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Abstract: Oxetanes are valuable motifs in medicinal
chemistry applications, with demonstrated potential to
serve as bioisosteres for an array of functional groups.
Through the visible-light-mediated photoredox hydro-
decarboxylation of 2-aryl oxetane 2-carboxylic acids this
work enables access to the products of a [2+2]-photo-
cycloaddition between alkenes and aryl aldehydes with-
out the challenges associated with a traditional UV-
light-mediated Paternò-Büchi reaction. Investigation
into the hydrodecarboxylation mechanism reveals sub-
strate-dependent modes of initiation under the condi-
tions reported herein. Divergence in diastereomeric
outcome is observed, with mechanistic probes elucidat-
ing key hydrogen-bonding and steric interactions.

Introduction

Oxetanes (1), with unique structural features, are crucial in
pharmaceutical research as bioisosteres for carbonyls and
gem-dimethyl groups.[1] Recent advancements in oxetane
functionalization have showcased innovative strategies cen-
tered around radical generation in the 3-position, leveraging
a variety of functional handles such as aldehydes,[1d]

alkenes,[2] silanes,[3] and sulfonyl fluorides.[4] Notably, the
incorporation of carboxylic acids at the oxetane 3-position
(2) has emerged as a particularly valuable technique,
enabling the generation of diverse oxetane building blocks
through radical pathways (Figure 1A).[5] While functionaliz-
ing oxetanes at the 2-position is equally desirable, this area
remains relatively unexplored, likely due to challenges
linked to the stability of the resulting α-oxy-radicals (4, vida
infra).[5a] Notable approaches using C� H activation by
Ravelli,[6] MacMillan,[7] and photoredox decarboxylation by
Sherwood,[8] have led to intermediate α-oxy oxetane radicals
(4). Despite these advances, photoredox decarboxylation
strategies to facilitate functionalization in the 2-position of
densely substituted oxetanes have yet to be developed,
presenting a significant opportunity for future research and
innovation.[9]

An efficient method to access densely substituted
oxetane precursors bearing carboxylate substitution at the 2-
position is the Paternò-Büchi reaction, which proceeds via a
[2+2]-photocycloaddition between carbonyls and alkenes.
Recent approaches have utilized visible-light-enabled triplet
energy transfer (EnT) to facilitate the Paternò-Büchi
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Figure 1. A. Decarboxylative functionalization of 3-oxetane carboxylic
acids (2) is well established,[5] while examples of decarboxylative
functionalization at 2- and 4- positions are underexplored. B. The
visible-light-enabled triplet energy transfer (EnT) Paternò–Büchi reac-
tion is limited to carbonyls with lower triplet energy (ET). Triplet excited
state energies expressed in kcal/mol.[11] C. This work demonstrates that
aryl glyoxylates (7) can serve as synthons for aryl aldehydes (9),
enabling the synthesis of 2-aryl oxetanes (14) via visible light photo-
catalysis.
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reaction, offering enhanced functional group compatibility
and eliminating the need for UV-light.[10] Yet, the accessi-
bility of oxetanes by this method hinges on pairing the
corresponding carbonyl with a photocatalyst of sufficiently
high triplet energy (ET) (Figure 1B). While the visible-light-
mediated EnT Paternò-Büchi reaction enables the synthesis
of 2-aryloxetane-2-carboxylates (13) from aryl glyoxylates
(7), many carbonyls (i.e. aryl aldehydes 9, ET=68.5 kcal/
mol) have triplet energies surpassing those of state-of-the-
art visible light-absorbing photocatalysts (i.e. 11, 60.1 kcal/
mol).[11a,15] Thus, for carbonyls such as aryl aldehydes (9) to
engage in the Paternò-Büchi, direct excitation using UV-
light is typically required.
We envision a visible-light-mediated strategy utilizing

aryl glyoxylates (7) to form 2-aryloxetane-2-carboxylates
(13), followed by subsequent decarboxylation to access 2-
aryloxetanes (14). By utilizing this strategy one can now
access the products of a net [2+2]-photocycloaddition
between aryl aldehydes and alkenes—a transformation that,
depending on the alkene component, can be very limited
under UV-light conditions (vida infra).
Importantly, the development of this strategy provides

the opportunity to explore the reactivity of the key α-oxy
radical intermediate (4), uncovering the challenges related
to overoxidation to the oxocarbenium that must be over-
come. Further investigation into the hydrodecarboxylation
mechanism suggests two distinct initiation pathways that
have not previously been proposed (i.e. pathways that arise
under low polarity and weakly basic conditions).

