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Theincreasing popularity of four-member rings in drug discovery has

prompted the synthetic chemistry community to advance and reinvent
old strategies to craft these structures. Recently, the strain-release
concept has been used to build complex architectures. However, although
there are many strategies for accessing small carbocyclic derivatives,

the synthesis of azetidines remains underdeveloped. Here we report
aphotocatalytic radical strategy for accessing densely functionalized
azetidines from azabicyclo[1.1.0]butanes. The protocol operates with an
organic photosensitizer, which finely controls the key energy-transfer
process with distinct types of sulfonyl imines. The radical intermediates
areintercepted by the azabicyclo[1.1.0]butanes via a radical strain-release
process, providing access to difunctionalized azetidines in a single step.
This radical process is revealed by a combination of spectroscopic and
optical techniques and density functional theory calculations. The power
and generality of this method is illustrated with the synthesis of various
azetidine targets, including derivatives of celecoxib and naproxen.

Nitrogen-containing heterocycles are one of the most abundant classes
of molecules in drugs and agrochemicals' . In fact, more than 60% of
currently marketed pharmaceuticals containat least one N-heterocycle.
Although planar systems, such as pyridine and its derivatives, still play
amajor role, the scientific community is moving towards alternative
molecular architectures with elevated three-dimensionality and a high
degree of sp*-hybridized carbon atoms (Fsp®)**. This trend is sustained
by their greater metabolic stability and structural modularity rela-
tive to planar systems®’. The azetidine core is considered a privileged
scaffold because it can mimic pyridine, piperidine and pyrrolidine for
bioisosteric replacement (Fig.1a)®’. Nevertheless, despite its promis-
ing pharmacokinetic properties relative to five- and six-membered
nitrogen rings, azetidines have led to only nine approved drugs'® .
Amongthe four-membered heterocycles, sulfonamide derivatives are
animportant structural class (Fig. 1b). The discrepancy between the
importance and prevalence of azetidine-bearing molecules is probably
because they are challenging to synthesize.

Classical approaches involve intramolecular displacement™" or
lactamreduction'®" (Fig. 1c). However, severe limitations still prevent
the general application of these methods, including low functional
group tolerance and the need for tailored precursors. More recently,
the aza-Paterno-Biichi reaction has been popularized and used to
access complex azetidines'™*°. Thisis amilder syntheticapproach than
those mentioned above, requiring the use of visible light inthe presence
of commercially available photocatalysts. However, the reaction does
notalways display high levels of regio- and diastereoselectivity, and its
stereochemical outcomeis hard to predict. Analternative strategy uses
strained 1-azabicyclo[1.1.0]butanes (ABBs)* . This strained molecule
canundergo adouble functionalization process in the presence of an
electrophile (orange circle in Fig. 1c) and a nucleophile (blue circle
in Fig. 1¢)*%, with the predictable formation of two new bonds in a
single synthetic operation. Nonetheless, the generality of this process
ishampered by the need to use a specific electrophilic partner and/or
strong acidic conditions®*?.
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Fig.1|Relevance and chemistry of azetidines and ABBs. 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 constructing the azetidine core. d, Development of a RSR synthetic method, and the general

mechanism of the synthesis.

Despiteitslatent relevance, thereis still noradical strategy based
on the strain release of ABBs. Such an approach, while unlocking
uncharted radical reactivity, would provide access to difunctional-
ized azetidine variants, expanding the synthetic repertoire for its
construction®. Advantageously, in recent decades, photocatalysis
hasbeen established as a pillar in synthetic catalysis, introducing new
reactivities and non-obvious retrosynthetic disconnections® . In
this context, radical strain-release (RSR) photocatalysis has emerged
as a formidable tool for crafting small rings. Very recently, the state
of the art of this field has been effectively compiled, highlighting the
absence of N-heterocyclic scaffolds**. With only a handful of synthetic
methods available, a general approach to access the azetidine core
would have a great impact on the organic chemistry and medicinal
chemistry communities. Seeking to address the latter, we defined as
asyntheticblueprint the photocatalysed generation of two profitable
radical intermediates which could react in predictable fashion with
ABBs. Should such areaction prove successful, the transient open-shell
species would be incorporated, leading to the opening and double
selective functionalization at Nand C3 of the strained system (Fig. 1d).

