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PREFACE TO THE SECOND EDITION

THE object of recasting the former two volumes of the
¢ Organic Chemistry for Advanced Students’ in the three parts
in which they now appear has been to group together allied
subjects and to link them as far as possible in a consecutive form.
As this entailed re-arrangement of the plates, an opportunity
was afforded of bringing the subject-matter up to date, and
very considerable additions have been made to the contents
of the former volumes. As stated in the original preface,
the book is not intended to serve as a reference book, but to
furnish a general survey of those fundamental principles which
underlie the modern developments of this branch of chemistry.

J. B. COHEN.
March, 1918.

PREFACE TO THE THIRD EDITION

Advantage has been taken of the necessity for a reprint to
add a number of references to recent literature, which will
enable the student to bring his information up to date.

J. B. COHEN,
July, 1920,
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ORGANIC CHEMISTRY
PART I
CHAPTER 1

HISTORICAL INTRODUCTION

The Radical® of Benzoic Acid. In the year 1832 Liebig and
Wohler published their classical memoir, entitled, ‘ Experiments on
the Radical of Benzoic Acid’.’

Viewed in the light of our present knowledge there is nothing
very remarkable in the facts which they discovered. Starting with
bitter almond oil. which we now term benzaldehyde, they converted
it by the action of chlorine and bromine into benzoyl chloride and
bromide. Benzoyl chloride treated successively with potassium
iodide gave benzoyl iodide ; with ammonia, benzamide ; with lead
sulphide, benzoyl sulphide ; with mercuric cyanide, benzoyl cyanide
and with alcohol, benzoic ether. Bitter almond oil had, moreover,
been found by Stange (1824) to undergo rapid oxidation in the air
and to be transformed into an acid —benzoic acid —identical with
the substance derived from gum benzoin.

Such is briefly the substance of the investigation to which the
following introduction is attached. ‘When a chemist is fortunate
enough to perceive one ray of light penetrating the dark region of
organic nature, which may mark the entrance to the right path
of future knowledge, he hus reason to feel encouraged, although
conscious of the vastness of the field which lies before him.’

In order to realize the importance of a memoir which created
a profound impression among contemporary chemists, and was
welcomed by Berzelius as ‘the dawn of a new day’, we must take
a glance at the branch of chemistry which at this period formed
‘the dark region of organic nature’.

Origin of the Radical Theory. If we turn to Lemery’s Cours
de Chymie, which was the popular text-book from 1675 down to the
middle of the eighteenth century, we find all known substances

! It is an interesting and curious fact that with admittedly ‘little to recom-
mend it’ (Trans. Chem. Soc., 1905, 87, 548) the Chemical Society of Great Britain
has seen fit to alter the original spelling to ‘radicle’, and the Society now holds
the unique position of being the only representative body of chemists which
has adopted this spelling.

2 Liebig’s Annalen, 1832, 8, 249 ; Ostwald’s Klassiker, No. 22.

PT. 1 B



ORIGIN OF THE RADICAL THEORY 8

it was held to be doubtful if the elements composing them com-
bined in simple atomic proportion and obeyed the laws of combina-
" tion which had been found to obtain in the province of inorganic
chemistry. Organic compounds were the products of a vifal force,
not necessarily dependent on the chemical laws governing inert
matter. This view was commonly held until Berzelius, in 1814, by
improving the method of organic analysis, showed from the results
of his analyses of sugar and some of the organic acids, that organic
compounds were subject to the ordinary laws of chemical combination.

Berzelius adopted Lavoisier’s view of the nature of organic com-
pounds ; for in his Treatise on Chemistry (2nd edition), published in
1817, he says: ‘After having become more closely acquainted with
the difference between the products of organic and inorganic Nature
and the different manner in which their constituents are combined
together, we have found the difference to consist in this: that in
inorganic Nature all oxidised bodies possess a simple radical, whilst
all organic substances consist of oxides of compound radicals. In
vegetable substances the radical consists usually of carbon and hydro-
gen, and in animal products of carbon, hydrogen, and nitrogen.’

To follow the history of organic chemistry from this point, and to
realize the network of difficulties in which its votaries became
gradually and unconsciously entangled, it will be necessary to
understand the electro-chemical system of Berzelius and the method
of notation which was founded upon it.

The Atomic and Molecular Weights of Berzelius. The dis-
covery, in 1808, of Gay Lussac’s law governing gaseous combination
or the ‘law of volumes’, as it was commonly called, of Dulong and
Petit’s law (1819) which determined the relation of specific heats to
the combining weights of the elements, and of Mitscherlich’s law of
isomorphism (1820) enabled Berzelius, after a careful revision of the
combining proportions of the elements, to assign atomic weights
based upon principles which we still recognize and adopt. Thus, if
equal volumes of elementary gases contain the same number of
atoms, the formula for water must be represented by H,0 since two
volumes of hydrogen unite with one volume of oxygen; NH, will
stand for ammonia, and HCI for hydrochloric acid. The method did
not involve any question as to the volumes occupied by the com-
bined gas, which offered a difficulty only solved later when
Avogadro’s distinction of molécules comstituantes, and intégramtes, or,
a8 we now say, atoms and molecules, was clearly recognized.! The

! Die Grundlagen der Molekulartheorie, Ostwald’s Klassiker, No. 8 ; Avogadro and
Dalton, by A. N. Meldrum, pub. W. F. Clay, Edin.

B2



4 ORGANIC CHEMISTRY

direct application of the law of volumes was limited to comparatively
few elements. A wider range of atomic weights was derived from
the specific heats of the metals and the isomorphism of their salts.
Where none of these principles could be applied the atomic weights
were ascertained by the simplest gravimetric relation of an element
to oxygen in its oxide. The atomic weights of the metals which
formed basic oxides were derived from these oxides which were
assumed to contain a single atom of each element. Consequently
the atomic weights of the alkali metals and of silver which formed
isomorphous salts with them, received double their present values.
The formulae for potassium and silver oxide and chloride were
written KO, KCl,, AgO, AgCl,; the formulae of ammonia and
hydrochloric acid, originally written NH; and HC], were afterwards
doubled by using the barred or double atom thus: NH,; = N,H, and
H€] = H,Cl, with the object of making them equivalent to the
atomic weights of the metals. For the same reason H, was the
equivalent of 1 atom of oxygen and the formula for water appeared
as HO = H,0.

The series of atomic weights elaborated by Berzelius with rare
analytical skill and an unerring instinct, which guided him where
principles failed, differ little from the modern values.

In the third column of the following table is a list of the more
important atomic weights taken from Berzelius’ revised numbers,
which appeared in 1826, oxygen being 100. The fourth column
contains the figures calculated with hydrogen as the unit; in the
fifth column are the present values:

Berzelius' numbers. Present
Name. Formula. numbers.

0 = 100 H-=1 H=1
Oxygen 0 100 16.026 15.88
Hydrogen H 6.239 1.000 1.00
Nitrogen N 88.518 14.186 13.983
Sulphur S 201.165 32.239 31.83
Phosphorus P 196.155 31.436 30.77
Chlorine Cl 221.826 85.470 35.18
Todine I 768.781 128.206 | 125.90
Fluorine F 116.900 18.734 18.90
Carbon (o] 76.437 12.250 11.91
Potassium K 489.916 78.515 38.86
Sodium Na 290.897 46.620 22.88
Silver Ag 1351.607 216.611 107.12
Calcium Ca 256.019 41.030 89.80
Strontium Sr 547.285 87.709 86.91
Barium Ba 856.880 137.326 136.40
Iron Fe 889.218 54.363 55.50
Aluminium Al 171.167 27.481 26.90
Chromium Cr 851.819 56.383 51.70




ATOMIC AND MOLECULAR WEIGHTS OF BERZELIUS b

In a memoir published in 1826, ‘ Sur quelques points de la théorie
atomistique,” Dumas® attempted to extend the application of Avo-
gadro’s hypothesis to the determination of both atomic and molecular
weights from the densities of gases and vapours, in connection with
which he devised his well-known method. 1t is a curious fact that
he not only failed to commend his method to the chemical world,
but ended by convinecing himself of its futility.

The result was due partly to a clumsy way of presenting his ideas,
and partly to the confusion introduced by the anomalous vapour
densities of some of the elements. Dumas set forth that equal
volumes contain the same number of atoms or molecules ; conse-
quently, if one volume or atom of hydrogen unites with one volume
or atom of chlorine to form two volumes or atoms of hydrochloric
acid, the original atoms of hydrogen and chlorine are divisible
into half atoms of each element. A half atom of oxygen must
for the same reason be present in the atom of water and so forth.
Though Dumas, no doubt, clearly distinguished between his
physical atoms or molecules and his chemical or half atoms, the
subdivision of the atom implied a contradiction in the term and did
not fail to call forth criticism. As Dalton said, ‘ No man can split
an atom.’?

But this was not all. Dumas’ atomic weight for silicon,
which he correctly interpreled from the vapour density of the
chloride, differed from the number obtained by Berzelius, who
derived it from the oxide, written SiO; from its analogy with SO,,
CrO;, &c. The atomic weight of mercury, determined from the
vapour density of the metal, was half that assigned by Berzelius
from its specific heat. Finally, the anomalous vapour densities of
phosphorus, sulphur, and, as Mitscherlich found later, arsenic,
gave atomic weights which conflicted with those previously derived
by Dumas himself from the vapour densities of their hydrides and
chlorides and shook his confidence in his own method.

Berzelius’ system of atomic weights also had its critics. As we
have seen, doubt had been thrown by Dumas on the validity of
the law of volumes. The atomic weights of several of the elements
which were derived from the specific heats did not conform to the
atomic weights deduced from the law of isomorphism ; for example,
the isomorphism of the silver salts and those of the alkalis fixed
the atom of silver at 216, whilst its specific heat gave the number
108. Mitscherlich’s law itself was not free from objection, inasmuch

! Ann. Ohim. Phys., 1826, 33, 337.
3 Memoirs of Dalton, by Dr. Henry.



6 ORGANIC CHEMISTRY

as the existence of dimorphous substances left the choice in some
cases doubtful.

The principles which served Berzelius for his determinations
gradually fell into discredit.

Gmelin’s Equivalents. Leopold Gmelin, the author of the
classical treatise which bears his name, suggested a reversion to
the system of equivalents, a term introduced by Wollaston in 1808.
It represented the simplest gravimetric relations, without reference
to the law of volumes, and received strong support from Faraday’s
newly discovered electrolytic law (1832).

The old and new systems were easily reconciled by using the
barred or double atom of Berzelius, and appeared side by side for
many years without giving rise to confusion, until the double atom
eventually disappeared. Kolbe was one of the last to use the
barred atom of Berzelius, which he abandoned about 1850 in favour
of the equivalent notation.

The following formulae for water, hydrochloric acid, ammonia,
and phosphoric oxide, represent the original and modified notation
of Berzelius and the corresponding equivalent notation of Gmelin :

Berzelius original formula H,0 H,Cl, N,H; P,0,

(H=1; 0=16) { modified ,, HO Hel NH, RO,
Gmelin equivalent ,, HO HCl NH, PO,
(H=1;0=8)

Henceforth, densities of volatile organic compounds, though
frequently determined with the object of controlling analytical
results, never served as a means of ascertaining molecular weights
until many years had elapsed, when Gerhardt and Laurent revived
the hypothesis of Avogadro and Ampere. The aggregate weight
of the atoms might correspond to one, two, or a multiple of two
volumes of the vapour compared with one volume of hydrogen.

The formulae for chloral C,Cl;H,0,, chloroform C,H,Clg, alcohol
C.H,;0,, and acetic ether C;H,40,, corresponded to four volumes,
whereas those for ether C,H;,0, oxalic ether C;H,,0,, and succinic
ether CgH,,0,, corresponded to only two volumes. It was left to the
choice of the investigator to select an appropriate molecular formula.
We shall presently see how the confusion, which arose from the
absence of any recognized method for fixing molecular weights,
resulted in many a fruitless and embittered controversy.

Berzelius’ Electro-chemical Theory. The electro-chemical theory
of Berzelius (1819) dominated chemistry during the first third of the
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its hydrate (our acid) was C;,H. O3 + H,0. The molecular formula for
the acids was derived from the composition of the salts, usually the
silver salts, and as all salts were supposed to contain one atom of base
(silver and the alkalis had double their present atomic weights), it
necessarily followed that all monobasic acids, like acetic and benzoic,
had double their present formulae, whereas dibasic acids received
their modern values. It should be observed that these so-called
organic acids only existed in the form of their hydrates, the acids
themselves being purely fictitious groups of elements.

Organic Chemistry in 1830. In 1830 Liebig introduced his
new method of organic analysis, which is essentially the one we still
employ.! There is no doubt that the simplicity and rapidity of this
process gave a new impulse to the stady of organic chemistry. To
perform an organic analysis appears to have been a troublesome
business, for in a letter from Wohler to Liebig written in August,
1830, we read: ‘A thousand thanks for your quick reply. To be
able to complete an analysis so rapidly is scarcely within the power
of any one but yourself, certainly not in mine, for I have a whole-
some dread of doing one.’

Organic chemistry in 1830 embraced a large number of substances
of widely different properties, yet composed usually of only three or
four elements—carbon, hydrogen, oxygen, and nitrogen. It included
a variety of organic acids and a steadily increasing number of organie
bases or alkaloids, the first of which - morphium-—had been isolated
in 1817 by Serttirner from opium ; also a number of indifferent sub-
stances—hydrocarbons, spirits of wine, sugar, starch, gums—and
finally, the fats and fixed oils, the composition of which had been
studied by Chevreul in so complete and masterly a fashion that our
knowledge of these substances has not materially advanced since his
day. He showed that these bodies were compounds of glycerine with
various acids (the fatty acids) and that they behaved like acetic ether,
decomposing with alkalis into the salt of the acid and glycerine.
There was, however, little analogy between the complexity of all
‘these bodies and the simple compounds of inorganic chemistry, in
which one element united with another in one or two, more rarely
in three, proportions. Berzelius? at first distinguished inorganic
compounds as binary, that is to say, divisible and sub-divisible into
two parts, one electro-positive and the other electro-negative, whilst
organic compounds contained more than two elements which were

! Berzelius, Jahresb., 1831, 11, 214 ; Pogg., 4nn., 1881, 21, 1.
? Ann. Phil., 4, 828.



ORGANIC CHEMISTRY IN 1830 9

directly combined into a whole and could not be subdivided or
reunited after the manner of inorganic compounds. Hydrocarbons
like marsh gas and turpentine, since they contained only two
elements, were consequently classed among inorganic compounds,
and occur under this head in the earlier numbers of Berzelius’
Jahresbericht. But this distinction was not long maintained. Or-
ganic chemistry was still essentially the chemistry of animal and
plant products and their derivatives. It is true that from time to
‘time the artificial production of natural substances was announced.
As far back as 1776 Scheele had obtained oxalic acid identical with
that in wood sorrel by the oxidation of sugar with nitric acid. In
1822 Débereiner had prepared formic acid, hitherto obtained by the
distillation of ants, by the oxidation of tartaric acid, and had also
converted alcohol into acetic acid by the aid of platinum black. In
1826 Hennel had synthesized alcohol from olefiant gas.” Again, in
1828, Wohler found that in attempting to obtain ammonium cyanate
by the action of ammonium chloride upon silver cyanate, or ammonia
on lead cyanate, a crystalline compound was formed which was iden-
tified as urea, a substance only previously found in urine. But none
of these artificially prepared substances was entirely independent of
an animal or vegetable origin. Even the cyanates were derived in
the first instance from potassium ferrocyanide, in the preparation
of which animal matter was employed. These facts did little to
disturb the belief in a vital force. Both Débereiner’s and Wahler’s
discoveries are referred to by Berzelius in his Jahresbericht,?® but it is
clear that the rare example of isomerism furnished by the conver-
sion of ammonium cyanate into urea created a far deeper impression
than the realization of this much quoted synthesis.

