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Spirocyclobutane derivatives have gained significant attention in drug discovery programs due to their
broad spectrum of biological activities and clinical applications. Ring-strain in organic molecules is
a powerful tool to promote reactivity by releasing strain energy, allowing the construction of complex
molecules selectively and efficiently. Herein, we report the first strain-enabled radical spirocyclization
cascades for the synthesis of functionalized spirocyclobutyl lactones and — lactams, which are finding
increasing applications in medicinal chemistry. The reaction of interelement compounds with
bicyclobutane (BCB) allyl esters and — amides proceeds with high chemoselectivity under simple,
catalyst-free conditions using blue light irradiation. The reaction has been successfully extended to
synthesize bis-spirocycles. To introduce a more diverse set of functional groups, we have developed

a dual photoredox/nickel catalytic system capable of mediating the carbosulfonylation of BCB allyl
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rsc.li/chemical-science for further synthetic elaboration.

Introduction

Spirocyclic compounds are among the most important struc-
tural components of small-molecule drug candidates." Due to
their rigid conformation, substituents on spirocyclic scaffolds
are well-defined in their spatial arrangement and, thus, allow
for the orientation of various functional groups along the
designated vectors. As a result, interactions of a ligand with
a three-dimensional (3D) binding site can be attained more
effectively with a spirocyclic motif than with flat aromatic
compounds.> Owing to its unique puckered structure, the
inclusion of a cyclobutane ring also allows for the orientation of
substituents along pre-selected vectors, and it improves certain
physicochemical properties and pharmacokinetics, such as
metabolic stability, lipophilicity, and acidity/basicity (Scheme
1A).% All these factors have fueled a rush in reports of biologi-
cally active spirocyclobutane-based compounds.’®* Among
these, spirocyclobutyl lactones and - lactams have gained
significant attention in medicinal chemistry discovery
programs due to their broad biological activity spectrum
(Scheme 1A).° Despite this, there is scant literature on the
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synthesis of these privileged motifs.® Another limitation is the
difficulty in accessing functionalized spirocyclobutyl lactones
and - lactams that would allow extra structural variations. Such
motifs would represent very useful building blocks that could
foster the application of these spirocycles in drug discovery.®
Strain energy in organic molecules is a powerful driving force
that promotes reactivity through the release of ring-strain,
allowing a plethora of valuable transformations with applica-
tions in various research fields, including total synthesis, bio-
conjugation,  bioisosterism, and  polymer  science.”
Bicyclobutane (BCB), the smallest fused strained hydrocarbon
with a ring-strain of 64 kcal mol ', gained significant attention
in recent years not only due to its unique structural features but
also its ability to unlock strategies through strain release to
synthetically challenging compounds either via single-electron
or two-electron pathways.® For example, the stained carbon-
carbon bond of BCB derivatives participates in various difunc-
tionalization,**® carbene insertion," or cycloaddition reac-
tions,'* leading to highly valuable carbocycles and heterocycles,
which are bioisosteres of (hetero)arenes (Scheme 1B)."> Despite
the growing number of synthetic strategies using BCBs, reports
on strain-enabled radical spirocyclization cascades haven't been
studied to date. However, such radical strategies would give
rapid access to functionalized spirocyclobutane derivatives,
which are finding increasing applications in pharmaceuticals.’
Fundamentally new triggers for spirocyclization, especially
for the construction of all-carbon quaternary spirocentres, are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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enabled radical spirocyclization cascades.

