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ABSTRACT: 4-Membered ring heterocycles oxetanes and azetidines offer exciting potential as small polar molecular motifs in
medicinal chemistry but require further methods for their incorporation. Photoredox catalysis is a powerful method for the mild
generation of alkyl radicals for C—C bond formation. However, the effect of ring strain on radical reactivity is not well understood
and there are no studies that address this question systematically. Furthermore, examples of such reactions that use tertiary and ben-
zylic radicals are rare, and their reactivity is challenging to direct towards productive reaction pathways. This work develops a radical
functionalization of benzylic oxetanes and azetidines using visible light photoredox catalysis to prepare 3-aryl-3-alkyl substituted
derivatives and assesses the influence of ring strain and heterosubstitution on the reactivity of small-ring radicals. 3-Aryl-3-carboxylic
acid oxetanes and azetidines are suitable precursors to tertiary benzylic oxetane/azetidine radicals which undergo conjugate addition
into activated alkenes. We compare the reactivity of oxetane radicals to that of other common benzylic systems. Computational
studies indicate that reversible Giese additions of non-strained benzylic radicals into acrylates result in low yields and radical dimer-
ization. Benzylic radicals that are part of a strained ring, however, are both less stable and more m-delocalized, decreasing dimer
formation and increasing Giese product formation. Oxetane substitution, in particular, results in high product yields due to ring strain
and Bent’s rule rendering the Giese addition irreversible. Mechanisms for the formation of side products observed with different
substrates are proposed based on experimental and computational evidence.

Oxetanes and azetidines continue to attract interest as valuable membered rings have prompted the development of several new
motifs in medicinal chemistry.! These motifs have increasingly approaches for their synthesis and late-stage incorporation to
appeared in clinical candidates, including Lanraplenib,” Crenol- overcome the challenges posed by their ring strain and potential

anib,’ and FDA-approved Siponimod* and Baricitinib (Figure instability.’
1).> The low molecular weight and high polarity of 4-membered
heterocycles can provide attractive molecular properties, as
well as replacement groups for sensitive and metabolically ex-
posed functionalities."® 3,3-Disubstituted oxetanes, in particu-
lar, present interesting opportunities as bioisosteres, providing
comparable features to carbonyl groups and advantages due to
increased steric protection, which improves stability to nucleo-
philes and acidic conditions. The attractive features of 4-
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Figure 1. Oxetane and azetidine-containing pharmaceuticals.

Recent years have seen developments in the generation and re-
action of oxetane and azetidine radicals as reactive intermedi-
ates. Radicals have been generated from oxetane itself and azet-
idine derivatives at the activated C2-position, where the radical
is stabilized by the adjacent lone pair.® Radical generation at the
3-position must compete with possible HAT processes at the 2-
position, which would generate a heteroatom-stabilized radical,
and hence requires a group that can act as a radical precursor.”
17 Recently, oxetane functionalization has been achieved using
visible light mediated photoredox catalysis, which has emerged
as a powerful and general tool to generate radical species under
mild conditions.'® 3-lodo-oxetane and azetidine are increas-
ingly employed in coupling reactions,”!®!! while there are only
limited examples from oxetane-3-carboxylic acid. To date there
have been very few and isolated examples of tertiary oxetane
radicals at the 3-position (Scheme 1).

In 2014, Ravelli reported the generation of 3-methyloxetane
radicals by decarbonylation using UV light and TBADT ([(n-
Bu)sNJ4[W100s2]), and their reaction with Michael acceptors.®
In 2018, Frenette and Pfizer developed visible light conditions
for Minisci reactions.'? Also in 2018, Shenvi used HAT/Ni dual
catalysis to hydroarylate oxetane alkylidenes with aryl halides
via a 3-alkyloxetane radical.'* In 2020, Terrett and Huestis re-
ported the synthesis of 3-aryl-3-amino oxetanes and azetidines
through the photocatalytic generation and coupling of 3-amino
radical intermediates with aryl halides.”® Very recently, 3-si-
lyloxy azetidine and oxetane radicals were reported by Shen
from 3-silyl azetidin-3-ols and oxetan-3-ols through a radical
1,2-silyl transfer which underwent C—C coupling with Michael
acceptors.'®