Before the year 1832 the only organic substance from which a
number of simple derivatives had been obtained was alcohol. With
sulphuric acid it was known to yield, according to the conditions of
the experiment, sulphovinic acid, ether, olefiant gas and a substance
known as 0il of wine of the formula (CH,), ; with hydrochloric acid
it gave hydrochloric ether; with nitric acid, nitric (nitrous, ether; with
acetic acid, acetic ether, and with oxalic acid, oxalic ether. Further, the
oil of the Dutch chemists, as it was called, was obtained by combining
olefiant gas with chlorine, and Hennel showed that sulphovinie acid
was formed by the union of olefiant gas and sulphuric acid.* The
relationship of alephol to its derivatives was a matter of general

! Pril. Trans., 1826, 240; 1828, 365 ; Pogg., Ann., 1827, 9, 21; 1828, 14, 282.
8See also Chemical Synthesis of Vital Products, p. 2, by R. Meldola, 1905,

1 Jahresb., 1823, 2, 160 ; 1829, 9, 266.

* Pogg., Ann., 1828, 14, 278 ; Phil. Trans., 1826, Pt. 2, 240.
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speculation which had free play, since no recognizad method for
ascertaining molecular weights existed.

The Etherin Theory. In 1828 Dumas and Boullay ' propounded
a theory which was intended to show the relationship of these
substances. It was based upon an observation of Gay-Lussac’s that
the vapour density of ether was equivalent to that of one volume of
olefiant gas and half a volume of water vapour, whereas that of
alcohol was equivalent to half a volume of olefiant gas and half
a volume of water vapour. Dumas and Boullay regarded alcohol,
ether, and all their derivatives as containing one commeon group of
elements, olefiant gas, which had the formula 2C,H,, corresponding
to the modern C,H, (the atomic weight of carbon was derived by
Dumas from the vapour density of marsh gas and olefiant gas, which
he wrote CH, and C,H, respectively, giving the number 6 to carbon).
To the central group Berzelius gave the name of etherin, by which he
signified oil of wine and denoted it by the formula® C,Hj, but the
fundamental idea was the same in both, and the theory was hence-
forth known as the etherin theory.

In addition to presenting a series of related compounds as contain-
ing a common group or radical, it explained Hennel’s preparation of
sulphovinic acid from ethylene and sulphuric acid, the existence of
oxamethane (oxamic ester) obtained by Dumas from oxalic ester and
ammonia gas and the curious inflammable platinum organic com-
pounds of Zeise, which the latter prepared by the action of alcohol on
platinic chloride and which contained no oxygen.®

An essential part of Dumas and Boullay’s theory was to institute
a comparison between etherin and its derivatives and ammonia and
its compounds, which were written as follows:

Formulae of Dumas Formulae of Ammonia and its
and Boullay. Berzelius. Compounds.
Olefiant gas  2C,H, C,H, N, H,
Hydrochloric } 20,H,+HCl C,H,+2HCI N,H,+2HCI
Ether 4C,H,+H,0 CH,+H,0 N,H.+H,0
Alcohol 4C,H,+42H,0 C,H;+2H,0 —

Acetic ether  4C,H,+C,H0;+H,0 CH,+CH0;+H,0 N,H¢+C ,H;0;4H,0
Nitric ether  4C,H, +N,0,+H,0  C.Hy+N,;0,+H,0  N,H +N,0,+H,0
Oxalic ether  4C,H,+C,0,+H,0  CH,+C,0,+H,0  N,H;+C,0,+H,0
Oxamethane 4C,H,+C,0;+NH; C,H;+C,0;+NH;, —

Sulphovini
Caeid ¢ E402H2+2303+2H20 C,H,+8,0,+2H,0 -

Zeise’s com-

pound ; 4C,H, +2PtCl, CH;+Pt,Cl, —
! Ann. Chim. Phys., 1828, (2), 36, 294 ; (2), 87, 15.

* Jahresd., 1832, 12, 808. 3 Annalen, 1884. 9. 1,
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C4H,,0, + Br, Benzoyl bromide
C,H,,0,+1, Benzoyl iodide
C,H,,0,+N,H, Benzamide
C,H,,0,+C,N, Benzoyl cyanide
C, H;,0,+8 Benzoyl sulphide

C,,H,,0,+0+C,H..,0O Benzoic ether

This was not, however, the first example of a compound radical.
In 1815 Gay-Lussac, in controlling Bertholet’s experiments on the
composition of hydrocyanic acid, obtained cyanogen by ~heating
mercuric cyanide, and by the action of the halogens on hydrocyanic
acid prepared the chloride, bromide, and iodide of cyanogen. This
example of a compound radical, as well as that of sulphocyanogen
and ammonium, were overlooked, partly because they were ranked
with inorganic substances, partly because Lavoisier’s original con-
ception of a radical necessarily implied that part of a substance of
which the other part was oxygen. It should be observed that in
benzoyl we have a modification of Lavoisier’s definition of a compound
radical inasmuch as benzoyl contained oxygen.

Liebig and Wahler’s discovery was soon followed by that of other
radicals. The radicals of salicylic and cinnamic acids were shown,
the former by Piria, and the latter by Dumas and Peligot, to form
each a series of derivatives similar to that of benzoic acid, and were
termed respectively salicyl and cinnamyl. Ten years later the theory
of the compound radical received further confirmation in a brilliant
research of Bunsen upon cacodyl.

In 1760 Cadet obtained by the distillation of potassium acetate
with oxide of arsenic a fuming and fetid liquid, which inflamed
spontaneously in the air and was extremely poisonous. It was called
‘Cadet’s fuming liquid’. These uninviting properties deterred
chemists for seventy years from satisfying any curiosity they might
have conceived as to its composition, and they contented themselves
with stating its properties and method of preparation.

Dumas was the first to analyse it, and gave it the formula CsH;,As,;
but Bunsen soon afterwards ascertained that the liquid prepared by
the above method contained oxygen and had the formula C,H,, As,0,
which he called cacody! oride (kaxwdys, stinking).! From this he
obtained, by means of the halogen acids, cacodyl chloride, bromide,
iodide, and also the cyanide, fluoride, sulphide, selenide, cacodylie
acid, and, finally, by the action of metallic zinc on the chloride, the

! Pogg., Ann., 1837, 40, 219 ; 1837, 42, 146 ; Annalen, 1841, 37, 1 ; 1842, 43, 14;
1848, 46, 1; Ostwald’s Klassiker, No. 27.
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radical cacodyl itself C,H ,As,, which he also named alcarsin
(alcohol-arsenic) to indicate its relation to alcohol.

C,H,,0, Alcohol

C,H,,As, Alcarsin

He termed cacodyl a true organic element possessing the character
of a metal. This analogy is readily understood if we write Kd for
the cacodyl radical and compare it with a metal such as calcium.

Cacodyl C.H,As, Kd Ca
Cacodyl oxide CH,;As,0 Kdo CaO
Cacody! chloride C,H,,As,Cl, KdCl, CaCl, -
Cacodyl cyanide C,H,,As,Cy, KdCy, CaCy,
Cacodyl sulphide C,HpAsS Kds CaS

Liebig’s Definition of a Compound Radical. Although this
research was the product of a later period, Liebig’s original definition
of a compound radical has undergone no change.! He says, speaking
of cyanogen, ‘we call this a radical because (1) it is the invariable
constituent of a series of compounds, (2) it can be replaced by other
simple bodies, and (8) in its combinations with a simple body the
latter may be substituted by equivalents of other simple bodies. Of
these three conditions, two must be fulfilled.” These conditions
made it essential that in a series of simple reactions the radical or
group of elements should be shown to remain intact, and not only to
be capable of combining with elements to form compounds, but also
of being replaced by them.

It is evident from this statement that the author conceived the
elements of which the radical was composed to be united by a bond
which joined them together more firmly than the other elements in
the compound. The particular group composing the radical upon
which the choice fell was a matter of much diversity of opinion. This
is specially noteworthy in the case of ether and alcohol and their
derivatives.

The Radical ‘ Ethyl’. We have already referred to the etherin
theory of Dumas and Boullay and the comparison which they drew
between olefiant gas and ammonia. There existed at the time
another view of the constitution of ammonia and its salts. The
theory that ammonium played the part of a metallic radical in its
salts was suggested by Davy, and afterwards supported by Ampere
and Berzelius. It appealed to the dualists, for it enabled them to
establish an analogy between the composition of the salts of ammonia

1 Annalen, 1838, 25, 2.
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and those of the alkali metals. This view was now revived by
Liebig, and, in place of etherin C,H; and its analogue ammonia NHj,
the new radical C,H,,, termed by Liebig etheryl or ethyl' (aifp,
ether, and YAy, substance), took its place beside ammonium.

C.H,,Cl, Hydrochloric ether. N,H,Cl, Ammonium chloride.
CH,,0 Ether. N,H,0 Ammonium oxide
(present in the salts).
CH,,0+H,0 Alcohol. N,HO+H,0 Ammonium hydrate.
CH,,0+N,0;, Nitric ether. N,HO0+N,0, Ammonium nitrate.
CH,,0+C,H,0, Acetic ether. N, H 0 + C,H;0, Ammonium acetate.

Berzelius who had, as we have seen, abandoned the etherin
theory, accepted the new doctrine, for its basis was dualistic, inas-
much as ether appeared as an oxide. He and Liebig, however,
held different views on the constitution of alcohol. Liebig regarded
it, from its relation to ether, as the hydrate of ether, whereas
Berzelius considered it to be the oxide of a different radical, C,Hg.?
One reason advanced by Berzelius was the difference in properties
between sulphovinic acid obtained by the action of sulphuric acid
on alcohol, and isethionic acid, prepared by Magnus by the action
of sulphurie acid (SO;) on alcohol and ether.®

The two substances are isomeric and saturate the same amount of
base, but the barium salt of sulphovinic acid contains an atom more
water than that of isethionic acid, and they are in other respects
totally distinct substances. It is clear, therefore,” writes Berzelius
in the Jahresbericht for 1838, ‘that this atom of water cannot be
present as water of crystallization, but must be there in another
form, and this other form can be nothing else than a form of ether.
It naturally follows that alcohol and ether are not hydrates of the
same base, although they may be so regarded.’

The two formulae of the barium salts would therefore appear as
2C,HO + 280, + BaO for the sulphovinate, and C,H,,0 + 280; + BaO
for the isethionate.*

1 Annalen, 1834, 9, 1. ? Jahresh., 1833, 18, 194.

3 Annalen, 1833, 6, 163 ; Pogg., Ann., 1838, 27, 867.

¢ According to modern views the formation of isethionic acid from ethionie
acid and carbyl sulphate would be represented as follows: alcohol and sulphur
trioxide unite to form carbyl sulphate.

CH,.0.80,
C,H,(OH) 4280, = | >O+H,O
CH, . SO,
Carbyl sulphate.
Carbyl sulphate is decomposed by water, first into ethionic, and finally into
isethionic acid :
CH,.0.80,H CH,.OH
|
CH,.80;H CH,.SO;H

Ethionic acid. Isethionic acid.
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But there were additional reasons. Berzelius contended that the
dissimilarity in properties of alcohol and ether could not be attributed
to the presence or absence of water. Nor was it probable that in
‘alcohol the water could have so strong an affinity for the ether (with
which in the free state it cannot be induced to combine) that a
dehydrating agent, like barium oxide, can produce from alcohol no
trace of ether.

Growth of Organic Chemistry, 1830-1840. Whilst the
various disputants were urging the claims of rival radicals, their
activity in the laboratory was not suspended. Organic chemistry
was steadily advancing and widening its boundaries by new dis-
coveries, which followed one another in rapid succession. The
foundation of the great edifice of aromatic chemistry was being laid,
upon which the next generation was to build new and important
industries. Mitscherlich had obtained benzene from benzoic acid
by distillation with lime, identical with Faraday's hydrocarbon
from oil gas, and formed nitrobenzene, benzencsulphonic acid,
chlorobenzene and certain other derivatives. Runge had found
kyamol, afterwards identified as aniline, and carbolic acid in coal-tar.
Liebig had obtained chloral and chloroform by the action of chlorine
on alcohol, and had determined the composition of acetone, alde-
hyde, and acetal. Dumas and Peligot had isolated methyl alcohol in
the pure state from wood spirit, and Dumas and Cahours had
prepared amyl alcohol from fusel oil. In both cases a number of
derivatives had been obtained offering a close analogy with those
from ordinary alcohol. Zeise had discovered the mercaptans, and
Regnault had studied the action of potash on Dutch liquid, and
obtained the compound we now call vinyl chloride. The formula
of the new compound was written C,H;Cl, and, according to Regnault,
contained the radical C,Hq, which he termed aldehydéne, subsequently
changed to acetyl. In the meantime a partial reconciliation had
been arrived at between Liebig and Dumas, when the latter was won
over to the ‘radical’ views of Liebig, and the result was a joint article
which appeared in 1887, and of which the following is an abstract.!

‘Organic chemistry possesses its own elements, which sometimes
play the part of chlorine or oxygen (e.g. cyanogen), and sometimes
that of a metal (e. g. ethyl, benzoyl, cacodyl). Cyanogen, amide,
benzoyl, the radicals of ammonia, of the fats, of alcohol and its
derivatives, are the true elements of organic nature, whereas the

' J. prakt. Chem., 1837, 14, 298 ; Compt. rend., 1887, 5. 567.
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3. If a body contains water in addition it first loses the hydrogen
of the water without replacement ; if hydrogen is then removed, it
is replaced in the above manner.

The first two propositions require no comment; the third was
introduced in order to explain such reactions as the conversion of
alcohol into chloral, and alcohol into acetic acid. The reactions
were written thus:

(CsH, + H,0,) + 4C1 = C,H,0, + 4HCI

Alcohol. Aldehyde.
C,H,0, + 12C1 =CH,Cl;0, + 6HCl
Chloral.
(CsH,g + H,0,) + 0,=(C;H,0, + H,0,) + H,0,
Alcohol. Acetic acid.

The study of substitution, to which Dumas gave the name of
metalepsy (merdAqfns, exchange), attracted many of the French
chemists, among whom were Peligot, Malaguti, and Regnault, who
studied the action of chlorine on ethyl chloride and ether, and
Laurent, who investigated its action on naphthalene,’ and with
Regnault, on Dutch liquid. As a result of Laurent’s observations,
the following rules were added to the laws of Dumas:

¢ When chlorine, bromine, oxygen, or nitric acid replace hydrogen
in a hydrocarbon, the hydrochloric acid, hydrobromic acid, nitrous
acid or water formed are either liberated or remain combined with

the product’.?

Laurent’s Nucleus Theory. Upon this foundation Laurent
constructed, in 1837, his nucleus theory.* Laurent assumed that
every organic compound contained a hydrocarbon nucleus or radical.
These were the primary nuclei (noyaux fondamentaux), and were so
chosen that the elements composing them were present in even
numbers (see p. 28). Other elements or groups of elements can be
added on to the primary nuclei. When the hydrogen in the primary
nucleus was replaced by equivalents of other elements, the halogens,
oxygen, nitrogen, &c., secondary nuclei (noyaux dérivés) were pro-
duced, and the compound remained intact. It was only when the
elements of the nucleus were permanently removed that complete
decomposition of the substance ensued. The primary nucleus was
compared to a prism, the solid angles of which corresponded to
carbon, and the edges to hydrogen. If these edges are replaced by
others the geometrical form is unchanged, but should they be

L Ann. Chim. Phys., 1835, 59, 196. ? Ann. Chim. Phys., 1836, 60, 228.
$ Ann. Chim. Phys., 1887, 61, 125: see also Gmelin’s Handbook, 7, 18, 80.
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whole of the hydrogen is replaced by chlorine, volume for volume,
without changing their original nature we must conclude:

‘ That there exist in organic chemistry certain types which remain as
such even after their hydrogen has been replaced by an equal volume of
chlorine, bromine, or iodine.’

