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Abstract

The increasing popularity of four-member rings in drug discovery programs has vastly widen the
research in synthetic chemistry, guiding the community to progress and reinvent old strategies for
their crafting. Recently, the strain-release concept has been effectively used to build complex
architectures. However, in contrast to the tens of described strategies accessing small carbocyclic
derivatives, azetidine synthesis remains severely underdeveloped. Here, we report a mild visible-
light-driven method to access densely functionalised azetidines by subjecting
azabicyclo[1.1.0]butanes (ABBs) to radical strain-release (RSR) photocatalysis. We investigated
the mechanism of this process using a combination of spectroscopic and optical techniques, and
density functional theory (DFT) calculations. The chemistry is orchestrated by the activity of a
novel organic photosensitiser, that governs the key energy-transfer process with diverse types of
sulfonylimine precursors. The formed radical intermediates are intercepted by the ABB through
an RSR process, leading access to azetidines in high chemical yields in a single operation. The
power and generality of this photocatalytic method is demonstrated for various azetidine targets,
including derivatives of Celecoxib and Naproxen.

Introduction

Nitrogen-containing heterocycles are one of the most abundant classes of molecules present in
drugs and agrochemicals'3. While planar systems, such as pyridine and derivatives still play a
major role, the scientific community is currently exploring alternative molecular architectures that
display elevated three-dimensionality and high degree of sp3-hybridized carbon atoms (Fsp3)*°.
This trend is sustained by their increased metabolic stability and structural modularity with respect
to the planar systems®’. Because of its documented ability to mimic pyridine, piperidine and
pyrrolidine for bioisosteric replacement purposes, the azetidine core highlights as a privileged
scaffold (Figure 1a)%°. This is of major importance in drug design, as more than 60% of the
currently marketed pharmaceuticals contain at least one N-heterocycle'™. Nevertheless, despite
its promising pharmacokinetic properties over five- and six-membered nitrogen rings, azetidines
only count nine approved drugs (Figure 1b)"-'*. The discrepancy between importance and
prevalence of azetidine-bearing molecules is likely attributed to their challenging synthesis.
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Fig. 1. a) Relevance of the azetidine scaffold and current prevalence in approved drugs. b)
Selected examples of drugs featuring the azetidine core. ¢) Available synthetic strategies for the
construction of the azetidine core. d) Development of a radical strain-release synthetic method,
and general mechanism.

Classical approaches involve intramolecular nucleophilic substitution (Sn2) reactions'>"”, or
lactam reduction'®"° (Figure 1c). However, severe limitations still prevent the general application
of such methods, including the low functional group tolerance and the need of tailored precursors.
More recently, the aza-Paternd-Buchi reaction has been popularized and used to access complex
azetidines?®?4, This is arguably a milder synthetic approach compared to the previously
mentioned. It generally requires visible light and the presence of commercially available
photocatalysts (PCs). However, the reaction not always displays high levels of regio- and
diastereoselectivity, and its stereochemical outcome is hard to predict. An alternative paradigm
deals with the use of strained 1-azabicyclo[1.1.0]butanes (ABBs)?>-'. This strained molecule can
undergo a double functionalization process in presence of an electrophile (blue circle) and a
nucleophile (azure circle)?’-2°, with the predictable formation of two new bonds in a single synthetic
operation. Nonetheless, the generality of this process is hampered by the need of using specific
electrophilic partner and/or strong acidic conditions3°",