highly desirable since they have the potential to open consid-
erable chemical space and can lead to new avenues in chemical
synthesis. We envisioned the possibility of a novel strain-
enabled radical spirocyclization cascade. This approach
involves a series of well-orchestrated, radical-mediated bond-
forming events (Scheme 1C). We hypothesized that radical
intermediate II could be accessed by the addition of radical I,
which could be generated either by photolysis or single electron
oxidation of the corresponding radical precursor, onto the
strained carbon-carbon bond of BCB A. Subsequent 5-exo-trig
cyclization would lead to alkyl radical III that could be trapped
with another radical intermediate IV to give spirocyclobutane B.
Alternatively, the radical I could also be intercepted with
a metal species under metallophotoredox catalysis for further
functionalization to afford spirocyclobutane C. We recognized
three main challenges associated with the successful realization
of this radical cascade: (1) the radical I should first add che-
moselectively to the strained carbon-carbon bond rather than
adding to the 7 bond of the olefin, (2) the rate of cyclization of
the radical intermediate II should be faster than the direct
functionalization to avoid the direct addition product D, and (3)
the further functionalization of alkyl radical III should be
quicker to prevent the formation of hydrogen atom transfer
(HAT) product E (Scheme 1C). Notwithstanding these chal-
lenges, here we describe the successful realization of this
strategy and report the first strain-enabled radical spirocycli-
zation cascades, providing rapid access to functionalized spi-
rocyclobutyl lactones and - lactams for augmenting medicinal
chemistry libraries (Scheme 1D). Notably, the methodology was
employed to access bis-spirocycles, which constitute the core
frameworks of bioactive compounds.” To broaden the scope,
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we have developed a dual photoredox/nickel catalytic system
capable of mediating the carbosulfonylation of BCB allyl
amides. The mild conditions display excellent functional group
tolerance and broad substrate scope. Furthermore, the func-
tional groups introduced during the reaction served as versatile
handles for further synthetic modifications.

Results and discussion

Initial exploration into the proposed spirocyclization cascade
process focused on using BCB tethered allyl ester 1a and
a bifunctional oxime ester 4, which was previously used by
Glorius and co-workers for difunctionalization of alkenes under
energy transfer photocatalysis (Scheme 2).** When we irradiated
a mixture of 1a and 4 using thioxanthone as a photocatalyst in
EtOAc, the formation of desired spirocycle 5 was not observed
and the starting material BCB was simply reisolated. Next, we
used molecular iodine under light irradiation to promote the
cascade." Although we didn't detect the desired spirocycle, the
direct di-iodination product 6 was formed in 43% yield."* Our
attempts to cyclize 6 under photochemical conditions were
unsuccessful. To force the cyclization, we sought to use the
Thorpe-Ingold effect'”” by employing the gem-dimethyl
substituted BCB allyl ester 1b. However, treatment of 1b with
iodine also delivered the di-iodination product 7 instead of the
spirocycle product. Next, we turned our attention to employing
diphenyl disulfide 2a, which is known to add to unsaturated
compounds and strained carbon-carbon bonds and can also
capture carbon radicals.™®

To our delight, the treatment of 1b with diphenyl disulfide 2a
under blue light irradiation delivered the desired spirocycle 3a

Chem. Sci., 2024, 15, 3182-3191 | 3183
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Scheme 2 Preliminary experiments. ? Direct iodine addition products
were also obtained without light irradiation. We used light irradiation to
cyclize it, but unfortunately, it didn't work.

in 50% yield along with the direct addition product 8 and HAT
product 9. These initial results encouraged us to optimize this
reaction further. Among the solvents tested (Fig. 1, columns 1-
6): CH;CN was the optimal solvent, suppressing the formation
of undesired products 8 and 9 and furnishing the desired
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Fig.1 Optimization of the reaction conditions. Reactions were carried
out under an inert atmosphere. Conditions: 1b (0.15 mmol), 2a (0.15
mmol), solvent (1.5 mL, 0.1 M), 457 nm photocube, 3 h. [PC] =
[IrdF(CF3)ppy).(dtbbpy)IPFs. Yields were determined by *H-NMR using
CH,Br; as the internal standard. Depending on the solvent, dr varied
between 1.7:1to 1.2: 1 (see the ESI}).

3184 | Chem. Sci, 2024, 15, 3182-3191

View Article Online

Edge Article

product in 77% yield. When the reaction was performed using
the Ir-photocatalyst, which was employed for transferring the
energy to dialkyl disulfide,'® no reaction was observed (Fig. 1,
column 7). A control experiment demonstrated the importance
of light, as 3a was not observed in the dark, even at 60 °C (Fig. 1,
column 8).

