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Rapid access to highly functional allylated BCP synthons
can be achieved with good selectivity and yield through a radical, three- JOL Decarboxylative R? ,
component reaction (3CR) regime using various combinations of radical x” o radical relay  HX R
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' —
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precursors and vinyl-appended heterocycles acting as versatile and W * h i
R? R ®—Y R

modular precursors. This practical process combines mild operating R? -CO,

conditions, a wide scope of reaction partners, and the ability to diversify —

the functionalized allylic scaffolds further using the allyl and other Eg‘;'f;:;ﬁ;ﬂg:;Zg&g‘%’éﬂ"gfgggioPS
functional groups as synthetic branching points. The developed protocol Late-stage functionalization

allows structural alteration and increases the molecular complexity

through late-stage drug modifications and drug conjugation approaches.

Mechanistic probes demonstrate that the 3CR process is initiated by a selective, light-promoted radical addition to [1.1.1]-
propellane, followed by coupling with the vinyl-substituted heterocycle, which represents a formal decarboxylative radical addition/
double bond relay/protonation sequence.

allylation, bicyclo[1.1.1]pentanes, 3CR, photocatalysis, radical chemistry

synthetic chemistry. More recently, photoredox-assisted metal-
based transformations (Scheme 1c) have evolved as highly

In drug discovery, target drug candidates should feature e ) <
competitive and complementary strategies. These approxima-

favorable pharmaceutical performance in terms of metabolic
stability, lipid solubility, and membrane permeability." In this
regard, sp™-rich scaffolds such as bicyclo[1.1.1]pentanes (BCPs)
have been shown to be bioisosteric replacements for para-
substituted aromatic rings in promising pharma lead com-
pounds.” The presence of such BCP units has been vital, as
demonstrated by several examples of compounds with improved
medicinal activities (Scheme 1a).? Eugenol, containing a para-
substituted, allylated arene fragment, has been shown to be a
topical antiseptic and local anesthetic. Its derivatives display
pharmacological properties and were only recently discovered as
compounds with very high binding to breast cancer receptors.”
Strategies for exploring allylated-bioisosteres of para-substituted
arenes remain so far underdeveloped despite their apparent huge
potential in increasing relevant medicinal properties and
expanding the general importance of allylarene structures in
drug development.**

Classic allylation protocols (Scheme 1b) have been well-
established, allowing the development of synthetic trans-
formations that give access to a variety of structural and
functionalized allyl-mediated molecules.” Historically, transi-
tion-metal catalysis, including Tsuji—Trost reactions, involves a November 22, 2024
m—allyl-metal intermediate that either reacts with external January 9, 2025
nucleophiles or electrophiles via proper umpolung conditions. January 17, 2025
In addition, C—H activation/allylation has also significantly February 11, 2025
matured as a valuable reactivity mode, contributing to an even
wider development and impact of allylation procedures in

tions facilitate the formation of key metal-allyl or radical species
from suitable precursors, providing mild and reliable strategies
for the generation of envisioned allylated products.” In this
realm, successful dual metal/photoredox catalysis methods,
mostly based on Ni, Pd, Co, Cr, and Ti, have significantly
enhanced the synthesis of allylated products with excellent
functional group tolerance. This has allowed the rapid synthesis
of libraries of structurally complex synthons based on two- and
even three-component reaction processes.” ~ As an example,
our group recently disclosed a photoredox/Ni-cocatalyzed 3CR
allylic allylation between vinyl cyclic carbonates, olefins, and
various radical precursors to provide multisubstituted allylic
alcohols."’