Following our interest in 3-aryloxetane and azetidine deriva-
tives involving carbocation intermediates,'” we envisaged that
benzylic oxetane radicals would broaden the range of options
for oxetane incorporation and provide access to valuable, unex-
plored and medicinally relevant chemical space under mild pho-
toredox conditions. However, tertiary benzylic radicals remain
underinvestigated in photoredox catalysis®® and might be ex-
pected to display low reactivity in their addition reactions due
to their relatively stabilized nature.?! Further, benzylic radicals
are prone to oxidation to form stabilized carbocations via radi-
cal-polar crossover pathways.” To date, there have been no re-
ports of the reaction of 3-aryloxetane or azetidine radicals, and
the effect of the 4-membered ring on the reactivity and radical
structure were unclear at the outset of this work.

Scheme 1. Strategies for the formation of 3,3-disubstituted
oxetanes and azetidines by radical functionalization.
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Here, we report our studies on the formation and reactions of
oxetane and azetidine radicals using visible light mediated pho-
toredox catalysis starting from carboxylic acid derivatives. We
also report a systematic comparison of reaction outcomes for
related substituted benzylic radicals and highlight important
structural features for the reactivity of benzylic radicals. Most
notably, we draw correlations between radical stability, hybrid-
ization and the equilibrium of the reversible Giese addition,
which determines product yields and the extent of radical di-
merization.

We first investigated several possible radical precursors, ini-
tially derived from oxetanols. Attempts to prepare 3-aryloxe-
tane derivatives of typical radical precursors such as bromide
and chloride were unsuccessful (Supporting Scheme S1) and
similarly, borate or silicate derivatives are not readily available.
Oxalates, as the acid or Cs-salt?® were prone to hydrolysis under
reaction conditions and parallel screening of conditions did not
provide a productive reaction (Supporting Scheme S2 and Table
S1). We hence examined oxetane carboxylic acids. Carboxylic
acids have been extensively used in the formation of tertiary
radical centers under photocatalytic conditions.'#*42¢ Aryloxe-
tane carboxylic acids were not available and prompted our re-
cent report on their short two-step synthesis from 3-aryl-oxetan-
3-ols involving catalytic Friedel—Crafts reaction followed by
mild oxidative cleavage.”’*® Initial investigations with acid 1
were based on a report by MacMillan in 2014,%° which gener-
ated C(sp®) radicals under decarboxylative photoredox condi-
tions and trapped these with electron deficient alkenes.*® Elec-
tron-rich oxetane acid 1 was used as model substrate and ethyl
acrylate as radical acceptor. The major product of this reaction
was 3,3-disubstituted oxetane 2a, which was formed alongside
di-alkylated product 2a’, dimer 3 and reduced product 4. After



an extensive survey of discrete and continuous reaction varia-
bles (e.g. further bases, solvents, photocatalysts; Supplementary
Tables S2-S5), desired 3,3-disubstituted oxetane 2a was ob-
tained in 61% yield (£ 5%, 95% confidence interval, n = 6, per-
formed by three different chemists; Table 1, entry 1), with min-
imized formation of side products (3, 4) and finally little devia-
tion from the MacMillan conditions. The mass balance in the
standard reaction between 1 and ethyl acrylate was variable de-
pending on the purity of 1 used (c.f- Table 1 entry 1 and Sup-
porting Table S6). Nonetheless, complete conversion of starting
material 1 is always observed. Deviations from an overall con-
served mass balance of 100% are ascribed to intractable degra-
dation products from the oxetane radical.

Table 1. Selected optimization studies for the reaction

of oxetane acid 1 with ethyl acrylate.
[I{dF(CF3)ppy)a(ditbbpy)IPFe
(1.0 mol%)

o\ Cs,C0;5 (1.2 equiv o}
PMP coH * #coxs ﬁ’ PMP%
1 (1.5 equiv) 18 h, 2 x LEDs (467 nm)
coza
O\/\COZEt COzEt O?/©/
2a
entry Change from standard yield (%)*

conditions Da 2a’ 3 4
1 None 61 (58) 8(8) 1 1
2 cat. = Ru(bpy)s(PFé)2 <5 0 2 0
3 cat. = Mes-Acr" 0 0 0 0
4 0.5 mol% Ir cat. 46 11 2 0
5 28 °C (fan cooling) 54 11 3 0
6 solvent = MeCN 41 2 1
7 solvent=1,4-dioxane 28 3 1
8 [0.1 M] 59 15 2 3
9 2.0 equiv acrylate 59 7 1 1
10 0.7 equiv acrylate 59¢ 8¢ 2 3
11 DBU as base 39 4¢ 2 1
12 No photocatalyst 0 0
13 No light 0 0
14 No base 0 0

