, 44, 668 (1011).

13 Papoa and Fasris, Linces, 17 (1), 111 and 125 (1908), C., 1908 (1), 1395 and
1908 (2), 1103.
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erate aniline and dicyclohezyl-amine which yields diphenylamine and
cyclohezylaniline.

The hydrides of naphthalens act in the same way: the higher
hydrides under the influence of nickel at 200° come back to the
tetrahydride, and this regenerates naphthalene at 300°.

Frequently, as in the case of cyclohexane, the liberated hydrogen
can break down a portion of the hydrocarbon into larger or smaller
aliphatic fragments. This takes place with dodscakydrophenanthrene,
which breaks down at 200° into lower hydrides and various aliphatic
hydrocarbons, while the herahydride is regularly dehydrogenated to
the tetrahydride at 220°, which in turn passes to phenanthrene at 280°.

With nickel at 300-330°, the perhydrides of anthracene give the
tetrahydride and decomposition products

At 250°, decahydrofluorene returns to fluorene.

643. Unsaturated cyclic hydrocarbons, cyclohezenes, cyclohexadi-
enss, as well as the terpenes and various of their substitution products,
are still more readily dehydrogenated by nickel even in a current of
hydrogen.

Cyclohezene gives benzene almost quantitatively when passed over
nickel at 250°.2* The same is true at 300° in a current of hydrogen.!¥

Cyclohexadiens, C¢Hs, passed over finely divided platinum at 180°,
yields benzene, but this is mixed with cyclohezans, which is stable at
this temperature and which results from the utilization of the liberated
hydrogen. ¢

644. Limonene, in a current of hydrogen over nickel at 280-300°,
is changed almost entirely into cymene accompanied by a certain
amount of cumene and simpler aromatic hydrocarbons.

Menthens, in hydrogen over nickel at 360°, yield 80 % of cymene.

Under the same conditions, pinene and camphene are dehydro-
genated to aromatic hydrocarbons, CHy, and lower.1®

/CH: . CH’\CH C/CH;

645. Eucalyptol, or cineol, CH;.C .
[\CH:.CH,/ A\CH;

,carried

along by a current of hydrogen over nickel at 360° is simultaneously
reduced and dehydrogenated to form cymens.
Terpineol undergoes a similar reaction.

P CH,.C . C
lagone, CHs CH;.CHYY  \CH,

1 SaBaTiER and GAUDION, Compt. rend., 168, 670 (1919).
4 BYEsEEEN, Rec. Tras. Chim. Pays-Bas, 37, 2556 (1918).
¥ SasaTIgR and GaupioN, Compt. rend., 168, 670 (1919).

, submitted to the action
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of nickel in a current of hydrogen at 360° is changed into a mixture
of thymol and cresol, formed by the elimination of the carbon chain
in the form of methane.!#

646. Dodecahydrotriphenylene is completely changed to iriphen-
ylene, melting at 198°, by passing over copper at 450-500°.1¢

647. Piperidine, under the action of nickel at 180 to 250°, even in
the presence of hydrogen, is totally changed to pyridine:

/CH: CH:\ 5 /CH H CH\
CH,.CHy” R Ve 7

Tetrahydroguinoline, passed over nickel at 180° gives a certain
proportion of quinoline, but the chief product is skatol :1®

¢
Ner” _ “vr” Ser” wa”

648. If dehydrogenation is carried out with a partially hydrogen-
ated product, the hydrogen set free by the action of the metal on
one portion may hydrogenate the other. This is what takes place
when palladium sponge acts on methyl tetrahydroterephthalate which
gives 1-part methyl terephthalats and 2 parts methyl hezahydro-
terephthalate.