‘That is to say, the theory of substitution rests on facts, and on
the most striking facts, of organic chemistry.’

Dumas’ Theory of Types. Dumas’ Theory of Types incorporated
his former law of substitutions and Laurent’s propositions under a
somewhat modified form.!

The new theory was introduced in order to emphasize the differ-
ence between the substituted compound and the parent substance in
which the general character or type was preserved, as in the case of
acetic and chloracetic acid or aldehyde and choral, on the one
hand, and, on the other, those substitution products (more especially
where oxygen replaced hydrogen) which were not related by simi-
larity of properties as exemplified by alcohol and acetic acid or marsh
gas and formic acid. The former belonged to the same chemical type
and the latter to a mechanical or molecular type.

The two groups may be illustrated by the following examples,
using Dumas’ notation :

Chemical type. Mechanical type.
Acetic acid C,H,H,0, Alcohol C,H H,0,
Chloracetic acid C,H,Cl;0, Acetic acid CHH,0,
Aldehyde C,H,H,0, Marsh gas  C,H,H,
Chloral C,H,Cl0, Formic acid C,H,0,4

Dumas pointed out that the properties of a compound lay in the
arrangement of its atoms and not in their nature. He wrote:
¢ Lavoisier’s compounds were a combination of a combustible element
with a combustion supporting element. The electro-chemical theory
saw in these an electro-negative and an electro-positive element, which
is a modification of the same thing. This dualism is unnecessary to
explain the constitution of chemical compounds, the parts of which
may be compared to those of a planetary system which are held
together by mutual attraction. They may be more or less numerous,
simple or complex. In the constitution of the compound they play
the same part as the simple elements, Mars or Venus, in our planetary
system, the atomic group Earth with its moon, or Jupiter with its
satellites. If in such a system one part is replaced by another of
a different kind, equilibrium is maintained, and, if the replaced and

! Ann. Chim. Phys., 1840, (2), 73. 78.



22 ORGANIC CHEMISTRY

replacing elements resemble one another, the new compound has
similar chemical properties to the original one. If, however, they
differ they belong to a mechanical system, and the chemical similarity
is difficult to recognize.’

There was a tendency to carry this theory of substitution too far,
and when Dumas suggested that even carbon might undergo substi-
tution® the idea was ridiculed by Liebig.*

In the meantime Liebig had himself contributed to the overthrow
of the electro-chemical theory.

The Constitution of Organic Acids. Liebig published in 1838 %
a paper ‘On the Constitution of Organic Acids .

The organic acids, it must be remembered, were the only class of
substances which had representatives of a strictly analogous character
among inorganic compounds, and any new theories respecting the
structure of the latter would necessarily include organic acids.
Before discussing the subject of Liebig’s paper, it may be well to
gain some idea of the views generally held in regard to the constitu-
tion of acids and salts. In inorganic chemistry salts of oxyacids
were assumed to be compounds of non-metallic oxides (called acids)
with metallic oxides or bases. What we now term acid was the
hydrate, the water being sometimes termed basic water, which indi-
cated that in the formation of salts it was replaceable by a base.
The same principle was applied to organic acids and salts, C,0q
standing for oxalic acid and C,H,O; for acetic acid, as already pointed
out (p. 7). The molecular weight of an acid was derived from the
neutral salts, which were assumed to contain one equivalent of base
united to one of acid. Thus, sulphuric acid and the sulphates were
written SOz + H,0, SO, + KO, SO; + Ag0O, SO; + Ca0, &c. An acid
salt was a neutral salt combined with an equivalent of hydrated
acid ; a basic salt was a neutral salt with an additional equivalent of
base. Bisulphate of potash, as it was then called, had the formula
80;. H,0+80;. KO. The molecular weight of an organic acid, like
citric acid, was determined from its silver or lead salt. According to
BerzeliusC,H,0, + AgO was the silver salt of citric acid, C,H,0, + H,O
was the acid hydrate, and C,H,0, stood for the acid.* The varying
basicity of acids was not recognized.

There was one exception to the above rules. In ordinary sodium
phosphate the ratio of one equivalent of base to one of acid would

1 J. prakt. Chem., 20, 281. * Annalen, 1840, 38, 808.

3 Annalen, 1888, 26, 113; Ostwald’s Klassiker, No. 26.

* These formulae are obviously incorrect. The correct formula of the acid
hydrate determined by the method described would be C,H,0, + H‘Oi'
3
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give the formula (leaving out water) PO,, + NaO, and this was there-
fore altered to P,0;+2NaO. The additional molecule of water,
which we now recognize as forming a part of the compound, was
included in the total water of crystallization. But a curious anomaly
was discovered by Clark. In attempting to prepare anhydrous sodium
phosphate he found that the ordinary crystalline phosphate loses
water on heating, but forms a new salt, which has properties entirely
distinet from common sodium phosphate, and does not unite at once
with water to form the original compound.! The explanation was
given by Graham. He showed that there exists in phosphoric acid
three molecules of water, which are replaceable by one, two, or three
molecules of base as follows:
P,0,+3H,0; P,0;+2H,0+ NaO; P,0,+ H,0+2NaO;
P,0;+3NaO; PO, +8Ag0."

He distinguished between the three molecules of combined water
and the water of crystallization. When the water of crystallization
is expelled no change in chemical properties results; but if the
temperature is raised so as to drive off the combined water, then
salts of new acids are formed. He prepared in this way the sodium
salts of pyro- and meta-phosphoric acids and the acids themselves by
heating ordinary phosphoric acid. Graham proved in this way that,
whereas ordinary phosphoric acid has three replaceable atoms of
water and is therefore tribasic, pyrophosphoric acid contains two and
is dibasic, and metaphosphoric acid only one, and is therefore mono-
basic.

Liebig carried these researches into the field of organic chemistry.
He found, for example, that citric acid, like phosphoric acid, formed
three series of salts, and that the analysis of the acid dried at 100°
did not agree with the formula of Berzelius, but must be represented
by C;3H,(0;; +8H;0. The analogy between phosphoric and citrie
acid could be carried even further, for citric acid on heating loses
water and is converted into pyrocitric acid (citraconic acid), which is
dibasic. The old rule for determining the molecular weight of an
acid as the quantity, which saturates one equivalent of base, had to
be relinquished, and it now became necessary to fix beforehand the
basicity of the acid before the weight of the molecule could be ascer-
tained. Liebig’s rule was to find, in the first instance, whether the
acid was capable of uniting with more than one kind of base. Thus
tartaric acid was dibasic, as it formed, in the case of Rochelle salt

! Phil. Trans., 1833, 2, 250.

% The equivalent notation in which phosphorus had double its present combin-.
ing weight represented phosphoric acid as POj.
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and tartar emetic, a tartrate of potash and soda, and of potash and
antimony oxide. Sulphuric acid, on the other hand, remained
monobasic, because a sulphate with two bases was unknown. The
acid sulphates continued to be written as a double molecule of acid
and neutral salt. )

At the close of the paper Liebig reviews the whole question of the
presence of water in acids. He saw that the separation of water by
the action of a base on an acid is an insufficient explanation, for the
oxygen of the water may be conceived as coming from the metallic
oxide just as well as existing already combined in the acid hydrate.
Moreover, in the case of organic acids the presence of water is im-
probable, since the anhydrous acids are purely fictitious entities,
having never been isolated.

Liebig revived the theory of Davy (1809) and Dulong (1819) in
regarding acids as compounds of hydrogen,’ and he pointed out, as
they had done, that it was illogical to separate the halogen acids,
hydrocyanic acid, and hydrogen sulphide from the oxyacids by an
artificial barrier. He further contended that if, for example, silver
sulphocyanide is Cy,S+SAg, the silver, being already present as
sulphide, should not separate in this form when hydrogen sul-
phide acts upon the salt, but the reverse actually happens; if, then,
silver sulphocyanide is Cy,S,+ Ag and the sulphocyanic acid is
Cy,S, + H,, then cyanic acid must be Cy,0, + H,, and so on with the
other acids.

The conception of acids as compounds of hydrogen did not at once
replace the older view, but by affording a simple and legitimate
interpretation of the formation of salts from acids by the substitu-
tion of hydrogen by a metal, it threw doubt on the validity of the
electro-chemical theory.

Gerhardt and Laurent. The theory of polybasic acids was
subsequently modified and expanded by Charles Gerhardt and
Auguste Laurent, two chemists whose names will always be linked
together in the history of chemical science. They were essentially
reformers, and, like many ardent reformers, they relentlessly threw
over time-honoured formulas and rode rough-shod over cherished
traditions. In their place they set up empiric rules of classification
and artificial systems of notation and nomenclature which were

! Davy supported his view on the ground that potassium chlorate parts with
its oxygen on heating and forms potassium chloride, and concluded that this
stronger affinity of the metal for the acid than for oxygen must also obtain
among the oxyacids. Dulong based his opinion on the constitution of the
oxalates, which he regarded as carbon dioxide united to the metal, thus:
2CO, + Pb and oxalic acid 2C0, + H,.



26 ORGANIC CHEMISTRY

the substances taking part, but merely indicated the interchange of
constituents. The interchange was ascribed to the stability of such
combinations as water, hydrochloric acid, carbonic acid, and ammonia,
which, though they might be eliminated in the process, did not there-
fore pre-exist in any of the reacting substances. The new compound
was formed by a double decomposition accompanied by the removal
of a part of the reagent, in combination with part of the reacting
substance, and the residues or restants then united.

Gerhardt’s Theory of Residues. This embodied the principle
of Gerhardt’s system of residues and copulated compounds which
appeared in 1839.! The fundamental idea was that of substitution,
for, according to Gerhardt’s rule, ‘the element which is removed is
replaced by the equivalent of another element or by the residue of
the reacting substance.’

Gerhardt represented the action of nitric acid on benzene thus:

residue product eliminated residue
—m, —— —r,
CeH, H,+0 0,HN
" —
Benzene Nitric acid

The residue HNO, replaced the atoms of hydrogen in benzene. The
action of ammonia on benzoyl chloride was expressed in a similar
way : C;H,0Cl+ NH; = C,H,O(NH,) + HCL

Chlorine is removed from benzoyl chloride and hydrogen from
ammonia, and the two residues unite to form benzamide.

Conjugated Compounds. The introduction of the term copula or
conjunct arose in the following way: the action of nitric acid on
benzene, or sulphuric acid on alcohol has no parallel in that of an
acid on a base in inorganic chemistry, except that water is removed.
Nitrobenzene is not a salt, for the acid and base cannot be replaced
by other acids or bases, and in sulphovinic acid and the sulphonie
acids the sulphuric acid can no longer be detected by ordinary
reagents. The original constituents are completely masked and the
residues may have their atoms differently arranged. They are, as
Dumas expressed it, in a form of substitution.®* The action of nitric -
acid on benzene can be represented as a substitution, as already
pointed out, but not that of sulphuric acid on a hydrocarbon or
alcohol, for the saturation capacity of the acid, according to the
formulae then in use, remains unchanged. Different bases may

! Ann. Chim. Phys., 1839, 72, 180.

? This form ¢f substitution bears a close resemblance to non-ionisable com-
pounds.
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saturate the acid, but the organic constituent remains permanently
attached. This indifferent residue which was attached to the acid
was called by Gerhardt' the copula and gave rise to the term
copulated compounds (sels copulés), which, however, very soon lost
its original meaning. When the different basicities of the acids
was recognized and sulphuric acid became in Gerhardt's system
dibasic then the term copulated compound or conjugated compound,
as it was called by Dumas, received the following interpretation:?
‘The basicity or saturation capacity of a conjugated compound is
always less by one unit than the sum of the basicities belonging to
the two original substances.” Thus benzenesulphonic acid, obtained
from benzene and sulphuric acid, is monobasie, whilst benzene-
sulphobenzoic acid, which is formed from benzoic acid and sulphuric
acid, making a total of three units of basicity, is dibasic. When the
majority of organic compounds with acids was embraced by the term
conjugated, this rule was applied to determine the basicities of acids.
It was taken as a proof that nitric acid was monobasic because it
formed a neutral compound with benzene.

Formulae of Gerhardt and Laurent. The attempt to attach to
the terms atom, molecule, volume, and equivalent a definite and
logical meaning and to establish a rational system of chemical
formulae was one of the most important services rendered by
Gerhardt and Laurent to chemical science. It has already been
stated that the different opinions which existed on the interpretation
and in the application of these expressions, was such that many
chemists had renounced the atomic system of Berzelius and taken
refuge in Gmelin’s equivalent notation. Their troubles were not at
an end and difficulties still pursued them. It could scarcely be
otherwise so long as the molecule remained an indefinite quantity.

Gerhardt® introduced a new principle. Reviving Avogadro’s law,
though in a somewhat restricted sense, he proposed to make the
equivalents, by which he implied molecules, of all volatile compounds
and gases correspond to equal volumes. For this reason he reinstated
Berzelius’ old formula H,O for water, seeing that it was composed
of two volumes of hydrogen and one of oxygen. From the density
of mercury vapour, mercuric oxide received the formula Hg,O in
place of HgO, and the other basic oxides were referred to the same
general type M;O. The result was that the atomic weights of all

! Ann. Chim. Phys., 1839, 72, 186 ; Gmelin’s Handbook, 7, 218.
3 Précis de Chimie Orgamque, I, 98 ; Laurent’s Chemical Method p. 211,
3 Précis de Chimis Organique, I 52.
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a metal, and basic water necessarily vanished. The series were written
as follows: _
Monobasic. Dibasic Tribasic.

Nitric acid NOg.H Sulphuric acid 80,.H;  Phosphoric acid PO, . Hy
Formiec ,, CHO,.H  Oxalic » GC30,.H, Citric y CeHy0,.Hy

Acetic ,, C,H 0,.H

Other criteria of basicity were afterwards added by Gerhardt and
Laurent. It was no longer essential that an acid to be dibasic should
form a double salt with two different bases, as defined by Liebig
(p. 23). An acid, if monobasic, formed one salt, one ether and one
neutral amide. It was dibasic if it formed an acid and neutral salt,
an acid and neutral ether and an acid and neutral amide, as well as an
acid chloride containing two atoms of chlorine.

Sulphuric acid and oxalic acid were consequently dibasic and
formed the following series of derivatives:®

Oxalic acid C,0,.H, Sulphurie acid 80,.H,
Potassium ethyl oxalate C,0,(C;H,)K Potassium sulphate SO, .K,
Diethyl oxalate C,0,(C.Hy), Potassium bisulphate SO,.KH
Oxamide C,0,(NH,), Sulphovinic acid S0,C,Hp)H
Oxamic acid C,03(NH,)H Ethylic sulphate S0,(C.H,;)

The radicals, at first entirely discarded by Gerhardt, were afterwards
introduced into his residues. It was clear that in a substance like
acetic ether some kind of fixity existed between the constituent
parts, acetic acid and alcohol, from which it was obtained and into
which it could easily be converted.

