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ABSTRACT: Macrocyclic dimeric lactones have known pharmacological activities that make them attractive synthetic tar-
gets, but typical synthetic strategies employ an iterative strategy to constructing the macrocycle. Herein, we report a visible-
light-mediated approach that enables facile access to 1- and 2-azetine-based dimeric lactones of up to 30-membered ring
macrocycles. These products are proposed to form via four consecutive triplet energy transfers for 1-azetine dimeric prod-
ucts and two consecutive triplet energy transfers for 2-azetine dimeric products. Computational investigations provide im-
portant insights into the mechanism of this reaction, suggesting that an initial intermolecular [2+2]-cycloaddition is pre-
ferred under non-standard Curtin-Hammett conditions over the corresponding intramolecular reaction, ultimately ena-
bling an efficient reaction pathway for macrocyclic dimerization.

|NTRODUCT|ON A. Four-Membered Nitrogen-Containing Heterocycles
Four-membered nitrogen-containing heterocycles, azet- NH N NH N
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terest as building blocks to access new, underexplored bi- azetidine (1) t-azetine 2)  2-azetine (3) A ;
ologically active compounds (Fig. 1A). Numerous advance-
ments have been made in recent years for the synthesis and B. Challenge of [2+2]-Cycloaddition Approaches: Azadiene Formation
reactivity of azetidines,' enabling exploration of the phar- Rr R
macological properties of azetidine-containing scaffolds.* " N Lewis acid | (=N’ ANy
In comparison to azetidines, azetines contain a unit of un- Ar Ar R
saturation that adds additional ring strain, results in lower

4 6 2-azetine (7) azadiene (8)

nitrogen basicity,> and can act as a functional handle for
further synthetic modification.® Azetines have displayed
biological relevance, as 2-azetines are present as Dewar iso-

C. Azetines Currently Accessible via Alkyne and Imine [2+2]-Cycloadditions
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caseinolytic protease (ClpP) inhibitor with a serine resi- [MlﬁJ:kR . \ oF, \ R Alk%
due.® Preliminary studies also indicate the anti-cancer L COEt BOC EtO,C
properties of aryl-substituted 1-azetines.> However, further 9(M=Cr, W) 10 1 12
studies of the potential biOIOgical and pharmaceUtical ap- D. This Work: Azetine-Based Macrocyclic Dimers via [2+2]-Cycloadditions
plications of azetines have remained limited, largely due to intramolecular intermolecular
the lack of general and mild synthetic methods for their el . ©=C bond formation
construction. e 1 7 @ ™~ N-Q Ar
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Arguably, the most atom economical approach to access &R — & (Y~ R\{j%jo
azetines relies on either a [2+2]-cycloaddition between al- 0Ng I I 5
kenes and nitriles to provide 1-azetines (2), or alkynes (4) " Ar ” .

and imines (5) to give rise to 2-azetines (3). However, a
long-standing challenge limiting these approaches is com-
peting electrocyclic ring-opening reactions of azetines (7)

to form azadienes (8, Fig. 1B)."™ Consequently, there are Figure 1. Accessing azetines via [2+2]-cycloaddition.

* 1- and 2-azetine dimeric products * up to 30-membered ring macrocycles
* intermolecular dimerization kinetically favored
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A. Hypothesis: 2-Azetines via Intramolecular [2+2]-Cycloadditions
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Figure 2. A. Reaction design for formation of tricyclic
azetines. B. Observed reactivity for 2-isoxazolines containing
a tethered alkyne. C. General strategy for formation of macro-
cyclic dimeric lactones.