Results and Discussion

The main challenge to oxidative decarboxylation strategies
centers on the unstable nature of benzylic α-oxy radical
intermediates (22a, 22b) which are prone to overoxidation
to an oxocarbenium intermediate and subsequent ring-
opening. This challenge is highlighted by the deleterious
reactivity of oxetane-2-carboxylic acid 16 and N-hydroxyph-
thalimide (NHPI) ester 17 under typical decarboxylative
conditions (Figure 2A). Treatment of carboxylic acid 16 with
catalytic silver and a stoichiometric terminal oxidant
(AgNO3/K2S2O8) yielded ring-opened β-keto-alcohol 18 in
54% yield (Figure 1B).[12] Similarly, photocatalytic reduction
of NHPI ester 17 using a PPh3/NaI charge transfer complex
produced the ring-opened β-iodo-ketone 19 (12% yield).[13]

Furthermore, activation of NHPI ester 17 under photoredox
(fac-Ir(ppy)3) resulted in the formation of the ring-opened
β-ketoaldehyde 20 (29% yield).[14] These results underscore
the challenges highlighted above, namely, overoxidation of
α-oxy-radical intermediates (22a, 22b) followed by unde-
sired nucleophilic attack or ring-opening (Figure 1C).
These results indicate that mitigating the oxidation of

the benzylic α-oxy-radical (22a) to the corresponding cation
(23a) represents a key challenge in intercepting oxetane
radical (22a) to form 2-aryloxetane products (24). In
contrast to phthalimide esters (17), we hypothesized that
photoredox decarboxylation of oxetane carboxylates (21� )
would proceed through a reductive quenching cycle, gen-
erating the α-oxy-radical (22a) alongside the reduced state
of the photocatalyst. This minimizes the probability of a
second oxidation and increases the likelihood of productive

Figure 2. A. Initial oxetane substrates evaluated in decarboxylative functionalization reactions were carboxylic acid 16 and NHPI ester 17, both
accessible from methyl ester oxetane 15. B. Reaction conditions that led to the over-oxidation of carboxylic acid 16 to form 18,[12] and the over-
oxidation of NHPI ester 17 to form 19[13] and 20.[14] Yields determined via 1H NMR with mesitylene as internal standard. C. Oxidation potential (vs.
SCE) of 22a occurs at a lower potential than 21� , likely giving oxo-carbenium 23a which can undergo ring opening to give SN2 products (25).
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reactivity of oxetane α-oxy-radical intermediate (22a).
Photoredox decarboxylation of oxetane-2-carboxylic acids
(16) was considered to hold the highest potential for success
due to the inherent low steady-state concentration of
oxidizing catalyst species.
Based on this hypothesis, the photoredox decarboxyla-

tion of acid 16 was explored (Table 1). Approaches utilizing
hydrogen atom transfer from transiently generated thiophe-
nol to quench the intermediate α-oxy-radical showed the
most promise.[16]

Optimization of the initial conditions revealed that
neutral organic photocatalysts exhibited limited reactivity
(0–12%; Table 1, entries 2–3).[18] To our surprise, Ru-
(bpy)3

2+ showed no reactivity (Table 1, entry 4). However,
further investigation reveals a correlation between base pKa
and carboxylic acid oxidation potential, suggesting that 16 in
the presence of DIPEA requires a photocatalyst with a
higher excited state reduction potential (see Ep/2 vs. pKa plot
in Supporting Information for details). Cationic photo-
catalysts with higher excited-state reduction potentials (28,

