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OPTIMISING CARBON-
HYDROGEN BOND
ACTIVATION FOR EFFICIENT
ORGANIC SYNTHESIS

Choosing which drug molecule to build is only one part of
pharmaceutical research; medicinal chemists also need to know
how to synthesise drug molecules in an efficient and cost-effective
manner. Dr Oscar Verho and his team at Uppsala University in
Sweden have made significant progress in this area and are aiming
to reduce the time and resources needed to make drug compounds.
The team is researching methods to ‘activate’ the carbon-hydrogen
bonds that are commonly found in organic molecules to ultimately

shorten the synthetic route to the required compound.

Building Drug Compounds in Fewer
Steps

The synthesis of drug compounds
almost always involves multiple steps,
and therefore requires a lot of thought.
The synthetic procedures for these
chemicals must be economically viable
and resultin minimal chemical waste.

Each intermediate step of a synthetic
pathway involves the incorporation of
atoms at a specific site of the molecule.
This iterative process continues until the
final product is built. At the end of each
step, the reaction mixture is usually
purified, requiring solvents and other
chemicals, before being analysed to
confirm its structure and purity. Overall,
the synthetic process can be long and
complex.

Nearly all organic compounds contain
both carbon and hydrogen atoms,
often bound to one another in carbon-
hydrogen bonds. In many synthetic
methods, chemists prefer to directly
swap a hydrogen atom in an organic
compound for another atom or group
of atoms. Unfortunately, this is not easy

to achieve because carbon-hydrogen
bonds are quite unreactive, and so are
difficult to break. Furthermore, many
molecules are made up of several
carbon-hydrogen bonds, which means
that a synthetic procedure must also be
selective for a specific carbon-hydrogen
bond.

For the past two decades or so,
chemists have developed efficient
methods that exchange hydrogen for
the desired atom or group of atomsin a
few steps. Dr Oscar Verho and his team
from Uppsala University in Sweden are
part of a community of chemists who
develop methods that aim to substitute
hydrogen atoms more directly from
carbon-hydrogen bonds.

Carbon-hydrogen bonds, hereinafter
referred to as ‘C-H bonds’, are difficult
to break. Dr Verho'’s research attempts
to resolve the unreactive nature of the
C-H bond by temporarily changing the
chemical structure of the molecule by
introducing a chemical group near the
bond.
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‘Introducing this so-called “directing
group” works as a guide for a catalyst,
pointing it to a specific C-H bond,
explains Dr Verho. The catalyst can then
break the C-H bond, in a step known

as ‘activation’, allowing the chemist

to replace the hydrogen atom with
another atom or group. ‘However, as
the directing group itself has no value in
the product, it often must be removed
afterwards, which constitutes another
important chemical step for which new
synthetic methods are needed, Dr Verho
adds.




Detaching the Directing Group

Central to Dr Verho's work presented
here is an organic compound known

as ‘8-aminoquinoline’, abbreviated as
AQ, which is composed of a ring-like
structure of carbon, hydrogen and
nitrogen atoms. The team’s plan is to
incorporate AQ as a directing group,
use it to mediate the substitution of the
hydrogen atom of the C-H bond, and
then remove it.

Itis already known that AQ can
facilitate the activation of C-H bonds
and greatly simplify the processes

through which organic compounds

are built, particularly drug molecules.
Techniques to remove the AQ group
from the molecule, once the hydrogen
atom has been replaced, have also
been developed, but these methods are
often harsh and can sometimes lead

to the precious molecules breaking
down. Before developing new AQ-based
methods for the C-H bond activation of
unexplored drug-like compounds, Dr
Verho and his group first looked at the
latter stages of the overall pathway, that
is, the removal of AQ.

An arrangement of bonded atoms
known as the ‘amide’ group is
commonly found in many drug
molecules. Both amide and AQ groups
contain nitrogen. As such, AQ can
connect to the amide group through

its nitrogen atom. Substituting the
nitrogen-containing AQ group with a
different nitrogen-containing group

(for example, an amine compound)
breaks the link between AQ and the
amide, freeing AQ from the molecule
and forming a new amide bond with the
incoming nitrogen-containing group.
Gratifyingly, Dr Verho’s team showed
how AQ could be substituted and
removed under mild reaction conditions
to form many new types of amide
compounds that are useful in medicinal
chemistry.