few successful reports of 1- and 2-azetines accessible via
[2+2]-cycloaddition strategies. In 2010, Barluenga and co-
workers reported a [2+2]-cycloaddition between alkynyl-
carbenes and imines for the formation of azetinylcarbenes
(9, Fig. 1C)."* More recently, Ito advanced a Lewis acid-cat-
alyzed [2+2]-cycloaddition resulting in the preferred for-
mation of 2-azetines (10) over the corresponding unsatu-
rated acyclic imidates.> We developed an intermolecular
visible-light-mediated [2+2]-cycloaddition between aryl-
or alkyl-substituted alkynes and 2-isoxazolines, which pro-
vided divergent access to 1- and 2-azetines (11) via an en-
ergy transfer mechanism.*® Similarly, Brown reported the
formation of 2-azetines (12) from alkynes and isothiazole
dioxides.” Herein, we report a new class of previously in-
accessible 1- and 2-azetines (15, Fig. 1D). These azetine-
based macrocyclic dimeric lactones (15) form in a series of
consecutive energy transfer events from alkynes 14. Mech-
anistic studies suggest a reaction pathway competing with
intramolecular cycloaddition (13) to ultimately favor

intermolecular dimerization and result in up to 30-mem-
bered macrocyclic dimeric lactones in a single transfor-
mation.

RESULTS AND DISCUSSION

While a photochemical approach to [2+2]-cycloaddi-
tions is common, this strategy for azetidines and azetines
has been underdeveloped due to challenges associated
with the limited photoreactivity of imine precursors.’® No-
tably, 2-isoxazolines can overcome these challenges and
act as protected imine equivalents in photochemical [2+2]-
cycloadditions.’®'9*° To broaden the scope of accessible
azetine products, we envisioned an intramolecular variant
of our previously reported transformation,'® converting 2-
isoxazolines (16) into the corresponding tricyclic 2-
azetines (17, Fig. 2A). This strategy was inspired by a recent
intramolecular aza Paterno-Biichi reaction developed by
our laboratory, in which 2-isoxazolines (18) gave rise to tri-
cyclic azetidines (19) in up to 84% yield.* Herein, we re-
port that instead of an intramolecular [2+2]-cycloaddition
to yield monomeric azetines (17), 2-isoxazolines (20) react
under visible-light-mediated energy transfer conditions to
form 1- and 2-azetine-based macrocyclic dimers, depend-
ing on the choice of alkyne substitution (e.g. aryl or alkyl)
(21 and 22, Fig. 2B). This divergent reactivity builds on con-
secutive, independent energy transfer events that rely on
an initial intermolecular [2+2]-cycloaddition between two
molecules of 20. Importantly, this new methodology devel-
oped offers a new synthetic strategy to access up to 30-
membered ring macrocycles in a single transformation
from readily accessible substrates.

Macrocycles have displayed impressive potency and selec-
tivity for drug targets, leading to their extensive explora-
tion in drug discovery in recent decades.” In comparison
to small-molecule drugs, macrocycle drugs can offer ad-
vantages of improved binding affinity, selectivity, and oral
bioavailability due to their size, structure, and complex-
ity.»»* The large size of the macrocycle enables structural
pre-organization, in which key binding interactions can
occur between the macrocycle and target protein without
a significant loss of entropy.** Despite their demonstrated
utility in drug discovery, the majority of FDA-approved
macrocycle therapeutics were inspired by natural prod-
ucts.” A limitation to exploration of macrocycles in medic-
inal chemistry is the lack of robust synthetic strategies to
rapidly access macrocycle analogs in a modular fashion.
Common synthetic strategies to macrocyclic dimeric lac-
tones involve iterative construction of the acyclic carbon
backbone (24),%537 while ring closure (23) typically occurs
through C-O bond-forming esterification or macrolactoni-
zation (Fig. 2C). However, macrolactonization methods re-
quire activation of the carboxylic acid precursor (26) by us-
ing a thioester, mixed anhydride intermediate, or car-
bodiimide reagent.?® While isolated examples of direct di-
merization of monomeric units exist, these are typically
hindered by competing inter- and intramolecular pro-
cesses, 3> resulting in an unmet need for new approaches
to access macrocyclic scaffolds. As a solution to this prob-
lem, our transformation presents a new method to
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Table 1. Optimization of Reaction Conditions
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o 427 nm, 16-18 h (0]
27
entry  photocatalyst  Er (kcal-mol™) solvent yield (%) d.r.