¢ Reactions run on a 0.2 mmol scale under argon. Yield calcu-
lated by analysis of the "H NMR spectrum of the crude mixture of
the reaction using 1,3,5-trimethoxybenzene as internal standard and
a 30 s relaxation delay (d1). ? Reported yields are the mean average
of 6 experiments, isolated yields of a single run are in parentheses.
¢ Yields vs ethyl acrylate.

The optimized conditions used two readily available 467 nm
LED Kessil lamps, Cs,COs as base and DMF as reaction solvent
(see the Supporting Information page S13 for a detailed descrip-
tion of the reaction set-up). Iridium photocatalyst
[Ir{dF(CF3)ppy}2(dtbbpy)]PFs ([Ir]; see Scheme 2) provided
appropriate redox potentials to oxidize the carboxylate and

reduce the Giese adduct. Other photocatalysts such as
[Ru(bpy)s](PFs), or (Mes-Acr)(ClO4) formed little (<5%) or no
product (entries 2-3). Only slight reductions in yield were ob-
served when reducing photocatalyst loading to 0.5 mol% (entry
4), performing the reaction at lower temperatures (28 °C, fan
controlled; entry 5), in different solvents (MeCN, 1,4-dioxane;
entries 6-7), lower concentration (entry 8), with variable
amounts of ethyl acrylate (entries 9—10) or with an organic base
(DBU; entry 11). Control experiments demonstrated the re-
quirement for photocatalyst, light and base (entries 12—-14).

We examined deviations in reaction conditions that are often
encountered between laboratories by using a sensitivity screen
as described by Glorius (Figure 2).3! The reaction was shown to
be broadly insensitive to small changes in the optimized condi-
tions, thus facilitating implementation of the decarboxylative
oxetane-functionalization protocol (see Supplementary Table
S6 for details). Only high concentrations (0.25 instead of 0.2 M)
and high levels of oxygen (i.e. under air) were identified as po-
tential pitfalls for the reaction, factors that can be readily con-
trolled. Notably, given the known sensitivity of photochemical
reactions to increased scale,* the input of 1 could be increased
to 5 times the standard scale (0.2 to 1.0 mmol) by simply in-
creasing the size of the reaction vial with no impact on yield
(58% of 2a). Repurification of 1 (to 99.9% pure instead of
98.9% by quantitative '"H NMR) further increased the yield of
2a (67%).

High C

-100%,

Large Scale ggife,

-50%

%

e/
Repurified 1 <_/I

Low | High H,0

Low C

Shorter wavelength > High O,

Moderate O,

High T Low T

Figure 2. Assessment of sensitivity of the reaction of oxetane acid
1 with ethyl acrylate. Numbers indicate the deviation in percentage
yield on alteration of selected reaction parameters.

With optimized and reliable conditions in hand, the scope of the
reaction was probed (Scheme 2). A diverse set of novel 3,3-di-
substituted oxetane products was obtained varying both the rad-
ical acceptor and the oxetane acid precursor. Simple acrylates
were successful coupling partners and generated the products in
good yields (2a, 2b). Vinyl ketones, sulfones, phosphonates and
nitriles could also be employed, albeit in lower yields (2¢—2f).
Medicinally interesting amide derivatives were synthesized in
moderate yields (2g—2i).



Scheme 2. Reaction scope of oxetane and azetidine acids and alkenes”
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Similarly, a radical acceptor with two stabilizing groups was
well tolerated using protected dehydroalanine to generate un-
natural amino acid 2j. Methacrolein was also successful,
providing aldehyde 2k. Substitution at the -position was less
well tolerated, though successful reactions were achieved with
cyclopentenone and dimethyl maleate, affording 21 and 2m in
25% and 54% yield respectively. Styrenes were also successful
coupling partners (2n—-2t). Unactivated, electron-neutral sty-
rene yielded oxetane 2n in 35% yield. Reactivity increased with
more electron-poor acceptors whereby p-bromophenyl (73%)
and isobenzofuranone (60%) functionalities were incorporated
efficiently (20, 2p). The tolerance of an aryl bromide group is
noteworthy, especially since it serves as a synthetic handle for
downstream diversifications. Importantly, pyridines, the most
prevalent aromatic N-heterocycles in bioactive compounds,*
could be readily introduced whilst tolerating functionalities
such as a secondary amide (2q—2t). Increasing the equivalents
of vinyl pyridine acetamide to 3.0 equiv, or using oxetane acid
1 in excess did not improve the yield of 2s.