Gerhardt’s S8ystem of Classification. We cannot conclude an
account of Gerhardt’s contributions to organic chemistry without
a brief reference to his system of classification which appeared in
the Précis of 1844. He begins by defining organic chemistry as the
chemistry of carbon compounds, and proceeds to show how living
nature has elaborated the most complex of these substances, the
simpler ones being products of their decomposition. The latter may
be obtained artificially ; but the chemist has not yet succeeded in
building up the former. He then proceeds to explain how a simple
classification may be obtained by arranging compounds having
similar properties according to the number of carbon atoms which
they contain, and which he termed échelle de combustion. In the
different series the carbon and hydrogen appear in the ratio of one
to two. Expanding an idea which Dumas had applied to the organic
acids, and Schiel (1842) to the alcohols, Gerhardt pointed out that if
R stands for this ratio, then marsh gas and the paraffin series are

' Laurent’s Chemical Method (Eng. trans.), 61, 76, and 225.
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represented by R*2, the aleohols by R*20, and the acids by R0O? &e.
To these series he gave the name of corps homologues He arranged
all organic compounds according to the number of their carbon
atoms on the same rung of his ‘ladder’, and called it a family.

Laurent’s Atoms, Molecules, and Equivalents. In his new
system Gerhardt regarded as synonymous the terms atom, equiva-
lent, and volume, by which he understood what we now express by
the word molecule. Laurent! drew clearer distinctions between
them. An equivalent, he stated, was a number which in addition
to indicating the combining weight also expressed a function of
an element. Thus, the quantity of different bases required to
neutralize the same quantity of acid is its equivalent. The quantity
of oxygen which replaces hydrogen in a compound is its equivalent,
but this does not imply an equal number of atoms ; for it is generally
found that an atom of oxygen will replace two atoms of hydrogen.
These equivalents are not easy to determine; for different groups of
elements have frequently entirely different functions, which cannot
be directly compared. Manganese in the manganous salts is equiva-
lent to calcium ; in the manganates it is equivalent to sulphur (as in
the sulphates); and in the permanganates to chlorine (as in the per-
chlorates). But if, he said, we assume that equal volumes contain
an equal number of atoms (molecules), the atoms become strictly
comparable quantities independent of the function of the elements
they contain. In reactions with chlorine Laurent observed that the
atoms taking part are invariably an even number. Thus, from naph-
thalene and chlorine new products are formed both by addition and
substitution :

C,0H; + Cl,=C, HCl,

C,0H; +2C1,=C, ,H;Cl,

C, H; + Cl,=C, H,Cl + HCl, &ec.
Adopting the suggestion made by Ampere that the atoms of
hydrogen and chlorine are divisible,® he concluded that the elemen-
tary gases are composed of two atoms, and he then formulated the
distinction between atoms and molecules, which had been pointed
out so clearly forty years before by Avogadro and Ampere, and
which we still accept. When atoms of hydrogen and chlorine unite
they do not simply become attached ; but the molecules of hydrogen
and chlorine first divide into atoms:

HH + CIC1=HCl + HC]
It was then no longer necessary to distinguish, as Gerhardt had
1 Chemical Method, p. 7. 2 Chemical Method, p. 65.
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As only carbon, hydrogen and nitrogen could form part of an
electro-positive radical, chlorine as well as oxygen had to disappear
from the radical. Benzoyl C,,H,,0, the radical of benzoic acid,
originally accepted by Berzelius, was now replaced by ‘picramyl’
C,,H,,, and the chlorine substitution products were explained as chlo-
rides of hydrocarbon radicals. A difficulty was presented by bodies
which contained both chlorine and oxygen. In such cases it became
necessary to double and sometimes to treble the original formula.
This led to the introduction of the copula or conjunct (Paarling), an
expression borrowed from Gerhardt, but employed in an entirely
different sense. Thus, phosgene ‘'was written CO,+ CCl,, that is a
compound of oxide of carbon united to the conjunect, chloride of
carbon. For the same reason benzoyl chloride became:

2C,,H,03 + C1 H,,Cl,.

Thus Berzelius continued laboriously to construet his electro-chemical
formulae upon a foundation which every moment became more
insecure.! -

Chloracetic acid and acetic acid were at first regarded by Berzelius
as distinct and unrelated, acetic acid being the trioxide of acetyl
C,H,, whereas chloracetic acid was oxalic acid united to the conjunct,

chloride of carbon,
C,Clg + C,0, + H,0.

The complete analogy shown to exist between the properties of
the two substances (p. 20) and Melsens’ discovery (1842), that
chloracetic acid can be converted by reduction with potassium
amalgam and water into acetic acid, removed this shadowy distinction,
and both substances now appeared as conjugated compounds of oxalie
acid, one containing the radical methyl C,Hg, and the other chloride
of carbon C,Clg :

C,H;+ C,0; + H,0
C,Cl; + C,0; + H,0

The replacement of hydrogen by chlorine in the conjunct did not,
according to Berzelius, materially affect the properties of the
compound.

Still the one compound was virtually, although not admittedly,
a substitution product of the other. In his satisfaction in the con-
junct he had sacrificed the integrity of the radical and tacitly accepted
the principle of substitution.

In 1845, Hofmann announced the discovery of the chlorinated

! Jahresb., 1839, 19, 875.
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and brominated anilines,” and later the iodo-, cyano- and nitro-anilines,
which still retained the basic character of the original compound,
although the property was weakened in proportion to the amount
of hydrogen replaced. Berzelius explained the change by repre-
senting aniline, as he represented the alkaloids, as ammonia con-
jugated with a hydrocarbon C,Hz+ N,H,; chloraniline would then
be ammonia attached to the conjunct C,,H Cl,, This view was
at first accepted by Hofmann,* but he soon found a difficulty in
explaining the anomalous behaviour of aniline oxalate, written
N,H,(C,H;)H,C,0,, which, unlike ammonium oxalate, refused to
yield & cyanogen derivative on heating. This anomaly is removed
if aniline is an amido compound ; for if water is eliminated from
(C.H,()H N, . H,C,0, the radical phenyl C,,H,, must be destroyed.?

Thus aniline and its derivatives took rank as phenyl substitution
products of ammonia.

In spite of the rapidly accumulating evidence in favour of the
substitution theory, Berzelius never relinquished the electro-chemi-
cal theory which he had so carefully constructed and so warmly
defended.

In the Treatise of 1827 he prophetically wrote: ‘¢An opinion
long held often brings conviction of its truth. It hides from us
its weaker points, and thereby renders us incapable of accepting
adverse views.”* Yet nothing could be more unjust than to infer
that the views of Berzelius, misleading as they proved, were unpro-
ductive,

The Researches of Frankland and Kolbe. Two disciples of his
school, Frankland and Kolbe, contributed between the years 1840
and 1850 a series of researches of supreme importance to organic
chemistry, which now rank among the classics of chemical literature.
Kolbe’s opinions were influenced by the results of his first important
investigation (1844) on the action of moist chlorine on carbon bisul-
phide;® for it is here that the galvanic battery is first mentioned ‘as
perhaps affording the experimenter a powerful instrument for
disclosing the chemical constitution of organic compounds'’ The
reaction in question gave rise to a product, which was decomposed
by potash, forming trichloromethylhyposulphuric acid (trichloro-
methylsulphonic acid). By the successive replacement of chlorine

! Chem. Soc. Memoirs, 1845, 2, 266 ; Annalen, 1845, 53, 1; 54, 28.
T _Annalen, 1848, 67, 172.
3 Armstrong, Memorial Lecture, Chem. Soc. J., 1898, 555.

¢ Treatise (1827), vol. iii, p. 50.
5 Annalen, 1845, 54, 145.
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In direct relation to this research stands Kolbe's investigation into
the behaviour of the fatty acids on electrolysis, which resulted in the
discovery of a new synthesis of the paraffins.! It arose out of an
attempt to oxidize the oxalic acid of the acids to carbon dioxide in
the hope of liberating the radical with which it was united ; or in his
own words, ‘Starting from the hypothesis that acetic acid is a con-
Jjugated compound of oxalic acid and the conjunct methyl, I considered
it, under these circumstances, not at all improbable that electrolysis
might effect a separation of its conjugated constituents, and that in
consequence of a simultaneous decomposition of water, carbonic acid
as a product of the oxidation of oxalic acid might appear at the posi-
tive, while methyl, in combination with hydrogen, viz. as marsh gas,
would be observed at the negative pole.” Although the process did
not take place quite in the manner anticipated, the success of the
experiments is too well known to be recapitulated in detail. The
radical methyl C,H; (in reality ethane) was supposed to be liberated
from acetic acid, and valyl C;H, (in reality octane) from valeric acid.?
The idea of the copula or conjunct which was requisitioned by
Berzelius to divide or duplicate his formulae for dualistic purposes,
received from Kolbe a rather more definite signification than Berze-
lius had attached to it, and led to very interesting developments.

If all the organic acids are conjugated oxalic acids, it follows that
the character of the radical will undergo a change in conformity with
this view. For example, the original acetyl radical C,H4 of Regnault
which was employed to show the relationship between aldehyde,
acetic acid and allied compounds (p. 16), was now broken up by
Kolbe into the conjunct methyl, which was attached to carbon thus,
(C,H3)"C,. The radical contained two pairs of carbon equivalents, and
different functions were ascribed to each. It was the pair lying
outside the radical which was supposed to afford the point of attach-
ment for oxygen and chlorine. Some of Kolbe’s formulae appear as
follows:®

HO,(C,H;)°C,,0 Aldehyde
HO,(C,H;)"C,,0; Acetic acid

! Quart. J. Chem. Soc., 1850, 3, 157 ; Alembic Club Reprints, No. 156; Annalen,
1849, 69, 257.

* It is a curious fact that the formulae of both hydrocarbons (in Kolbe's nota-
tion they stood for C,Hg, CgH,,) are given correctly, though transposed into the
modern form they would stand for CH, and C,H,. The correspondence is- aceci-
dental, and arises on the one hand from the use of the double molecular formula
for the acid, and on the other from the fact that the radicals unite in pairs and
- form substances having molecular weights double of those recognized by the
author of the memoir.

3 See footnote 2 on previous page.
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(C,H,YyC,,Cl, * Dichloro-hydrochloric ether (trichloroethane)
(C H;)0. (C,CL)C,;,0; Trichloracetic ether

0,
NH,

(C.H,YC,N Methyl cyanide

Acetamide

GHC, |

In this way methyl was recognized as an integral part not only of
acetic acid, but of marsh gas (C;H;)H, which it yielded on distillation
with lime, and of cacodyl oxide, written (C,H,),As, O, which it formed
on heating the potassium salt with arsenious oxide. It explained, more-
over, why the last equivalent of hydrogen in chloral HO, (C,Cl,)C,,0
was not replaced by chlorine. The same system was applied to other
acids, benzoic acid and its derivatives being represented by oxalic acid
conjugated with the radical phenyl C,,H,:

HO,(C;H;)"C,,0,4 Benzoic acid

. Ho,(cm{ga*rc,,o, Nitrobenzoic acid

HO,(Cys { ;Iﬁz)*cz,oa Amidobenzoic acid

For the same reason that marsh gas became the hydride of methyl,
benzene appeared as the hydride of phenyl (C;,H;)H, and phenol as
its oxyhydrate HO. (C;,H;)0. In this way Kolbe sought to rehabi-
litate the compound radical :

The constitution attached to cacodyl oxide was later extended to
cacodyl and the organo-metallic compounds generally in which the
radicals appeared as the conjuncts of the metals. Kolbe was, indeed,
the first to interpret correctly the constitution of cacodyl to the
extent of regarding it as arsenide of methyl (C,H,), As.

Frankland dissented from this view. It was generally admitted
that the saturation capacity of a substance was retained in a conju-
gated compound. Oxalic acid has the same saturation capacity in
the free state as when conjugated with the radical methyl C,Hj in
acetic acid. This was not the case with the metal in the organo-
metallic compounds. Cacodyl in cacodylic acid, which is the highest
oxidation product, is only united to three atoms of oxygen instead
of five as in arsenic acid, to two in antimony ethyl and to only
one in tin ethyl. He preferred to represent these compounds as
substitution products of the metallic oxides:

! Annalen, 1850, 76. 1.



88 ORGANIC CHEMISTRY

Inorganic types. Organo-metallic derivatives.
S { C,H,
As{ S } As ) C,H, } Cacod)tl
0} ( C,H,
Asi ot As- Csz‘ Cacodyl oxide
0 lo
(0) C,11,
(o) | C,H, [
As /O As 'O Cacodylic acid
: H
.0 (o)
ZnO Zn(C,H,) Zincmethylium
Zn | 8, ! Zn | giﬁa } Oxide of Zinemethylium
0 C,H,
Sb 1 (o) f Sb4 C,H, } Stibethine
(0) C,H, .
or C,H,
o C,H;
SL{O} Sb . C,H, & Binoxide of Stibethine
l (o) o
(0) (o)
(o) C,H,
Sb O} Sb. C,H, - Oxide of Stibethylium
0 C,H,
(o) o
SnO Sn(C,H;)  Stanethylium
Sn | g | Sn { g‘*H“ | Oxide of Stanethylium
I C,H, Iodide of Hydrargyro-
Hg { I } Hg { I } methylium

It was in this memoir! that Frankland drew attention to the
regularity subsisting between the number of the different kinds
of atoms which are found in combination with the same element.
This was the first announcement of the doctrine of valency or
atomicity, as it was then called, which will be referred to pre-
sently (p. 50).

V Phil. Trans., 1852, 142, 417.
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Kolbe’s Views on Constitution. This relation of the organo-
metallic compounds to the oxides of the metals, which Frankland first
pointed out, suggested to Kolbe a further modification of his theory
of conjugated compounds.’ As cacodylic acid HO(C,H;);AsO;* may
be derived from arsenic acid 8HO,AsO; by replacing two atoms of
oxygen by two methyl radicals, so carbonic acid may be regarded as
the mother substance of the organic acids in which part of the
oxygen is replaced by hydrogen or radicals:

2HO.C,0, HO.HC,0, HO.C,H,;.C,05, &ec.
Carbonic acid. Formic acid. Acetic ncid.
This was a counter-stroke delivered by Kolbe at the artificial in-
organic types, as he regarded them, of Gerhardt’s new theory which
had just appeared (see p. 44). Carbonic acid, the raw material of
vegetable synthesis, was on the contrary a natural type from which,
as by the vital process, complex derivatives may be obtained.

In order to explain the difference of basicity between carbonic
acid and the fatty acids, the group C;0, in carbonic acid was split
into two (Cz0,),0,, and the basicity was made to depend on the
number of extra-radical oxygen atoms, The above formulae became

2HO. (C;0,),0, HO. H(C,0,),0 HO. (C.H;)(C,0,),0

Carbonic acid with its two extra radical oxygen atoms is dibasic,
whereas formic and acetic acids, with only one, are monobasic. By
replacing the last extra-radical oxygen by hydrogen or a radical the
neutral aldehydes and ketones result:

C.H, C,H,
H,(C;0,) £} ©0) cr | (©:0)
Formaldehyde Acetaldehyde. Acetone.

(then unknown).
If in these more oxygen is substituted, the alcohols and finally the
hydrocarbons are obtained :

HO. G;H,,0 Ho. ‘2 b ¢,0 “lc,
H, H,
Moethyl alcohol. Ethyl alcohol. Ethyl hydride.

The curious part played by the molecules of water, which sometimes
appear upon the scene and again vanish, is due to the insignificant
role assigned to them by Berzelius and his school.

~ However fantastic Kolbe’s formulae may now appear, the system
was in so far successful that it enabled him to foretell the existence
of many unknown compounds, some of which, though not all,
have since been obtained. Thus, formaldehyde was predicted, and

1 Anndlen, 1857, 101, 257 ; 1860, 113. 293 ; Ostwald’s Klassiker, No. 92,
? In these and subsequent memoirs Kolbe discarded the barred atoms.
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also the secondary and tertiary alcohols. ‘For,’ says Kolbe, ‘suppose
that we introduce into the alecohols in place of one or two atoms of
hydrogen the same number of methyl, ethyl, &c., atoms in the same
manner (as acetone is derived from aldehyde), we shall obtain new
alcohol compounds of the following constitution.’