649. Palladium black is an active dehydrogenation catalyst for
the hezamethylene hydrocarbons. The action begins at 170°, is vigor-
ous at 200° at a maximum at 300°, and yields only hydrogen and
benzene or its homologs. At 100-110° the inverse action takes place,
1.6. there is hydrogenation of the benzene, but this does not take
place at 200° even in excess of hydrogen. Likewise hezahydro-
benzotc acid passes to benzoic.* The esters of hexahydrobenzoic acid
are also dehydrogenated, but methyl cyclopentane-carbonate is not
affected.*

18 MANNICH, Berichte, 40, 159 (1906).

17 CramxciaN, Lincet, 16, 808 (1907).

18 PapoA and ScAGLIARINT, Lincei, 17 (1), 728 (1908), C., 1908 (2), 614.

19 ZprNsxy and GLINKA, Berichie, 44, 2305 (1911).

20 ZxLINsxY and Miss UKLONSKAJA, Berichte, 48, 2677 (1912).

2 Zpunsky and Miss UKLONSKAJA, J. Russian Phys. Chem. Soc. 46, 56 (1913),
C. A, 7, 2224,
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Below 300°, cyclopentane and methyl-cyclopentans ® and cyclohsp-
tans ® are not dehydrogenated.

Platinum black acts similarly but less energetically.®

§ 3. —DEHYDROGENATION OF ALCOHOLS

650. A long time ago Berthelot noticed that the vapors of ethyl
alcohol passed through a progressively heated glass tube, begin to
decompose at around 500°, that is at nearly a dull red heat, giving
rise to two simultaneous reactions, namely: dshydration with sepa-
ration of ethylene and dshydrogenation with the production of alde-
hyde, the reactions being further complicated by the decomposition of
the ethylene and the aldehyde by the heat, the aldehyde being par-
tially decomposed into carbon monoxide and methane.

Various primary alcohols undergo analogous decompositions at a
dull red heat, being simultaneously dehydrated and dehydrogenated.
We have:

H;O + C.Hn.u CH H CH:

CuHsy1.CH;.CHOH” e
“NH; + CoHzyi.CH:.CO.H
aldehyde
and likewise :

»H0 + (CeHs.CH),
C¢H;.CH,OH
beaglalocbal “H; + CoHs.CO.H
“Densaldehyde

Up to 400° neither of these reactions takes place to any appre-
ciable extent.

Secondary alcohols react more readily in this manner, giving hy-
drocarbons by dehydration and ketones by dehydrogenation, the one or
the other reaction predominating as the case may be. Thus, for
secondary aliphatic alcohols, ethylene hydrocarbons are formed rather
than ketones, while benzhydrol yields benzophenone at as low as 290°.2

651. In the presence of catalysts, that is to say of substances capa-
ble of forming temporary chemical combinations with one of the
products of the above reactions, the corresponding reaction will be
realized at a lower temperature and rendered more or less rapid.

8 ZpLINSKY, J. Russian Phys. Chem. Soc., 43, 1220 (1911). — Berichte, 45, 3678
(1912).

\® ZpuINskY and HxrzENeTmIN, J. Russian Phys. Chem. Soc., 44, 275 (1012).

8 BerTEELOT and JUNGFLEISCH, T'raité élém. de Chimie Org., 2nd. Ed. Paris,
1886, I, 256.

8 KNoxvENAGEL and Hxckxy, Berichte, 36, 2816 (1903).
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Dehydrogenation calalysts should specially promote the decompo-
sition of alcohols into aldehydes or ketones, while dshydration catalysts
should facilitate the formation of water and hydrocarbons.

The metals, copper, cobalt, nicksl, iron, platinum, and palladium,
particularly in the finely divided form, are dehydrogenation catalysts, and
80 are & small number of anhydrous oxides, 6.9. manganous, though to
a less extent.

On the contrary, certain metal oxides are exclusively dehydration cata~
lysta for alcohols: such are thoria, alumina and the blus oxide of tungsten.