1 Ir1-PFg 60.1 MeCN (0.1 M) 64 1.8:1
2 fac-[Ir(dFppy)s] 60.1 MeCN (0.1 M) 37 1.6:1
3 2CzPN 60.6 Toluene (0.05 M) 43 3.5:11
4 Ir2-PFg 55.4 MeCN (0.1 M) 51 1.8:1
5 fac-[Ir(Fppy)s] 58.6 MeCN (0.1 M) 45 1.7:1
6 Ir1-PFg 60.1 MeCN (0.05 M) 52 1.8:1
7 Ir1-PFg 60.1 MeCN (0.01 M) 36 1.5:1
8 Ir1-PFg 60.1 MeCN (2.5 mM) 21 1.3:1
9 Ir1-PFg 60.1 DCM (0.1 M) 37 2.2:1
10 Ir1-PFg 60.1 THF (0.1 M) 0
1 Ir1-PFg 60.1 MeOH (0.1 M) 47 1.8:1
12 Ir1-PFg 60.1 Toluene (0.1 M) 36 2.6:1
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construct highly complex and unique macrocycles in a
modular fashion.

Our studies into the development of this macrocyclic di-
merization began with subjecting 2-isoxazoline 27 to con-
ditions previously reported for the intermolecular [2+2]-
cycloaddition of 2-isoxazolines and alkynes.! Specifically, 1
mol % photocatalyst  [Ir(dF(CF;)ppy).(dtbbpy)]PFs
(Ir1-PFs) in 0.1 M acetonitrile provided an initially unex-
pected product that was ultimately identified as the 1-aze-
tine dimer 28 in 64% yield and 1.8:1 d.r. (Table 1, entry 1).
Surveying additional photocatalysts with triplet energies of
55-61 kcal/mol resulted in diminished yields for 28 of 37-
51% (entries 2-5). Interestingly, there was no correlation
observed between photocatalyst triplet energy and product
yield (entries 1-5). The diminished yields from using fac-
[Ir(dFppy)sl, 2CzPN, and fac-[Ir(Fppy);] are likely a result
of the strong reducing power (E,,M*/M" < -1.28 V) of these
photocatalysts (entries 2, 3, and 5), thus resulting in prod-
uct decomposition.

We hypothesized that conducting the reaction at lower
concentrations could favor the formation of the mono-
meric 1-azetine that would arise from an intramolecular
[2+2]-cycloaddition of 27.5 Surprisingly, conducting this
reaction at concentrations of 0.05, 0.01, and 0.0025 M re-
sulted in formation of 28 as the major product, albeit in
diminished yields (entries 6-8). Final optimization efforts
focused on exploring the impact of solvent on product
yield and diastereoselectivity. The reaction was found to be

compatible with dichloromethane, methanol, and toluene,
providing 28 in up to 47% yield (entries 9, 11, and 12). No
conversion of 27 was observed in tetrahydrofuran (entry
10). Interestingly, toluene provided 27 in the highest dia-
stereomeric ratios of 3.5:1 and 2.6:1 d.r. (entries 3 and 12).
Ultimately, 1 mol % Ir1-PFs in 0.1 M acetonitrile was se-
lected as the optimal conditions, providing 28 in 64% yield.

Next, the scope of 1-azetine dimeric products was evalu-
ated (Table 2). This reaction was shown to tolerate differ-
ent aryl and alkyl substitution patterns, linker substitu-
tions, and linker lengths, providing 1-azetine dimers in up
to 44% yield and 2-azetine dimers in up to 36% yield. Aryl
groups with an electron-withdrawing substituent (29) re-
sulted in 44% yield, proving to be superior to unsubsti-
tuted aryl groups (28, 31-32, 40-45) and aryl groups with an
electron-donating substituent (30). Increased steric bulk
via substitution of the alkyne-ester linker (31) proved to
hinder reactivity and resulted in 16% yield.5” Furthermore,
31 was isolated as a mixture of four diastereomers, resulting
from the additional stereocenter in the linker.