Having established the optimal conditions, the scope of BCB
allyl esters was evaluated using 1,2-bis(4-methoxyphenyl)
disulfane (2b) (Scheme 3). Simple gem-dimethyl substituted
BCB allyl ester 1b provided the spirocycle 3b in 75% yield. Next,
we applied our methodology for the synthesis of bis-spirocyclic
scaffolds, which are core frameworks in several biologically
active natural products and show attractive features, including
high three-dimensional character, molecular complexity, and
rich Fsp®.*® To our delight, the reaction worked efficiently with
cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, and piperidinyl
appended BCB allyl esters, providing the corresponding bis-
spirocycles 3c¢-3g in moderate to good yields. Subsequently,
we explored the scope of the diaryl disulfides using BCB allyl
ester le. Simple diphenyl disulfide and electron-donating
substituents bearing diaryl disulfides underwent the desired
transformation successfully to afford bis-spirocycles 3h-3k.
Notably, 1,2-bis(4-bromophenyl)disulfane also participated well
in this reaction, furnishing the desired spirocycle 3j, leaving the
C-Br bond intact, which is useful for further synthetic diversi-
fication. The reaction was not limited to BCB allyl esters; a range
of BCB allyl amides having different substituents on nitrogen
could be used successfully, providing access to spirocyclobutyl
lactams in good yields (products 31-3p).

Organoselenium compounds are not only present in several
bioactive compounds but are also highly valuable synthetic
intermediates as they can be efficiently converted into a broad
range of useful functional groups.* Therefore, next, we turned
our attention to accessing selenium-substituted spirocycles.
Pleasingly, diphenyl diselenide reacted well under our standard
conditions with both BCB allyl esters and - amides, giving the
desired spirocycles in moderate to high yields (products 3q-3v).
Notably, selenium appended bis-spirocycles 3w-3y could also
be accessed.

Next, we sought to explore various interelement radical
precursors to selectively introduce different functional groups,
which can be further functionalized orthogonally. We were
pleased to find that the reaction of BCB allyl amide 11 with S-(4-
methylphenyl)4-methylbenzenethiosulfonate afforded the spi-
rocycle 3z in 82% yield with excellent chemoselectivity. Sele-
nosulfonylation was also possible using Se-phenyl
benzenesulfonoselenoate with high selectivity. The structure of
the major diastereomer of 3aa was unambiguously determined
by X-ray analysis (CCDC 2259733). Interelement compounds
that simultaneously create carbon-sulfur and carbon-halogen
atom bonds could also be utilized in the reaction (products 3ab
and 3ac).” Surprisingly, the reaction of BCB allyl esters with Se-
phenyl benzenesulfonoselenoate didn't afford the desired
cyclized product; instead, it gave direct addition product 3’ in
90% yield. The reaction with gem-dimethyl substituted BCB allyl
ester 1b was also unsuccessful.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Alkynes are versatile functional groups in organic synthesis.
Introducing an alkyne group to spirocycles could enhance the
transformability of these products. To our delight, treatment of
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11 with ((phenylethynyl)sulfonyl)benzene in the presence of
AIBN under heating conditions provided the corresponding
alkyne bearing spirocycle 3ad in 50% yield.*® Various
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substituents on the nitrogen of BCB allyl amides were also well
tolerated in this reaction (products 3ae and 3af).

Recently, dual photoredox/nickel catalysis has emerged as
a powerful synthetic tool in organic chemistry for cross-
coupling reactions of alkyl radicals with various electro-
philes.”* In most of these cross-coupling reactions, alkyl radicals
can either be generated directly by homolytic cleavage of the
C(sp®)-X bond of a radical precursor or the generated radicals
further undergo a cyclization, B-scission, migratory insertion, or
1,5-HAT process to give new radicals that take part in the
following nickel catalyzed cross-coupling reaction. However, to
the best of our knowledge, the dual photoredox/nickel strategy
has never been applied to cross-coupling alkyl radicals resulting
from the strain-enabled radical cascade. Realizing this would
significantly extend our strategy to a three-component
conjunctive cross-coupling reaction, thus allowing modular
construction of diverse and complex spirocyclic scaffolds using
readily available aryl sulfinates and (hetero)aryl or alkenyl
halides.