Next, variation in the oxetane acids was investigated (5-12). A
benzyl protecting group, which can be labile to photoredox con-
ditions,** was well tolerated (5q; 62%). An electron-withdraw-
ing triflate group could also be incorporated in low yields (6q;
see the Supporting Information page S36 for further discus-
sion). TIPS-protected phenol was deprotected under the reac-
tion conditions to give free phenol 7a. Importantly, and in con-
trast to our previous strategies generating oxetane carbo-
cations,' electron-neutral phenyl oxetane acid was a successful
substrate and provided 3,3-disubstituted oxetane 8a in 49%
yield. A comparison of the reaction profiles for the formation
of 2a and 8a indicated the rate of reaction was faster to form 2a,
which could be correlated with the lower oxidation potential of
the carboxylate from 1 (see Supporting Tables S14-S15 and
Figure S11).
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Electron-neutral oxetane analogs of ibuprofen and flurbiprofen
gave oxetanes 9a and 10a, and unsubstituted biphenyl oxetane
acid gave an oxetane-containing ester analog of fenbufen (11b).
The medicinally important indole group was also incorporated
(12a).

Pleasingly, 3-arylazetidine radicals could also be formed under
the reaction conditions and a range of 3,3-disubstituted azet-
idines were synthesized in comparable yields to their oxetane
analogs (13a, b, m, n, p, q, t). Azetidine pyridines 13q and 13t
showed a boost in yield compared to the oxetanes. Further in-
formation on the examples in Scheme 2 that showed significant
amounts of side products and other radical acceptors that did
not yield the desired Giese product can be found in Supporting
Schemes S5 and S6, respectively.

The Cbz group could be readily removed from 13a by hydro-
genolysis to generate a free N-H azetidine (14; 76% yield). Es-
ter hydrolysis from the functionalized oxetane products under
basic conditions using LiOH gave carboxylic acid 15 in 99%
yield.* This is the formal bis-homologation product of oxetane
1, which was further characterized by X-ray crystallography
(see Supporting Figure S33). Interestingly, deprotection of the
t-Bu ester 11b using trifluoroacetic acid prompted ring-opening
of the oxetane ring to form tetrahydropyranone 16 in 97% yield
due to the internal nucleophile.

3,3-Disubstitued oxetanes 2a, 2j and 2q were further character-
ized by X-ray crystallography and compared to known analo-
gous phenone structures, which displayed interesting differ-
ences in conformation (Figure 3, also see Supplementary Infor-
mation pages S75-S81). The 3,3-disubstituted oxetane deriva-
tives adopt a conformation with increased 3-dimensional na-
ture. Most notably the aromatic ring on the oxetane is almost
orthogonal to the pseudo-carbonyl plane (dihedral angle be-
tween Ooxetane'Cqoxetane'anmmatic—CHammatic), WhllSt in the ketone,
the aromatic ring is aligned with the plane as to maximize fa-
vorable n-conjugation. Furthermore, the increased steric bulk of
the oxetane group together with the decreased steric require-
ment of the ‘twisted” aromatic ring induce a switch in the pre-
ferred conformation of the CH,CHRR’ chain, which now lies
on the side of the aromatic instead of the carbonyl (oxetane).
The conformational preferences in the X-ray structures of 2a,
2j and 2q did not seem to be influenced significantly by crystal

packing effects, as revealed by analysis of intermolecular inter-
actions in 2a, 2j and 2q (Supporting Information pages S75-
S81).

Based on the precedent of decarboxylative photoredox reac-
tions?*% 2 we propose an oxetane/azetidine radical intermedi-
ate formed by oxidation of the carboxylate anion with the ex-
cited form of the photocatalyst followed by decarboxylation
(see Figure xx for the full mechanistic picture). Reacting ox-
etane 1 with ethyl acrylate in the presence of TEMPO did not
form the usual product 2a. Oxetane-TEMPO adduct 17 was in-
stead isolated in 21% yield (after chromatography) and its struc-
ture confirmed by X-ray crystallography, supporting the pro-
posed oxetane radical (Scheme 3).

