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ABSTRACT: Azetines, four-membered unsaturated nitrogen-containing heterocycles, hold great potential for drug design and development,
but remain underexplored due to challenges associated with their synthesis. We report an efficient, visible light-mediated approach towards
1- and 2-azetines relying on alkynes and the unique triplet state reactivity of oximes, specifically 2-isoxazolines. While 2-azetine products
are accessible upon intermolecular [2+2]-cycloaddition via triplet energy transfer from a commercially available iridium photocatalyst, the
selective formation of 1-azetines proceeds upon a second, consecutive, energy transfer process. Mechanistic studies are consistent with a
stepwise reaction mechanism via N-O bond homolysis following the second energy transfer event to result in the formation of 1-azetine
products. Characteristic for this method is its operational simplicity, mild conditions and modular approach that allows for the synthesis of
functionalized azetines and tetrahydrofurans via in situ hydrolysis from readily available precursors.

Output in the pharmaceutical industry has been decreasing due to
various challenges, including the attrition of lead compounds re-
sulting in low numbers of drug candidates reaching the market.!?
Increasing the potency, metabolic stability, and novelty of future
drug candidates is essential to combat this problem.?* The incorpo-
ration of new building blocks has been shown to enable scaffold
hopping>®, which can lead to the discovery of equipotent com-
pounds with improved properties.”* Additionally, incorporating
novel scaffolds into drug screening programs is beneficial as it pro-
vides insights into new areas of chemical space.> Among these de-
sirable new building blocks are azetidines (1), four-membered ni-
trogen heterocycles, exhibiting advantageous properties for phar-
maceutical applications (Fig. 1A).%14 Although their unsaturated
analogs 1- and 2-azetines (2 and 3) are crucial components of bio-
logical processes,'>!7 they remain highly underexplored in medici-
nal chemistry despite displaying desirable characteristics'® includ-
ing increased ring strain and rigidity along with lower basicity than
their azetidine counterparts.’® To explore the full potential of aze-
tine scaffolds, new and improved synthetic methods for their con-
struction are required. Currently available approaches to access 1-
azetines include B-eliminations?%-?? (4), thermolysis of cyclopropyl
azides?*-? (5), and ring expansion reactions of aziridines?® (6) (Fig.
1B). Synthesis of 2-azetines is similarly limited, relying on elimi-
nations®”33 (7), and metal mediated cycloadditions via ring expan-
sion of diazoaziridines (8). Arguably, [2+2]-cycloadditions be-
tween alkenes and nitriles® or alkynes and imines3%-3® represent
the most efficient strategies to access 1- and 2-azetines, however
they suffer from a limited scope and the competing formation of
azadiene byproducts®® (12 and 16, Fig. 1C).** To date, there exists
no general, efficient synthetic protocol to access azetines via inter-
molecular [2+2]-cycloadditions.*"*> Herein we report the develop-
ment of the first visible-light mediated approach towards 1- and 2-
azetines that harnesses the triplet state reactivity of 2-isoxazolines
(18) with alkynes (17). This method represents a significant ad-
vance as the first general photochemical [2+2] cycloaddition
method that overcomes existing challenges associated with the un-

Figure 1. 1- and 2-Azetines as desirable N-containing heterocycles.
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Figure 2. Initial Observation and Mechanistic Hypothesis for 1-
Azetine Formation in Visible Light-Enabled [2+2]-Cycloadditions.
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desired ring-opening of the strained azetine products (Fig. 1D).
Specifically, 1-azetines (19) are accessible from aryl alkynes while
their aliphatic analogs result in the selective formation of 2-azetines
(20).