With only a handful of synthetic methods available, the identification of a general approach to
access the azetidine core will be highly impactful on the organic and medicinal chemistry
communities. In particular, a radical strategy based on the strain-release of ABB is still missing to
date. Such an approach, while unlocking uncharted radical reactivity, will lead access to new
azetidine variants expanding the synthetic repertoire for azetidine constructions. Fortunately, over
the last decades photocatalysis has been established as one of the pillars in synthetic catalysis,
introducing new reactivities and nonobvious retrosynthetic disconnections®*>*". In this panorama,
RSR photocatalysis has recently emerged as a formidable tool for the construction of small
rings®.
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Here, we report the development of a radical light-driven method that transforms readily available
ABBs into densely functionalized azetidines (Figure 1d). The strategy relies on the activity of a
sensitizer that promotes the homolytic cleavage of a large variety of sulfonylimine precursors. The
two generated radical intermediates (azure and blue circles) react with the ABB leading to its
chemoselective double functionalization, without the need of any ABB activation step. This
mechanism was thoroughly investigated with a series of spectroscopic and optical techniques
and supported by DFT calculations. With the gathered experimental and spectroscopic evidence
on the transiently generated C-centred radical, we report an advantageously designed three-
component version of the reaction, leading access to a variety of complex azetidine systems while
maintaining high yields and complete chemoselectivity. Selected product manipulations highlight
the relevance of our strategy for accessing key azetidine cores present in biologically relevant
molecules®. By using this RSR process it is possible to construct simultaneously a nitrogen-sulfur
bond with diverse types of sulfonyl groups while installing a nitrogen or a sulfur atom at position
C3 (azure circle in Figure 1d), thus accessing not only a hindered fully substituted carbon centre
but also securing the presence of two well-defined exit vectors*.

Results and discussion.
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Fig. 2. Selected results from the reaction optimisation process. The reported yields refer to the
average of isolated products obtained from three independent reactions. Reactions performed at
0.05 mmol scale (see Supporting Information for details). TXO = Thioxanthen-9-one, 5TCzBN =
2-biphenyl-4,6-bis(12-
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We began our study investigating the reaction between the Ph-ABB 1 and the sulfonylimine 2.
After a series of unsuccessful results (see Supporting Information, section 2), we found out that
thioxanthone (TXO) 6 afforded the azetidine product 3 in 10% yield, along with major amount of
imine dimer 4. This result indicates that the concentration of the iminyl radical in the reaction
mixture is critical. We thus reasoned that slowing down the iminyl radical formation would channel
the reactivity towards the formation of the target azetidine 32, To this end, we investigated
different classes of sensitisers, characterized by a high T1 Eoo (> 2.55 eV), and a very small AST
(Figure 2 and Supporting Information, section 2.3)*3. This last parameter accounts for a rapid S:-
T1 and T:-S: interconversion through intersystem crossing (ISC) and reversed intersystem
crossing (RISC), respectively. We hypothesised that a small AST together with an efficient RISC
would downregulate the concentration of the PC’s T, state in solution, controlling the imine
sensitization and preventing the possible formation of 4. Indeed, we observed a consistent trend
between the AST value and the selectivity of the process towards the azetidine 3 vs imine dimer
4 (Figure 2 and Supporting Information, section 2.3). It is worth mentioning that, also other
parameters can influence the selectivity of the process, including the sensitizer loading, which
was kept as low as 0.25 mol%, the L max and the PC’s absorption tail, as well as the PC’s
solubility (see Supporting Information, Section 2). Taken all these aspects in consideration, we
found the best performance for the PC 9, characterized by the lowest AST of 0.05 eV, and a T
Eoo = 2.74 eV. Intriguingly, across all the performed reactions we never observed the formation
of the reversed product isomer 5, where the sulfonyl group is attached at C3 position (vide infra).