Here wereport the development of aradical light-driven method
that transforms ABBs into densely functionalized C3-N sulfonyl aze-
tidines. The strategy relies on the ability of a photosensitizer (PS) to
promote the homolytic cleavage of a large variety of sulfonyl imine
precursors. The two generated neutral radical intermediates react with
the ABB, leading toits polarity-driven selective functionalization with-
outthe need for previous activation steps. This RSR protocolinvolves
the generation of a key C3-centred radical, enabling the insertion of
nitrogen, sulfur and hydrogen. The successful use of the ABBs under
photocatalytic conditions reveals opportunitiesin RSR photocatalysis
and more generally in free radical chemistry.

Results

Reaction development

To functionalize ABB 1, we needed to produce two suitable transient
radical species. Because of the different electronic natures of the two
atoms to be functionalized, namely nitrogen and carbon (C3), it was
necessary to carefully consider the selection of the radical source. To

prevent a possible unfruitful one-electron oxidation of the ABB through
photoredox scenarios®, we elected to perform triplet sensitization,
and used sulfonyl imine 2 as the reaction partner (Fig. 2). Preliminary
optimizationexperimentsled us to identify the optimal stoichiometry,
betweenland?2,andreactiontime (Supplementary Tables1and 2). Dur-
ing the selection of the ideal PS, we found out that thioxanthen-9-one
(TXO) 6 afforded full conversion ofimine 2 with only 10% yield of product
3, along with major amounts of imine dimer 4 (Supplementary Table 3).
This suggests that the concentration of the iminyl radical in the reac-
tionmixtureis critical. We thus reasoned that slowing down the iminyl
radical formation might channel the reactivity towards the formation of
the target azetidine 3°**%. To this end, we investigated different classes
of PSs at a reduced catalyst loading of 0.25 mol%, characterized by a
sufficiently high T, £y, (that is, the energy of the first triplet excited
state) >2.55 eV, and a small AST (Supplementary Fig. 3 and Supple-
mentary Table 3)*. This last parameter corresponds to the difference
betweenthe energies of the first singlet (S,) and triplet (T,) excited state
andpromotesarapidS, » T;and T, > S,interconversionthroughintersys-
temcrossing (ISC) and reverse intersystem crossing (RISC), respectively.
We hypothesized that a small AST together with an efficient RISC—or
in other words, aninefficient triplet sensitization event—would down-
regulate the concentration of the PS’s T, state in solution, controlling
the imine sensitization and preventing the formation of 4. Indeed,
we observed a consistent trend in the relationship between the AST
value and the selectivity of the process towards the azetidine 3 versus
imine dimer 4 (Supplementary Table 3). Notably, other parameters
canalsoinfluence the selectivity of the process, including the PS load-
ing, which was kept as low as 0.25 mol%, A,,,, (maximum absorption
wavelength), the PS’s absorption tail and the PS’s solubility (Supple-
mentary Fig. 4). Considering all these aspects, we found the best per-
formance forthe PS9, characterized by the lowest AST of 0.05 eVanda
T,E,,=2.74 eV(calculated, 2.83 eV; see below). The design of the PSwas
inspired by recent progress in the field of thermally activated delayed
fluorescence emitters and their use in photocatalysis*®~*2. The PS was
thoroughly characterized in terms of its prompt and delayed lifetimes,
ISC/RISC rates (Supplementary Equations 3and 4 and Supplementary
Table 4), T, excited state energy, HOMO-LUMO difference and spin

Nature Catalysis | Volume 7 | November 2024 | 1223-1231

1224


http://www.nature.com/natcatal

Article

https://doi.org/10.1038/s41929-024-01206-4

Ph

Ph Ph
O\\S//O W /g Ph
N7 Tol Light source Ph N N Ts
N )J\ ~ N Ph
N— N N
\\ Ph Ph PS (0.25 mol%) Ts
PhCF3, 40 °C )]\
] ) Ph Ph 5
(2 equiv.) (1 equiv.) S 3 A Not detected