Initial investigations into the development of intermolecular [2+2]-
cycloadditions to access 2-azetines commenced with subjecting di-
phenylacetylene 21 and isoxazoline 22 to reaction conditions pre-
viously identified as optimal for aza Paterno-Biichi reactions with
18. However, analysis of the reaction products revealed that rather
than the expected 2-azetine product 23, 1-azetine 24 was isolated
as the only product in 49% yield (Fig. 2A). We hypothesized that
this transformation initially proceeds via [2+2]-cycloaddition of the
triplet state 2-isoxazoline to diphenylacetylene 21, generating 2-
azetine 23 (Fig. 2B). The triplet state energy of the styrene moiety
incorporated into 23 is expected to be 55 kcal/mol based on the re-
ported triplet energy of cis-stilbene,* which is in the range of the
iridium photocatalyst. Thus, 2-azetine 23 can undergo a second
sensitization from the iridium photocatalyst to trigger a stepwise
reaction pathway relying on triplet-triplet energy transfer to form
triplet state biradical 26. Subsequent N—O bond scission results in
a second biradical 27, which undergoes radical recombination to
form 1-azetine 24. Alternatively, 2-azetine 23 could be directly ex-
cited to its singlet state 25, which upon concerted N—O bond frag-
mentation and C—O bond formation results in 1-azetine 24. Nota-
bly, no competing azetine ring-opening and associated azadiene
formation was observed, highlighting the potential of this strategy
to enable efficient synthetic access to highly functionalized 1-aze-
tine products.

Subsequent efforts focused on the optimization of reaction condi-
tions for 1-azetine formation (Table 1). Evaluation of a variety of
commercially available and literature reported catalysts revealed
[Ir(dF(CF3))2(dtbbpy)]PFs (Ir1-PFs) as the superior photocatalyst
for this transformation, providing 29 in 56% yield (Table 1, entry

2). Interestingly, Ir(dFppy)s (Ir2) previously identified as optimal
in the development of intermolecular aza Paterno-Biichi reactions
resulting in azetidines resulted in 33% yield of 29.445 Based on
these results, we hypothesized that the observed increase in yield
for Ir1-PFg relative to Ir2 was due to an improved second energy
transfer step of the intermediate styrene, as Ir1-PF¢ was previously
identified as optimal for intramolecular aza Paterno-Biichi reac-
tions relying on styrene sensitization.*® In comparison, despite ex-
hibiting a high triplet energy, [Ir(dF(Me)ppy)2(dtbbpy)]PFs led to a
slight decrease in yield (Table 1, entry 1). Similarly, catalysts with
lower triplet energies also provided the product in slightly dimin-
ished yields (Table 1, entry 4-5). Interestingly, a catalyst with a
similar triplet energy to [Ir(dFppy)2(dttbbpy)]PFs, fac-[Ir(4'-
CFsppy)s] failed to provide the desired product (Table 1, entry 6)
similarly to the catalyst with the lowest triplet energy (Table 1, en-
try 7). Importantly, successful product formation was found to be
independent of catalyst redox potential, while the highest yielding
catalysts generally had high triplet energies around 60 kcal/mol,
which is consistent with a triplet-triplet energy transfer (TTEnT)
mechanism. Additionally, direct excitation of the reaction mixture
with UV-light was unsuccessful, demonstrating that this reactivity
is uniquely accessible by TTEnT (Table 1, entry 8).

Table 1. Optimization of Reaction Conditions for 1-Azetine For-
mation.
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Conditions: 0.1 mmol 22 and photocatalyst are disscolved in acetonitrile (0.1 M)
and the solution was sparged for 10 min. 0.15 mmol phenylacetylene (28) is added
and the sample irradiated with blue LED lamps 16 hours. Percent yield was
determined by NMR with mesitylene internal standard.