Thus, many of these transformations rely on metal-stabilized
allylic species,” while radical addition-induced allylation is a
much less explored, though simpler, approach to forge allylic
skeletons.'"'* Such processes can productively occur via
homolytic fragmentation of carbon-heteroatom bonds' or via
sequential photocatalytic radical addition/ring opening pro-
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Scheme 1. (a) Examples of Bioactive BCP Derivatives, (b) Pharmacological Molecules Containing a Para-Substituted Allyl-Arene
Motif, (c) Photocatalytic Radical Allylation Approaches, and (d) This Work

(a) BCP-based pharmacological compounds

N
\ o
1
N N—ﬁOCI
BC (¢]

P-resveratrol "
F3CJ NH,
o

Pfizer 2012
BCP-Avagacestat
,C %"
G Bayer Pharma 2016

F

(c) Radical-based allylation via n-allyl-metal species or radical initiation

LG = leaving group

T
N <R LGJLR‘ ¢ X

+ —_—
1
R A VS LG
) 2CR radicall Vs 2CR and 3CR allylation
induced allylation : via z-allyl-metal species

Under-developed: radical-induced 3CR allylation

14
cesses.

blocks.'®

. 16,
Grlgnard reagents. o

relatively simple allylated BCPs,0%e

Despite these significant advancements in constructing
allylated BCPs, a more generic approach capitalizing on
radical-initiated multicomponent reactions that enables the
stereoselective and simultaneous introduction of structurally
advanced allyl groups and pharmacologically relevant function-
ality could create new incentives for para-substituted allyl-arene
mimics® in new drug discovery/development programs. Given
the current lack of photocatalytic and stereoselective three-
component reaction (3CR) allylation approaches leading
toward such synthons, we considered the radical-triggered
functionalization of vinyl cyclic carbonates (VCCs)'” in the
presence of [1.1.1]-propellane. Such a strategy would be
practical and versatile, obviating the use of moisture-sensitive
organometallic reagen.ts., the application ofbarsh conditions, al;g water may improve the solubility/miscibility of the sulfinate
the presence of transition metals to stabilize s-allyl species.”
We thus set out to harness the excellent radical scavenging
nature of [1.1.1]-propellane providing a transient BCP-based
radical that would then initiate a sequence of steps culminating
in advanced allyl-BCP building blocks (Scheme 1d and
mechanistic details in Scheme 8e). Here, we detail our recent
findings while realizing a selective radical-relay, 3CR process
amenable to a wide scope of reaction partners and various
postsynthetic branching-out options, thereby creating new

opportunities for functionalized allyl-BCPs.

(b) Allyl-arene scaffolds with pharmacological properties
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(d) This work: selective 3CR creating complex allyl-BCP synthons
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= Variety of complex allyl-BCP synthons
= Stereo/chemoselective process

= Late-stage C(sp®)-C(sp®) and C(sp®)-X bond formation bioisosteric replacement

With BCPs being recognized as effective bioisosteres,
the functionalization of [1.1.1]-propellane as a precursor has
been the subject of intense studies promoting photomediated
radical regimes, allowing the preparation of functional building
In this realm, the allylation of [1.1.1]-propellane has
thus far been possible through stepwise approaches'®*" or using
Both Aggarwal and Faflanas-Mastral
independently reported the asymmetric allylation of in situ
prepared Grignard-BCP intermediates that, through Ir- and N-
heterocyclic carbene (NHC) catalysis, were converted into

At the onset of the screening stage (see Table 1), we selected
VCC 1a, [1.1.1]-propellane 2a, and sodium 4-methyl-
benzenesulfinate (NaTs, 3a) and various reaction conditions
(solvent, photocatalyst).'” Various photocatalysts (PC1-4,
entries 1—4) were scrutinized in CH;CN as a medium under
ambient conditions, affording two major products, viz. the target
mono-BCP derivative 4a and bis-BCP 4aa. Interestingly, under
these conditions, we were not able to detect significant amounts
of undesired coupling between 1a and 3a when PC1 (entry 1;
combined yield of 4a and 4aa is 87%) was used, demonstrating
high chemoselectivity for the 3CR coupling process. Compared
with the utilization of the other PCs (entries 2—4), the yield for
4a (77% by NMR, 76% isolated) in the presence of PC1 was the
highest. Switching to other solvent systems (entries S and 6;
CH,;CN and dioxane) resulted in lower chemoselectivity toward
4a (42—47%), and in the absence of a light source or the [Ir]
photocatalyst PC1, no substrate conversion was observed
(entries 7 and 8). The dual effect of water is shown in entry 9
and Table S3, where a lower yield of 4a is noted when
performing the reaction either in an anhydrous way or by further
increasing the amount of water as an additive. We speculate that
a certain amount of water can promote the anticipated
protonation of the intermediate prior to product formation,
leading thus to an improved yield. Alternatively, the presence of

salts.