Overall, the team’s work produced some
very encouraging results, demonstrating
that AQ can be removed from a wide
range of compounds that had been
subjected to C-H activation.
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AQ as a Viable Director

DrVerho'’s research team continued
their pursuit of simpler and more
efficient synthetic methods by using
AQ to assist in the activation of the C-H
bonds in compounds derived from a
class of chemicals known as ‘terpenes’.
Terpenes are readily-available and
inexpensive organic compounds
derived from turpentine which can be
sourced from wood pulping processes.
To chemists, terpenes are considered
anatural source of ready-made,
structurally diverse organic compounds
that contain atoms arranged in
interesting ring shapes. Terpenes are
useful in the pharmaceutical industry,
and in the production of fragrances and
polymers, among other compounds.

Using a terpene named verbenone, the
Verho group could produce a molecule
containing a ring of four carbon atoms,
called ‘cyclobutane’. Each carbon atom
in a cyclobutane ring is usually bonded
to at least one hydrogen atom. However,
many sought-after compounds are
composed of a cyclobutane ring
bonded not to hydrogen, but to other




atoms. Synthesising such compounds
is unfortunately quite challenging,

as it requires complex reactions
involving C-H activation to be carried
out. DrVerho’s team was particularly
interested in the potential for AQ to
help in the activation of the C-H bonds
of cyclobutane, enabling them to
substitute the hydrogen atoms for other
groups under mild conditions.

Dr Verho and his group started with
the major components of turpentine
and followed a five-step process to
produce a compound containing

both a cyclobutane ring and an AQ
group. With this compound in hand,
the team attempted to substitute

a hydrogen atom bonded to the
cyclobutane ring with other ring-
containing organic groups. Much to
their delight, the researchers found
that they could activate a specific C-H
bond in cyclobutane using a palladium
catalyst with the aid of AQ, allowing for
a range of ring-containing groups to be
introduced in the place of the hydrogen
atom.

The products obtained by the team
also exhibited another noteworthy
property — that of ‘stereoselectivity’.
If two or more products have the
same number and types of atoms and
bonds, but these atoms and bonds are
arranged in different ways, then the

molecules are distinct, and can have
different properties. These different
variations of a molecule are known as
‘stereoisomers’.

What is impressive about Dr Verho’s
findings is that their synthetic method
resulted in the production of one
specific stereoisomer. The preferential
production of one sterecisomer over
the otheris commonplace in nature,
but is quite difficult to control in the
laboratory. Indeed, there are lots of
examples of pharmaceuticals where
only one stereoisomer will lead to a
required medicinal response.

‘In this project, we made use of

ozone to activate the AQ so it could

be removed under mild conditions
using dimethylsulfide and ammonium
hydroxide, says Dr Verho. In this way,
his team was also able remove AQ

in a series of steps at temperatures

no higher than room temperature,
converting and recovering 65% of the
maximum possible amount of product.

One-pot Reactions

Another commonly occurring organic
structure found in pharmaceuticals is
‘benzofuran’, a ring structure of carbon,
hydrogen and a single oxygen atom.
Following the success of their work
with AQ-assisted activation of C-H

-

bonds in cyclobutane, Dr Verho and
his team investigated the application
of AQ towards C-H bond activation in
benzofurans.

DrVerho's team proceeded to bond AQ
to a benzofuran-containing compound
through an amide group. The newly
incorporated AQ group can guide a
palladium catalyst to activate the C-H
bonds of benzofuran for subsequent
hydrogen substitution. ‘Similar
reactions to introduce ring-containing
groups like in the case of cyclobutane
could be done for benzofuran as well,
says DrVerho. ‘This showcases the
generality and power of the 8-AQ C-H
activation approach, as it can be carried
outin high efficiency on many, vastly
different organic compounds. The
amide link between the benzofuran and
the AQ also provided the team with an
easy way to remove the AQ.

The removal of AQ and the formation

of the final AQ-free product requires
two stages. Instead of carrying out each
stage independently, Dr Verho's team
performed both stages in the same
reaction vessel, as a so-called ‘one-pot’
procedure. Essentially, the starting
compounds for the first stage are mixed
together, and after a certain time has
passed, those for the second stage are
added. The team found that the one-pot
process could be completed in less than
11 hours and resulted is yields of over
60% after both stages. This approach

L

saves time and minimises waste.

DrVerho and his team have made
considerable advances concerning the
activation of C-H bonds, and developed
strategies where the directing group,
AQ, can be readily attached and

detached when required. Their one-
pot synthesis also makes AQ removal
simpler to execute, and provides
access to a range of interesting amide
compounds. Evidently, their work will
benefit all sorts of chemical industries,
particularly pharmaceuticals, allowing
for the efficient production of drug
intermediates.
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