With optimal reaction conditions in hand, we set out to explore the
substrate scope for 1-azetine formation (Table 2). This new visible
light-mediated method allows access to a range of 1-azetines in up
to 96% yield. The reaction was found to tolerate a range of aryl
alkyne coupling partners, including terminal and internal aryl al-
kynes. Specifically, alkynes bearing functional groups such as es-
ters (32), amides (34), ketones (31) and free alcohols (33) were all
tolerated by the optimal reaction conditions to form the desired
products in up to 86% yield. Notably, alkynes incorporating an ad-
ditional activating group such as an aryl ring (24), ester (32), amide



Table 2. Investigation of the Substrate Scope for 1-Azetine Formation via in Visible Light-Enabled [2+2]-Cycloadditions.
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Conditions: 0.25 mmol isoxazoline and Ir1+PFg (1 mol %) are dissolved in acetonitrile (0.1 M) and the solution is sparged for 10 min. 0.375 mmol alkyne is added and the
reaction irradiated with blue LED lamps (427 nm) for 16-20 hours. ? Conditions for 2CzPN photocatalyst: 2CzPN (1 mol %), Toluene (0.2 M), 427 nm LED, fan, 20 hrs.

(34) or a ketone (31) were found to be higher yielding with yields
up to 86%. Sterically demanding internal alkynes (30, 35-36) were
amenable to the reaction conditions, albeit resulting in decreased
yields. Moreover, aryl alkynes incorporating electron-donating
groups in the para position resulted in up to 34% yield (39, 40)
while an electron-withdrawing substituent proved superior (38) and
resulted in 55% yield. Importantly, an alkyne lacking an aryl acti-
vating group but incorporating two ester groups allowed formation
of the product in an excellent yield of 88% (37) demonstrating that
aryl alkynes are not required if the resulting intermediates can be
sensitized through TTEnT. With respect to the 2-isoxazole cou-
pling partner, both unsubstituted (41) and monosubstituted (42, 43)
substrates were tolerated, albeit proceeding with overall decreased
yields. 2-Isoxazolines differing in their substitution in the 5- posi-
tion including a diphenyl substituted isoxazoline (44) and a piperi-
dine substituted isoxazoline (45) reacted smoothly to their respec-
tive products resulting in 86% and 82% yield, respectively. Im-
portantly, the incorporation of a bulkier backbone was found to in-
crease the yield for reactions relying on phenylacetylene, resulting
in 46 in 41% yield relative to 29, which was formed in 33% yield.
2-Isoxazolines bearing distinct electron withdrawing groups in-
cluding PMB protected esters and cyano groups proved excellent
substrates generating products 47-50 in up to 96% yield. Use of the
cyano substituted isoxazoline allowed for improved yields when re-
acted with phenylacetylene and its methyl-substituted analog re-
sulting in the formation of 49 and 50 in 77% and 61% yield, respec-
tively. Notably, the isolated yields shown in Table 2 were found to
be lower than those observed by NMR analysis of the crude reac-
tion mixture, which can be attributed to challenges associated with
the isolation of 1-azetines upon column chromatography (e.g. 33%
isolated yield for 29 vs. 56% NMR yield). Excitingly, using an or-
ganic photocatalyst, 2CzPN, allowed the synthesis of 29 in yields
comparable to Irl-PFs relying on toluene as reaction solvent and a
concentration of 0.2 M. This demonstrates the possibility to poten-
tially use a more cost-effective and metal-free catalyst for large
scale applications.

Based on our mechanistic hypothesis (Fig. 2), alkynes bearing ali-
phatic substituents are expected to afford 2-azetine products, as the
resulting alkyl alkenes have excited states that are not accessible by
triplet energy transfer from Ir1-PFs. Exploring this hypothesis, we
investigated the ability of previously developed reaction conditions

Table 3. Optimization of Reaction Conditions for 2-Azetine For-
mation.