We next investigated the scope of alkynes bearing aliphatic
substituents. Reaction of the methyl-substituted 2-isoxa-
zoline provided the corresponding 2-azetine dimer (33) in
#41% yield. An increase in yield from 41% to 47% was ob-
served when increasing the reaction concentration to 0.2
M (35% isolated yield, see Supporting Information for
more details). Proceeding with these newly optimized con-
ditions, the scope of 2-azetine dimers was subsequently in-
vestigated. Ethyl substitution (34) provided the product
with a comparable yield of 36%. Adding steric bulk to the
alkyne resulted in diminished yields, with isopropyl (35)
and tert-butyl groups (36) providing the desired products
in 19% and 26% yield, respectively. Cyclic alkyl groups (37-
39) were also tolerated in lower yields, resulting in yields
of up to 20%.

We were particularly interested in increasing the linker
length of the 2-isoxazoline to access larger macrocyclic sys-
tems. Importantly, 12-, 14-, and 16-membered macrocycles
(40-42) proved to be readily accessible in up to 28% yield.
Furthermore, 18- and 20-membered macrocycles (43 and
44) were similarly accessible, albeit in decreased yields of
17% and 13%, respectively. Notably, we were able to isolate
a 30-membered macrocycle (45) in 10% yield, which
demonstrates the utility of this transformation as the di-
meric product is the major product observed under the op-
timal reaction conditions.

Final synthetic efforts were focused on exploring the reac-
tivity of these dimeric products (Fig. 3), as they contain
azetine and ester groups that can act as functional handles
for further synthetic modification. 1-Azetines are known to
be labile under acidic conditions, resulting in ring-opening
of the azetine to the corresponding carbonyl and amine.>®
Subjecting 28 to hydrolysis conditions resulted in hydroly-
sis of both the 1-azetine and ester moieties. Following in-
tramolecular esterification, the [3.3.0] bicyclic lactone 46
was furnished in 23% yield over two steps. This [3.3.0] bi-
cyclic lactone-tetrahydrofuran motif is present in numer-
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Table 2. Investigation of substrate scope for 1- and 2-azetine macrocyclic dimers.
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ous natural products such as those from the catechin,?
dehydroaustin,® and samaderine® families. Interestingly,
using NaBH;CN in MeOH resulted in exclusive opening of
the lactone to afford the [3.2.0] bicyclic 1-azetine 47 in 77%
yield. Lastly, hydrogenolysis of 28 resulted in the formation
of the macrocyclic dimeric lactone 48 in 93% yield.

We proposed the following mechanism for the formation
of 1- and 2-azetine dimeric products (Fig. 4). Upon irradia-
tion with visible light, a photoexcited triplet state iridium
photocatalyst sensitizes 2-isoxazoline 16 by triplet energy
transfer. The resulting triplet state intermediate I-1 then
undergoes an intermolecular [2+2]-cycloaddition with the

alkyne moiety of a ground-state molecule of 16 to form in-
termediate I-2. For I-2 in which R = alkyl, I-2 is only able to
undergo a second energy transfer via sensitization of the 2-
isoxazoline, resulting in the triplet state intermediate I-3.
I-3 subsequently undergoes an intramolecular [2+2]-cy-
cloaddition to form the 2-azetine dimeric product (50). In
contrast, for I-2 in which R = aryl, the styrene moiety is
preferentially sensitized to provide the triplet state inter-
mediate I-4. This results in rearrangement of I-4 via N-O
bond cleavage,'® intersystem crossing to the corresponding
singlet state, and radical combination to the 1-azetine in-
termediate I-5. Upon a third triplet energy transfer to the
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Figure 3. Synthetic modifications of 1-azetine dimeric prod-
ucts.

2-isoxazoline of I-5, cyclization occurs via an intramolecu-
lar [2+2]-cycloaddition to generate I-7. A final sensitization
of the styrene moiety of I-7 and subsequent rearrangement
leads to the desired 1-azetine dimeric product (49).