Scheme 3. Isolation of oxetane TEMPO adduct as evidence
for oxetane radical
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O\ [Ir]? (1.0 mol%)
Cs,CO;3 (1.2 equiv)

0
S
PMP” ~0-N

17,21%

PMP COOH
DMF (0.2 M), 36 °C, 18 h
1 2 x blue LEDs (467 nm)

“ [Ir] = [Ir{dF(CF5)ppy } 2(dtbbpy)]PFs (see Scheme 2).

Intermolecular reactions that involve radicals at benzylic posi-
tions often lead to low yields of the desired product and in-
creased side reactions such as homo-coupling or reduction of
the benzylic radical.'>!¢?*3% The reasons behind this, and the
effect of additional substituents at the benzylic position on re-
activity, are not well understood. To provide insight into the key
radical-addition step, we compared the behavior of a series of
aryl acetic acids, with different substitution at the benzylic cen-
ter, in the reaction with ethyl acrylate (Scheme 4). Only oxetane
and azetidine undergo the desired Giese reaction pathway effi-
ciently (>50% 2a = III-A, and 13a = IV-A). Very little or no
dimer formation was observed for the 3- and 4-membered rings,
in contrast to methylene, gem-dimethyl and tetrahydropyran
linkers.*



Scheme 4. Reactivity of tertiary benzylic radicals”

Ethyl acrylate (1.5 equiv) CO,Et
[1r]? (1.0 mol%) PMP~ "0,k 2
Cs,CO;3 (1.2 equiv) A

DMF (0.2 M), 36 °C, 18 h
2 x blue LEDs (467 nm)

PMP/O\COOH

pmpOng PMP PMP . CO,Et

o 8 % % 8 & 8

Yields / %

A 38 19 58(2a) 53(13a) 36 33 45
e 9 . 8(2a) 13(13a) 7 12 12
B " - o o 6 23 40

@ Isolated yields are reported. ? [Ir] =

[Ir{dF(CF3)ppy}2(dtbbpy)]PFs (see Scheme 2).

The significant differences in reactivity of aryl acetic acids with
different benzylic linkers was further investigated computation-
ally to provide insights into the underlying features that lead to
these disparities. Since maximizing the yield of Giese product
requires minimization of undesired dimerization, we sought to
identify the origins of dimer formation. The relative quantities
of dimer observed vary significantly depending on the identity
of the benzylic substituents (Scheme 4). We isolated two factors
that minimize dimer formation: (1) decreasing the stability of
the benzylic radical, and (2) enhancing m-delocalization of the
benzylic radical into the aromatic system.

First, computational studies showed the Giese addition of ben-
zylic radicals into methyl acrylate to range from moderately ex-
ergonic to slightly endergonic (AG =—11.7 to +0.6 kcal mol ™),
indicating the possibility of reversible radical additions for
some substrates (Figure 4a; see Figure 4c and Supporting Table
S9 for the computed AG data of the Giese equilibrium). The
relative stability of the benzylic radicals was then calculated
(stabilities determined through H-atom exchange equilibria
with cyclopropyl radical II; Figure 4b and Supporting Figure
S6) and found to directly influence the equilibrium position of
the Giese addition, with a linear relationship (R? = 0.87, Figure
4c). This Giese equilibrium determines the extent of dimeriza-
tion: as the radical becomes less stable, the driving force for the
Giese addition increases and dimerization is disfavored (Figure
4d). For example, the relative instability of cyclopropyl radical
II causes an exergonic addition to the acrylate (AG =—11.7 kcal
mol™), resulting in rapid Giese quenching of this radical and
therefore dimer suppression. The cyclopropane radical how-
ever, is known to be very unstable and more prone to ring open-
ing than its larger-ring counterparts, presumably leading to its
increased degradation and consequently, a low yield of Giese
product II-A (19%) and no observable dimer II-B.*' Con-
versely, the gem-dimethyl benzylic radical VII is stabilized to
the extent that the addition to the acrylate becomes endergonic
(AG = +0.6 kcal mol™") and is therefore reversible, allowing a
build-up of this radical in the reaction and increasing the likeli-
hood of dimerization (Figure 4¢). The energy barriers for the
Giese addition were calculated to be relatively low, AG* = 15.3—
19.5 kcal mol™'. For substrates with only a small, or non-exist-
ent, driving force (e.g. cyclobutyl, THP and gem-dimethyl), the
reverse process will have similar forward and backward reac-
tion barriers, leading to balanced concentrations of benzylic-
and Giese adduct radicals. However, for systems with a larger
driving force (e.g. oxetane, methylene and cyclopropyl), the
Giese process will be irreversible resulting in low concentra-
tions of benzylic radicals.