11) resulted in the desired hydrodecarboxylation product 26
with improved yields of up to 65% (Table 1, entries 5–6).
Acridinium-based photocatalysts (28) resulted in optimal

yields in trifluoroethanol (TFE), in-line with previous
reports.[16a] Iridium-based photocatalyst 11 exhibited the
highest yields of 65% in ethyl acetate (Table 1, entry 6). A
comparison of these conditions revealed that the iridium
photocatalyst 11 in ethyl acetate generally provided higher
yields across various substrates, leading to its selection as
the optimal photocatalyst for this transformation (see
Supporting Information for details). Notably, under con-
ditions utilizing photocatalyst 11, the reaction was low
yielding in H-bonding solvents such as MeOH (<5%) and
TFE (0%), while moderate yields were observed in
acetonitrile (20%), toluene (52%), and trifluorotoluene
(36%) (Table 1, entry 7). Further evaluation of the reaction
showed that exclusion of any reaction component resulted in
no product formation (Table 1, entries 8–11).
The lack of reactivity when using photocatalyst 11 in

TFE was striking and may be the result of changes in
electronic properties of the substrate and photocatalyst in
the strong hydrogen-bonding environment, similar to what
has been described previously.[19]

Having identified optimal reaction conditions for the
hydrodecarboxylation of oxetanes, the scope of this trans-
formation was explored (Scheme 1). It was observed that 2-
aryloxetane-2-carboxylic acids bearing an electron-rich
arene provided products 32 and 24 in good yields (88% and
89%, respectively). In comparison, 2-aryloxetane-2-carbox-
ylic acids with electron-withdrawing groups on the arene
gave slightly lower yields of products 30 (74%) and 31
(69%). Substrates with fewer substituents at the 4-position
performed comparably, yielding products 35 (75%, 1.1 : 1
d.r., 7.4 : 1 r.r.) and 36 (62%).
Fused bicyclic oxetanes also successfully underwent the

transformation, yielding products 34 (61%) and 41 (35%) as
single diastereomers. The reaction exhibited tolerance to
electron-rich arenes at the 3-position, producing products 37
(78%, 2.8 : 1 d.r.) and 38 (42%, 3.0 : 1 d.r.). Oxetane-2-
carboxylic acids with a t-butyl ether at the 3-position were
also well-tolerated, providing products 39 (53%, 1.7 : 1 d.r.)
and 40 (71%, 1.7 : 1 d.r.).
A noteworthy distinction of this methodology is its

ability to access oxetanes that are not accessible under
traditional UV-light Paternò-Büchi reaction conditions.
While a direct [2+2]-photocycloaddition between p-tolual-
dehyde and 2,3-dimethylbutene was able to afford oxetane
product 24 in 61% yield, oxetane products derived from
conjugated alkenes (34, 37) were only produced in trace
yield under the UV-light-mediated approach. These reac-
tions suffered from competing excitation of the alkene, as
indicated by the predominant cis-trans isomerization of
trans-anethole and dimerization of indene. This highlights
the synthetic value of utilizing aryl glyoxylic acids as aryl
aldehyde synthons.
During the investigation of the substrate scope, we

noticed distinct diastereoselectivity differences between 2,3-
diaryl oxetanes (42) and 3-ether-2-aryloxetanes (43), which
favor the formation of the syn-diastereomer 37a or anti-

Table 1: Hydrodecarboxylation of Oxetane-2-Carboxylic Acids.[a]