Normal alcohol HO { CoH, 11 c,0
C, H

- Monomethyl alcohol 02H3 } C,;,0
H
C,H,

Dimethyl aleohol HO Csz C,,0
243
C.H,

Methyl ethyl alcohol HO 02H3 C,,0
C,H,

‘The monomethyl alcohol will be isomeric, not identical with
propyl alcohol, and dimethyl aleohol will be isomeric with butyl
alcohol.’

Two years later the first of these predictions was verified by Friedel,
who isolated secondary propyl alcohol, and the second by Butlerow in
1864, who prepared tertiary butyl alcohol. They agreed in nearly
every particular with the properties foretold by Kolbe. :

‘These compounds will probably form, with the hydracids, halogen
compounds like ethyl chloride, also sulphur compounds and mercap-
tans, and with sulphuric acid, sulphuric ethers ; but those compounds
which are combined like the dimethyl alcohols will not be oxidized
to aldehydes and acids, like the normal aleohols, as the two free
hydrogen atoms, which in the normal alecohols are attacked, are
missing. Nor can the monomethyl alcohols which still retain a free
hydrogen atom be converted into acids, but by the same process of
oxidation which yields aldehydes in the case of normal alcohols will
convert the monomethyl aleohols into acetone.’

‘We must now pick up the thread of the narrative where we dropped
it to follow the fortunes of the radical theory.

The standard of volumes adopted by Gerhardt and Laurent for
determining molecular weights served its purpose admirably by
bringing together compounds which were related to one another,
but gave no information about their structure. The doctrine of
residues in its original simplicity could not satisfy the aspirations
of chemists in face of the powerful testimony which the researches of
Frankland and Kolbe, Hofmann and many other chemists, had
brought in support of the radical theory.
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Williamson’s Researches on Ether. It was at this critical
period in the history of the science that a short and unpretentious
memoir appeared, which gave an unexpected turn to the current of
chemical thought. This was Williamson’s research on etherification,
which was first read at the meeting of the British Association at
Edinburgh in 1850.' It is difficult to embrace in a sentence the
far-reaching consequences which followed its publication. In the
first place it settled the vexed question of the relation of alcohol to
ether; secondly, it introduced a new and important synthetic pro-
cess ; it showed, further, how chemical methods might be employed
in determining molecular weights ; but above all it reconciled the
two contending schools of thought by welding together the radical
theory with Dumas’ theory of types.

The constitution of alcohol and ether had, as we have seen, received
various interpretations. Berzelius regarded them as oxides of
different radicals, Liebig formulated ether as the oxide of ethyl and
alcohol as its hydrate, Gerhardt in 1844 wrote their formulae C,H ;O
and C,H,;,0 from the value of their vapour densities, and Laurent in
1846 explained their relation by comparing them to potassium hydrate
and potassium oxide, as the hydrate and oxide of ethyl (= Et):?

KHO EtHO
KKO EtEtO.

In 1850 Williamson investigated the action of ethyl iodide upon
potassium ethylate in the hope of replacing the potassium by ethyl
and so forming a new ethylated alcohol.

The experiment gave entirely unexpected results; for, in place of
alcohol, he obtained ordinary ether. He recognized the importance
of the result, explained by means of it the formation of ether, and
demonstrated the correctness of his conclusions in a series of brilliant
experiments. Williamson saw at once the application of Laurent’s
and Gerhardt’s views, which he was one of the first to adopt,
formulating the reaction thus:

G50 + C,H,T = IK + gzgzo.
Kolbe strongly opposed this view and represented the reaction as
follows :
C,H,0KO + C,H,I = 2(C,H,0) + KI;
in which, using the equivalent notation, potassium alcoholate appears
as a compound of potash and ether. Substituting methyl iodide for

! Quart. J. Chem. Soc., 1852, 4, 229 ; Alembic Club Reprints, No. 16.
* Chemical Method, p. 75.
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ethyl iodide, methyl ether and ethyl ether should be formed, sup-
posing the latter view to be correct, whilst, according to Williamson’s
theory, methyl ethyl ether should be formed. It was the second re-
action which occurred.

The experiments clearly demonstrated that ether is derived from
alcohol by replacing one atom of hydrogen by ethyl, and conse-
quently that it possesses a larger molecule.

It now remained to explain the formation of ether from aleohol
and sulphuric acid.

The formation of ether by heating a mixture of alcohol and sul-
phuric acid is so simple an operation that it seems not a little
remarkable that more than two centuries elapsed before the obscurity
which enveloped this reaction was finally removed. As the study of
this subject and the discussions which rival theories called forth
engaged chemists from the very inception of organic chemistry, it
will not be entirely out of place to trace the phases of its development.
The first method for preparing ether is aseribed to Valerius Cordus
in 1540, who called it oleum vitrioli dulce, the name being changed to
ether by Frobenius in 1780. The compound was formed by heating
a mixture of alcohol and strong sulphuric acid. Fourcroy and
Vauquelin explained the reaction by supposing that alcohol loses a
molecule of waler. This agreed with the etherin theory and with
Liebig’s later view. The explanation was, however, open to criticism.
Other dehydrating agents, like potash and baryta, effected no change
of this kind, and when it was afterwards pointed out that water
distilled with the ether, it was difficult to conceive how sulphuric
acid could ‘act by reason of its affinity for water if it parted with it
in the process. Dabit discovered that the first action of the sulphurie
acid on aleohol at the ordinary temperature was the formation of
a new acid, which was not precipitated by barium salts. It was
termed sulphovinic acid by Sertiirner, who studied it more carefully.
Then followed the discovery that the contents of the vessel after
distilling off the ether could be used for the preparation of fresh
quantities of the latter by adding alcohol, an observation upon which
Boullay, the father of Dumas’ colleague, founded the present con-
tinuous process. The first clear experimental evidence as to the
nature of this curious and complex reaction is due to Hennel, an
English apothecary. He proved that the formation of sulphovinic
acid is essential to the process. In the first place he found by dis-
tilling equal quantities of sulphuric acid and alcohol that, as the
ether distils, the quantity of free sulphuric acid increases, whilst that
of the sulphovinic acid decreases. If, on the other hand, the mixture
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temperature occurred, the formation of ether was not interrupted,
and both he and Berzelius, and afterwards Graham, explained the
peculiar effect of the sulphuric acid as a catalytic or contact pheno-
menon, by which they understood such a reaction as occurred in the
presence of a substance which itself underwent no change, and for
which no satisfactory explanation was forthcoming.!

The composition of ether being now clearly established, William-
son turned the fact to account in order to explain the production of
ether from alcohol and sulphuric acid.

The explanation is the one-we still adopt. The process occurs
in two stages. Sulphovinic acid and water are first produced,
and the sulphovinic acid reacting with a fresh quantity of aleohol
forms ether and regenerates sulphuric acid. Ether and water distil
whilst the sulphuric acid is free to react with fresh alcohol, and
repeat the same cycle of changes. Williamson confirmed these views
by showing that mixed ethers could be readily obtained by the use
of two different alcohols, and prepared in this way a series of com-
pounds containing from three to seven carbon atoms.

In reviewing his results he points out that compounds like
alcohol, ether, acetic acid, and its hypothetical anhydride may be
regarded as water in which one or two hydrogen atoms are replaced
by the radicals ethyl and othyl (oxygen ethyl):

C,H C,H (C,H,0) (C,H,0)
‘S oHO "o (GH0)*
Alcohol. Ether. Acetic acid. Acetic anhydride.

This memorable paper, which proved so fruitful in results and
provided such a powerful stimulus to future research, concludes
with the following words : ‘The method here employed, of stating
the rational constitution of bodies by comparison with water,
seems to me to be susceptible of great extension, and I have no
hesitation in saying that its introduction will be of service in
simplifying our ideas, by establishing a uniform standard of
comparison by which bodies may be judged of.’?

Gerhardt’s discovery of the acid anhydrides, in the same year, by
heating the acid chlorides with their sodium salts, amply justified
Williamson’s conclusions.

Gerhardt’s New Theory of Types. In the following year, 1853,
Gerhardt® published his new theory of types, already foreshadowed
in a memoir by Chancel and himself on The Constitution of Organic

* Jahresb., 1835, 15, 243. 2 Quart. J. Chem. Soc., 1852, 4, 239,
3 Ann. Chim. Phys.. 1858. 37, 332.
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that glycerine bore the same relation to phosphoric acid that alcohol
does to nitric acid :

ozlii,}o N%}O
“mie o wlo

Wourtz quickly perceived that a compound intermediate between
alcohol and glycerine should exist, derived from a double water type,
and containing a dibasic radical. Before long he had supplied the
necessary link by the discovery of glycol : !

C.H, }
H, | %
He prepared the compound from ethylene iodide and silver acetate,
which, on heating together, yield ethylene acetate and silver iodide.
Using the typical formulae, the equation appears thus:

CHO .  GH,)\
CHI, +2727 40 } 0= o,H0) | O:+2Agl

Ethylene acetate on hydrolysis with potash forms glycol :
C,H c,H C,H;0
(C,HB } 0s+ 2KHO = O bo,+2% 2 1o

Mixed Types. The use of condensed types was shortly followed
by the introduction of Kekulé’s mized types? which he set forth in
a paper On the so-called Conjugated Compounds and the Theory of Poly-
atomic Radicals. Kekulé’s object was to explain the constitution of
Gerhardt’s new conjugated radicals, that is, the old conjugated com-
pounds which, in their new typical garb, played the part of substituted
radicals. Benzenesulphonic acid, sulphobenzoic acid, and sulphovinic
acid were written

C.H,4(S0,) C,H,(S0,)0 C,H,(S0,)0
65 H}O 74ly 21_12}02 2415 H}O
Benzenesulphonic acid. Sulphobenzoic acid. Sulphovinic acid.

Benzenesulphonic acid may be represented, according to Kekuls,®
as derived from the two types of hydrogen and water,

i e}
s,
{g}e H[®

4 Ann. Chim. Phys., 1859 (3), 65, 400,

3 Annalen, 1857, 104, 129.

3 Following a suggestion of Williamson, the symbols for oxygen, carbon,
sulphur were barred in Kekulé’s formulae to indicate that the combining weights
were double those of the equivalent notation.
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up aleohol into C,H;Cl + HCl, why should not phosphorus sulphide
produce two compounds C,H,S+ HS instead of their remaining
united as mercaptan? With Gerhardt’s notation the change is

manifest, CRI}Ij” } O becomes Czlilf } S, but with phosphorus chloride

C,H;Cl

HCI
a difference of notation, but it is an actual fact that one atom of
water contains two atoms of hydrogen and only one atom of oxygen ;
and that for one indivisible atom of oxygen the equivalent of chlorine
is divisible by two ; whereas sulphur, like oxygen, is dibasic, one atom
being equivalent to two of chlorine.’

In the memoir already referred to (p. 48), On the so-called Conju-
gated Compounds and the Theory of Polyatomic Radicals,' Kekulé’s
views on atomicity take a clearer and more definite shape. He says:
‘The molecules of chemical compounds are formed by the union of
atoms. The number of atoms of other elements which are attached
to one atom of an element, or (if in the case of compound bodies one
prefers not to extend the idea to elements) of a radical, is dependent
on the basicity or affinity of the constituents.’

‘The elements fall into three main groups:

‘(1) Monobasic or monatomic, e.g. H, Cl, Br, K; (2) dibasic or
diatomie, e. g. O, S; (3) tribasic.or triatomic, e.g. N, P, As. From
these are derived the chief types, HH, OH,, NH;, and the secondary
types, HCl, SHy;, PH;.’ In a footnote on p. 183 he adds that carbon
is tetrabasic or tetratomic.

After this defence of Gerhardt’s formulae and clear exposition
of atomic structure, it is curious to find Kekulé reverting to the
equivalent notation in his very next memoir on the constitution
of fulminating mercury; but such is the despotic power of long
established custom.

In discussing the constitution of fulminating mercury, Kekulé®
pointed out its analogy with a series of compounds which might be
considered as belonging to the same type as marsh gas, using the
word in Dumas’ sense of one compound being related to another by
substitution. He succeeded, in fact, in liberating the cyanogen as
cyanogen chloride by chlorination, and converting fulminating mer-
cury into chloropierin.

Methyl chloride, chloroform, chloropicrin, and acetonitrile were

the alcohol divides up thus, He writes: ‘It is not merely

1 Annalen, 1857, 104, 183. 2 Annalen, 1857, 101, 200,
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grouped with marsh gas, and written in the equivalent notation
thus:
C, H H H II Marsh gas
H H H " Cl  Methyl chloride

C, H Cl Cl C1  Chloroform

C, (NO,) Cl Cl Cl  Chloropierin

C, H H H (C,N) Acetonitrile

C, (No,) Hg Hg (C,N) Fulminating mercury
Thus Kekulé introduced a new type, that of marsh gas, and with its
introduction the fixity of Gerhardt’s types was dissolved ; for it now
became evident that the grouping of the elements depended, not on
the nature of the type, but upon that of the elements themselves.
As typical formulae were not intended to represent the position of
the atoms, it became a matter of choice to which type a compound
belonged. Thus, methyl ether may be equally well derived from
the water or the marsh gas type:

Ly 2
H CH, Hic g["
H}O CH3}° or {H’ o
5, ol
HIO n[C
H H

Methylamine in the same way may be referred to ammonia, marsh
gas, or hydrogen:

H) CH, H, NH, H\| CH,
HiN H{Nx H|, H o Hf NH,
H H H Hi

H H

Quadrivalence of Carbon. Early in 1858 Kekulé’s celebrated
paper appeared in Liebig’s Annalen on The Constitution and Meta-
morphoses of Chemical Compounds, and on the Chemical Nature of
Carbon, in which are embodied his views on the valency of carbon
and the linking of carbon atoms.! Shortly afterwards an equally
remarkable memoir on the same subject by A. S. Couper?® was
published independently in the Annales under the title of A new
Chemical Theory.

Kekulé’s Theory. Kekulé has told, in a very graphic way, how
these new ideas arose. It was during his stay in London.

‘One fine summer evening I was returning by the last omnibus

! Annalen, 1858, 108, 129 ; Ostwald’s Klassiker, No. 145,
* Ann. Chim. Phys., 1858 (8), 53, 469,
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The two papers by Kekulé and Couper are the foundations upon
which the modern structural formulae of organic compounds rest.
It must not be supposed that the typical formulae were at once dis-
carded in favour of the modern notation. On the contrary, the
typical notation was in general use for many years after the above
memoirs had appeared, and was even retained in Kekulé’s textbook
of organic chemistry which was published as late as 1866. It is
evident, from the facts recorded in the next chapter having reference
to the basicity of lactic acid, that the true significance of Kekulé’s
and Couper’s views had not then (1863) taken root.

Modern Structural Formulae. It is in fact difficult to assign
any particular date to the introduction of the modern structural nota-
tion. Its adoption was the result of a gradual and almost imper-
ceptible development. Frankland made a distinct advance by deriving
his compounds from the marsh gas or its condensed type, and break-
ing up the rest of the molecule attached to the typical carbon atoms
into tervalent groups thus:

i H, (%
c,/H C {0 : OH
le *lom G0
OH OH
Alcohol. Acetic acid. Oxalic acid.