The unsubstituted benzylic radical (I) is an outlier in this stabil-
ity/dimerization trend in that dimer is observed (11%), despite
the equilibrium lying towards the Giese adduct (AG =—4.4 kcal
mol™). To explain this phenomenon, we noted that the spin den-
sity is much more localized at the benzylic position than that of
the rest of the radicals under study (ps = 0.75, Figure 4f). More
localized benzylic radicals may incur a lower penalty to dimer-
ization due to non-perfect synchronization, ** making unsubsti-
tuted radical I the most susceptible to dimerization of the se-
ries.* On the other hand, the lower spin density of the cyclo-
propane radical II (ps = 0.67) increases the barrier to dimeriza-
tion relative to the Giese addition.

We propose that the extent of radical delocalization is con-
trolled by the hybridization of the orbital of the benzylic carbon
involved in the arene-to-benzylic-carbon ¢ bond (C1-C2, Fig-
ure 4g), which in turn is determined by the hybridization of the
orbitals involved in the C—C o bonds of the additional benzylic
substituents (C1-C3 & C1-C4, Figure 4g and h). Substrates in
which the orbitals making these benzylic C—C bonds require
enhanced p-character due to the small internal angles of small
rings, e.g. cyclopropane II (sp>’*; Figure 4h), must assign
greater s-character to the orbital of Cl1 involved in the C-C o
bond with the arene (sp'**; Figure 4g). This is expressed in a
shorter C1-C2 bond, increased radical delocalization and re-
duced benzylic spin density (Figure 4i; see Figure 4j for our
proposed model for variation in spin density). We propose that
delocalization is enhanced in oxetane III compared to cyclobu-
tane V due to Bent’s rule*: the electronegative oxetane oxygen
atom withdraws electron density from the ring C—C bonds, forc-
ing a greater p-contribution on the orbitals forming these bonds
in III than V (sp** vs sp>'°, respectively, Figure 4h). As a re-
sult, the orbital of the benzylic-carbon involved in the C—C bond
with the arene in III is richer in s-character (sp'*”) and the bond
is shorter (1.404 A) than in V (sp'* and 1.410 A, respectively),
thereby increasing m-delocalization and subsequently minimiz-
ing dimerization.

Overall, dimerization will be minimized for substrates with de-
stabilized benzylic radicals that are able to efficiently delocalize
into the arene m system. For example, the Giese addition for
oxetane radical I is exergonic
(AG = -3.7 kcal mol™), and the radical is sufficiently 7-delo-
calized (ps = 0.67) due to the high p-character demanded within
the oxetane ring (vide supra), such that no dimer is observed
and the yield of Giese product is high in the reaction with acry-
lates.



a) Reversible Giese equilibrium b) radical stabilities
(0] ° O,
DN AG ></ o H . H
PMP— | OMe PMP \f Y \( . .
OMe PMP PMP PMP  PMP PMP PMP
=vil 1 1 VI m Vil s . ) ,
0.0 -5.8 -8.3 -8. -10.2 -11.2 Increasing radical stability
L | | 1 | 1 (AAG / kecal mol=")
c) Radical stability vs Giese equilibrium d) Dimerization vs Giese equilibrium e) Comp ] of g yl benzylic radical®
“ \;; . ethyl acrylate SO@
40 o S P PMP— >v o
o . X . PMP>7 < PMP s
T 00 Dimerization outlier: 2 Vil AG = +0.6 kcal mol~! OEt
S . 30| Large benzylic spin density PNy
E * in radical ‘
§ -4.0 E - HK 8 (f If
= E NS x
S
9 80 220 N H\H v
3 g Y
2 120 y =-1.05x - 11.09 . S \
o 12 R 0.87 i e O\
10 0O 2{ \;,f S
-16.0 + \§ &? v ox PMP
-12.0 8.0 -4.0 0.0 P DN OEt OEt
Radical stability (AAG) / kcal mol-! 0 :’g | f % " f . VII-B, 40% VI-A, 12% VII-A, 45%