[a] All reactions were performed using 0.1 mmol of substrate at 0.1 M
concentration. [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (11) used in 1 mol% and
all other photocatalyst used in 3 mol%. Reactions irradiated with two
kessil 456 nm lamps. Yields determined via 1H NMR, using mesitylene
as internal standard. Photocatalysts redox potentials taken from the
literature.[15,17] No major ring-opened products identified in all cases.
[b] Yields represent an average of two or more reactions.
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diastereomer 39a, respectively (Scheme 1B). A possible
explanation for the observed selectivity is that the 3-aryl
substituent in 2,3-diaryloxetanes (42) hinders the approach
of thiophenol (TS-1), ultimately resulting in preferential
delivery of the hydrogen atom to the opposite face
(Scheme 1B, I). Additionally, there may be a favorable π–π
interaction between arenes that promotes formation of the
syn-product. In comparison, selectivity observed from sub-
strates bearing a pendant ether at the 3-position (43) could
be driven by a hydrogen-bonding interaction between
thiophenol and the Lewis basic ether, resulting in predom-
inant delivery of the hydrogen atom from the same face
(Scheme 1B, II). To test this hypothesis, we conducted the
hydrodecarboxylation reaction of oxetanes 42 and 43 relying
on (TRIP� S)2 as a sterically encumbered aryl thiol precur-
sor. Notably, under conditions utilizing (TRIP� S)2, 2,3-

diaryloxetane-2-carboxylic acid 42 showed improved selec-
tivity in forming the syn-product 37a (88%, 5.7 :1 d.r.). This
outcome supports the proposed rationale for diastereoselec-
tivity for 2,3-diaryloxetanes, as increased steric bulk on the
aryl thiol is expected to further increase the energy barrier
of the less-preferred transition state TS-1. In comparison, 3-
(tert-butoxy)-2-aryloxetane-2-carboxylic acid 43 resulted in
diminished selectivity in forming the anti-product 39a (54%,
1.2 : 1 d.r.). This is also consistent with our hypothesis, as the
increased steric bulk would hinder the hydrogen-bonding
interaction between the thiol and Lewis basic ether,
increasing the energy barrier of the preferred transition state
TS-3.
To broaden the synthetic utility of our hydrodecarbox-

ylation approach leveraging aryl glyoxylic acids as aryl
aldehyde synthons, we developed a one-pot procedure

Scheme 1. A. Substrate scope of the hydrodecarboxylation of oxetane-2-carboxylic acids. Reaction Conditions: Reactions were performed on oxetane
carboxylic acid substrates (0.1 mmol) in ethyl acetate (0.1 M) with photocatalysts 11 (1 mol%), (PhS)2 (15 mol%), and DIPEA (20 mol%) with
blue light irradiation (456 nm) for 18 hours. Reactions maintained at 30–35 °C with fan cooling. Yields of isolated products shown in parentheses.
Reported diastereomeric ratios obtained from 1H NMR analysis of the crude reaction mixtures. [a] Product formed as a single diastereomer. [b] UV-
light Paternò–Büchi reaction between p-tolualdehyde (0.1 mmol, 1 equiv.) and respective alkene (0.2 mmol, 2 equiv.) in acetonitrile (0.1 M), yield
and d.r. determined via 1H NMR, using Kessil 370 nm lamps, or [c] RPR-3000 A lamps. [d] minor regioisomer results from the Paternò–Büchi to
form the substrate. B. Proposed rational for the observed diastereomeric outcome of the transformation. Yields and d.r. determined by 1H NMR.
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combining the initial [2+2]-cycloaddition and subsequent
hydrodecarboxylation of the resulting oxetanes (Figure 3).
Specifically, glyoxylic acid 44 can undergo the Paternò-
Büchi reaction via direct excitation of the carbonyl to form
oxetane-2-carboxylic acid 45 in situ. Subsequent conversion
under the optimal conditions reported herein for hydro-
decarboxylation results in the formation of the desired 2-
aryl oxetane 36 in 48% yield (8.3 :1.0 r.r.) over 2 steps.
As a result of the low polarity of the optimal solvent

used herein, it was deemed worthwhile to investigate the
possible mechanistic implications, specifically with regards
to changes in the nature of the acid-base interaction.
Previous detailed mechanistic investigations into photoredox
hydrodecarboxylation by the Nicewicz group proposed that
the excited state of the photocatalyst is quenched by a
discrete carboxylate, formed upon deprotonation of the
carboxylic acid substrate by DIPEA in polar protic solvents
(i.e. TFE).[16a] In their case, the high polarity of the solvent
likely pushes the acid-base equilibrium towards near-com-
plete formation of the protonated ammonium and carbox-
ylate species. As a result of this, the likelihood of DIPEA