With the conditions reported in entry 1 of Table 1 as a focal
point, we first examined the scope of VCCs 1 (see Scheme 2).
The great modularity of VCCs allows for varying the R-R?
substituents, giving access to BCP incorporating substituted aryl
and heteroaryl groups in good yields (4a—4g; up to 87%) and as
single stereoisomers (Z/E > 99:1). Other combinations, such as
aryl/alkyl groups, as illustrated by the isolation of compounds 4h
(53%) and 4i (70%) are also feasible, while the use of a VCC
featuring a 1,2,3-triazole group in its structure allowed access to
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PC1 (1 mol%

[Ir(dmppy)2(dtbbpy)]PFg

Table 1. Screening of a 3CR Involving VCC 1a, [1.1.1]-Propellane 2a, and NaTs 3a Under Various Conditions”

)

20°C, 13-15 h,
Blue LED, 700
1a:2a:3a
0.10:0.12:0.15

DMSO (0.3 mL), H,O (50 uL)
-CO,

mA

mmol

ﬁ@ : :
Lp N
Me
PC1: [Ir(dmppy)a(dtbbpy)IPFs PC2:R=CF3 R =H PC4: 4CzIPN
PC3:R=CF3 R =1tBu

entry change to std conditions conv. of 1a (%)” yield of 4a:4aa (%)° Z/E-4a®
1 — >99 77:10° >99:1
24 PC2 74 39:12 >99:1
34 PC3 86 41:13 >99:1
44 PC4 88 44:15 >99:1
5¢ CH,CN >99 47:14 >99:1
6° dioxane >99 42:15 >99:1
7 no light <1 - —
8 no [Ir]PC <1 - -
9 no H,O >99 64:23 >99:1

“Optimized procedure entry 1: 1a (0.1 mmol), 2a (0.12 mmol, 0.12 M [1.1.1]-propellane in
PC1 (1.0 mol %), DMSO (0.30 mL), H,O (50 uL), 700 mA blue LED, 20 °C for 13—15 h.
1,3,5-trimethyloxybenzene was used as internal standard. “The yield of isolated 4a was 76%.

entane), 3a (0.15 mmol), [Ir(dmppy)z(dtbbpy)]PFs,
ields and E/Z values were determined by 'H NMR,
90.15 equiv of 2a and 0.2 equiv of 3a were used in 1.0

mL CH;CN without adding H,O. 0.15 equiv of 2a and 0.20 equiv of 3a were used, and 1.0 mL solvent without adding H,O. Std stands for

standard.

1,3-disubstituted BCP 4j in 83% as a nearly equimolar mixture of
Z and E stereoisomers. The loss of stereocontrol in this latter
case is most likely because of undesired photoisomerization or a
result of energy-transfer events involving the product, which
may be the result of a different degree of conjugation compared
to the other BCP derivatives (4a—i).'%"’ Along these lines,
products 4k-4p were also isolated as mixtures of E+Z isomers in
moderate to good yields (42—95%), showing that more complex
organic fragments originating from VCCs can be introduced.
The presence of relatively small alkyl groups (R' and R? in the
VCCs in Scheme 2) was previously also shown to deliver
mixtures of E+Z alkenes, and thus the stereo-outcomes for
products 4k—m and 40 may be anticipated.'® The assignment of
the stereochemistry in 4c was corroborated by X-ray analysis
(see the inset at the bottom of Scheme 2).%°

Next, we varied the nature of the radical precursor 3 (Scheme
3) to diversify the scope of BCPs. We selected a few VCCs to
extend the scope, with BCPs now mostly diversified in the
sulfone group. A wide range of sulfone-based BCPs could be
prepared using readily accessible sodium sulfinate reagents,
allowing the introduction of aryl-, heteroaryl-, and various alkyl-
derived sulfone groups in the BCP product. Sulfinate salts
containing simple linear alkyl (Sa, Sb, 5d, and Sg; 66—81%),

915

cycloalkyl analogues (Sc, Se, and 5f; 63—82%) and function-
alized versions thereof, such as those containing a CF;, ester, or
terminal alkyne group (Sh—j; 60—86%) were compatible in the
3CR with high levels of stereocontrol (Z/E > 99:1). Apart from
the aliphatic reagents, various heteroaryl-based sulfinates were
also productive, providing access to BCP products Sk—S5o0 in
yields of up to 86%, and as a single stereoisomer. The results in
Scheme 3 underline the facile and valuable nature of rapidly
accessing BCP sulfones of pharmaceutical importance.”'