0 -8 -6 -4
Giese AG / kcal mol™*

0

f) Spin densities on benzylic carbon g) Hybridi of the orbital of the benzylic-carbon involved in the 6 C-C bond with the aromatic ring (C1-C2)
0.75
S 4 A A P -~
PMPTS <K p<XERe  pXr porsC <o\
{ 3 { Y { Y { 3 { b
E 0.70 Sp|.25 Sp1.37 Sp1.53 Sp1'70 Sp1.87
H I " v vi i
g Iot-co, A: 1.398 1.404 1.410 1.429 1.431
£
&0.65 Benzylic spin density / e:  0.667 0.672 0.674 0.683 0.700
. Increasing spin densit,
Higher s character g P 4 Lower s character
Shorter C-C bond Longer C-C bond
0.60
1 n m \' Vi
h) Orbital-hybridization of benzylic carbon =—— i) =~ ion vs spin ity i) Model for variation in benzylic spin density
H S sp2 9! 078 °l
PMP-— PMP p
sp* 352 0.73 y=-0.01x+1.03 <KoX: > oXKouES 0‘
I ° R#=0.92 4 e 4 ‘\ { N—
207 . .
H S®Sp3.61 2 More p character More s character assigned to the Shorter arene-to-benzylic-
PMP PMP s involved in benzylic orbital participating in the arene- cart ?U" %—Cf bg"ff enla_bh;)_s
sp! £0.69 . - C—C bonds to-benzylic-carbon C—C bond, greater radical z-delocalization
sp2.93 5 NBO interaction: "
P v » = p vl causing shorter bond
"""""""""""""" 0.67 a “m .
PMP PMP /
sp*0L-0 o) 065 x . .
sp? 67"' 50 55 60 65

AE@(p — 7*) / kcal mol~"
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Based on literature precedent®®**?° and focused experimental
(Figure 5) and computational data (Figure 4), we propose the
mechanism depicted in Figure 5a. The [Ir'™] catalyst is excited
by visible light to [Ir"™]. Oxetane acid 1, which cannot be oxi-
dized directly by [Ir'™], is deprotonated by Cs,COj to 1-, which
is now oxidizable at +0.89 V vs SCE. 1" transfers an electron to
[Ir'"™] and is thereby oxidized to a carboxylate radical (not
shown) that rapidly (k = 10'° s7')* decarboxylates to oxetane
radical IIL

Oxetane radical III then undergoes an essentially irreversible
(forward reaction ca. 500 times faster than reverse reaction) and
slightly exergonic Giese addition into ethyl acrylate to form ad-
duct 2a’, which is reduced by [Ir"] to enolate 2a~, thereby re-
generating the catalyst, [Ir'™]. In a final step, 2a™ is protonated
to form the product 2a. Deuteration studies (Figure 5b) support
the protonation step, with high deuterium incorporation o to the
ester with D,O as additive. The source of protons under the
standard reaction conditions remains unclear, with no

deuterium incorporated with either d-1 (COOD) or DMF-d; and
no significant effect of water content on the reaction outcome
(Supporting Tables S11-S12).

Di-addition product 2a’ was shown to form predominantly via
the polarity mis-matched radical conjugate addition of 2a" into
a second molecule of ethyl acrylate (followed by reduction by
[Ir""] and protonation) and not by a more intuitive polar conju-
gate addition of 2a” into ethyl acrylate. 2a’ can either directly
add into ethyl acrylate after its formation, or it can be reformed
at a later stage by oxidation of 2a~ by the excited photocatalyst
[Ir'™], as suggested by the oxidation potentials (Figure 5a). Im-
portantly, it was shown that the final product 2a is converted
into 2a’ by resubmission to the reaction conditions (18%), but
not in the absence of [Ir], light; or base (<3%; Figure 5c). Slow
depletion of 2a with increased amounts of 2a” were observed at
long reaction times (Supporting Table S14 and Figure S11)
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Oxetane radical III can also embark on alternative reaction
pathways such as dimerization to form 3 or reduction to gener-
ate 4. The extent of these side reactions was intriguingly dic-
tated by the choice of radical acceptor (see Supporting Schemes
S5 and S6 for full overview). Particularly, less electrophilic
and/or more sterically hindered alkenes led to increased
amounts of 3 and 4. This is presumably due to an increase in
AG and AG* (both more positive) of the Giese addition, shifting
the equilibrium towards oxetane radical III. A higher concen-
tration of oxetane radical significantly increases the rate of di-
merization (directly proportional to the square of radical con-
centration), and the formation of reduced oxetane 4.