Optimization-selected results
0] : 5
: i :

PS loading = 5 mol%
in AcOEt (not soluble in PhCF3)

TXO, 6 5TCzBN, 7

S; =338 eV S, =277 eV

T, =2.88¢eV 5:95 Ty =2.60eV 45:55

AST =0.50 eV AST=0.17 eV

@ 427 nm Selectivity @ 456 nm Selectivity

(10%) 34 3 (51%) 3:4
TBCzTrz, 9 87:13 TBCzTrz, 9 88:12

under air in AcOEt

@ 456 nm Selectlvny @ 456 nm Selectivity

3 (15%) 3 (66%) 34

Fig.2|Development of a photocatalysed sulfoimination of ABBs. Reaction
conditions:1(0.1 mmol), 2 (0.05 mmol), PS (0.25 mol%, unless otherwise noted)
in PhCF; (otherwise noted), irradiated with a 50 W Kessil lamp under argon
atmosphere at 40 °C. Theyields in parentheses refer to the average of isolated
products obtained from three independent reactions. 5TCzBN, 2,3,4,5,6-penta-

WIS

o

MeCzTrz, 8 TBCzTrz, 9
Sy =2.86eV S;=2.79eV
T;=279eV 67:33 Ty =274eV 87:13
AST =0.07 eV AST =0.05eV
@ 456 nm Selectivity @ 456 nm Selectivity
3 (50%) 34 3, yield = 79% 34
No PS No PS
) 33:67 @ 456 nm
unf:ler. direct No reaction
excitation of 2 or
@ 365 nm Selectivity No light
3 (25%) 3:4

(9H-carbazol-9-yl)benzonitrile; MeCzTrz, 9,9’,9”-(5-(4,6-diphenyl-1,3,5-
triazin-2-yl)benzene-1,2,3-triyl)tris(3,6-di-methyl-9H-carbazole); TBCzTrz,
9,9',97-(5-(4,6-diphenyl-1,3,5-triazin-2-yl)benzene-1,2,3-triyl)tris(3,6-di-tert-
butyl-9H-carbazole).

distribution at T, (Fig. 3e and Supplementary Fig. 37). The molecular
structure of the PS was unambiguously confirmed by single-crystal
X-ray analysis (Supplementary Fig. 48). Quite surprisingly, across all the
performed reactions, we never observed the formation of the reversed
product isomer 5, in which the sulfonyl group is attached to the C3
position (see below).

Mechanistic investigations

We next investigated the mechanism of this RSR process (Fig. 3a). We
initially assessed the feasibility of an energy transfer (EnT) step between
the excited PS9 and the sulfonylimine 2. Time-correlated single-photon
counting experiments demonstrated that the singlet excited state of
PS9isreactive towards neither the sulfonylimine 2 nor ABB1. On the
other hand, time-resolved luminescence experiments performed by
laser flash photolysis (LFP) confirm that the triplet excited state of
the PSis efficiently quenched by the sulfonyl imine 2 (bimolecular
rate constant k=2.6 x 108 M s™%; Fig. 3b), whereas quenching by the
ABB 1is substantially less effective (k=3.7 x10° M s™; Supplemen-
tary Figs. 26-28). Transient absorption spectroscopic studies by LFP
show that photoreaction of the PS 9 triplet with 2 leads to the forma-
tion of a subtle absorption signal in the 420-520 nm region (Fig. 3¢,
left panel), probably associated with the rapid generation of radicals
10 and 11 upon sensitization. However, its decay is faster than its for-
mation, thus preventing full accumulation of the transient and its
reliable attribution. We then focused on the homolytic cleavage of