@ 0
[ o8
o ©

2-Azetine Scope

Ir1-PFg (1 mol%)

CH3CN (0.1 M), fan
427 nm, 16-20h

nBu nPr.
‘ N/O Me ‘ N/O Me
Me Me
M CosEt P CoyEt
51 (34%) 52 (14%)
Ph
HO ‘ NE ‘ N
HO Me Me
CO,Et ' Couet H o Couet
54 (28%) 55 (55%)° 56 (47%)
Ph Ph
‘ N,O NBoc ‘ N/O Me
Me
H CouEt H  copvB
58 (55%) 59 (27%)

Conditions: 0.25 mmol isoxazoline and Ir1-PFg (1 mol %) are dissolved in
acetonitrile and the solution is sparged for 10 min. 0.375 mmol alkyne is added and
the reaction irradiated with blue LED lamps (427 nm) for 16-20 hours. 0.5 mmol
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to give rise to 2-azetine products. Specifically, converting 1-hexyne
together with 2-isoxazoline 22 under otherwise identical reaction
conditions afforded the desired 2-azetine product 51 in 34% yield
(Table 3). Subsequent investigation of the scope of this transfor-
mation for aliphatic alkynes demonstrated tolerance of both internal
(52, 54) and terminal (51, 53, 55-59) alkynes in up to 28% and 58%
yield respectively. Notably, larger alkynes bearing distal aryl sub-
stituents (44) were compatible with the optimal reaction conditions
and resulted in the formation of the desired product in 55% yield.
Furthermore, alkynes with polar substituents including free alco-
hols resulted in the forming of the desired products 54, 56, and 57
in up to 58% yield, which incorporate desirable handles for subse-
quent modifications. Additionally, isoxazolines bearing distinct
substitution in the 5-position including a piperidine moiety, proved
viable under the optimal conditions resulting in the desired product
58 in 55% yield. Furthermore, a PMB ester group was similarly
shown to be amenable to the optimal conditions, to provide 59 in
27% yield. Notably, successful formation of these 2-azetine prod-
ucts relying on aliphatic alkynes also supports our hypothesis that
2-azetines represent viable intermediates in the reactions with aryl
alkynes (Fig. 2).

We hypothesized that along with being valuable products, the 1-

Table 4. Functionalized Tetrahydrofurans via [2+2]-Cycloaddition
of alkynes and 2-isoxazolines.
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Conditions: 0.25 mmol isoxazoline and Ir1-PFg (1 mol %) are dissolved in 1:1
acetonitrile/ 0.1 M HCI (0.1 M) and the solution is sparged for 10 min. 0.375 mmol
alkyne is added and the reaction irradiated with blue LED lamps (427 nm) for 16-20
hours.

azetine products obtained could function as important build-
ingblocks for drug discovery. In subsequent investigations, we de-
veloped a one-pot method to access highly functionalized tetrahy-
drofuran products incorporating desirable amino-ester functionali-
ties upon in-situ hydrolysis of initially formed intermediate 1-
azetines (Table 4). We anticipate that these products are desirable
for pharmaceutical and drug discovery applications as amino esters
and tetrahydrofurans both represent valuable synthetic scaffolds.
47482 While numerous methods exist to access tetrahydrofurans®’,
the formation of densely substituted analogs is less established*®
often resulting in either 1,44- or 1,2%-substitution patterns. In com-
parison, the method established herein relies on a single step, is di-
astereoselective and provides access to tetrahydrofuran products in-
corporating distinct 1,2,4-substitution. Initial investigation of the
substrate scope revealed that terminal alkynes are well tolerated un-
der the optimal reaction conditions relying on acetonitrile and aque-
ous HCI. Specifically, alkynes bearing electron donating (64,66) or
electron withdrawing (61,63) groups result in up to 51% or 67%
yield, respectively. Para-fluoroaryl- substituted alkyne was an ex-
cellent substrate, forming 61 in 67%. Interestingly, the tetrahydro-
furan product (62) formed with phenylacetylene was the highest
yielding product resulting in 69%. Notably, the NMR yield ob-
tained for the analogous 1-azetine was 56%, which suggests that
the corresponding tetrahydrofuran product 62 is more stable than
the analogous 1-azetine 29 (Table 1). Internal alkynes (60,65) sim-
ilarly proved compatible with the optimal reaction conditions, fol-
lowing the reactivity trend observed in the 1-azetine scope, result-
ing in up to 52% yield. Additionally, tetrahydrofurans 63 and 67
were synthesized in 19% and 24% yield respectively despite the
fact that attempts to form the analogous 1-azetine resulted in exclu-
sive decomposition. This is likely due to rapid conversion of the 1-
azetine product upon formation under the in-situ hydrolysis condi-
tions. Although cyano- substituted isoxazoline substrates form the
desired tetrahydrofuran 68 in 30% yield, the more sterically bulky
isoxazolines bearing substituents in the 5-position fail to undergo
the desired transformation (69, 70), possibly due to decreased sol-
ubility in the aqueous reaction mixture.