Ensuing efforts were focused on performing computational
studies using density functional theory (DFT) to gain sup-
port for this mechanistic hypothesis. All geometry optimi-
zation and frequency calculations were performed using

N-Q

® S
7 '1\
-0
'\f Me
o Me
o
energy

(
R transfer
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energy
transfer

energy
transfer

Me

e
-0
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Me 77N
Ir 3
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the B3LYP functional with the D4 dispersion correction
and the def2-SVP basis set using Orca v. 5.0.1. Single point
calculations were carried out using the wBg7X functional
with the D4 dispersion correction, def2-TZVPPD basis set
and implicit acetonitrile solvent using CPCM. Calculations
were consistent with the proposed mechanism: following
sensitization of the 2-isoxazoline moiety, the first [2+2]-cy-
cloaddition between I3 and the alkyne moiety of I' occurs
through an initial intermolecular C-C bond formation
(IB), intersystem crossing (II'), and radical combination
(IIT, Fig. 5A). After the initial C-C bond formation step
(TS13, AG* =16.3 kcal/mol), all subsequent transformations
to IIT* are near barrierless. Notably, the reverse reaction of
IT' to regenerate starting material I' through C-C bond
fragmentation is disfavored (TS}, AG* = 8.9 kcal/mol). Fol-
lowing formation of III*, IIT* is then sensitized in a second
energy transfer event, allowing for an intramolecular [2+2]-
cycloaddition to take place and ultimately result in for-
mation of the final 2-azetine dimerization product V.

We next focused on understanding the origin of reactivity
differences between alkyl- and aryl-substituted alkyne sub-
strates in time-dependent DFT calculations to analyze the
triplet excited states of [2+2]-cycloaddition intermediates
(Fig. 5B). Triplet transition energies corresponding to ver-
tical excitation from the ground state and density differ-
ence plots both indicate distinct behavior of these two
compounds. Energetically, sensitization of the aryl-substi
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Figure 4. Proposed mechanism for the formation of 1- and 2-azetine dimeric products.
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A. Reaction Pathway for the Formation of 2-Azetine Dimers via Visible-Light-Mediated [2+2]-Cycloadditions
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B. Electron Transition Density Difference Analysis of Triplet-Optimized States for Aryl- and Alkyl-Substituted Substrates

vt Me Me

Reaction Coordinate

Aryl -T1
70.2 kcal/mol

Aryl -T2
76.9 kcal/mol

Alkyl - T1

Alkyl - T2

77.7 kcal/mol 90.1 kcal/mol

Figure 5. Computational investigations into the proposed mechanism for the formation of 1- and 2-azetine dimeric products
]

A. Intermolecular reaction pathway. An experimental energy of 60.1 kcal/mol was used for the triplet sensitizer to calculate
the reaction energy for III" to ITI3. B. Transition density difference analysis in triplet excitation shows that in the second energy
phase (So).

transfer event, alkene sensitization is preferred for aryl substrates, while oxime sensitization is preferred for alkyl substrates

Density isosurfaces with |0.003| e/bohr3, where blue corresponds to positive phase (triplet), and red corresponds to negative
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Figure 6. Comparison of the intramolecular pathways towards monomeric products for alkene and alkyne substrates. For alkene
substrates, final radical combination to form monomeric azetidines has a low energy barrier. In contrast, for alkyne substrates,

monomeric azetines are not kinetically accessible.

tuted intermediate to the first triplet state (T1) is more fa-
vorable than to the second triplet state (T2). Electron den-
sity difference analysis, which can show the electron move-
ment from the ground state (So) to the excited state (T1 or
T2), indicates that this sensitization involves the styrene
moiety, while the second triplet state (T2) corresponds to
the activated 2-isoxazoline (Fig. 5B). Preferential sensitiza-
tion of the styrene moiety for aryl-substituted substrates
corresponds to experimental observations, as the 1-azetine
intermediate (I-5, Fig. 4) that arises from styrene sensitiza-
tion and subsequent N-O bond rearrangement has been
isolated for select substrates (see Supporting Information
for more details). Because the alkyl-substituted substrate
does not result in the formation of an intermediate acti-
vated alkene, the 2-isoxazoline moiety is sensitized in the
first triplet state (T1). In contrast, the second triplet state
of the alkyl-substituted substrate (T2), which involves al-
kene sensitization, has a significantly higher transition en-
ergy. The identity of triplet-optimized states for these two
intermediates was also confirmed using spin density anal-
ysis on the optimized triplet geometries (Fig. 5B).