Our studies began with the reaction of BCB allyl amide 1,
sodium benzenesulfinate (10a), and 4-bromobenzonitrile (11a)
(Fig. 2). Using 2.5 mol% of the organic photocatalyst (4CzIPN),
10 mol% NiCl,-glyme and 15 mol% 4,4’-di-tert-butyl-2,2-dipyr-
idyl (L) in CH3CN under blue light irradiation, the desired
conjunctive cross-coupled product 12a was obtained in 10%
yield (Fig. 2, column 1). Changing to Lewis basic solvents, such
as DMSO and DMA, the yield of the product 12a was improved
significantly (Fig. 2, columns 2 and 3). Other solvents were also
examined but did not give any further improvement (see the
ESIT for complete optimization). The yield could be improved to
71% by decreasing the reaction concentration (Fig. 2, column
4). Various ligands on the nickel catalyst had a substantial effect
on the reaction yield: 1,10-phenanthroline (L,) and 2,2":6',2'
"-terpyridine (L) gave the desired product in much lower yields

View Article Online
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(Fig. 1, columns 5 and 6), whereas 2,2"-bipyridine (L,) gave
similar yield to dtbpy (Fig. 2, column 7). Among the photo-
catalysts tested, 4CzIPN emerged as the best catalyst (Fig. 2,
columns 8-10). Finally, control experiments highlighted the
necessity for the nickel catalyst, ligand, photocatalyst, and light
(Fig. 2, columns 11-14).

With optimum conditions in hand, we first investigated the
scope of the reaction with respect to BCB allyl amides (Scheme
4). Various substituents on the nitrogen, including simple
phenyl, allyl, benzyl, and cyclopentyl groups were well tolerated
(products 12a-12d). Next, we explored a diverse range of aryl
halides. Simple iodobenzene, electron-deficient, and electron-
rich aryl halides could be successfully coupled to furnish the
desired spirocycles 12e-12j in moderate to good yields. The
structure of the major diastereomer of 12i was determined by X-
ray analysis (CCDC 2292233). Coupling with 1-bromonaptha-
lene was also possible, providing 12k in 65% yield. Notewor-
thily, the use of heteroaryl halides allowed the introduction of
heterocycles, such as quinoline and indole (products 121 and
12m). Next, we showed that alkenyl halides were also viable
coupling partners in this reaction, providing the desired alke-
nylated products 12n and 120 in 37% and 67% yields, respec-
tively. Finally, we explored the scope of aryl sulfinates: electron-
donating and -withdrawing groups were well tolerated on the
aryl ring (products 12p and 12q). Unfortunately, BCB allyl esters
didn't give the desired products under photoredox/nickel dual
catalysis.

To highlight the potential application of our method for the
preparation of diverse spirocycles, several transformations of
the obtained products were performed. We first synthesized the
two spirocycles 3aa and 3ac on a 2 mmol scale with 70% and
50% yields, respectively (Scheme 5A). The phenylselenyl group
was selectively reduced under radical conditions, giving spiro-
cycle 13 in 79% yield (Scheme 5B). Oxidation followed by the
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Fig. 2 Optimization of dual photoredox/nickel catalysis. Reactions were carried out under an inert atmosphere. Reaction conditions: 1l
(0.15 mmol, 1.0 equiv.), sodium benzenesulfinate (10a) (0.225 mmol, 1.5 equiv.), 4-bromobenzonitrile (11a) (0.30 mmol, 2.0 equiv.) and 4CzIPN
(2.5 mol%), NiCl,-glyme (10 mol%), L (15 mol%), 1.5 mL of solvent, 457 nm photocube, RT, 12 h. # 3.0 mL of DMA. Yields were determined by H-
NMR using CH,Br; as the internal standard. In all cases, dr is ~2 : 1, which was determined by *H-NMR from the crude reaction mixture.
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DMA, 457 nm photocube, RT, 12 h. Yields are of isolated products and dr was determined by *H-NMR from the crude reaction mixture. Unless

otherwise mentioned, aryl-bromide was used. # Corresponding aryl-iodide was used.