Subsequent efforts centered on conducting mechanistic investiga-
tions to differentiate between a concerted or stepwise reaction path-
way for the formation of 1-azetines from 2-azetine intermediates
(Fig. 3). Initial control experiments demonstrated that both visible
light and photocatalyst are essential for this reaction to proceed (see
Supporting Information for details). Stern-Volmer quenching stud-
ies (Fig. 3a) demonstrated that while the 2-isoxazoline 22 quenched
the catalyst as expected, diphenylacetylene (21) and phenylacety-
lene (28) exhibit quenching constants (Ksv) comparable to that of
22. Cyclic voltammetry ruled out single electron transfer pathways
as all the starting materials had redox potentials outside of the range
of the photocatalyst used. Since quenching is indicative of interac-
tions between the substrate and the catalyst excited state, this data
suggests that both the isoxazoline (22) and alkyne (21,28) reaction
components could be sensitized to their triplet state by the photo-
catalyst, leading to triplet isoxazoline and triplet alkyne in the reac-
tion mixture. As such, initiation of the [2+2] cycloaddition could
be taking place from either the triplet state isoxazoline adding into
a ground state alkyne, or a triplet state alkyne adding into the
ground state isoxazoline.

To determine whether the 2-isoxazoline or the alkyne was initiating
the cycloaddition reaction, a series of control experiments was car-
ried out relying on diphenylacetylene 21, the strongest quencher of
the photocatalyst identified in our Stern-Volmer studies. We hy-
pothesized that if diphenylacetylene 21 was capable of initiating the



Figure 3. Mechanistic Investigations Support a Stepwise Reaction Pathway for the Formation of 1-Azetines via Two Consecutive Electron

Transfer Events.
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Conditions: For the conversion of 73 and 74: 1 equiv isoxazoline 74 was dissolved in CD3;CN with 1.5 equiv 73 and 1 mol% Ir1-PFg in a screw top NMR tube. The mixture
was sparged for 5 minutes with N, and irradiated with blue LED lights for 16 hours. For the conversion of 78 with Ir1-PFg: 1 equiv 78 was dissolved in CD3CN with 1 mol%
Ir1-PFg in a screw top NMR tube. The mixture was sparged for 5 minutes with N, and irradiated with blue LED lights for 5 minutes. For the conversion of 78 without catalyst
under direct excitation: 1 equiv 78 was dissolved in CD3CN in a screw top NMR tube. The mixture was sparged for 5 minutes with N, and irradiated with blue LED lights for 5

minutes.

[2+2] cycloaddition, we would see reactivity between 21 and ox-
imes that cannot be sensitized by Ir1-PF¢ and can therefore not in-
itiate the [2+2] cycloaddition themselves. To examine this we first
utilized reduced 2-isoxazoline alcohol 71 which has previously
been demonstrated as unreactive to triplet energy transfer.** Nota-
bly, the reaction of 2-isoxazoline 71 with diphenylacetylene re-
sulted in the exclusive recovery of 71, suggesting that diphenyla-
cetylene is not initiating the [2+2]-cycloaddition. Similarly, reac-
tion of diphenylacetylene 21 with acyclic oxime 724, which is
known to undergo £/Z isomerization following sensitization from
the triplet state, precluding cycloaddition, failed to result in the for-
mation of azetine products and resulted in the sole isolation of the
isomerized substrate 72.

