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-Focusing on the Elements-

Compounds Composed of Two Elements (2)

Kentaro Sato

Carbon atoms can assemble into various types of stable
molecular skeletons, while they are also capable of forming
strong bonds with many other elements. Because of these
properties, the combination of carbon and just one other
element can create an extremely diverse chemical space. In
the previous article we focused on halocarbons, so this time
let us take a glance of compounds composed of carbon and
metallic elements, and carbon and oxygen.

Carbon and Metallic Elements

You can imagine all sorts of compounds based on the
combination of carbon and a metallic element. In terms of
substances consisting of only the two elements, metal alloys
like steel can be included in the same category.

A famous compound made of a metal and carbon is
calcium carbide (CaC;). It exists as a relatively stable
solid, and since it reacts with water to produce acetylene,
it has long been used as a fuel source. Other metals such as
sodium and copper form similar acetylides and compounds
like LisCs and Mg,Cs, which are called sesquicarbides, are
also known.

There are almost completely unrelated types of
compounds too. For example, there are compounds called
intercalation compounds, in which metal ions are inserted
into the space between the stacked layers of graphite. KCsg,
a typical example, contains potassium ions between the
sheets of graphite and is produced by treating graphite with
potassium vapor at a very high temperature. The strongly
reducing property of KCys is often used for purposes such as
the formation of multiple bonds between heavy elements.

Graphite intercalation compounds containing alkali
and alkaline earth metals other than potassium are known.

Some of them show superconductivity as exemplified
by CaCg, which is drawing an attention for becoming a
superconductor at a relatively high transition temperature of
11.5K.

When it comes to superconductivity, however, fullerenes
“doped” with metallic elements such as potassium
are probably more well-known. In 1991, a compound
with the composition K3Cgy was discovered to exhibit
superconductivity at a remarkably high temperature of
33 K and received a considerable attention as a case
demonstrating special possibilities of fullerenes. At present,
the fullerene doped with cesium (Cs3Cgp) under pressurized
conditions holds the record for the highest transition
temperature for molecular superconductors (38 K).

An image of fullerene K;Cg) doped with potassium.



Compounds Composed of Carbon and Oxygen

In organic compounds, oxygen is the second most
important partner of carbon only behind hydrogen. Then,
from just carbon and oxygen, how many oxocarbon
compounds do you think exist or can be synthesized? The
first ones that come to your mind are probably simple oxides
such as carbon monoxide and carbon dioxide.

Besides CO and CO,, carbon trioxide and carbon
tetroxide are actually known. But of course, these are
very unstable species that were only detected as transient
intermediates during the reaction of CO, and O, under
electric discharge conditions.

Carbon trioxide (left, one of possible structures)
and carbon tetroxide (right).

A compound called carbon suboxide (or tricarbon
dioxide) is also known. This atypical compound has a
structure of O=C=C=C=0 in which the five atoms are
straightly aligned, and it can be considered as a dehydrated
form of malonic acid. It is a gas with a noxious odor that
polymerizes easily by external stimuli such as light.

An even longer oxocarbon compound, tetracarbon
dioxide (O=C=C=C=C=0), was synthesized by Maier
in 1990, and this one is also known to be very unstable.
Pentacarbon dioxide (O=C=C=C=C=C=0) was also
synthesized by Maier in 1988. Interestingly, though it is
prone to polymerization when isolated, it is stable enough to
be stored at room temperature as a solution.

A shorter sibling of this family, ethylenedione
(O=C=C=0), has never been synthesized or even detected
to this day. It is probably one of the simplest yet untouched
organic compounds. These oxocarbons have very simple
structures consisting of only carbon and oxygen atoms
connected linearly, but as is often the case, predicting their
physical properties is not as simple.
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Cyclic compounds consisting of (CO), units are another
simple but interesting oxocarbons. Compounds with n=3 to
6 have been known, but they decompose easily to carbon
monoxide and have been detected only minutely by mass
spectrometry.

Among these, cyclohexanehexone (n=6) is also known
as triquinoyl and commercially available as a reagent. But it
is isolated in hydrated forms, so its actual shape is more like
dodecahydroxycyclohexane.

Cyclohexanehexone (triquinoyl)

In addition to the compounds mentioned thus far, you
could come up with many more structural possibilities on
paper. However, most of them would be either synthetically
inaccessible or too unstable to exist for a meaningful period
of time. For instance, the group of compounds shown below
has never been synthesized. Even if they were synthesized,
it is easy to imagine that they would fall apart quickly into
carbon monoxide or carbon dioxide.
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There are compounds that have been synthesized but
were either extremely short-lived or only detected to exist
analytically (e.g. by NMR). Shown below are the examples
of those.
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An example of stable oxocarbon compounds is
mellitic anhydride, which is a triply dehydrated form of
benzenehexacarboxylic acid (mellitic acid) having the
molecular formula of C;,09. This is actually a historically
venerable compound, with its discovery dating back to 1830
and the discoverers being Justus von Liebig and Friedrich
Wohler, who were two of the founding fathers of organic
chemistry. Rather unexpectedly, it was isolated from a
mineral ore called mellite. Mellite is a rare rock whose
major constituent turns out to be the aluminum salt of
mellitic acid, so it makes sense that the rock was the source
of this oxocarbon compound.

Mellitic anhydride

Oxides of Nanocarbons

The chemistry of oxocarbons became more and
more diverse after 1990’s with the advent of the age of
nanocarbons. The oxides of these new carbon allotropes
began to appear in journals one after another.

Fullerene Cg, for example, can be epoxidized to CgO
using appropriate oxidizing agents, and this epoxide is
an important intermediate to synthesize various fullerene
derivatives. Depending on the oxidation conditions, the
polyepoxides such as CgyO, and C4O3 are also produced,
and the isomers of C70O are known as well. Moreover,
other interesting fullerene oxides, such as Cjyp in which
two buckyballs are linked by an oxolane ring, have been
synthesized.

In 2012, the bis-lactone derivative of fullerene CgyO4
with a “cage-opened” shape was synthesized. Additionally,
further derivatives have been detected by mass spectroscopy
including the oxafullerene Cs3O,, which corresponds to
C6004 minus two molecules of carbon monoxide. Oxocarbon
compounds derived from fullerene are likely to continue to
expand.

Fullerene bis-lactone C49Oj4 (top) and oxafullerene CsgO; (bottom).



One of the materials that have attracted an attention
recently is graphene oxide. It can be obtained by oxidizing
graphite with potassium permanganate or similar reagents.
Surprisingly, it was discovered half a century before
graphene itself.

Because graphene oxide is thought to contain oxygen
atoms not only as epoxides but also as aldehydes and
carboxylic acids, it is not precisely a compound composed
of only carbon and oxygen. Nevertheless, it has an
interesting property that its electric conductivity can be
tuned by changing the degree of oxidation, which has led to
a growing expectation that it could be a great material for
things like electrodes.

As we have gone over, the breadth of compounds
made of only carbon and oxygen atoms can be impressive

indeed. In my next column, let us move on to the realm of
compounds based on carbon and nitrogen.
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