Seleno-Cope reaction gave exocyclic double bond bearing spi-
rocycle 14 in 41% yield. Treatment of 3aa with borane gave
spiro-pyrrolidine derivative 15, a common motif present in

several bioactive compounds.”* Finally, we could introduce
functional groups, which are highly challenging to install
directly during the cascade. For example, we could displace

A. Scale up

[0}

.Ph
N

A
0.3 mmol 65%
2.0 mmol 70%

SeAr

ArO,S

3aa
Ar= CgHs

Condition A
AIBN (10 mol%)
Bu3SnH (3 equiv)
Toluene (0.1 M), 130 °C, 12 h

Condition C
BH3-THF (5 equiv)
THF (0.1 M), 60 °C, 6 h

Scheme 5

(o]
.Ph
N
r0,S

0.3 mmol 54%
2.0 mmol 50%

3ac Br

Ar= 4-Me-CgH4

Condition B
H,05 (5 equiv)
NaHCOj; (5 equiv)
THF (0.1 M), Reflux, 12 h

Condition D
NaNj3 (1.5 equiv)
DMF (0.1 M), 110 °C, 12 h

(A) Scale up. (B) Synthetic utility.
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B. Synthetic utility

o Ph

o, Fh
N i
PhQ:S PhO,S
Hy H Q. Ph

13,79%, 1.2:1 dr N 14, 41%, 1.2:1 dr
/Ph 3aal3ac o /ph
N
—eo—IL o N
PhO,S Ts
SePh 3aa, X= SO,Ph, Y= SePh N,

3ac, X=Ts, Y=Br

15, 44%, 1.1:1 dr 16, 50%, 2:1 dr
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bromide in 3ac successfully with azide under heating condi- Next, we shed light on the mechanism of the reaction
tions in DMF to access azide appended spirocycle 16 in 50% involving interelement compounds. To identify key reactive
yield. intermediates in this reaction, radical trapping experiments

A. Plausible mechanism with interelement compounds?

; » % >
W §-Ph ————» PhS 2 ﬁ;(

O ph-s TEMPO (3 equiv) e QMe {\/j(o
7K CH4CN (0.1 M) 1b i W
Me Me RT, 3h SPh { Me Me
S-Ph
1b 2a 3a, ND Ph—Sl Ph-s° 5-exo-trig
I
o o
e J'® N Me 5 o
Phs Me
X Me PhS
o-N or/and g PhS s J Me
Me PhS Me 3a ':ph\/ n
Me o M HAT product SPh S
= Me Me o
17 18 19 Me .
Detected in HRMS Detected in HRMS PhS Me Ph-8
[M+H]* 266.1579; found: 266.1580  [M+H]* 432.2572; found: 432.2569 9 Me

B. Plausible mechanism for dual photoredox/nickel catalysis?

o)
o Br \’/ > Ph
%-(’ PhO,S N o Me
4CzIPN (2.5 mol%) 2 PhO,S

N-Ph o ;
or/and
4 1l 11a N NiClsglyme (10 moi%) BiGS
a dtbpy (15 mol%) 2 Mo

TEMPO (1.5 equiv) Me Me
CN
PhSO,Na DMA.(0:05 M): RT, 12.h 12a, ND 20 Detected inHRMS 21
10a [M+Na]* 533.2450; found: 533.2450
o) 4
-exo-
Phozs(\ ) N-Ph g = PhO,S
/\/ 2 \OA OA = Oxidative Addition
E o Ni(I)L
/\/N"Ph
7 1 PhO,S
0 Ni(O)L Nickel cycle
Ph” S0 4CzIPN™ N|(III)L
v
Photoredox / ) N
(o) RE RE = Reductive Elimination
1] cycle /
Ph”S~oNa 4CzIPN* Ni(I)L
HAT product

o
_Ph
10 \—;WZIPN E T PhO,S )
\ PhO,S
13 e Ph

C. Control experiments?®

0 0 0
%‘( /—4 o o Ph /) Q o, Ph
N-Ph N-Ph > 4 Ph ‘ 7/ N-Ph & N

74 i =
, / ‘ N /_/
/ / —_—> ArS / 2 -
0l 29 CH4CN (0.1 M) Ars CHCN (0.1M)  ArS i
r
S-Ar RT.3h SAr SAr S-Ar RT, 3h
Ar-$ 3p, 95% 23, ND Ar-$ 23, ND
2b Ar = 4-OMe-CgH, 2b