With these initial mechanistic results in hand, we subse-
quently focused on understanding the favored intermolec-
ular reactivity of alkyne substrates 52 leading to macrocy-
clization, in contrast to the intramolecular reactivity of al-
kenes 51 (Fig. 6). Specifically, following sensitization of the
2-isoxazoline, initial C-C bond formation for the

intramolecular reaction pathway is kinetically accessible
for both alkyne and alkene substrates, requiring an activa-
tion energy of 12.0 and 8.9 kcal/mol, respectively (not
shown in Fig. 6, see Supporting Information for more de-
tails). C-C bond formations for both alkyne and alkene
substrates are exergonic by 19.6 and 20.1 kcal/mol, respec-
tively. Following intersystem crossing to the singlet state,
the singlet state intermediates (VI' and IX") can undergo
either a radical combination reaction to form the corre-
sponding azetidine or azetine products, or C-C bond cleav-
age to regenerate the starting material. The barrier for the
reverse reaction to reform the starting material for both in-
termediates is approximately 4 kcal/mol (TS4* and TS7).
However, the radical combination barrier for forming the
azetidine (VII') is only 3.0 kcal/mol (TSs5'), and azetidine
formation is therefore kinetically favored over the reverse
reaction on the singlet surface.

In comparison, the barrier for azetine formation (X*) is 10.2
kecal/mol (TS6*, Fig. 6). The difference in reactivity can be
attributed to a significant distortion of the bridging sp> car-
bon, where the highlighted C-C-C angle in TS6" has a sig-
nificantly higher strain (137.7°) when compared to the tran-
sition state of the alkene analog (TS4’, 116.9°). This obser-
vation was further confirmed by an intramolecular activa-
tion strain model (see Supporting Information for more de-
tails), which revealed that both alkyne and linker strain in-
creased by approximately 5 kcal/mol relative to these
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groups in the alkene transition state (TS4"). Therefore, de-
spite a relatively low barrier for the initial C-C bond for-
mation, the formation of the intramolecular [2+2]-cycload-
dition product (X*) is not accessible due to the reversibility
of the C-C bond adduct on the singlet surface and the in-
creased barrier of the radical combination reaction arising
from rigid bridging of the sp* carbon center.

Additionally, compared to the activation energy barrier for
initial intermolecular C-C bond formation (TS13, 16.3
kcal/mol, Fig. 5A), the activation energy for intramolecular
C-C bond formation is lower (12.0 kcal/mol). However, due
to the reversibility of the intramolecular intermediate on
the singlet surface, this reaction is under non-standard
Curtin-Hammett conditions. This indicates that while the
intermolecular reaction is kinetically less favorable, the ir-
reversible intermolecular pathway becomes the predomi-
nant reaction pathway. The higher barrier for the intermo-
lecular reaction can be primarily attributed to loss of the
translational entropy of the bimolecular reaction.

CONCLUSIONS

In conclusion, we report the development of a visible-light-
mediated dimerization reaction for 2-isoxazolines contain-
ing a tethered alkyne. This unexpected intermolecular
[2+2]-cycloaddition outcompetes the initially hypothe-
sized intramolecular reaction pathway under non-stand-
ard Curtin-Hammett conditions, enabling a synthetic
strategy to access novel products of 1- and 2-azetine-based
macrocyclic dimers containing up to a 30-membered ring.
Notably, this transformation occurs in one step and devi-
ates from traditional macrolactonization methods. We an-
ticipate that this new method will provide a unique avenue
to access biologically interesting synthetic macrocycles.
Our mechanistic insights are expected to enable future ad-
vances in the development of macrocyclization methodol-
ogies.
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