relaxation delay (d1). [Ir] =

Reduction of oxetane radical III to generate 4 was intriguing,
with no explicit reductant or H-atom transfer (HAT) reagent
present in the reaction mixture. We investigated the formation
of 4 through deuteration studies using cyclohexene methyl car-
boxylate as acceptor, which had shown elevated amounts of 4
(Figure 5d). High deuterium incorporation with D,0 as additive
suggests protons to be the source of “H” in 4. The low deuter-
ium incorporation with DMF-d; rules out HAT from DMF to
the oxetane radical.*® Reduction of the oxetane radical by [Ir"]
to an oxetane-3-anion followed by protonation is unlikely based
on the calculated reduction potential of the oxetane radical

(E;I/[Z/III =-1.67 V vs SCE) which lies outside the reduction

Scheme 2).

range of [Ir'"] (Scheme 5a). We hence tentatively propose re-
duced oxetane 4 to be generated through a concerted multisite
proton-coupled electron transfer (PCET)** with [Ir"] as source
of electrons.

Interestingly, only minimal amounts of 3 and 4 were observed
in the absence of acceptor (Figure 5d), hinting to its involve-
ment in the oxidation of [Ir] back to [Ir™]. However, direct
oxidation of [Ir'] by the alkene is unfeasible based on the al-
kenes’ reduction potentials (e.g. for cyclohexene methyl car-

boxylate calculated to be EII\%M =-2.60 V vs SCE; Supporting
Table S7).5 Thus, speculatively, we propose that the high con-
centration of strained oxetane radical also increases the rate of
irreversible oxetane degradation pathways to generate radicals
that can more easily add into the acceptor and form unidentified

Giese adducts capable of oxidizing [Ir"].%

In summary, we report the generation of unusual tertiary ben-
zylic strained oxetane and azetidine radicals under photoredox
catalysis. We have developed a protocol for the use of 3-aryl-3-
carboxylic acid oxetanes and azetidines as radical precursors
which react with alkenes to form medicinally relevant alkylated
3,3-disubstituted oxetanes and azetidines with previously inac-
cessible substitution patterns. The reaction is reproducible, easy
to set up and insensitive to common deviations from the condi-
tions. The products could be further transformed to reveal free



NH azetidine functionality, as well as a free “bis-homologated”
oxetane carboxylic acid or a tetrahydropyranone heterocycle af-
ter oxetane ring-opening, depending on the conditions used for
ester removal. An experimental comparison of the reactivity of
different benzylic radicals revealed only oxetane and azetidine
substrates to favor a productive Giese reaction pathway with the
other benzylic linkers showing significantly lower yields and/or
increased amounts of dimer side products. A computational in-
vestigation revealed the Giese addition of benzylic radicals into
acrylate acceptors to be reversible in some cases, with less sta-
ble radicals shifting the equilibrium towards the coupled prod-
uct. Furthermore, reduced spin density on the benzylic carbon
was found to minimize formation of the dimer side product. Ox-
etane radicals, and by analogy azetidine radicals, are the only
species that lie in the sweet spot of undergoing little degradation
of the benzylic radical, whilst showing an exergonic Giese ad-
dition and minimal dimer formation.

Experimental and computational studies are presented to ex-
plain the differing reaction outcome with certain acceptors, and
to suggest the mechanism for the formation of side products.
We envisage this protocol will encourage the use of 3-aryl-3-
carboxylic acid oxetanes and azetidines as convenient radical
precursors in medicinal chemistry and expand the medicinal
chemist’s toolbox for the incorporation of 4-membered rings
into drug-like compounds. The computational and experimental
mechanistic investigations presented herein improve the gen-
eral understanding of photoredox catalyzed reactions, particu-
larly in Giese-type transformations and of strained ring and/or
benzylic substrates. These fundamental studies will serve as a
blueprint for the development of further methodologies that in-
volve such substrates, and our insights will provide synthetic
chemists with important factors to be considered during the op-
timization of such reactions.
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