the nitrogen-sulfur bond and the reaction of the proposed radical
intermediates withthe ABB1to deliver the final N-tosyl azetidine 3. To
gain insight into these steps, we performed LFP analysis upon direct
excitationof 2in the presence of the ABB 1. Under these conditions, we
observed the prompt development of a transient absorption centred
at 410 nm (Fig. 3¢, middle panel; time delay, 50 ns), associated with
thetosylradical 10 (refs. 43,44).Inthe absence of other reagents, this
species decays to the baseline withinafew microseconds due to radical
recombination (Fig.3c, right panel). Inthe presence of 1, anew transient
species subsequently forms, characterized by an absorption maximum
at435 nmandapronounced tail at longer wavelengths. These transient
changes can be reasonably assigned to the formation of the radical
intermediate12 (Fig. 3c, middle panel; time delay, 750 nm). Consistent
with thisattribution, the associated positive absorption, measured at
450 nm (Fig. 3¢, right panel) 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 withina
few microseconds, can be mainly assigned to the reaction of 12 with
radical11and concurrent formation of the final product 3 (for further
details, see Supplementary Figs. 33-35).

To further corroborate the mechanistic proposal, while gather-
ing more information about the key intermediate 12, we performed
electron paramagnetic resonance (EPR) experiments in the presence
of the spin trapping reagent a-phenyl-tert-butylnitrone (PBN) and
the PS 9. We first explored the homolytic cleavage of 2 in the absence
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of the ABB 1. Under these conditions, we detected mixed radicals,
clearly identifying two main species (Fig. 3d, blue trace; for details,
see Supplementary Fig. 29). The parameters of the EPR spectrum are
consistent with the trapping of nitrogen- and sulfur-centred radicals

inequal proportion, suggesting that these species are the sulfonyl and
iminyl radicals 10 and 11. When performing the spin-trapping experi-
ment under the reaction conditions (in the presence of 1), we obtained
amoreintense and completely different spectrum (Fig.3d, red trace).
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This spectrum suggests that multiple radical species are trapped, but
the major one (about 70%) is compatible with the carbon-centred radi-
cal12.Notably, the reaction with PBN in the absence of 1and 2 shows no
radical formation, confirming that these reagents are the only source
oftheradical species in the reaction mixture.

Finally, we performed DFT calculations at the (U)YM062x/def2TZVP
level of theory, including a solvent model (IEFPCM, with toluene as the
solvent) to evaluate the reaction’s energetic profile and rationalize the
observed reaction outcome. To optimize computational resources,
a sulfonyl imine featuring a mesyl group instead of the bulkier tosyl
group was selected (2a; Fig. 3e). The Sy and T, states of 2aand PS 9
have been computed. These calculations enabled us to elucidate the
EnT process from the triplet state of PS 9 to the ground state of 2a,
as outlined in the reaction scheme in Fig. 3e: 3(PS)* + 2a > PS +3(2a)*.
Remarkably, a Gibbs free-energy change (AG) of -9.2 kcal mol™ (Fig. 3e,
left) has been determined, underscoring the pronounced exergonic
nature of the EnT process within the system. An examination of the
spin-density distribution map of the relaxed triplet state of 9 (to opti-
mize computational resources, the calculations of the AG of the energy
transfer process were performed without taking into account the
solvent model), combined with the observations acquired from the
time-correlated single-photon counting experiments, which dictate
that the triplet excited state is exclusively quenched, may diagnose
that the EnT mechanism initiates via a collision complex involving
the triazine moiety of PS 9 and the sulfonyl imine 2a (Supplementary
Figs. 37 and 38). Next, the generation of the sulfonyl radical 10a and
iminyl radical 11, resulting from the homolytic cleavage of the sul-
fonyl imine’s nitrogen-sulfur bond is determined to be exergonic,
with a AG=-10.3 kcal mol™. This step is accompanied by a relatively
modest activation barrier (AG* = 8.1 kcal mol™). Hence, we computed
the insertion mechanism of the sulfonyl radical 10a at the C3 of the
ABB 1, followed by radical-radical combination with the iminyl radi-
cal 11, ultimately yielding the final product 3a (Fig. 3e, right). Nota-
bly, the alternative structural isomer 5a, which remains unobserved
experimentally, is theoretically computed to exhibit an energy of
21.9 kcal mol~"higher than 3a. Thus, the absence of isomer 5a is more
plausibly attributed to kinetic rather than thermodynamic factors.
Indeed, our calculations support this scenario, revealing an energy
barrier (AG*) 0f17.0 kcal mol™ (TS2) between intermediate 12 (analo-
gous to the benzyl radical) and the initial reactants 1and 10a, while a
substantially higher activation energy (AG* = 55.1 kcal mol™) is deter-
mined between intermediates 12 and I3 (nitrogen-centred radical).