We next investigated the mechanism of this RSR process (Figure 3a). We initially assessed the
feasibility of an EnT step between the excited sensitizer 9 and the sulfonylimine 2. Luminescence
guenching studies confirmed that the excited state of the sensitizer is effectively quenched by the
sulfonylimine 2, whereas negligible quenching is observed with the ABB 1 (Figure 3b). Then, we
focused on the homolytic cleavage of the N-S bond with the formation of the radicals 10 and 11.
Such radical intermediates are proposed to react with the ABB 1 in a chemoselective manner to
deliver the final N-Ts azetidine 3. To gain insights in these steps, we performed laser flash
photolysis (LFP) analyses. Interestingly, under 355 nm direct excitation of 2, we observed the
development of a transient absorption centred at 410 nm (Figure 3c and S35 left in the Supporting
Information), mainly associated with the tosyl radical 10%44°. In the absence of other reagents, this
species decays to the baseline within a few ps, due to radical recombination. In the presence of
1, a similar transient species is immediately detected upon excitation (Figure 3c, red traces).
However, a new transient species subsequently arises, which is characterized by an absorption
maximum at 435 nm and a pronounced tail at longer wavelengths. These transient changes can
be reasonably assigned to the formation of the radical intermediate 12. Consistent with this
attribution, the associated positive absorption, measured at 450 nm (Figure S35 bottom in the
Supporting Information), increases with the concentration of the ABB 1, as expected based upon
the bimolecular nature of the radical reaction between 10 and 1. The subsequent decay, occurring
within ca 10 ps, can be finally assigned to the reaction of 12 with radical 11 and concurrent
formation of the final product 3.
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a) Proposed reaction mechanism and experimental evidences
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Fig. 3. a) Proposed reaction manifold with experimental support from b) luminescence quenching
studies; c) laser flash photolysis (LFP); and d) electron paramagnetic resonance (EPR) studies.
All values are reported in kcal-mol™.PBN = N-tert-butyl-a-phenylnitrone.

To further corroborate the mechanistic proposal while gathering more information about the key
intermediate 12, we performed electron paramagnetic resonance (EPR) experiments in presence
of the spin trapping reagent N-tert-butyl-a-phenylnitrone (PBN) and the PC 9. We firstly explored
the homolytic cleavage of 2 in the absence of the ABB 1. Under these conditions, we detected
the information of mixed radical species clearly identifying two main species (Figure 3d, blue
trace). The parameters of the EPR spectrum are consistent with the trapping of an N-centred and
an S-centred radicals in equal proportions, thus suggesting that these species are the sulfonyl
and iminyl radicals 10 and 11. When performing the spin trapping experiment under the reaction
conditions (in the presence of 1), a more intense and completely different spectrum was obtained
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(Figure 3d, red trace). This spectrum suggests that multiple radical species are trapped, but the
main trapped radical — about the 70% — is compatible with the carbon-centred radical 12. It is
worth noting that, the reaction with PBN in the absence of 1 and 2 shows no radical formation
confirming that these reagents are the only source of the radical species under the reaction
mixture. (For more details see Supporting Information, section 5.3).