Finally a large number of substances, oxides and salts, have both
functions and can to very variable extents cause the dehydration and
the dehydrogenation of alcohols at the same time. Beryllia and zir-
conia play the two réles almost equally well; all the intermediates
are found between the two extremes of exclusive catalysts.2¢

652. Of all the dehydrogenation catalysts, the one that serves best
for the regular decomposition of primary or secondary alcohols into
aldehydes or ketones, is reduced copper, which in practice can be
replaced by the very finely divided copper which is manufactured fo
imitation gilding.

Cobalt, iron, and platinum can be used, but with poorer results,
while nickel is the least suitable.”

Use of Copper

653. Primary Alcohols. Primary aliphatic alcohols, when passed
in the vapor form over reduced copper kept between 200 and 300°,
are regularly decomposed into aldehydes and hydrogen, the conden-
sate containing, along with the aldehyde, some of the unchanged
alcohol and a little of the corresponding acetal. The practical yield
is usually above 50 % with less than 5% of higher products and 45 %
of the alcohol which can be fractioned out and put through again.
This is a very advantageous method for the preparation of aliphatic
aldshydes, particularly for those which, on account of low volatility,
are difficult to prepare by oxidation of the alcohols.

The transformation can never be complete, even when a long train
of copper is used, since the hydrogen which is formed can be added to
the aldehyde by copper above 200°. Hence the reaction is limited but
the conditions are favorable to the decomposition because the operation
is carried on in the presence of a small concentration of hydrogen.

By operating under reduced pressure, there is the double advan-
tage of a more ready volatilization of the alcohols and a diminution

% SaBATIRR and Mamwum. Ann. Chim. Phys. (8), 20, 280 and 341 (1310).
37 SaBAaTIER and SzNpERENS, Compt. rend., 136, 738, 921 and 983 (1903).
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of the reverse action of hydrogen, and consequently increasing the
practical yield.

654. The apparatus used by Sabatier and Senderens is the same
as that employed for hydrogenations (347) except that the tube for
introducing the hydrogen is omitted.?®

Bouveault has used a vertical tube for the catalyst, 25-30 mm. in
diameter and of varying length, up to 1 m. The lower extremity
which is drawn down to 10 mm. passes through the stopper of a flask
in which the alcohol is vaporized. The tube is filled with rolls of
copper gauze containing copper hydroxide, resembling cigarettes; it
is heated by a coil of resistance wire through whicb passes a current
that can be suitably regulated. The reduction of the copper hydrox-
ide is effected by hydrogen at 300° and should be carried on slowly so
a8 to leave an adherent mass of copper.

The current is regulated so as to obtain the desired temperature
and the alcohol vapors pass through the vertical catalyst tube and
from it into a fractionating column which separates the more volatile
aldehyde and returns the less volatile alcohol to the flask to be reva-
porized. A catalyst tube 1 m. long is sufficient for the preparation
of 500 g. aldehyde in a day.?® 3

It is evident that the apparatus may be connected with a pump
controlled by a regulator so as to operate in a partial vacuum, if this
is desired.

655. If the temperature is above a certain point, the aldehydes
formed are partially destroyed by contact with the metal with elim-
ination of carbon monoxide:

R.CO.H = CO + RH.

But except in the case of formaldehyde and the aromatic alde-
hydes, this decomposition is not yet rapid at 300°.

This decomposition is more rapid with a more active catalyst.
With methyl alcohol, using a light violet copper prepared by the slow
reduction of the precipitated oxide, there is a rapid evolution of gas
which contains about 1 volume of carbon monoxide to 2 of hydrogen:
the formaldehyde produced has been completely destroyed, only traces
of it being found in the condensate. We have:

H.CH;.0H = CO + 2H;.