Generality of the method

Having shed light on the reaction mechanism, we next evaluated the
generality of this RSR photocatalytic process (Fig. 4). Various types of
sulfonyl imines were competent substrates, including ketimine and
aldimine precursors with electron-donating and electron-withdrawing
groups, affording the azetidine products (3,14-19) inup to 79%yield.
Variations at the sulfonyl group were also tolerated well, and the cor-
responding products18-27 were isolated inyields ranging from 47%
to 80%. We next turned our attention to the ABB precursor. Here,
diverse aryl and carbonyl groups were evaluated, delivering the cor-
responding azetidines (28-30) withyields of up to 84%. Additionally,
2-substituted ABBs furnished the products 31-34 in up to 82% yield,
and 2.3:1d.r. We obtained crystalline products for both diastereoi-
somers 33 and 34. By performing single-crystal X-ray analysis, we
unambiguously determined their relative configurations. Finally,
we applied the developed method to more systems with biologically
relevant scaffolds. Remarkably, both the celecoxib-containing sulfo-
nylimine 35 and the naproxen-containing ABB 37 reacted smoothly,
affording the corresponding azetidine products36 and 38in 71% and
66%yield, respectively. Notably, the mild reaction conditions allowed
the preservation of the optical purity of the starting chiral naproxen
derivative 37.

Having proved the generality of the process for accessing
C3-N-type azetidines via the activity of the key radical intermediate
12 (Fig. 3), we wondered if it would be possible to intercept this tran-
sient species with diverse single occupied molecular orbital (SOMO)
philes. Considering the lower efficiency of aldiminesin comparison to
ketimines as a source of iminyl radicals*, we leveraged this feature by
designing athree-component reaction manifold in which the ABB1and
aldimines 39-41reactinthe presence of the supersilane 42 (Fig. 5a, left).
Remarkably, the reaction proceeded smoothly, affording 44-46 in up
to 91%yield. Encouraged by these results, and given the importance of
the SCF, moiety for pharmaceuticals***, we tested phthalimide-SCF,
43.Thereactionledtothe correspondingthiotrifluoromethylated azeti-
dines47-50inupto 71%yield, including two different celecoxib deriva-
tives. This demonstrates that the designed methodology can easily
unlock alternative types of reactivity while providing access to families
of densely functionalized azetidines without additional optimization
processes (for limitations of the protocol, see Supplementary Fig. 39).

Synthetic utility

Finally, we performed various synthetic manipulations to reveal the
key amino functionalities embedded in the azetidine products. The
benzylatedintermediate 51 can be accessed by reduction of 16 or reduc-
tiveamination of 3. Inboth cases, there are very high yields (up to 95%)
without the need for column chromatography. Hydrolysis of 3,3aand
27 allowed theisolation of the hydrochloride salts 52,53 and 54, respec-
tively. Neutralization of 52 led to amino sulfonyl azetidine 55 without
the need for purification steps. This is akey synthetic intermediate that
can be easily transformed into tertiary amines, bearing a biologically
relevant pyrrolidine such as 56. The same azetidine succeeded in tosyl
group cleavage, giving rise to the two-vector 3-aminoazetidine 57, while
providing access to a structural variant of the kinase modulators 58
(ref. 48). Lastly, by targeting the synthesis of amino acid 59 through
aRuO,-mediated oxidative fission of the phenyl ring***°, we obtained
the unexpected yet attractive spiroazetidine scaffold 60 in 52% yield.