Finally, we performed DFT calculations at the (U)M062x/def2TZVP level of theory including a
solvent model (IEFPCM, solvent= toluene) to evaluate the energetic profile of the reaction and
rationalise the observed chemoselectivity. To optimize computational resources, a sulfonylimine
featuring a mesyl group instead of the bulkier tosyl group was selected (2a, Figure 3e). In
agreement with the findings from Stern-Volmer quenching studies, the energy transfer (EnT)
process between the photocatalyst and the sulfonylimine is determined to be exergonic, with a
calculated Gibbs free energy change (AG) of -9.1 kcal mol™ (Figure 3e, left). An examination of
the spin density distribution map of the relaxed triplet state of TBCzTrz 9 suggests that the EnT
mechanism likely initiates through a collision complex involving the triazine moiety of the
photocatalyst and the sulfonylimine 2. Next, the generation of the sulfonyl 10a and iminyl radical
11, resulting from the homolytic cleavage of the sulfonylimine’s N-S bond is determined to be
exergonic (AG = -10.3 kcal mol™). This step is accompanied by a relatively modest activation
barrier, with AG* = 8.1 kcal mol™ (Figure 3e, right). Hence, we computed the insertion mechanism
of the sulfonyl radical 10a into the C-N bond of the ABB 1, followed by radical-radical
recombination with the iminyl radical 11, ultimately yielding the final product isomer 5. Intriguingly,
although a transition state (TS,, AG* = 17.0 kcal mol™) is identified between intermediate I, (the
benzyl radical similar to 12) and the initial reactants 1 and 10a, a direct transition state between
intermediate I3 (N-centred radical) and the reactants 1 and 10a proved elusive. Instead, a
substantial energy barrier (TS;, AGY = 55.1 kcal mol™) is calculated between I, and TSs,
explaining the experimental absence of the structural product isomer 5, coupled with its lower
thermodynamic stability compared to product 3.
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Having shed light on the reaction mechanism, we next evaluated the generality of this RSR
photocatalytic process. Diverse types of sulfonylimines turned out to be competent substrates,
including ketimine and aldimine precursors with electron-donating (ED) and electron-withdrawing
groups (EWGS), affording the azetidine products (3, 14-19) in up to 79% vyield. Variations at the
sulfonyl group were also well tolerated, and the corresponding products 18-27 were isolated in
yields spanning from 47% to 80%. We next turned our attention to the ABB precursor. Here,
diverse aryl and carbonyl groups were evaluated, delivering the corresponding azetidine (28-31)
with yields up to 84%. Also 2-substituted ABBs furnished the products (32-35) in high yield up to
82%, with a d.r. up to 2.3:1. We obtained crystalline products for both diastereoisomers 34 and
35. By performing X-ray analysis on the single crystals, we unambiguously inferred their relative
configurations. Finally, we applied the developed method to more systems, bearing biologically
active scaffolds. Remarkably, the Celecoxib-containing sulfonylimine 36, as well as the Naproxen-
containing ABB 38 reacted smoothly affording the corresponding azetidine products 37 and 39 in
71% and 66% vyield, respectively. It is worth mentioning that the mild reaction conditions allowed
the preservation of the optical purity of the starting chiral Naproxen derivative 38.
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Having proved the generality of the process for accessing C3-N-type azetidines (Figure 4) through
the activity of the key radical intermediate 12 (Figure3), we questioned if it was possible to
intercept this transient species with alternative SOMOphiles. Thus, we performed the standard
reaction between the ABB 1 and aldimines 40, in the presence of 1.5 equivalents of the
supersilane 41. Remarkably, the reaction proceeded smoothly accessing compound 43 and 44 in
91% and 52% yield, respectively. Encouraged by this result, and guided by the importance that
the SCF3; moiety represents in pharmaceuticals*®*’, we tested phthalimide-SCF; 42. The reaction
led to the corresponding thiotrifluoromethylated azetidines 45 and 46 in 69% and 40% vyield,
respectively. The latter demonstrate that the designed methodology can easily unlock new types
of reactivity while leading access to new families of densely functionalised azetidines without the
need of additional optimisation processes.

Finally, we performed some representative synthetic manipulations to unmask the key amino
functionalities embodied into the azetidine products. The benzylated intermediate 47 can be
accessed by reduction of compound 16 or through reductive amination of 3. In both cases with
very high yields (up to 95%) without the need of any column chromatography. Additionally,
benzhydryl amine 48 was obtained through the simple reduction of 20 in 95% yield. Lastly, the
amino sulfonylazetidine 49 was obtained through hydrolysis and subsequent neutralisation,
without requiring purification steps. Subsequent tosyl group cleavage was accomplished using
sodium naphthalene, giving place to the 2-vector 3-aminoazetidine 50. Remarkably, this 1,2-
diamino functionality is present in important classes of kinase modulators 51.

Conclusions.

To summarise, we have documented that ABB scaffold undergoes radical addition by means
of an efficient, mild and chemoselective RSR photocatalytic process leading access to C3-N
azetidines with two special vectors (Figure 2 and Figure 4). Mechanistic investigations
revealed the key activity of the radical intermediate 12 (Figure 3), generated upon the RSR
process. This intermediate was further exploited in the presence of diverse SOMOphilic
species (41 and 42 in Figure 5) furnishing the corresponding C3-H and C3-S azetidine
derivatives.

Another key aspect in this new synthetic platform is the selection and design of the sensitiser,
characterised by the shortest AS1T; reported for an organic molecule. We speculated that the
negligible difference between the S; and T1 energy favours an ideal balance between the
inactive and active PC’s excited state species, resulting in the finely controlled sulfonylimine
activation. Furthermore, the reaction requires as little as 0.25 mol% catalyst loading, resulting
in an extremely efficient and sustainable energy transfer process. Finally, the performed
synthetic manipulations highlighted the power of this process in accessing key building blocks
for biologically relevant azetidines. Based on the reported results, we foreseen the utilisation
of the ABB scaffolds in other types of RSR processes expanding the synthetic repertoire for
azetidines construction.
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