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A two-step protocol for the modular synthesis of p2- and a-quaternary
p>2-amino acid derivatives is reported. The key steps are a photocata-
lytic hydroalkylation reaction, followed by an oxidative functionalisa-
tion to access N-protected f-amino acids, esters, and amides. This
strategy can be effectively scaled up via continuous-flow technology.

B-Amino acids are key components in a wide range of biologically
active molecules." Their incorporation into peptides results in
strong modifications to the peptide secondary structure, leading
to an increased resistance to proteases and peptidases.'“? Com-
pared to the more abundant o-amino acids, the addition of
another C-C bond in B-amino acids provides new opportunities
to modify the substituent pattern on the C2 and C3 positions.
This leads to an extra level of complexity and depending on this,
it is possible to have p*, B>*-, B*-, or f>*-amino acids. Among
them, the B> and p*variants are the most prominent in the life
sciences, which is reflected by the numerous methodologies
available to access them.” The less explored a-quaternary B>
amino acids have been shown to be particularly effective at
affecting peptide conformation by inducing the formation of more
rigid secondary structures, enhancing stability towards proteolytic
degradation.'® In addition, they can be used as intermediates to
access pharmaceutically relevant structures such as B-lactams,
v-amino alcohols, or azetidines. The synthetic challenges asso-
ciated with the construction of quaternary centres means there are
few methods available for the preparation of p**-amino acids,
hampering the exploration of their biological properties. There-
fore, the development of new approaches to access o-quaternary
B-amino acids is important to unlock their full potential.
Current approaches primarily proceed via two-electron dis-
connections (Fig. 1). These include multi-step sequences, such as
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alkylation followed by Curtius rearrangement,’ nitrile reductions,”
reductive aminations;® or the Arndt-Eistert homologation.” The
most common way to prepare -amino acids is through Mannich
addition reactions, which are limited to certain reactive electro-
philes (e.g., iminium species such as Vilsmeier-Hack type
reagents), or the use of unsubstituted, or very specifically substi-
tuted, enolate equivalents as nucleophiles.*® As a consequence,
there are major restrictions in the type of substituents which can
be incorporated into the final product, limiting these approaches
to the synthesis of B>, B> and B**-amino acid derivatives. In
contrast to these processes governed by ionic intermediates,
radical reactions can enable a more facile construction of qua-
ternary centres. The comparatively high energy of radicals can be
used to overcome Kinetic barriers associated with steric hindrance,
which may be more difficult to accomplish with a two-electron
approach. This has been extensively demonstrated, for example, in
the application of radical-based strategies for the synthesis of
complex natural products bearing quaternary centres.'

With this in mind, we have designed a modular strategy to
access a-quaternary B>>-amino acid analogues from readily
available feedstocks using radical chemistry.'" The proposed
approach proceeds in a two-step sequence (Fig. 1B): (1) light-
mediated Giese-type reaction'” between alkylidenemalononi-
triles (A)">'* - readily synthesised via Knoevenagel condensa-
tion -'*> and a-amino acids,"® and (2) oxidation of the resulting
B-quaternary malononitriles'” (B) to access the targeted B>
amino acid analogues (C).

Optimisation of the light-mediated Giese-type reaction to
access malononitrile derivatives B revealed that the best condi-
tions were: irradiation (blue LEDs, 2 x 32 W, Aax = 440 nm) of a
mixture of alkylidenemalononitrile A (1.0 equiv.) and Cbz-glycine
(2.0 equiv.) in the presence of Ir[(dF(CF;)ppy).(dtbbpy)]PFs (Ir-F,
0.5 mol%) and sym-collidine (2.0 equiv.), in 1,4-dioxane (0.2 M) at
60 °C.'® This was followed by aerobic oxidation (O, balloon) of
malononitrile B with Cs,CO; (2.0 equiv.), and EtOH (10.0 equiv.)
as nucleophile for 24 h, affording the targeted B>*-amino esters
in optimal yields."”'®
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Fig. 1 Access to quaternary p2-amino esters — state-of-the-art vs. our strategy.

preparation of quaternary f*-amino esters bearing piperidine
(1-2), and tetrahydropyran (3) motifs (two-step yields: 47%,
57%, and 47%, respectively). Modification of the size of the ring

With the optimised conditions in hand, we explored the
scope and limitations of this strategy (Scheme 1). Aliphatic
heterocycles are well-tolerated, as shown by the successful
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Reaction conditions: (i) A (1.0 equiv.), Cbz-glycine (2.0 equiv.), sym-collidine (2.0 equiv.), Ir-F (0.5 mol%), 1,4-dioxane (0.2 M), 60 °C, 16 h, blue LEDs (Amax = 440 nm).
(i) B (1.0 equiv.), nucleophile (2.0-10.0 equiv.), Cs,CO3 (2.0 equiv.), O, (1.0 bar), RT, 24 h. (iii) B (1.0 equiv.), Hy0; (35% wt%, 10.0 equiv.), Cs,CO3 (2.0 equiv.), CH3CN
(0.1 M), RT, 16 h.