Although there is evidence that the principle of carbon linkages, like
that suggested by Couper, was fully recognized before its actual
adoption,’ it was not until 1866 that the first appearance of the
modern system of notation occurs in two papers by Erlenmeyer,?
followed in 1867 by a clear exposition of the subject by Frankland.®
The necessity for the replacement of rational by structural formulae
became more and more emphasized with the growth of the subject,
and especially with the extension of the views on isomerism which
demanded a more delicate and perfect language for its expression.
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bound up with each atom. The variable valency of certain elements,
especially of the nitrogen and halogen groups of the periodic system,
subsequently led to the complete abandonment of this view. It
was impossible, for example, to reconcile the structure of NH,Cl as
consisting of NH; in molecular attachment to HCl with Meyer and
Lecco’s observation that diethylmethylamine + methyl iodide gave
the same product as dimethylethylamine + ethyl iodide and also
with the existence of the numerous optically active ammonium
compounds (Part II, p. 304).

If, with Kolbe, we regard each element as possessing a8 maximum
valency, a view which has been widely adopted, the question arises
as to how this maximum value may be ascertained, for it is a curious
fact that in the periodic table the oxygen value rises from group I to
group VII, whilst the hydrogen value rises to group IV and then falls
again. If we adopt the valency of the highest oxide we are con-
fronted with the uncertain value for oxygen, which sometimes appears
to function as a quadrivalent atom. On the other hand, the atomic
weight being known, the periodic classification or the afomic number
(see p. 97, footnote) affords at times a valuable guide.

Abegg and Bodlinder' regard each atom as possessing the same
total number of valencies, namely eight, which are distributed
between positive and negative, the positive diminishing from 7 to 1
in the first seven groups of the periodic system and the negative
increasing in the same order. Of these two kinds the positive or
negative predominates in each atom and is termed the normal valency,
whilst the subordinate kind is called a contravalency. In the middle
or fourth group, which includes carbon, neither predominates, and
this is supposed to explain the stability of carbon in its union with
both electropositive and electronegative elements, as in methane and
carbon tetrafluoride. The distribution of normal and contra-valencies
in the seven groups is as follows:

normal +1+2+8 -3-2-1
+4
contra —-7-6-5 +5+6+7

The weak point of the scheme is the existence of the seven contra-
valencies among the alkali metals, for which at present there appears
to be no evidence.

According to Clayton,? this decrease in the valency of an element
for hydrogen in the more electronegative groups cannot be due to

1 Zeit. anorg. Chem., 1899, 20, 453 ; 1904, 39, 830.
& Trans. Chem. Soc., 1916, 109, 1046.
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decrease of affinity, and must therefore have relation to some other
factor which increases by a constant quantity from group to group.
If this is 8o, the difference should be capable of being detected by
reference to the actual hydroxyl derivatives of these elements or their
dehydrated forms.

Thus, taking the series containing four hydrogen atoms having the
maximum valency of their fully hydrated forms, the elements in
groups V to VIII will be represented as follows :

Group. V. VI. VIL. VIII.
Hydrated form EH,OH EH,(OH); | EH,(OH); | EH,OH),
- H,;0 —-2H,0 —8H,0 —4H,0
Dehydrated form FH, EH, EH No hydride
e.g. NHg OH, CIH

Clayton distinguishes between the primary valency which reaches
a maximum of 4 and a secondary valency which is determined by the
number of hydroxyl groups. If one each of the primary and secondary
valencies unite or neutralize one another, the effective valency will
be lowered by two. For example, if the secondary valency in group V,
which binds the hydroxyl, unites with one of the primary valencies
which attaches the hydrogen, the total valency will be lowered by two
and NH; will result. In group VI, H,0, and in group VII, CIH
will be formed, whilst the elements in group VIII do not combine
with hydrogen.

Clayton indicates the primary and secondary valencies by a con-
tinuous and a dotted line respectively, which, when unattached, are
represented as forming a loop.

Ammonium hydroxide and ammonia and methyl ether and its
additive compound with hydrogen chloride are represented by the
following formulae :

H OH H cl H )
|~ | . ~/ H;C—0—CH;,
H—I‘II—H H—NS CHs—o)—CH,, )
| {
H H

Tervalent Carbon. Although the valency of carbon has offered
fewer anomalies than that of any other element in the interpretation
of the structure of its numerous compounds, there exists one example,
namely, triphenylmethyl C(CzH;); in which there is reason to believe
that carbon, at least in solution, is tervalent. There is intrinsically
nothing novel or surprising in the existence of a combined atom with
one unused valency, for nitrogen in nitric oxide, NO, must possess
a free valency whether oxygen is bi- or quadrivalent. It may be
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It also forms an additive compound with quinone,!
OC(C¢H,),
CGH4 < 6%+5)3
OC(C;Hy)g

Moreover, it unites with a variety of organic solvents, paraffins,
olefines, and aromatic hydrocarbons, ethers, aldehydes, ketones, esters,
and nitriles, and with carbon disulphide and chloroform, in all of
which two molecules of triphenylmethyl are combined with one
molecule of the organic solvent in the form of well-defined crystalline
substances, which are, however, easily dissociated on heating. It also
enters into reactions with phenol,® primary and secondary amines,
phenylhydrazine ® and diazomethane.* Dissolved in ether out of con-
tact with oxygen it combines with metallic sodium.® The sodium
compound NaC(C;H;); reacts normally with alkyl halides, forming
alkyltriphenylmethanes, and undergoes condensation with ketones
and esters very much after the- manner of the Grignard reagent®
(p. 208).

Since Gombergfirst obtained triphenylmethyl, a largenumber of simi-
lar compounds containing a variety of aryl radicals have been prepared,
and they all possess the same striking characteristics. They combine
readily with free oxygen, &c., and though with few exceptions colour-
less in the solid state, yield a variety of coloured solutions when dis-
solved.” The difficulty encountered in determining the true structure
of these substances arises from the fact that whereas some of these
compounds, such as tribiphenylmethyl (C¢H,CyH,);C prepared by
Schlenk and his co-workers,’ are unimolecular in solution (deter-
mined by the cryoscopic method), others, for example, triphenyl-
methyl, are mainly bimolecular.® It would, therefore, appear that
in addition to the solid, colourless compound there are two coloured
substances, a bi- and unimolecular compound existing in the dissolved
state. But Schmidlin has shown that in a solution of triphenyl-
methyl, the colourless and yellow modification exist side by side,'°
forming an equilibrium mixture which varies with the solvent and
the temperature. For the freshly dissolved substance, which is at first

! Schmidlin, Ber., 1910, 43, 1298. 2 Schmidlin, Ber., 1912, 45, 3180.

3 Sehlenk and Bornhardt, Ber., 1911, 44, 1175.

4 Schlenk and Bornhardt, 4nnalen, 1912, 394, 188.

5 Schlenk and Marcus, Ber., 1914, 47, 1664.

¢ Schlenk and Ochs, Ber., 1916, 49, 608.

7 Schmidlin, Ber., 1912, 45, 8171, 3188.

8 Schlenk, Weickel, and Herzenstein, Annalen, 1910, 372, 1; Schenk and
Rennig, 4nnalen, 1912, 394, 180. :

9 Gomberg, Ber., 1904, 87, 2049. 10 Ber., 1908, 41, 2471.
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colourless, becomes quickly yellow. On shaking the solution in con-
tact with air it loses its colour owing to the formation of the insoluble
peroxide, when the yellow colour rapidly reappears as a fresh quantity
of the colourless compound passes into the coloured modification. It
therefore follows that the colourless and coloured compounds undergo
isomeric change, but that the coloured modification is the more re-
active of the two. Schmidlin has further shown that the coloured
substance is in all cases unimolecular, and, though the quantity in
triphenylmethyl is small, there is sufficient present (5 per cent. in
benzene, 17 per cent. in naphthalene) to impart a yellow colour to
the liquid. v

‘What then is the relation between the colourless bimolecular com-
pound and the coloured unimolecular compound ?

The question has been answered by comparing the properties of
triphenylmethyl and triphenylmethyl chloride. Both substances are
colourless in the crystalline state, and triphenylmethyl chloride also
yields colourless solutions ; but both dissolve in liquid sulphur di-
oxide with a yellow colour, and both exhibit a fairly high conduec-
tivity. They therefore offer a close analogy. It is frequently found
that isomerisation from a colourless to a coloured substance is
accompanied by a change from a benzenoid to a quinoid structure, and
this has been shown to occur in the case of p-bromotriphenylmethyl
chloride. Though silver chloride has no action on the substance when
dissolved in benzene, in sulphur dioxide solution the bromine atom
is replaced by chlorine, and on evaporating the solvent colourless
p-chlorotriphenylmethyl chloride is obtained.! The change is
readily explained on the assumption of an intermediate half-quinoid
or quinol form first proposed by Kehrmann for the coloured salts of
triphenylmethyl ?

—_ . a— Br
e pBr > (0:{_ X

Cl

The quinoid halogens thus become labile, and an interchange of the
chlorine of the silver chloride for bromine occurs, which on removal
of the solvent passes into p-chlorotriphenylmethyl chloride.

TN \
(CeH),0: /\C - (csH5)2<|:<__ >a

1 Gomberg, 1909, 43, 406.
2 Ber., 1901, 34, 3815 ; see also, Colour and Structure, this volume, Part IL.
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Again, by simply dissolving p-bromotriphenylmethyl chloride in
sulphur dioxide and removing the solvent a mixture of p-bromo-
triphenylchloride and p-chlorotriphenylbromide is produced :

~N
(ceHs)zlc<i>Br — (CH),C C><;
Cl

{(cﬁﬂﬁ)zccwomm
# .
(C,H,),CBrCH,Cl

In this way triphenylmethyl chloride in isomerising to the yellow
modification passes into the quinol form and at the same time under-
" goes ionization into & basic ion,

ol

- Quinocarbonium ion.

to which Gomberg has given the name quinocarbonium, and an acid
ion. The coloured salts are termed quinocarbonium salts.

The existence of hydroxytriphenylcarbinol in a yellow and colour-
less modification, melting respectively at 189-140° and 157-159°
which are interconvertible (acids and the action of light produce the
quinoid, whilst alkalis promote the benzenoid form), points to the
same explanation.!

C:H,OH = ,OH
/ 64 — . /
G G SR G

Benzenoid Quinoid
m. p. 167-159. m. p. 189-140,

What, then, is the nature of the yellow ionized compound present
in the sulphur dioxide solution of triphenylmethyl? By analogy it
should consist of the basic quinocarbonium ion and an acid ion, which
may be the tervalent radical,

—_ H
©t19.0:__ > +O0Hy),

On the assumption that dilution does not change the equilibrium be-
tween two dynamic isomers, whereas ionization is known to do so,

! Gomberg, J. Amer. Chem Soc., 1918, 35, 1035.
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is the colourless bimolecular modification which exists in the
free state and in solution in equilibrium with the coloured mono-
molecular compound. It seems probable that it is either hexaphenyl-
ethane or an aggregate of two molecules of the tervalent radical.

The synthesis of hexaphenylethane would have settled the question,
but so far all attempts to prepare it have failed. On the other hand
both tetra- and pentaphenylethane have been obtained by Gomberg and
Cone, who describe them as stable substances exhibiting, at least at
ordinary temperatures, no tendency to absorb oxygen, or otherwise
to behave as unsaturated compounds.

In conclusion, it would seem that every property of the triaryl-
methyl compounds may be explained by the existence of four modifica-
tions which in solution are in equilibrium. This equilibrium is re-
presented by Gomberg® as follows:

(CeHa):;C P (CGH6)3C"C(00H5)3

(CsH,).C <:><H)’ = (CGH5)aC=<

N /H
==" “C(CeH,)s

Whether or not hexaphenylethane exists, or the coloured unimole-
cular compound possesses the quinol structure, it is abundantly proved
that the bimolecular compound readily dissociates in solution, break-
ing up into two molecules of the triarylmethyl compound in which
carbon is tervalent.

Schlenk ? has also observed that the compound obtained by the
action of sodium on aromatic ketones has the formula (Ar),C.ONa
and not the double formula (see p. 247), and the compound, for-
merly regarded as ditolane hexachloride, appears from recent deter-
minations also to have half the molecular weight, and is therefore
tolane trichloride CgH,CCl,. CCIC{H;.* Both compounds therefore
contain tervalent carbon.

‘Wieland,* it may be added, has found that tetraphenyl hydrazine
breaks up on heating into diphenyl nitride (CgH,),N containing
bivalent nitrogen.

Bivalent Carbon. There are a number of compounds in which
there is reason to believe that bivalent carbon is present. Among

1 Ber., 1918, 46, 228,
2 B, 1911, 44, 1182 ; 19183, 46, 2840.
5 Ldb., Ber., 19083, 36, 3063. * Annalen, 1911, 381, 200,

PT. 1 P
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these are carbon monoxide, CO; fulminic acid, C:NOH ; and, according
to Nef, the alkyl and acyl isocyanides, RN:C, and acetylene and its
halogen derivatives. Although it is possible to interpret the structure
of all these compounds, except the last, as containing mutually saturated
valencies by making oxygen quadrivalent or nitrogen quinquevalent,
there are chemical as well as stereochemical considerations which make
such a supposition improbable. If we accept the usual stereochemical
arrangement of the carbon bonds, it is difficult to conceive of these
four linkages being brought simultaneously into action with any
other single atom. The chemical properties of most of these com-
pounds point in the same direction.

8tructure of the Isocyanides. Supposing the inability of bi-
valent carbon in carbon monoxide to form additive compounds (except
with chlorine and caustic soda) to be due to the presence of electro-
negative oxygen, then the replacement of oxygen by a more electro-
positive group might restore its additive power. Such was Nef’s
reasoning.! He selected for his inquiry alkyl and acyl isocyanides
R.N:C and found that his anticipations were correct. The alkyl and
acyl isocyanides form the following series of additive compounds:

1. With the halogens (Cl, Br, I) combination takes place vigorously
at low temperatures. The reaction, according to Nef, proceeds in.
steps. The halogen molecule X, unites first by virtue of its residual
valency and then separates into its constituent atoms.

X X
RN:C(+X:X — RN:C<|| — RN:C<
I X X

That the halogens actually take up these positions is proved by the
fact that union with amines yields guanidines.

2. With acid chlorides (acetyl, benzoyl, carbonyl, and chloroformie
ester) the following are formed, in which the halogen may be
replaced by hydroxyl:

RN : CCl
a1 N
RN: c< , CO, RN: c<
co CHs COC,H, % COOC,H,
RN:CC1

8. The isocyanides unite with free oxygen, reduce metallic oxides,
and combine directly with sulphur to form carbimides and thiocar-
bimides : :

RN:C:O, RN:C:S

VJ. Amer, Chem. Soc., 1904, 26, 1649 ; Annalen, 1892, 370, 267 ; 1894, 280, 291,
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4. They combine with amines H—NHR and hydroxylamine
H—NHOH:

H H
rN: ¢, RN: 0
\NHR NHOH
6. They combine with alcohols, mercaptans, and hydrogen sulphide:

H H
< . RN: c< . RN: c<
0C,H, SC,H, SH

6. With phenyl magnesium bromide a compound of the formula,

C,H
RN:o
MgBr
is formed.
7. In absence of water the halogen acids produce additive com-
pounds which by analogy are represented as follows:

(RN: c<g)21101

Moreover, like other unsaturated compounds they polymerise ; thus
phenylisocyanide rapidly changes to a resinous mass. Hydrolysis,
on the other hand, produces the formamide RNH . CHO, from which
it appears that carbon in the isocyanide had three available bonds ; but
the exact mechanism of the addition process is unknown, and it is
quite conceivable that the elements of water first attach themselves
to the carbon atom and that this is followed by the migration of
hydrogen to nitrogen.

/H
RN:C\ — RNH.CHO
~_ OH

Nef further points out that many of the above reactions are reversible
and the isocyanide and its addendum may dissociate at an appropriate
temperature in the same manner as ammonium chloride.

There seems no reason, therefore, to doubt the existence of bi-
valent carbon in alkyl and acyl isocyanides.