To challenge the developed 3CR further, we prepared several
drug-based sulfones via reduction/neutralization from their
sulfonyl chloride precursors or by using sulfonyl amide
derivatives through diazotization-enabled deamination. These
reagents were then engaged as precursors (of type 3) in the
standard protocol (see the SI for preparative details and Scheme
4). Fortunately, several sulfone-based drug-like molecules,
including sildenafil-, glibenclamide-, D-(+)-camphor-, and
celecoxib-based precursors, participated productively toward
the formation of structurally complex compounds Sp—Ss in
yields of up to 89%. This simple access to drug-derived BCPs is a
clear advantage in terms of extending the chemical space within
new drug discovery.

https://doi.org/10.1021/jacsau.4c01129
JACS Au 2025, 5,913-921
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Scheme 2. Scope of VCCs 1 in the 3CR leading to BCP Derivatives 4a—4p“
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In order to demonstrate that other potential BCP-type
libraries can also be designed, we used related vinyl-substituted
heterocycles 6 akin to VCCs (Scheme 5), i.e., cyclic carbamates
and oxazolidine-2,4-diones. The utilization of both types of
alternative, vinyl-derived heterocycles created another useful
embodiment of sulfone-based BCPs, allowing the introduction
of allylic amide (7a, 52%), allylic sulfonamide (7b, 56%), allylic
carbamate (7c: 51% and 7d: 58%) and allylic amine groups (7e,
65%). These latter results clearly demonstrate the highly
adaptive nature of the developed 3CR protocol in the creation
of functionalized BCP building blocks.

Apart from pharma-relevant BCPs, other types of radical
precursors can also be used to cover an additional chemical

QO
HO k .

“Standard reaction conditions were used as reported in entry 1 of Table 1.

916

space (Scheme 6). For instance, we first used nBu,NNj; as a
radical source, providing access to azide-appended BCP
synthons 8a-8d, with the azide-based BCP 8a undergoing a
facile Cu-mediated “click” reaction with phenyl acetylene,
producing 1,2,3-triazole derivative 8A in 81% yield. When
sodium trifluoromethanesulfinate (CF;SO,Na) is the radical
source, CF;-substituted BCPs 8e (43%) can be forged, being of
relevance toward new drug design as illustrated in Scheme 1
(Bayer Pharma 2016). In these preparations, 4CzIPN (PC4, 2
mol%) instead of PC1 was used as photocatalyst.
Subsequently, we set out to demonstrate the synthetic value
and stability of the stereodefined allylic alcohol groups in the 1,3-
difunctionalized BCPs (Scheme 7). Treatment of 4a with PBr,

https://doi.org/10.1021/jacsau.4c01129
JACS Au 2025, 5,913-921


https://pubs.acs.org/doi/10.1021/jacsau.4c01129?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01129?fig=sch2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01129?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Scheme 3. Scope of Sulfinyl Radical Precursors 3 in the 3CR leading to BCP Derivatives Sa—50

[Ir(dmppy)2(dtbbpy)IPFe
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“Standard reaction conditions were used as reported in entry 1 of Table 1. All Z/E ratios here are >99:1.