On the contrary with compact reddish orange copper, prepared by
reducing a dense oxide at a dull red, the evolution of gas is only about

2 SapaTIER and SENDERENS, Ann. Chim. Phys. (8), 4, 332 (1905).

3 Bouveaurr, Bull. Soc. Chim. (4), 3, 50 and 119 (1908).

80 This apparatus and its operation are more fully described by WaisMANN and
GARRAND, J. Chem, Soc., 117, 328 (1920). — E. E. R.
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one twelfth as rapid, but it is practically pure hydrogen and almost
all of the formaldehyde survives.®

656. Methyl alcohol is decomposed even at 200° and very rapidly
at 280-300°.

By catalytic decomposition over copper, methyl alcohol can be
detected in ethyl alcohol, since the formaldehyde produced can be
characterized by the violet coloration which it gives with morphine
and concentrated sulphuric acid.®

The destruction of the formaldehyde is already apparent at 240-
260°, hydrogen and carbon monoxide being produced along with a
little methyl formate (225),® this destruction increasing rapidly with
rise of temperature, till at 400° at least 75 % is decomposed.

Ethyl alcohol is decomposed above 200°, the aldehyde being formed
rapidly at 250 to 350°, without complications. At 420° 169 of the
acetaldehyde is destroyed and the gas collected contains 3 volumes
of methane and 1 of carbon monoxide to 6 of hydrogen.*

Propyl alcohol is transformed regularly at 230 to 300° and at 420°
one fourth of the aldehyde is destroyed.

Butyl alcohol yields the aldehyde well at 220 to 280°, and at 370°
only one sixth is destroyed.

At 240 to 300° <sobutyl alcohol is easily transformed into the
aldehyde: at 400° one half of this is decomposed.

Isoamyl alcohol yields the aldehyde at 240 to 300° without compli-
cations. At 370° only 6 % of the product is decomposed and at 430°,
about 25 %%

An aliphatic Cyo alcohol is regularly changed into the aldehyde by
heating in Bouveault’s apparatus under reduced pressure.?®

The copper is never fouled by carbonaceous deposits and remains
able to continue the reaction indefinitely.

657. Benzyl alcohol is transformed less readily than the aliphatic:
the decomposition does not begin below 300° but is satisfactory there.
At 380° the reaction is complex and some lolusne and benzens are
formed along with the benzaldehyds, while the gases evolved contain
carbon monoxide and dioxide along with the hydrogen. From 18-
parts of alcohol, only 13 go to the aldehyde, the other 5 forming
benzene and toluene.

Under reduced pressure, phenylethyl alcohol, CsHs;.CH,;.CH;OH,

8 SaBAaTIXR and MaAmLER, Ann. Chim. Phys. (8), 20, 344 (1810).

B ManNICE and GEILMANN, Arch. Pharm., 254, 650 (1916), C. A., 11, 1114,
8 MaNNICH and GEILMANN, Berichte, 49, 585 (1916).

# SaBAaTIER and SENDERENB, Ann. Chim. Phys. (8), 4, 463 (1905).

% SABATIER and SENDERENB, Ann. Chim. Phys. (8), 4, 463 (1905).

% Bouvmauvr, Bull. Soc. Chim. (4), 3, 50 and 119 (1908).
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yields phenyl-acstaldehyde readily, but there is a little decomposition of
the aldehyde into toluens and carbon monoxide and there is also some
dehydration of the alcohol to styrens, CeHs.CH : CH,, the major part
of which is hydrogenated to ethyl-benzens or condensed to the slightly
volatile meta-styrene which remains on the metal and weakens its
catalytic activity.

658. The unsaturated allyl alcohol, CH; : CH.CH;OH, is trans-
formed over copper at 180 to 300°, with the evolution of very little
hydrogen, into propionic aldehyds, with a slight amount of acroleine.
The hydrogen derived from the decomposition of the alcohol serves
to hydrogenate the double bond of the aldehyde formed (432).3%

It is the same way with undecenyl alcohol, CH; : CH. (CHs)s.~
CH,0H, which yields only the saturated aldehyde, undscsnal. On
the contrary, under reduced pressure, geraniol (416) gives citral
almost entirely.?