quenching the excited-state of the photocatalyst to form an
aminium radical cation was nullified therein.
However, the reaction conditions herein rely on ethyl

acetate for optimal performance, and the likelihood of full
deprotonation to a discrete carboxylate species is less
probable. Therefore, the redox innocence of DIPEA is
brought into question. Looking deeper into this possible
deviation in mechanism, the nature of the acid-base
interaction was first probed via 1H NMR titration of 16 with
DIPEA. As the concentration of DIPEA was increased, the
change in arene proton resonance of oxetane acid 16 was
measured. This change in 1H NMR proton resonance was
plotted versus [DIPEA]/[16] and subjected to non-linear
fitting (Figure 4A) (see Supporting Information for
details).[20] This fitting revealed a plateau in arene 1H
resonance change (δ=7.73 ppm) which falls short of the
carboxylate measured independently in the same solvent
(δ=7.82 ppm). This data reveals that a hydrogen-bonding
complex (with an equilibrium constant of Keq=288.5 M� 1) is
more likely than the formation of a discrete carboxylate
species. Through this equilibrium constant it is revealed that
under the initial reaction conditions, approximately 96% of
the DIPEA forms 16 ·DIPEA, with only 4% free DIPEA
that could undergo oxidation by the photocatalyst (Fig-
ure 4B).
The relative rates of photocatalyst quenching by 16 ·DI-

PEA and free DIPEA were determined through a series of
Stern–Volmer quenching studies.[21] First, the Stern–Volmer
quenching constants of DIPEA and 16 were independently
measured, revealing negligible quenching from 16 alone and
a DIPEA quenching constant of KSV(DIPEA)=4034 M

� 1 (Fig-
ure 4C, i.; see Supporting Information for details). The
quenching of a mixture of DIPEA and 16 was then

Figure 3. Sequential 2-step, 1-pot synthesis of hydrodecarboxylated
oxetane 36 from aryl glyoxylic acid 44. Photocatalyst 11 added after
completion of the first step. [a] Isolated yield over 2 steps.

Figure 4. The equilibrium association constant for the formation of 16 ·DIPEA was determined by 1H NMR in titration of 16 and DIPEA. B. The
equilibrium association constant reveals that under the initial reaction conditions [DIPEA]eq is much lower than [16 ·DIPEA]eq. C. Stern–Volmer
Quenching measurements of i. DIPEA alone, and ii. [16 ·DIPEA]eq. D. Proposed mechanism for oxidation of 16 ·DIPEA via MS-CPET.
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measured, and the H-bonding association constant Keq was
used to determine the equilibrium concentrations of 16 ·DI-
PEA and free DIPEA. By subtracting the quenching
contribution of DIPEA from the total quenching observed
for the mixture, the Stern–Volmer quenching constant of
16 ·DIPEA was determined to be KSV(16 ·DIPEA)=2982.8 M

� 1

(Figure 4C, ii.; see Supporting Information for details). This
indicates that, under the initial reaction concentrations,
approximately 95% of the excited state photocatalyst is
quenched by 16 ·DIPEA.
This quenching is proposed to occur via a multiple-site

concerted proton electron transfer (MS-CPET) to generate
the carboxyl radical and the protonated ammonium species
(Figure 4D).[22] The generated Ir(II) can then reduce (PhS)2
(E0= � 1.12 V vs. SCE)[23] to regenerate the ground-state
Ir(III). The generated thiophenolate will readily deproto-
nate the ammonium, forming thiophenol and regenerating
DIPEA (Figure 4D), enabling use of catalytic DIPEA. This
proton transfer from protonated DIPEA to thiophenolate is
supported by 1H NMR titration of thiophenol with DIPEA
(see Supporting Information for details).
However, upon repeating the same analysis sequence for

a more sterically encumbered substrate (21), further devia-
tion from the previously reported hydrodecarboxylation
mechanism was revealed.[16a] Similar to oxetane-2-carboxylic
acid 16, fully-substituted oxetane-2-carboxylic acid 21 was
found to form H-bonding complex 21 ·DIPEA, albeit with a
lower association constant of Keq(21 ·DIPEA)=76.3 M