followed by the addition of sodium sulfinate afforded bis-sulfone
functionalized 9a in 70% yield. The latter scenario shows that
BCPs can be easily equipped with either one (on either side of
the BCP) or two sulfones, depending on the starting materials.
Compound 4a was further oxidized by DMP, providing access to
a,f-unsaturated aldehyde 9b (76%), while converting the allylic
alcohol in the presence of a carbon-based pronucleophile
allowed the preparation of ester derivative 9¢ in 61% yield.
Terminal alkyne-based BCP 5j undergoes smooth coupling
with benzyl azide under suitable Cu-catalysis to give the 1,2,3-
triazole product 9d in nearly quantitative yield (97%). One
further type of transformation was probed, and productive
Steglich-type esterification of Ss in the presence of telmisartan (a
drug used to treat high blood pressure, heart failure, and diabetic
kidney disease) delivers the hybrid drug-based molecule 9e in
high yield (91%). A similar procedure that involves 4c furnishes
Probenecid-derived 9f in 98% yield, with Probenecid being a
medication that increases uric acid excretion in the urine. The

917

latter processes describe a potentially useful entry toward drug
“conjugation” based on allylic alcohol-functionalized BCPs.
We finally performed some control experiments and Stern—
Volmer quenching studies (Scheme 8). As mentioned before, in
the absence of [1.1.1]-propellane 2a, a 2CR occurs between 1a
and 3a under the optimized conditions (entry 1, Table; see
Scheme 8a) giving the anticipated product 10 in 79% yield. This
result shows the facile nature of direct radical addition to the
C=C bond of the VCC substrate. If we replace [1.1.1]-
propellane 2a with another radical acceptor (ie., styrene:
Scheme 8b), predominant formation of 2CR product 10 in 75%
yield occurs with only <5% of a 3CR product. This highlights the
essential nature of the [1.1.1]-propellane to create a chemo-
selective 3CR coupling between a VCC, 2a, and a radical
precursor. Finally, when the VCC is devoid of a substituent on
the C=C bond (Scheme 8¢, 1A), very low amounts of the
desired BCP-derived product 4A (<5%) can be observed, and
32% of the starting VCC remained in the reaction mixture.
These combined experiments (Scheme 8a—c) help to establish

https://doi.org/10.1021/jacsau.4c01129
JACS Au 2025, 5,913-921
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Scheme 4. 3CR Examples using Sulfone-Based Drug
Molecules”
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“Standard reaction conditions were used as reported in entry 1 of
Table 1. All Z/E ratios are >99:1 using 0.5 mL of solvent.

Scheme S. 3CRs using other Types of Heterocyclic
Precursors”
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6 3 7
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“Standard reaction conditions were used as reported in entry 1 of
Table 1. All Z/E ratios are >99:1.

Scheme 6. 3CR Based Protocol Using Different Radical
Precursors Leading to BCP Products 8a—8e
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that the nature of the VCC (and related heterocyclic substrates,
Scheme $) and the presence of [1.1.1]-propellane 2a benefit a
high chemoselectivity toward the target 3CR product. Various
Stern—Volmer quenching experiments were then performed
(Scheme 8d, and the SI) showing that sodium sulfinate 3a is an
efficient photoquencher, whereas both VCC 1a and [1.1.1]-
propellane 2a are not under the experimental conditions. Thus,
it is reasonable to assume that the excited photocatalyst (PC1*)
is quenched by 3a and then adds to 2a following a second radical
addition to VCC la, thereby inducing a decarboxylative double
bond relay and protonation sequence (Scheme 8e).

In summary, we here report a highly versatile 3CR approach
toward the formation of functionalized BCPs that incorporate a
stereodefined allylic alcohol fragment as a synthetically useful
branching point for follow-up chemistry. Apart from the
presence of a tetrasubstituted C=C bond, the simultaneous
introduction of pharma-interesting (hetero)aryl and alkyl
sulfone, azide, or CF; groups can be realized using appropriate
radical sources. The scope of this new 3CR transformation is
easily extended to other types of heterocycles, potentially
accessing a plethora of new libraries of various allylic derivatives,
drug-derived synthons, and drug conjugates. We believe that our
methodology unfolds new chemical space for structurally diverse
and versatile synthons with value within pharmaceutical
discovery and development.
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Scheme 7. Post-Synthetic Transformations of Allyl Alcohol-
Functionalized BCPs
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Scheme 8. Control Experiments, Stern—Volmer Quenching
Studies and Possible Mechanism
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