Next, mechanistic experiments were developed to gain additional
insights into the conversion of 1-azetines to 2-azetine products (Fig.

3C). Specifically, we considered two possible mechanistic scenar-
ios for this transformation; 1) a concerted 1,3- rearrangement from
a singlet excited state accessible via direct excitation with 427 nm
light; or 2) a stepwise triplet state rearrangement mediated by a sec-
ond energy transfer step from the photocatalyst to the 2-azetine in-
termediate containing a styrene moiety (Figure 2). Based on the low
triplet energy reported for styrenes of approximately 60 kcal/mol*?
we hypothesized that a stepwise, triplet state mechanism could be
operative. To probe for the viability of this hypothesis, we designed
experiments capable of probing the presence of O-centered radicals
formed upon N-O cleavage in the intermediate 2-azetine. Particu-
larly, we postulated that the reaction of 5-cyclopropyl isoxazoline
74 could result in the formation of ketone 77 upon cyclopropyl ring
opening of intermediate 75 if the reaction were to proceed via O-
centered radicals. Although the formation of ketone 77 was ob-
served in only 6% yield, this result suggests that an O-centered rad-
ical can form upon N-O bond cleavage.



Subsequent efforts sought to distinguish between the possibility of
direct excitation versus triplet energy transfer sensitization of the
2-azetine intermediate. Specifically, diene 78, accessed via mesyl-
ation and elimination of 57, was chosen as a viable probe as dienes
have a triplet energy of ~60 kcal/mol,** enabling their excitation by
the photocatalyst to access triplet state intermediate 80 (Fig. 3B).
Indeed, conversion of diene 78 under otherwise optimal reaction
conditions showed quantitative formation of 1-azetine 81 upon
NMR-analysis. Notably, when conducting the reaction without
Ir1-PF¢ to probe the viability of direct excitation of 78 to singlet
state 79 under the reaction conditions, no conversion was observed.
Together, these experiments are consistent with a stepwise triplet
energy transfer driven mechanism for these conditions, rather than
a singlet state mechanism driven by direct excitation.>!

On the basis of these studies, we propose the following mechanism
(Fig 3C). Upon sensitization of the 2-isoxazoline 82 by triplet en-
ergy transfer from the triplet state iridium photocatalyst, biradical
83 is formed, which subsequently adds into the alkyne 84. Notably,
the generation of this more stable biradical 85 determines the regi-
oselectivity observed. 85 subsequently undergoes intersystem
crossing to the singlet state, from where radical recombination re-
sults in the 2-azetine intermediate (86). Notably, for 2-azetines
formed from aliphatic alkynes, the 2-azetine product is unable to
undergo further energy transfer from the photocatalyst, and thus
represents the final product. In comparison, 2-azetines formed from
activated alkynes undergo a second sensitization from the triplet
iridium catalyst to generate a triplet biradical 87. This triggers
cleavage of the N—O bond to result in 88 incorporating an imine and
an O-centered radical, which undergoes ensuing intersystem cross-
ing back to the singlet state, followed by radical recombination to
result in the formation of 1-azetine 89.

We describe the development of a visible light-mediated, divergent
approach to 1- and 2-azetine products relying on activated or ali-
phatic alkynes, respectively. Mechanistic studies are consistent
with a rearrangement of activated 2-azetine intermediates induced
upon triplet energy transfer. We anticipate this method will provide
a valuable addition to the current repertoire for medicinal chemists
to obtain previously inaccessible, highly functionalized azetines,
allowing for the exploration of these unique and interesting scaf-
folds in current drug design and development. Notably, this new
approach is advantageous compared to previously established
methods for 1- and 2-azetine syntheses, which often require com-
plex reagents and/or harsh conditions.
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