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Enantioselective Synthesis of Ammonium Cations

Nature 2021, 597, 70-76

Recently the group of Dr. Matthew Kitching at Durham Uni-
versity (UK) reported in Nature a fascinating and ground-
breaking achievement: the enantioselective synthesis of
elusive stereogenic ammonium cations. “Chirality has always
fascinated synthetic chemists. Given that the biological world
is one rich in sources of chiral information, the importance
of enriched stereocentres on the activity and selectivity of
organic molecules has been of longstanding interest to the
organic chemistry community,” said Dr Kitching. “To date, the
attention of the synthetic community has been focused on the
enrichment of carbon stereocentres, with successful strategies
for their construction being realised by many generations of
synthetic chemists. However, the construction of stereochem-
ical information at heteroatomic centres has received less
attention. Whilst phosphorus and sulphur have seen solutions
to controlling the stereochemistry of these centres, nitrogen
heteroatoms have been avoided due to this atom'’s reputation
for stereochemical lability.” Dr. Kitching commented further:
“As most undergraduate chemists learn, nitrogen is difficult
to isolate in an enriched form due to this centre’s tendency
to undergo rapid inversion enabled by quantum tunnelling.
We wondered whether we could use this rapid inversion as a
way to access ammonium cations in an enriched form through
supramolecular recognition.”

According to the authors of this research, nitrogen stereo-
centres can be set in the context of other stereochemical in-
formation, such as in the tropane alkaloids, but preparation of
the nitrogen epimer is cumbersome and examining the effect
of inversion of the ammonium cation’s stereochemistry is dif-
ficult to untangle from the rest of the stereochemical frame-
work of these chiral systems. Dr. Kitching said: “We were
genuinely surprised by the lack of processes capable of setting
this common heteroatom - the oldest known heteroatomic
stereocentre - a problem we thought would be interesting to
explore.”

Dr. Kitching went on to explain how co-author Mark
Walsh’s PhD project, which was aimed at exploring how the
stereochemistry of nitrogen centres could affect chemical
transformations, was central for this work. “It was during this
work we realised that there really weren’t any good ways to
prepare these stereocentres in a synthetically useful way,”
explained Dr. Kitching. He continued: “All previous methods
relied on resolution which made accessing material to study
the stereochemistry of these transformations exceedingly
laborious and we realised that this problem - synthesising
an enriched nitrogen stereocentre - would have to be solved
before any meaningful progress could be made in examining
the importance of nitrogen stereochemistry.”
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Scheme 1 Reaction conditions and selectivity rules for the enantioselective synthesis of ammonium cations
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Dr. Kitching recalls that this was not an easy undertaking
and it wasn’t until the second year of Mark’s PhD that the first
results of recognition of a chiral ammonium cation by BINOL
were obtained (Scheme 1). “Taking this initial result to a
dynamic asymmetric synthesis would take a further two years
of study, finally being unambiguously proven in May 2019,”
explained Dr. Kitching. He went on: “Delaying the communi-
cation of the recognition process, to allow the development of
the dynamic asymmetric synthesis, was difficult as this would
be the first publication from the group, and we felt significant
pressure to communicate results early — but we knew that if
we could achieve a dynamic process it would be well received
by the community.”

Dr. Mark Walsh commented: “The initial hit for the recog-
nition experiments came from trying to replicate Eiji Tayama’s
work (Tetrahedron: Asymmetry 2009, 20, 2600 and references
therein). In his work, recognition of an ammonium cation by
BINOL could be achieved through supramolecular recognition.
[ tried Tayama’s prep on the ammonium cations | was inves-
tigating and found a ternary complex was formed, precipita-
ting from chloroform. Later, after a more thorough reading
of Tayama’s manuscript and its footnotes, I realised this was
quite unexpected as Tayama’s approach relied on recognition
through a hydroxyl group present within the cation’s struc-
ture.”

Dr. Walsh further commented that many of the experi-
ments were fairly laborious to conduct, although they gave
important information. He said: “Manually recording optical
rotation through polarimetry over an eight-hour period at
two-minute intervals was maddening, but necessary.”

Dr. Kitching praised Dr. Walsh’s dedication: “It was, on oc-
casion, difficult to ask Mark to perform some of the experi-
ments that would be required from reviewers, but he always
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went into the lab ready to put on new reactions that would
give us the information we’d need to develop the process
further.”

The authors explained that one of the most difficult parts
of this work was determining the enantiomeric excess of the
ammonium cations they’d isolated. Despite extensive HPLC
screening, no column/solvent combinations allowed sepa-
ration of the ammonium cation enantiomers. Dr. Walsh re-
vealed: “After about six months of screening various proces-
ses we found an NMR chiral shift reagent that was capable of
revealing the enantiomeric enrichment (Scheme 2). This was
all made much harder without authentic enriched samples to
interrogate.”

Dr. Kitching also paid tribute to the crystallography unit at
Durham University: “This excellent service, led by Dmitry S.
Yufit, was fundamental to this project. We're incredibly lucky
to have such a capable crystallography unit in the department
to train PhD students like Mark and provide the unambiguous
confirmation of the assignment of the stereocentres we've set
(Figure 1). We’d be lost without him!”

Dr. Kitching also revealed some unforeseen results found
during the work: “The enrichment of the ammonium cations
over time was totally unexpected. It required a bit of work to
prove that there wasn’t some form of autocatalysis happening,
but ultimately we're pretty sure that this gives evidence that
there’s a reversible process that leads to an enrichment of the
cation by preferential complexation to BINOL.” He continued:
“Another unexpected result was a tentative rule that allows
the prediction of the sense of enrichment of an ammonium
cation using our process. These sorts of empirical rules are
often viewed with some uncertainty by the synthetic com-
munity. However, they seem to hold ... for now!” Dr. Kitching
revealed some further work being undertaken by his group:
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Scheme 2 Synthesis of the NMR chiral shift reagent used to assess the enantiomeric enrichment of ammonium cations
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Figure 1 Slow evaporation of EtOH solutions of chiral ammonium cations provides single crystals (left) which after crystallographic
analysis provide ultimate proof of the sense of chirality installed in the ammonium cations (centre). Analysis of the crystal packing
of these structures shows hydrogen bonding networks key to the selectivity in the synthesis of these compounds.

“Whilst we can predict the sense of enrichment, which am-
monium scaffolds will participate in the recognition is still
beyond us. Our group is currently exploring this and we hope
to report these results imminently.”

“Having access to enriched chiral ammonium cations is
only the first step,” said Dr. Kitching, who concluded: “Every-
where that chemists have found chirality, we know that it has
important implications for the reactivity and selectivity of
processes that they are involved in. With access to enriched
nitrogen cations, we hope that those interested in the stereo-
chemistry of organic molecules will have a new stereogenic
centre to explore.”
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