669. Secondary Alcohols. The transformation of secondary alco-
hols into ketones with the separation of a molecule of hydrogen is even
more readily accomplished by finely divided copper since, the ketones
being more stable than the aldehydes, a larger temperature interval
is available in which to effect the transformation. Usually even at
400° there is no appreciable complication, the gas evolved is pyre
hydrogen. The immediate yield of ketone may exceed 75 %.

As in the case of the aldehydes, the reaction is never entirely com-
plete, since, in contact with copper above 200°, the disengaged hydro-
gen is capable of hydrogenating the ketone to regenerate the alcohol.
But the hydrogenating power of the copper is much less than its
aptitude to decompose the alcohol and the production of ketone pre-
dominates greatly.¥”

Isopropyl alcohol is decomposed slowly from 150°, the production
of acetons being rapid at 250 to 430°, without separation of propylene.

Secondary butyl alcohol is attacked at 160°, and furnishes buianons
readily at 300° without production of butylene.

Secondary octyl alcohol produces only the octanons(®) at 250 to
300°. It is only above 400° that there is decomposition into carbon
monoxide and hydrocarbons.

660. Over copper at around 300°, cyclohezanol is split cleanly into
hydrogen and cyclohexanone.”

At 300° o.methyl-cyclohezanol is transformed into o.methyl-cyclo-
hexzanone, with a little water and o.methyl-cycloherens and some
o.cresol which are readily eliminated. Results almost as good are
obtained with the meta but less satisfactory with p.methyl-cyclohszanol.

87 Saparimn and SzNDERrENE, Ann. CAim. Phys. (8), 4, 467 (1905).
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The method may be used with the same facility with the various
dimethyl-cyclohezanols.3®

661. By contact with copper at 300°, bornsol is changed very
readily and almost totally into camphor.®® ~

662. Benzhydrol. CeH,.CH(OH).Ce¢H;, when its vapors are
passed over copper at 350°, yields benzophenons, which is largely
changed by the liberated hydrogen into diphenyl-methans and partic-
ularly into symmetrical tetraphenyl-ethane (720).

663. The method is suitable for transforming a secondary alcohol
group into a ketone group even in mixed compounds. The secondary
alcohol-ketones of the form R.CH(OH).CO.R’ readily furnish the
corresponding a-diketones.*

Under the same conditions, S-hydrozy-esters can be transformed
into ketone-esters. Thus ethyl B-hydroxy-isoheploats, (CHs)sCH.CHs.-
CH (OH).CH,CO,C¢Hj;, is changed to ethyl S-kefo-isoheptoate.**

Use of Other Metals

664. Nickel. Reduced nickel acts more violently on the alcohols
than does copper and the dehydrogenation of primary or secondary
alcohols is always accompanied by a more or less considerable splitting
up of the aldehyde or ketone, with the formation of carbon monoxide
which may be more or less profoundly altered by the nickel; a part
being hydrogenated by the hydrogen formed from the alcohol and a
part being changed to carbon and carbon dioxide (614). The sepa-
ration of the carbon monoxide usually begins at the same time as the
decomposition of the alcohol.

Methyl alcohol is attacked as low as 180°, but two thirds of the lib-
erated formaldehyde is destroyed. The reaction is rapid at 250° but
eight ninths of the aldehyde is destroyed and the gas evolved contains
only 45% of hydrogen along with methane and carbon monoxide.
At 350° there is no longer any aldehyde and no carbon monoxide : the
gas is a mixture of methane and carbon dioxide.

Ethyl alcohol is decomposed from 150° up, rapidly above 230°.
As low as 180°, almost a third of the aldehyde formed is decomposed,
and at 330° its destruction is complete.

2 SaBATIER and Mamum, Ann. Chim. Phys. (8), 10, 550, 554, 557 and 568
(1907).

¥ GovrpsmrrH, English patent, 17,673 of 1908; J. S. C. I., 26, 777 (1907). —
Avor and Brusrizr, Bull. Soc. Chim. (4), 9, 733 (1811).