Scheme 1 Scope & limitations of the methodology. Giese reactions carried out in 0.5-1.0 mmol scale, oxidative functionalisations in 0.2 mmol scale.
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system at the o-position is achievable, as exemplified by the
incorporation of cyclopentane (4), cyclohexane (5), and cyclo-
heptane (6) motifs (31%, 34%, and 41% yield, respectively).
The Giese-type reaction was unsuccessful when employing
dihydroindenone-derived alkylidene malononitrile (7). This
might be due to the increased steric hindrance afforded by the
dihydroindenone-core, making the key radical addition step
more difficult. Additionally, the methodology is not restricted
to cyclic ketones, as shown by the synthesis of f>*-amino esters
bearing acyclic substituents (8-10). Monosubstituted B*-amino
esters can also be obtained when using aldehydes in the Knoe-
venagel condensation step. The use of sterically demanding tert-
butyl (11) and cyclohexyl (12) substituents led to the desired
products in high yields, however benzylidene malononitriles gave
complex mixtures of products (13, not isolated). Moreover, while
the use of benzyl alcohol instead of EtOH allowed for the
preparation of the corresponding benzyl esters 14 and 15 in good
yields (78% and 71%, respectively), the corresponding tert-butyl
ester (16) could not be isolated; probably due to the increased
steric hindrance afforded by the tert-butyl group. Finally, the use
of benzyl amine afforded the corresponding amide (17) in good
yields after two steps (73%).

To expand the practicality of the method, N-protected f-
amino acids were prepared directly using H,O, as the oxidant
(18-23)."° Both acyclic ketones (24), as well as aldehydes (25-
26), can be used to access the corresponding B-amino acids. In
addition, the modularity of our strategy was further highlighted
by replacing Cbz-glycine by an unnatural amino acid bearing a
piperazinone core in the first step, thus enabling the synthesis
of highly polar B*-amino acid 27 in 38% yield.

Attempts to scale up the reaction were frustrated by the
competitive formation of spirocyclic compound D1 (Scheme 2A).>!
We hypothesised that due to poor solubility of oxygen in organic
solvents, the formation of ester 14 was hampered, thus favouring
the pathway leading to D1. We reasoned that the selective for-
mation of the targeted p*-amino ester should be achieved by
increasing the O, content in solution. In batch, this calls for high
O, pressures, increasing safety hazards, and limiting the applic-
ability of our methodology; flow technology stands as an ideal
solution to this challenge.

In recent years, flow chemistry>* has emerged as a powerful
technology to handle gas/liquid reaction mixtures. The possibi-
lity to control pressure using cheap back-pressure regulators
(BPRs) and the advantages offered by Taylor recirculation for
improved mass-transfer have changed paradigms in this field.**
Flow chemistry has proven incredibly beneficial to perform
oxidation reactions using molecular oxygen as a simple, green,
and mild oxidant.>* Other advantages of flow chemistry include
shorter reaction times, enhanced heat-transfer, straightforward
scalability, and improved safety standards and reproducibility.

Thus, we decided to tackle the challenges outlined above
and scale our protocol up by adopting continuous-flow condi-
tions. After a short re-optimisation of reaction conditions,
which led to the replacement of insoluble carbonates with
DBU (1,8-diazabicyclo[5.4.0]Jundec-7-ene) in the role of the base
to avoid possible clogging issues, we succeeded in translating
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Scheme 2 Scale-up synthesis of quaternary p2-amino esters.

our reaction from batch to flow.'® A feed containing the mal-
ononitrile, DBU, and the nucleophile was merged with an O,
feed via a PEEK T-mixer. The resulting slug-flow was pressurised
at 12 bar by means of an adjustable BPR and pumped through a
PFA coil (perfluoroalkoxy, V = 25 mL, ID: 2 mm) kept at 50 °C. A
residence time (#g) of 33 min was required to ensure reproduci-
ble access to p>-amino esters. This new process proved effective
to access ester 1, 14, and 15 in high yields (Scheme 2B). The use
of this continuous-flow process, in combination with the readily
scalable batch reactions to access alkylidenemalononitrile A1
and o-quaternary malononitrile B1, enabled the synthesis of B>
amino ester 14 in 46% yield (1.6 g) after three steps (Scheme 2C).

In summary, we have developed a modular two-step strategy
for the synthesis of a-quaternary B-amino acid derivatives from
readily available ketones, malononitrile, and a-amino acids. The
method tolerates the introduction of (hetero)cyclic and acyclic
substituents, both aliphatic and aromatic, at the B-position and
allows for the synthesis of monosubstituted >-amino acids when
aldehydes are employed instead of ketones. Moreover, by tuning
the last step of the strategy, it is possible to selectively access
B-amino esters, f-amino amides, or N-protected f-amino acids.
Finally, to overcome limitations associated with mass transfer
in the scale-up of the oxidative esterification step, we have
developed a continuous-flow process that enables reproducible
and scalable access to a-quaternary B**-amino esters in
gram scale.
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