Scheme 6 (A) Plausible mechanism with interelement compounds. (B) Plausible mechanism for dual photoredox/nickel catalysis. (C) Control
experiments. ® Reactions were carried out on a 0.15 mmol scale. Light source: 457 nm photocube.
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were performed (Scheme 6A). Adding 3 equiv. of TEMPO to the
standard conditions led to the complete inhibition of product
3a, with the detection of TEMPO adducts 17, 18 and/or 19. The
identified compounds suggest that the reaction proceeds via
a radical pathway. Based on radical trapping and literature
reports,'®»< we proposed a plausible mechanism for this reac-
tion. The homolytic cleavage of PhSSPh (2a) under visible light
irradiation® leads to the thiyl radical I, which adds to the
strained carbon-carbon bond of the BCB 1b to give tertiary
radical intermediate II. Subsequent 5-exo-trig cyclization of II
generates primary alkyl radical III. Finally, intermediate III
reacts with PhSSPh, affords the desired product, and regener-
ates the thiyl radical I. Alternatively, intermediate III combines
with the thiyl radical I to give the desired product 3a. The light
on/off experiments suggest that light irradiation is needed
throughout the reaction (see the ESIt). However, we cannot rule
out the chain propagation mechanism at this stage. The
detection of HAT product 9 indicates that the thiyl radical I first
added to the strained carbon-carbon bond.

For the dual photoredox/nickel catalyzed conjunctive cross-
coupling reaction, the mechanism starts with the reductive
quenching of an excited state of the photocatalyst (PC =
4CzIPN) by single-electron-transfer (SET) from sodium-benze-
nesulfinate 10 to generate the sulfonyl radical IV (E;/,(PhO,S’/
PhSO,Na) = —0.37 Vvs. SCE)** and (E,,,(PC*/PC" ") = +1.43 V vs.
SCE)*® (Scheme 6B). The addition of the sulfonyl radical to the
strained carbon-carbon bond of the BCB 11 then produces
a tertiary radical V. Subsequent 5-exo-trig cyclization of the
radical onto the olefin gives alkyl radical intermediate VI, which
is quickly captured by the Ni(0) complex to furnish Ni(1) species
VIL Oxidative addition of iodobenzene to the Ni(1) complex gives
Ni(u) complex VI that subsequently undergoes reductive
elimination to give the desired product 12e and Ni(1) species.
Next, the reduction of Ni(i) by the reduced photocatalyst
(E1o(PC/PC"™) = —1.24 V vs. SCE)** regenerates the photo-
catalyst and Ni(0) species (Ni(1)/Ni(0) = —1.17 V vs. SCE)* to
close both the catalytic cycles. The detection of TEMPO adducts
20 and/or 21 and HAT product 13 confirms the radical inter-
mediacy in dual catalysis. Finally, successful control experi-
ments (Scheme 6C) using N-allyl-N-phenylacrylamide® (22)
under standard conditions with and without BCB 11 showed
that the lack of reactivity with 22 is due to the absence of
strained bicyclobutane, which highlights the importance of
ring-strain in enabling the present spirocyclization cascades.

Conclusion

In summary, we have developed the first strain-enabled radical
spirocyclization cascade for the synthesis of functionalized
spirocyclobutyl lactones and - lactams. The applicability of this
strategy was further highlighted through the synthesis of
a diverse family of bis-spirocyclic scaffolds. The reaction
displays broad scope toward BCB allyl esters and - amides and
diaryl disulfides with a wide range of functional group toler-
ance. The reaction was also successfully extended to the
synthesis of selenium-substituted spirocycles. Furthermore,
various interelement compounds reacted well in this reaction,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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giving spirocycles with multi-functional groups. Finally, dual
photoredox/nickel catalyzed conjunctive cross-coupling of BCB
allyl amides with aryl sulfinates and (hetero)aryl halides has
been developed for the synthesis of arylated spirocyclobutyl
lactams. The multiple points for diversifying the obtained spi-
rocycles provided the potential to construct medicinally rele-
vant spirocycles rapidly. Further extending this methodology to
other radical precursors and their applications is currently
under investigation in our laboratory.

Data availability

General information, experimental procedures, characteriza-
tion data for all new compounds, and NMR spectra are in the
ESI.{ Data for the crystal structure reported in this paper have
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