� 1 (Fig-
ure 5A, 5B).
Furthermore, the Stern–Volmer quenching studies of a

mixture of DIPEA and 21 found that all observed quenching
can be attributed to free DIPEA at equilibrium (Figure 5C;
see Supporting Information for details). Therefore, it is

imperative that a mechanism involving the sacrificial
oxidation of DIPEA be considered for our system.[24]

A previous report of a photoredox transformation
utilizing a substoichiometric trialkylamine as a redox media-
tor has been reported by Gilmour, where the generated
aminium radical was proposed to facilitate an oxidation.[25]

Such a mechanism was considered here, where the aminium
radical cation might be capable of oxidizing the oxetane
carboxylate 21� . However, based on independent oxidation
potential measurements of DIPEA (Ep/2=0.65 V vs. SCE)
and carboxylate 21� (Ep/2=0.73 V vs. SCE), such a possibil-
ity was considered unlikely.
All things considered, we propose that for bulkier

substrates (21), the primary role of DIPEA is in the reaction
initiation, serving as a sacrificial reductant to reduce the
excited-state Ir(III)*. The generated Ir(II) then reduces
(PhS)2 to regenerate the ground-state Ir(III). Following
fragmentation, the generated thiophenolate then deproto-
nates the carboxylic acid (21) to give carboxylate (21� ) and
thiophenol (Figure 5D).
Following either mode of initiation discussed above, the

mechanism is proposed to follow the same termination steps
for 21� and 16 ·DIPEA. The excited-state photocatalyst
drives the oxidation to form carboxyl radical 46 via single
electron oxidation from the carboxylate (21� ), or by MS-
CPET oxidation of the H-bonding complex (16 ·DIPEA).
Extrusion of CO2 from carboxyl radical 46 generates the key
oxetane radical intermediate 47, which is subsequently
quenched by thiophenol via hydrogen-atom transfer to give
the hydrodecarboxylated oxetane product (48) (Figure 6).

Figure 5. A. The equilibrium association constant for the formation of 21 ·DIPEA was determined by 1H NMR in titration of 16 and DIPEA. B. The
equilibrium association for the formation of 21 ·DIPEA. C. Stern–Volmer Quenching of 21 and DIPEA in equilibrium, revealing that all observed
quenching can be attributed to DIPEA alone. D. i. Proposed initiation mechanism, where DIPEA is oxidized sacrificially to enable the formation of
phenylthiolate. ii. The deprotonation of 21 and subsequent oxidation of 21� .
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Conclusions

In summary, a key challenge in the decarboxylation of
oxetane-2-carboxylic acids (16) and its phthalimide ester
derivatives (17) is the undesirable oxidation of the inter-
mediate radical (22a) and the subsequent formation of
nucleophilic ring opening products (25). This challenge can
be overcome efficiently by relying on photoredox catalysis,
specifically utilizing a reductive photoredox quenching cycle
for the oxidation of the carboxylate (21� ) and rapid capture
of the resulting oxetane radical (22). The products accessible
are formally the result of a net [2+2]-cycloaddition between
alkenes and aryl aldehydes that requires UV-light irradi-
ation and often proves challenging, resulting in low yields.
The method described herein establishes a two-step strategy
that leverages aryl glyoxylates as synthons for aryl aldehydes
and ultimately enables a visible-light-mediated approach to
access 2-aryl oxetanes. Our mechanistic investigation into
the hydrodecarboxylation reveals two new modes of reac-
tion initiation that are distinct from previous methods,
arising from the reaction conditions reported herein. Specif-
ically, the reaction can initiate via oxidation of an H-bonding
complex (16 ·DIPEA) through MS-CPET, or by sacrificial
oxidation of DIPEA to ultimately generate thiophenolate to
act as a stronger base. We suspect that both initiation
mechanisms are operative and preference for one over the
would be dictated by the steric environment around the
carboxylic acid and its acidity.
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