8tructure of the Metallic Cyanides. The metallic cyanides
probably possess a similar structure. Like the alkyl and acyl iso-
cyanides, alkaline cyanides readily unite with oxygen. Potassium
cyanide forms potassium cyanate on oxidation and probably unites
with chlorine to form KNCCl, Like the alkyl isocyanides the
alkaline cyanides form double salts with the heavy metallic cyanides,
whereas the few double salts of the alkyl cyanides are much less

F2
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stable.” A significant fact is the existence of sodium ferrofulminate
Na,Fe(ON : C)g + 18H,0, which has been proved to contain bivalent
carbon, so that sodium ferrocyanide by analogy should be written
Na,Fe(N:C)s.?2 Another fact discovered by Nef also points in the
same direction. Potassium cyanide and ethyl hypochlorite give
ethyl cyanimido carbonate, the formation of which can only be
satisfactorily explained by adopting the isocyanide structure.

_/OCH,
KNC — KNC\CI > KNC.O0C,H,
CIC: NK
0C,H,
— HNC +KOH + KCl
H,0 CN

The behaviour of silver, mercury, and certain other metallic cyanides
of the heavy metals differs from that of the alkaline cyanides. They
are not oxidised by permanganate and yield isocyanides with the
alkyl halides, whereas the alkaline cyanides yield cyanates in the first
case and mainly cyanides in the second. On the other hand, the
acyl halides, such as acetyl chloride, give cyanides and not iso-
cyanides with silver cyanide. The last fact disposes of the view that
the two classes of metallic cyanides are differently constituted, the
alkaline cyanides being normal and the silver and mercury com-
pounds having an ‘iso’ structure. How are these observations to
be reconciled ? Nef considers that both classes of metallic cyanides
have the iso structure and that the difference in behaviour lies in
the electrochemical character of the metal. Whilst the alkaline
cyanides react with the alkyl halides by direct addition to give the
alkyl cyanide thus:

R
KNC+RI — KNC< — NCR+KI
I

silver cyanide reacts by direct substitution :
AgNC+RI = RNC + Agl

There seems to be also some evidence that potassium cyanide forms
additive compounds with alkyl iodides.

‘Wade® in a subsequent investigation, whilst accepting Nef’s views
as to the structure of the metallic cyanides, has given a ratha
different interpretation to the interaction of silver cyanide with the
alkyl halide, which he represents as follows :

1 Hofmann and Bugge, Ber., 1907, 40, 1772 ; Ramberg. Ber.. 1907, 40, 2578.
2 Annalen, 1894, 280, 835. 3 Trans, Chem. Soc., 1902, 91, 1608.
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AgNC+RI — AgNC — RNC+Agl
N\

R I

Thus, while addition to the alkaline cyanide with its strongly
electropositive metal takes place at the carbon atom, in the case of
silver cyanide with the weaker electropositive metal it occurs at the
nitrogen atom. It must be admitted that neither proof appears
very conclusive.

Sidgwick! has made the ingenious suggestion that in all cases
addition to carbon takes place, and that the additive compound may
exist in two stereoisomerie forms:

R(ﬁI R(|:1
|
MN NM M = Metal
L II.

Formula IT, corresponding to the synaldoximes, represents the additive
compound of the alkaline cyanide and yields, by removal of the
metallic iodide, the alkyl cyanide as formulated by Nef. The first
formula (I), which represents the additive compound with silver
cyanide, undergoes the Beckmann conversion, and by interchange of
metal and alkyl group, followed by the detachment of the metallic
iodide, yields the isocyanide.

RCI MCI C

| — | — I
MN RN RN
But there is no proof whatever of any such reaction.

The Structure of Hydrogen Cyanide. The study of the structure
of hydrogen cyanide, which, like the nitriles and isocyanides, may
exist in two different forms, has produced evidence of such a con-
flicting character that it seems at present purposeless to offer more
than a brief outline of the arguments for and against the one or
other structure until the subject has advanced a stage. It is clear
that no purely chemical method will suffice to settle the question,
for reasons already given in the chapter on isomeric change (Part I1,
p. 318),  The following facts have been advanced in favour of the
nitrile structure, Hydrogen cyanide undergoes hydrolysis by alkalis
which are without action on alkyl isocyanides, whereas acids which
act slowly on hydrogen cyanide decompose isocyanides with great
rapidity. Again, the alkyl isocyanides, like the alkali cyanides, which
may be assumed to be iso compounds, dissolve silver cyanide, whilst

1 Proc. Chem. Soc., 1905, 21, 120.
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nitriles and hydrogen cyanide do not. When hydrogen cyanide is
heated it polymerises; but there is no evidence that it undergoes
isomeric change ; nitriles, on the other hand, yield isocyanides. The
polymeride obtained from hydrogen cyanide forms glycosine on
hydrolysis and is therefore aminomalonitrile, NH, CH(CN),, indicat-
ing thereby that the nitrile rather than the isocyanide has undergone
polymerisation.' There are a large number of chemical facts which
point in the same direction, such as the preparation of hydrogen
cyanide from formamide * and formoxime® by dehydration, a reaction
which corresponds to nitrile formation. Itsadditive compounds with
metallic chlorides* resemble those of the nitriles and its stability
towards ethylhypochlorite and chlorine is in marked contrast to the
alkyl isocyanides® (p.66). Its union with diazomethane to form
acetonitrile® has been discounted as a fact in favour of the nitrile
structure since the discovery that isocyanide is also formed.’

Many of the physical constants also indicate a nitrile structure ;
its refractivity,® its high dielectric constant and ionising power
correspond to those of the lower nitriles.” Michael and Hibbert ° take
the same view and regard the true hypothetical acid as having the
isocyanide structure, but from the absence of salt formation when
pure hydrogen cyanide is added to trialkylamines (though the
cyanides of these substances can be formed in other ways) they
conclude that the actual compound is formonitrile. It is true that
the primary and secondary amines do yield unstable salts, but it is
contended that the union is accompanied by isomeric change, a form
of argument which has an air of special pleading.

On the other hand Chattaway and Wadmore ' adopt the isocyanide
formula on account of the ease with which hydrogen is exchanged
for halogen in hydrogen cyanide and its salts.

. C:NH, C:NCl, C:NK

Cyanogen chloride has the characteristic properties of a nitrogen
chloride and consequently the isocyanide formula for hydrogen
cyanide explains most satisfactorily its whole chemical behaviour.

The weak character of the free acid compared with the effect of

1 Lescoour and Rigaut, Compt. rend., 1879, 89, 810.

2 Hofmann, Trans. Chem. Soc., 1868, 16, 74.

3 Dunstan and Bossi, Trans. Chem. Soc., 1898, 73, 860.

4 Klein, Annalen, 1850, 74, &6.

5 Nef, Annalen, 1895, 287, 274,

¢ von Pechmann, Ber., 1895, 28, 857.

7 Peratoner and Palazzo, 4tti R. Accad. Lincei, 1907, 16, 432.

8 Briihl, Zeit. physik. Chem., 1895, 18, b12.

* Schlundt, Zeit. physik. Chem., 1901, 5, 167.

' Annalen, 1909, 364, 64. 1 Trans. Chem. Soc., 1902, 81, 192,
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H,C : NOhg = C: NOhg + H,0 hg = H_;
g

Moreover, mercury fulminate when acted on by nitrous acid is
converted into methyl nitrolic acid, (NO,)HC : NOH. Sceing that both
nitromethane and methyl nitrolic acid contain only one carbon atom,
there is strong proof of the presence of a single carbon atom in
fulminic acid. The formaticn of methyl nitrolic acid from a ful-
minate and nitrous acid as well as of formylchloride oxime, by the
action on the sodium salt of the former with hydrochloric acid, and
the existence of an additive compound of hydrogen chloride and
silver fulminate, all point to the presence of bivalent carbon.

H H H
HON : HON : 0< AgON: C
NO, al el

Additive compounds with hydrogen sulphide and sulphate are also
known and are readily prepared.
H H

HON : HON : o<
SH 080,H

The structure of formylchloride oxime is further determined by its
decomposition, on standing, into hydroxylamine hydrochloride and
carbon monoxide, and by its conversion with aniline into phenyl
isouretin, the structure of which has been fully established.

H
HO. NHO
'NC,H,
It may also be added that silver nitrite converts formyl chloride
quantitatively into silver fulminate.

H
HON: c< +2AgNO, = AgON : C+ AgCl + 2HNO,
al

In addition to Nef’s synthesis, already mentioned, fulminic acid
has been obtained by Wieland® from methyl nitrolic acid and similar
compounds, the formation of which is easily accounted for in each
case by adopting Nef’s formula. Scholl ? found that in presence of
benzene and a mixture of anhydrous and hydrated aluminium chloride,
mercury fulminate may be converted into benzaldoxime. The reaction
is most simply explained in the following way. The hydrated alu-

1 Ahrens’ Vortrige, 1909, 14, 385.
$ Ber., 1899, 82, 83492 1903, 36, 10, 822, 648.
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minium chloride liberates hydrogen chloride from the fulminic acid
and unites with it to form formylchloride oxime, which then combines
with benzene.
H H
HON:0¢  +GCH, = HON:C< +HCI
et CoH,4
Finally, the molecular wéight of the sodium salt has been ascer-
tained by the cryoscopic method, whilst the molecular conductivity
shows that the acid is monobasic, and both point to the acid possessing
the unimolecular formula, C: NOH. All that remains is to briefly
indicate the formation of fulminic acid from alcohol, which probably
passes through the following series of changes:

CH,. CH,0H — CH,CHO — HON:CH . CHO — HON:CH. COOH
_ — HON:C(NO,). COOH — HON : CH(NO,) — HON:C

The acid then unites with mercury to form mercury fulminate.

Structure of Acetylene Compounds. Nef! found that if dibrom-
ethylene, C,H,Br,, is acted upon with aqueous-alcoholic soda it yields
a gas, bromacetylene, C,HBr. This substance is exceedingly reactive;
it combines vigorously with oxygen, phosphoresces, gives the ozone
reaction, smells like hydrogen cyanide, and is poisonous. The alkyl
and acyl derivatives of acetylene, on the other hand, have a sweet
smell and other properties in marked contrast to the above bromine
compound. Dibromacetylene, C,Br,, is obtained by the action of
alcoholic potash in the cold on tribromethylene. It smells like an
isocyanide, and is both very poisonous and spontaneously inflam-
mable. Moreover, it combines directly with sodium ethoxide and
phenoxidetoform dibromophenyl- and ethyl-vinyl ethers, C,Br,H.OR,
and with hydriodic acid to form dibromoiodethylene, C,HBr,I. The
fact that all three compounds give dibromacetic acid or its ester on
oxidation, taken in conjunction with the unstable character of dibrom-
acetylene, its poisonous properties and striking similarity in smell
to the isocyanides, led Nef to regard both mono- and dibromacetylene
as derivatives of acetylidene, CH,: C{, CHBr:C(, CBr,:C{. For
similar reasons, and also because diiodacetylene breaks up on oxida-
tion into tetraiodethylene and carbon monoxide, the former is
regarded as diiodacetylidene.

2CL,: C+ 0, = 2C0 + CI,: CI,

The metallic compounds are formulated in a similar fashion,
CaC:C{,Ag,C: C(, &c., and acetylene itself is represented as possessing
the acetylidene structure.

1 Annalen, 1897, 208, 382; 1899, 308, 325.
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of univalent atoms or groups; in other words, the saturation of one
unsaturated carbon atom necessitates that of the other, and moreover
the unsaturated carbon atoms invariably adjoin one another. There
is an obvious connection of a special kind between the two un-
saturated carbon atoms, for which the device of the double bond is
made to serve.

If ethylene and ethane differed merely in the number of hydrogen
atoms attached to the two carbon atoms, we should expect the heats
of combustion and formation and other physical constants to be
determined solely by the presence or absence of hydrogen ; but we
know that this is not the case. The physical constants for unsaturated
compounds are fully discussed in a subsequent chapter (Part II,
chap. i), but it may be stated here that the difference between
saturated and unsaturated carbon is clearly brought out in the
values for molecular solution-volume, refractivity, magnetic rotation,
and heat of combustion. For example, the heats of combustion of
ethane, ethylene, and hydrogen given by Thomsen are :

C,H, 870-44 mol.-grm.-cals.
C,H, 33336 ”
H, 68-36 ”
If the value for ethylene were that of ethane less two atoms of
hydrogen, it would be 870.44 — 68.86 = 302-08, whereas much more
heat is evolved. The conclusion is that unsaturated carbon atoms
are more easily severed than the saturated atoms, and less energy is
consequently absorbed in the process of cleavage.

Unsaturated carbon possesses therefore s higher energy content or
the carbon atoms are at a higher chemical potential than when
saturated. But evidence of a more convincing kind is derived from
stereochemical considerations.

Evidence of Stereochemistry. The principles of stereochemistry,
enunciated by van’t Hoff (Part II, chap. iii), are based upon the
relation subsisting between optical activity and the presence of
asymmetric carbon in saturated compounds, and again on well-
marked physical and chemical differences among the so-called
geometrical isomers of the olefine series. This theory rests upon
the assumption of a definite position and direction of the valency
attachments. But it offers something more than an explanation of
these forms of isomerism, important though they are.

We must be careful to recognize clearly that the method of indi-
cating unsaturation by a double bond is not taken to imply a firmer
connection between the unsaturated carbon atoms any more than an
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force of affinity, the theory of stereochemistry in its relation to stereo-
isomers and ring formation would have to be modified, if not relin-
quished.

The Theory of Free Valencies. The theory of free valencies,
which was at one time adopted by Fittig to explain the isomerism of
maleic and fumaric acid, has been recently revived by Hinrichsen,'
who considers that the nature of unsaturation of ethylene compounds
in no way differs from that of compounds containing bivalent carbon
(p. 65). They form additive compounds with the same class of
reagents and under similar conditions, and therefore, if substances
like carbon monoxide, the isocyanides, fulminic acid, and triphenyl-
methyl contain free valencies, there is no reason why ethylene should
be denied this attribute.

It is true that the non-existence of isomeric ethylenes and propy-
lenes is not very easily accounted for,

CH, —CH, CH,
| l
—cH, CH, —(le CH2
| |
—CH, )CH —CH, —CH2 éu
Ethylenes. Propylenes.

but the absence of the radical CH; Hinrichsen regards as no moro
remarkable than that of PH, or NH,. As the electrochemical
character of elements becomes more emphasized in their lower
valency combinations without having recourse to multiple linkages
(e.g. chlorine in HCI is more electronegative than in Cl0,), so the
electronegative character of unsaturated carbon is accentuated in
acetylene, in which hydrogen is replaceable by metals, and multiple
linkage may be equally dispensed with.

Stereoisomerism, which might present a difficulty, is explained by
adopting Knoevenagel’s view 2 of the constitution of carbon com-
pounds in which carbon and attached atoms or groups in saturated
compounds occupy the faces of the tetrahedron and not the points,
whilst in ethylene compounds the two tetrahedra are pivoted on an
edge and oscillate backwards and forwards, addition taking place on
opposite faces at the extreme of an oscillation on one side or the
other. In opposition to this view it is contended that if a compara-
tively stable compound like ethylene possesses free valencies, there is
no reason why, for example, an isomeric propylene CH2 CH,. CH
should not exist.

Now although the balance of evidence would appear to favour the

1 dnnalen, 1904, 336, 228. 3 Annalen, 1900, 311, 194,
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The inadequacy of the stereoisomeric explanation has been placed
in a very clear light by Thorpe and his collaborators. a-Alkylgluta-
conic acid may be taken as a typical case. It is converted on treatment
with acetyl chloride into an anhydride, which acts as a monobasic
acid. It forms well-crystallised alkali salts from which acids liberate
the original anhydride; it yields an acetyl derivative, and with
phosphorus chloride, hydroxyl is replaced by chlorine.