# Bouveaurr and Locquin, Bull. S8oc. Chim. (3), 35, 650 (1908).

4 Bouveauvr, Loc. cit.

@ SABATIRR and SzNDERENS, Ann. Chim. Phys. (8), 4, 469 (1905).

-
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The results are similar with propyl alcohol, with which 75 % of the
aldehyde is decomposed at 260°; and with n.butyl alcohol with which
92 9% of the aldehyde is decomposed; and for tsobuiyl alcohol. With
ordinary isoamyl alcohol, the destruction of the aldehyde already
reaches one half at 210°.

Heptyl alcohol, submitted to the action of nickel at 220° gives
only a small amount of the aldehyde, the chief product being hexane
resulting from its decomposition with separation of carbon monoxide.*

665. In contact with nickel, ssopropyl alcohol is slowly decomposed
into acetone and hydrogen from 150° up. The reaction is rapid at
210° but about 129% of the alcohol that is transformed is split into
water, ethane and methane.

Secondary butyl alcohol is transformed quite regularly above 200°
but 20 % of the product is already decomposed, while at 310°, 80 % is
destroyed.

For methyl-hexyl-carbinol the decomposition is clean at 250° but at
that temperature already the methyl-hexyl-ketone formed is mostly
broken down into carbon monoxide, methane and hexane, only a third
surviving.

666. Cobalt. The action of reduced cobalt on primary and sec-
ondary alcohols is between that of nickel and that of copper.

667. Iron. The action of iron is analogous to that of cobalt. At
high temperatures, 600 to 700°, it causes a rapid destruction. An iron
tube either empty or filled with iron turnings decomposes ethyl alco-
hol strongly at 700° giving 30 % aldehyde and depositing about 7 % of
carbon, ¢

668. Platinum. Platinum sponge acts on alcohols as does nickel
but its action does not begin till above 250°. Besides the destruction
of the aldehydss is inseparable from their formation and always pre-
dominates.

Around 250° methyl alcohol is split cleanly into hydrogen and car-
bon monoxide with no methane and only traces of formaldehyde.

Ethyl alcohol is attacked at 270°, and at 370° the reaction is rapid,
but 759% of the aldehyde is decomposed into carbon monoxide and
methane.

Propyl alcohol is split above 280°, but at 310° the aldehyde is
almost completely decomposed into ethane and carbon monoxide.

The results are better with secondary alcohols since the ketones
are more stable than the aldehydes.

# BoespxuN and VAN SENDEN, Rec. Trav. Chim. Pays-Bas, 33, 23 (1913).
¢ BaBaTIER and SENDERENS, Ann. Chim. Phys. (8), 4, 473 (1905).
@ TpaTier, Berichts, 35, 1047 (1902).
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Isopropyl alcohol is transformed into acelone at 320° without
notable complications and at 400° the destruction of the acetone
reaches barely 3 % of the product.4®

669. Palladium. The considerable affinity that this metal has for
hydrogen seems to fit it for the dehydrogenation of alcohols. Benz-
hydrol is rapidly decomposed into benzophenone by contact with
palladium sponge.”

670. Zinc. Around 650° this metal decomposes alcohols strongly :
ethyl alcohol yields 609 aldehyde and the gases, ethylene, carbon
monoxide and methane. Isobutyl alcohol gives 75% of aldehyde and
gas which is largely butylene. )

Brass, an alloy of copper and zinc, acts at 600° like ginc.4®

Use of Other Materials

671. The use of other substances to dehydrogenate alcohols is not
advantageous since they act much less energetically than the metals
and because they require the use of higher temperatures at which the
aldehydes are decomposed into carbon monoxide and saturated
hydrocarbons.

672. Manganous Oxide. Its action hardly begins below 320°. At
360° it decomposes methyl alcohol only one sixth as rapidly as compact
red-orange copper; the greater part of the formaldehyde survives and
the hydrogen is nearly pure.