Conclusions

A key aspect of the devised synthetic platformis the selection and
design of the PS, characterized by a small energy gap between the
first singlet and triplet excited states. We speculate that this negli-
gible difference favours an ideal balance between the inactive and
active excited state species of the PS, resulting in the finely controlled
sulfonylimine activation. In addition, we proved that ABB is compat-
ible with free-radical chemistry by means of an efficient, mild and
selective radical strain release photocatalytic process. The developed
synthetic platform allows easy access to awide variety of densely func-
tionalized azetidines with two exit vectors in high chemical yield.
Mechanistic investigations revealed the pivotal activity of a transient
carbon-centred radical located at the azetidine core, generated by the
opening of the bicycliccompound, as this intermediate is suitable for
engaging with nitrogen, sulfur and hydrogen atoms in new o-bond
formations. In conclusion, we foresee the use of ABBs in other types
ofradical strainrelease processes, expanding the synthetic repertoire
for azetidine manufacturing.

Methods

General procedure for the difunctionalization of ABBs

In an oven-dried 10 ml Schlenk tube containing an oven-dried
Teflon-coated stirring bar, the corresponding ABB (0.1 mmol, 2 equiv.)
and sulfonyl imine (0.05 mmol, 1 equiv.) were dissolved in 0.6 ml of a
solution of the PS 9 in PhCF, (2.1 x 10™* M; note that using this freshly
distilled from phosphorus pentoxide is highly recommended). The
Schlenk tubes were closed with suitable greased glass stoppers. The
resulting solution was subjected to three cycles of free-pump-thaw
to remove the oxygen, and in the last cycle, the vessel was filled with
argon. The reaction was irradiated under stirring using a 50 W blue
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Fig. 4| Generality of the developed method. The reported yields refer to the average of isolated product obtained from three independent reactions. Unless
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Fig. 5| Utility of the developed synthetic method to access diversified azetidine scaffolds. a, Extension of the method to a three-component reaction with diverse
SOMOphiles. b, Release and manipulations of the key amino functionalities of the products.

Kessillamp (A, =456 nm) under argon atmosphere at 40 °C for 22 h.
After completion, the resultant mixture was transferred to a 25 ml
round-bottom flask and rinsing with ethyl acetate, and the volatiles
were evaporated under reduced pressure. Purification of the resulting
solid gave the desired difunctionalized azetidine.

General procedure for the difunctionalization of ABBs in the
three-component variation

In an oven-dried 10 ml Schlenk tube containing an oven-dried
Teflon-coated stirring bar, the corresponding ABB (0.1 mmol, 2 equiv.),
sulfonyl aldimine (0.05 mmol, 1 equiv.) and SOMOphile (0.75 mmol,

Nature Catalysis | Volume 7 | November 2024 | 1223-1231

1229


http://www.nature.com/natcatal

Article

https://doi.org/10.1038/s41929-024-01206-4

1.5 equiv.) weredissolvedin 0.6 ml of solution of the PS9in ethyl acetate
(2.1x107* M; note that using this freshly distilled from phosphorus
pentoxide is highly recommended). The Schlenk tubes were closed with
suitable greased glass stoppers. The resulting solution was subjected
to three cycles of free-pump-thaw to remove the oxygen, and in the
last cycle, the vessel was filled with argon. The reaction was irradiated
under stirring using a 50 W blue Kessil lamp (A,,,,, = 456 nm) under argon
atmosphereat40 °Cfor22 h. After completion, the resultant mixture was
transferredtoa25 mlround-bottom flask and rinsing with ethyl acetate,
and thevolatiles were evaporated under reduced pressure. Purification
of theresulting solid gave the desired difunctionalized azetidine.

Data availability

Details about materials and methods, experimental procedures, mech-
anistic studies, characterization dataand NMR spectra are availablein
Supplementary Information. The atomic coordinates of the optimized
models for all the computational studies are available as a separate pub-
licfile. Crystallographic data are available from the Cambridge Struc-
tural Database with the following codes: PS 9 (CSD 2329152), 3 (CSD
2305658),20(CSD2305660),23 (CSD 2305656),33 (CSD 2305657) and
34 (CSD2305659). Copies of the data can be obtained free of charge via
https://www.ccdc.cam.ac.uk/solutions/software/csd/. Additional data
areavailable from the corresponding author upon request.
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