‘When hydrolysed with strong potassium hydroxide solution or by
dilute alkali carbonate in presence of casein! the anhydride passes
into the salt of the labile acid, whieh is rapidly converted by boiling
with hydrochloric acid into the stable acid.

The process of formation and acid properties of the anhydride
point unmistakably to one of the following formulae:

CR—CO CR: C(OH)
S o

HC 0
<CH:C(O?{) \CH

that is, the free hydrogen atom of the three-carbon system passes to
the oxygen, forming a hydroxyl group. Of the two, the first formula
is preferred owing to the absence of pyruvic acid among the products
of oxidation, which the second might be expected to yield. Now in
the conversion of the alkali salt of the hydroxy-anhydride into the
salt of the labile acid and the latter into the stable acid, the follow-
ing changes will, according to Thorpe, occur :

CR—CO CR.COOH —CR . COOH
HC< - HC< - Hel

CH: C(OH) CH,. COOH \CH . COOH
Hydroxy-anhydride. Labile acid. Stable acid.

The different alkylglutaconic acids examined appear to behave
much in the same way, and differ mainly in the stability of the
hydroxy-anhydride and the labile forms of the acids which are
greatly influenced by the position of the alkyl group. Glutaconic
acid itself, though it gives a hydroxy-anhydride, forms no labile
isomer. But what evidence is there for the existence of two
structural rather than of two geometrical isomers ?

The evidence is briefly as follows:% glutaconic ester and its alkyl
derivatives containing a mobile hydrogen atom, when treated with
sodium ethoxide, give yellow sodium ethoxide compounds. When

1 Casein in small quantity acts as an ‘anticatalyst’. After treatment with
dilute alkali the acid is converted into the silver salt from which H,S liberates
the labile acid. With strong potash the dipotassium salt of the labile acid is
formed.

2 Thorpa and Bland, Trans. Chem. Soc., 1912, 101, 871,
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Bland® on aconitic acid has revealed the existence of stable and labile
forms of this acid, which the authors represent by the following
formulae:

—<|3H .CO,H CH.CO,H
|
('3H .COH C.CO,H
|
—CH.CO,H ~ CH,.CO,H
Stable. Labile,

Aconitic acid.

In this case the labile acid is a comparatively stable substance,
which differs from the normal acid in its melting-point and in its
behaviour with acetyl chloride. Whereas pure acetyl chloride free
from phosphorus chloride gives no anhydride with the ordinary acid,
the labile modification is converted by both the pure and impure
reagent. No attempt, it seems, has been made to determine the
nature of the bromine addition products.

Werner’s Theory of Unsaturation. This theory, which is dis-
cussed on p. 90 in connection with Werner’s theory of valency, repre-
sents the force of affinity as emanating from the centre of a spherical
atom and distributing itself evenly over the surface. The distribu-
tion may, however, change according to the nature of the attached
atoms. In methane, where the atoms linked to the central carbon
atom are the same, the amount of valency is evenly distributed
among the four hydrogen atoms. In the case of a substance such as
ethylene, the attached carbon atoms command a certain larger share
of affinity. This larger share of affinity would appear at first
sight to have the effect of binding the unsaturated carbon atoms
more firmly than the smaller amount demanded by the saturated
atoms. The explanation of this apparent paradox is given on
p. 86. The phenomenon of geometrical isomerism as explained by
Werner’s theory has been discussed at length in Part IT, p. 258.
There only remains the application of the theory to ring structures,
and it must be confessed that this is its weakest point. Werner’s
theory affords no satisfactory explanation of the peculiar stability of
five- and six-atom rings; on the contrary, the very reverse effect
would be anticipated, that is to say, the carbon atoms when most
closely in contact, and whose affinities would therefore be most
completely neutralised, should offer the greatest stability, and this
would necessarily exist in the smaller and not the larger ring
formations.

! Trans. Chem. Soc.. 1912, 101. 1490,
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CH,, for in the former the heavier group, like the heavier halogen,
appropriates more valency. If all the four atoms attached to carbon
are similar, as in methane, they will monopolize an equal amount of
surface-attraction and arrange themselves in the form of a regular
tetrahedron. If some of the atoms are different the distribution of
affinity will be irregular, and if all four are different an asymmetrical
tetrahedral grouping will result.

Werner applies his theory to the union of two carbon atoms in
the following manner. The full force of affinity will only be exerted
at the points of contact of the two carbon atoms, and at every other
point on the hemispheres the strength of affinity will be the resultant
of the force emanating from the centre and parallel to the line
joining the centres of the two spheres. In Fig. 2 the force of affinity
at the point where the dotted line meets the circumference of the

Fre. 2.

sphere may be resolved into the two forces a and b, of which only «
will be active in binding the two carbon atoms.

The force gradually falls away as the distance between the surfaces
increases, thus leaving an amount of free affinity which has been
estimated at less than one-half and more than one-third of the total
affinity required for binding the other atoms.

The case of unsaturated carbon has already been dealt with (pp. 59,
65), and in this case the amount of free affinity is calculated as nearly
equivalent to that which is bound. By a similar disposition of two
spheres Werner represents trebly-linked carbon in the acetylene
series ; but as only one other atom is attached to each sphere the
amount of affinity left for binding the two carbon atoms is greater
than that used for either a singly- or doubly-linked system. It thus
appears as if more affinity were employed in joining unsaturated
carbon atoms than those in which there is a single linkage. To
explain this apparent paradox Werner draws a distinction between
stability and reactivity. This reactivity is determined by the amount
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CH,.NH,
(lzoo. Cu

in which the copper forms an inner complex salt by means of its
auxiliary valency so that in solution it does not undergo ionisation,
whereas the same metal attached by a principal valency (as in copper
acetate) is electrolytically dissociated. According to the electronic
theory the atoms bound by principal valencies are characterized
by the mobility of their electrons, a feature which is absent in those
radicals which are attached by auxiliary valencies. Werner does not,
however, regard the two characteristics of principal valency attach-
ment and electrochemical behaviour as necessarily interwoven, but
only in so far correlated that the saturation of the affinity simul-
taneously loosens the electron from the positive atom and so allows
it to transfer itself to the negative component of the salt. But the
saturation of a principal valency is not always sufficient to produce
this effect, and in many cases the saturation of auxiliary valencies is
required.

The element of a group which is separated by ionisation from the
rest of the molecule is usually denoted by placing it outside a bracket.

Valency Isomerism. The distinction between principal and
auxiliary valencies has been made the basis of a theory of valency
isomerism, of which the following may serve as an illustration. Two
isomeric methyl sulphites have long been known, both of which are
principal valency compounds :

OCH CH
o ° o,s< ?
OCH, OCH,
Recently E. Briner has obtained an isomeric compound in which the
two parts of the compound are represented as linked by auxiliary

valencies.
CH,
0,8 o<
CH,

Without discussing at greater length Werner’s views, which are
mainly concerned with the constitution of inorganic compounds, we
will conclude by referring briefly to the more ‘successful application
of his theory having reference to the structure of the metalammine
compounds. The metal in these compounds is represented as
directly linked to four or more, commonly to six. atoms or groups
(NH,, NO,, H,0, Cl, &c.). This number is called the co-ordinate
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number, and is a fundamental property of the atom. The elements
or groups which are directly attached to it, either by principal or
auxiliary valencies, occupy what has been termed the first zome and
do not undergo ionisation.

al NO,
on | NH, No. | ,NH,
Ptf\ 0,
o’ | NH, No, | NH,
al NO,

AH those compounds in which the maximum co-ordinate number
is reached are called co-ordinately saturated. In most cases the
co-ordinate number is 6, but in some cases, as, for example, that of
carbon, the co-ordinate number is equal to the number of principal
valencies, namely 4, and this is true of the other elements in the
same periodic group. The neighbouring more positive element
boron and more negative nitrogen, with three principal valencies,

have also & maximum co-ordinate number, 4, and forin eompounds
HF...BF; and XH...NH,.

At an early stage in the investigation of these compounds it was
discovered that substances of the above formulae, as well as many
others with dissimilar radicals, existed in isomeric forms. In order
to explain this kind of isomerism Werner had recourse to a space
formula in which the metal occupied the centre of an octahedron
and the atoms or groups the six solid angles. "By this device, that
is, by a different space distribution of the six groups, isomerism can
be readily explained.

Four of the groups will lie in one plane and the others in a plane
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at right angles. The isomerism of the two platinum compounds will
appear as follows:

3 cl
c cl ct NHj
cl cl (25 cl
NH; NH,

In addition to this first zone of non-ionisable groups, there exists a
second or ionisable zone. For example, the following series of cobalt-
ammines are known,in which X stands foran acid radical (C1,NO,,&e.).

CoX;+8NH,  CoX,+4NH,  CoX,+5NH,  CoX,+6NH,

In the second, third, and fourth compounds of this series the sub-
stances are ionised, and it has been shown that the number of ionisable
acid radicals is respectively one, two, and three. This is indicated
by placing the latter in a second zone outside the bracket, thus:

X, X, X
[Co ] [Co ] X [Co ]X2 [Co( NH3)0:I X;
(NHy), (NHy), (NH,),

The outer zone is not restricted to radicals ; for with an accumulation
of acid radicals in the inner zone, the outer zone may be occupied by
metallic atoms, forming ionisable salts. Examples of this type are
potassium chloroplatinate, potassium cobaltinitrite, and potassium
ferro- and ferricyanides.

[PtCl, K, [Co(NO,)s K, [Fe(CN), K, [Fe(CN)]K,
Potassium Potassium Potassium Potassium
chloroplatinate. cobaltinitrite. ferrocyanide. ferricyanide.

A remarkable discovery of isomerism among this class of sub-
stances has recently been made by Werner,! who has succeeded in
resolving asymmetric compounds into their optically active com-
ponents. Werner found at an early stage in his researches that

! Ber., 1911, 44, 1887, 2445, 8182, 8273,
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The reactivity of both kinds of atoms will be due to the ease with
which they attract or repel electrons.

An atom, such as carbon, which combines with both electropositive
and negative elements, is assumed to possess four electrons, with
which it is able to bind four equivalent electronegative atoms; but
as the lines of force of the electrons occupy a restricted area on the
atom, the lines of force of four electropositive atoms may fall on
intermediate positively charged areas. It is not, however, clear
why the two kinds of valency should not function at the same time,
a condition which, at least in the case of carbon, is unknown. In
addition to the property of causing combination, Stark, like Thomson,
holds that the valency electrons are probably responsible for
ionisation and the phenomenon of light absorption and other optlcal
properties (see Part 11, p. 70).

Thus the form of the positive sphere, the number and position
of the electrons, and the distribution of the lines of force determine
the character of the atom, that is, its affinity, valency, &e. It is by
the lines of force emanating from the valency electrons that affinity
is manifested and atoms are bound together in a molecule.

In unsaturated compounds it is assumed that there is a certain
amount of residual affinity, that is, valency electrons whose lines
of force are turned back and end on the positive spheres of the
unsaturated atoms. Addition produces a fusion of the lines of force
of the unsaturated atoms with those of the added atoms and conse-
quent degradation of energy of the system. The unlocking or
opening of these lines of force may be produced by adding energy
to the system in various forms, heat, light, or the action of the
solvent, &c.! This change in the energy content affecting the
electrons in the molecule is manifested by the absorption of light
or by the associated phenomena of fluorescence, phosphorescence,
or photochemical action, referred to in Part IL, p. 130 ef seg.

Theory of Abegg and Bodliinder.®? A brief reference has already
been made to this theory and the meaning which is attached to the
term normal and contra-valencies (p. 58). The normal valencies are
the stronger and are electropositive for metals and electronegative
for non-metals. Their strength is affected by combination, which
falls off as saturation proceeds. The activity of the contravalencies
increases with increase in the negative character of the element and

1 Baly, Zeit. f. Elektrockemie, 1911, 17, 211 : Trans. Chem. Soc., 1912, 101, 1469,
1475.
3 Zeit. anorg. Chem., 1899, 20, 458 ; 1904, 89, 830.
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radicals do not form two zones as Werner supposes, but are all
directly attached to the metallic atom by virtue of their positive
and negative affinities, with which each atom is provided. For
example, the platinum atom is capable of combining with six positive
affinities and four negative affinities. By its positive affinities it can
attach the negative affinities of four atoms of chlorine, and by its
negative affinities it can attach the positive affinities of six molecules
of ammonia. Ammonia has only one available positive affinity, since
its other positive and negative affinities are saturated by the positive
and negative affinities of hydrogen.

HZ2N-—»

=g -

Chlorine has one positive and one negative affinity. The three
compounds (Pt 4NH;CL,)Cl,, (Pt 8NH Cl,)Cl, and (Pt 2NH,Cl;) may
be represented by the following formulae, in which the free affinities
are indicated by dotted arrows and the combined positive and negative
by arrows pointing in reverse directions,

Nfs N1, NH,
«-Cle " . P l l
NH,— o, €1 "3 py =€ Ol p, 20l
M- =a e : =a c= 1 =al
NU NH, NH,
I II. III.

The chlorine atoms with free affinities are those which undergo
ionisation. Thus, in I two atoms of chlorine and in II one atom of
chlorine are ionised, whereas III is electrically neutral. The same
idea has been applied to formulating K,PtClg,

Cl «— K <

ClZPtZCl
Cl= =0ql
Cl «— K «—

in which the two metal atoms attached to the free affinities of the
two chlorine atoms undergo ionisation. Briggs has alse applied
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Abegg’s solution equilibria, referred to above, in order to show that
there will be less tendency on the part of the chlorine atoms towards
ionisation by reason of the residual affinity of the water molecules
when attached by two kinds of affinity than by one.

This theory has undergone a further development in the following
way: It has been stated (p. 99) that J. J. Thomson recognizes two
types of chemical combination producing ionic and non-ionic mole-
cules. Bray and Branch'® and G. N. Lewis 2 draw a similar distine-
tion between polar and non-polar compounds. In the polar compounds
(Thomson’s ionic molecules) a transfer of electrons from one atom to
another has taken place. In the non-polar compounds electrons have
not been transferred, and the atoms are held together by equal and
opposite tubes of force passing from the electrons in one atom to the
positive nucleus of the other. Moreover, all gradations between a
completely polar and a completely non-polar molecule are to be
expected. In addition to the dual affinity of the atoms as exhibited
by a tendency to both gain and lose electrons, Briggs distinguishes
between primary and secondary affinity, the latter, which is opposite
in sign to the former, only coming into action when the primary
affinity has been saturated. In the strong electrolytes (polar com-
pounds), such as potassium chloride, the atoms are united by primary
affinity only, the secondary affinity (dotted arrow) being unsaturated,
as represented by the formula : '

ws» K — Cl >

In the non-electrolytes (non-polar compounds), such as methane,
the atoms are united by both primary and secondary affinity.

H

W
|

Hs= Cs5H

—

C
H
Methane.

Now, copper is incapable of direct combination with ammonia
molecules to give compounds of the type Cu,2NH; Cuprous
chloride, however, can combine with a maximum of three molecules
of ammonia to give (Cu,3NH,)CL® and cupric chloride with six
molecules of ammonia (Cu, 6NH)Cl,, That is to say, the ammonia
molecules are united to the copper by the saturation of the free
1 J. Amer. Chem. Soc, 1918, 85, 1443,

2 J. Amer. Chem. Soc., 1918, 85, 1448,
8 Lloyd, J. Phys. Chem., 1908, 13, 898.
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oxygen the peroxides, peracids, and ozonides readily and sometimes
explosively break up and lose oxygen.

We may then ask: is this tendency to polymerise which is
exhibited by free carbon in carbon chains effected by means of the
opposite electrical polarities of the individual atoms? If so, the end
atoms of a chain, like the top