At 360° the decomposition of ethyl alcohol is only one fortieth as
rapid as with light copper and a part of the aldehyde is already de-
composed into ethane, carbon monoxide and even carbon dioxide, the
latter being formed from the carbon monoxide with a corresponding
deposit of carbon, the reaction being similar to that produced by
metals (614). :

Propyl, isoamyl and benzyl alcohols give analogous results.4?

673. Stannous Oxide. This acts above 300° as a dehydrogenation
catalyst after the manner of the metals, but is slowly reduced mean-
while into metallic tin, which is easy to see in the oxide. This finely
divided tin seems to possess a catalytic power similar to that of the
oxide so that the mixture of metal and oxide continues to split alco-
hols into aldehydes and hydrogen for a long time, but as the reaction
temperature is above 220°, the melting point of tin, the tiny globules

¢ SaBATIER and SENDERENS, Ann. Chim. Phys. (8), 4, 473 (1905).
47 KnomveNAGeL and Hxcxmy, Berichts, 36, 2816 (1903).

4 IraTimr, Berichte, 34, 3579 (1901) and 37, 2961 and 2986 (1904).
¢ BasaTIER and MAmwEm, Ann. Chim. Phys. (8), a0, 313 (1910).
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of metal resulting from the reduction of the oxide gradually coalesce
into larger, and consequently the activity diminishes.

Thus with ethyl alcohol, the brownish orange stannous oxide (re-
sulting from the reduction of stannic oxide by the alcohol vapors)
commences to act at 260°. At 350° the velocity of the reaction is
almost half as great as with the same volume of very light reduced
copper. The disengaged hydrogen is almost pure, the acetaldehyde
being only slightly decomposed. At the end of four hours the velocity
of the reaction is reduced by half.

Amyl alcohol yields the aldehyde regularly at 340°.

Methyl alcohol is attacked above 260° with the production of form-
aldehyde. At 350° the most of this is decomposed into carbon mon-
oxide and hydrogen.5®

~ 674. Cadmium Oxide. This behaves like stannous oxide and de-
hydrogenates while it is reduced at the same time to the metal which
possesses a catalytic activity differing little from that of the oxide.
Thus with ethyl alcohol at 300° the reaction is about one tenth as
rapid as with the same volume of very active copper and maintains
itself for a long time in spite of the progressive reduction of the oxide.

Benzyl alcohol acts in exactly the same way: at 350° there is a
slow reduction of the oxide and at the same time a splitting of the
alcohol into benzaldehyde and hydrogen. At 380° the benzaldehyds is
partially decomposed into benzene and carbon monoxide. The entire
absence of the resinous hydrocarbon (714) indicates that there is no
dehydration.

With methyl alcohol, the splitting which begins at 250° is quite
rapid above 300° and produces formaldehyde which is partially de-
composed into carbon monoxide and hydrogen.’

675. Other Oxides. Most non-reducible metallic oxides are mized
catalysts for alcohol, causing dehydration and dehydrogenation at
the same time. For some : uranous oxide, blue oxide of molybdenum,
vanadous oxide, V30s, zinc oxide, dehydrogenation predominates.

In another group: beryllium oxide, zirconium oxide, chromic
oxide, Cr:O;s (calcined above 500°), the dehydrogenating and dehy-
drating powers are about equal.

For a’third group: chromic oxide, CrsOs (not calcined), titanium
oxide, silicon dioxide, dehydration predominates.

676. With reference to methyl alcohol the classification of the
oxides is quite different since in this case dehydration can not take
place except by the formation of methyl ether and the conditions are

%0 SaBATIER and MarLum, Ann. Chim. Phye. (8), 20, 309 (1910).
8 SaBaTiER and MAmmg, Ann. Chim. Phye. (8), 20, 302 (1910).
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not comparable. Except alumina, which at 390° only dehydrates,
and several oxides (thoria, blue ozxide of lungsten, chromic oxids and
alumina above 350°) which are mixed catalysts, all metallic oxides
dehydrogenate methyl alcohol with the production of formaldehyde
which is more or less decomposed into carbon monoxide and methane.

The following table indicates the volume of gas obtained per min-
ute with the game volume of various catalysts employed under the
same conditions. '

Oxides Volume of gas in cc. per minute.

Formaldehyde remasning almost entirely; the gas ie nearly pure hydrogen.

BeO.............. very small

8i0g . .. ... ... . ... 0.3

TiOs ... ... ... ...... 1.2

ZnO . . . . . . e e e e 1.5

ZrOs. . . . . . ..o 1.8

MnO .. ............. 2.0

ALO; . . . . ..o 6.0
Formaldehyds partially decomposed, the hydrogen contains carbon monoxide.

PoO®, . ... 45 (beginning)

MoO; . .. ... ... ..... 54

Cdo ... ............ 57 (beginning)
Formaldehyde almost completely destroyed, the gas is nearly CO + 2H,.

FelOg® . . . . . ... ...... 106 (beginning)

ViOs . . . . ... 140

SmO® . . ... .......... 160 (beginning)

Light copper . . . . . . .. .. .. 152

677. The dehydrogenating power of oxides can hardly be explained
except by assuming an unstable combination of the oxide and the
aldehyde.®

678. Zinc powder, which is an intimate finely divided mixture of
metallic sinc and sinc oxide, usually containing a certain proportion
of cadmium and cadmium oxide, acts by virtue of these various
substances as a quite active dehydrogenation catalyst, particularly
toward methyl alcohol, the formaldehyde being mostly decomposed
into carbon monoxide and hydrogen. Long ago Jahn noted that zinc
powder splits methyl alcohol into a gas containing 30% carbon
monoxide and 70 % hydrogen.

® The gas volumes given are taken after the absorption of the carbon dioxide
resulting from the alow reduction of the oxide.

& SABATIER and MAmLE®, Ann. Chim. Phys. (8), 20, 340 to 346 (1910).

# JABN, Berichte, 13, 983 (1880).
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679. Carbon. Baker’s coals act towards alcohols as a mixed cata-
lyst causing dehydrogenation and dehydration simultaneously.
Ethyl alcohol undergoes a complex reaction at 375-385°, being
almost completely destroyed yielding methane and carbon monoxide.
With <sopropyl alcohol dehydration predominates.®®

§ 4.— DEHYDROGENATION OF POLY-ALCOHOLS

680. Glycerine is the only poly-alcohol of which the dehydrogena-~
tion has been studied. When its vapors are passed at 330° over very
light reduced copper, prepared by the reduction of cupric carbonate at
a low temperature, there is a rapid evolution of gas consisting of hy-
drogen mixed with methane, carbon monoxide and dioxide, the pro-
portion of the latter rising to one third of the whole.

The initial effect of the copper is dehydrogenation to glyceric
aldehyde:

CH,0OH.CHOH.CH;OH = H; + CH,OH.CHOH.CHO.

As soon as this is formed it is decomposed in the same way as it
is by beer yeast into ethyl alcohol and carbon diozide: %

CH;OH.CHOH.CHO = CO, + CH,.CH,OH.

A part of this alcohol is found in the distillate and a part suffers
dehydrogenation by the copper to acetaldshyds, CH;.CHO, which
itself splits up, more completely when the temperature is high, into
methane and carbon monoxide.

Furthermore, at the temperature of the reaction a portion of the
glycerine is dehydrated to acroleine, which is mostly found in the dis-
tillate with the alcohol and water but a part of which is hydrogenated
by the copper to propionic aldshyds, allyl alcohol and propyl alcohol
accompanied by condensation products due to the crotonization of the
aldehydes. Ethyl alcohol is the chief constituent of the liquid.”

§ 5. —DEHYDROGENATION OF AMINES

681. Primary Amines. We have seen that nickel permits us to add
hydrogen to nitriles at 200° to form primary amines (426). We may
expect t