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sis of unsymmetrical 1,3-
disubstituted BCP ketones via nickel/photoredox-
catalyzed [1.1.1]propellane multicomponent
dicarbofunctionalization†

Weichen Huang, a Sebastian Keessb and Gary A. Molander *a

Bicyclo[1.1.1]pentanes (BCPs), utilized as sp3-rich bioisosteres for tert-butyl- and aryl groups as well as

internal alkynes, have gained considerable momentum in drug development programs. Although many

elegant methods have been developed to access BCP amines and BCP aryls efficiently, the methods

used to construct BCP ketones directly are relatively underdeveloped. In particular, the preparation of

unsymmetrical 1,3-disubstituted-BCP ketones remains challenging and still requires multiple chemical

steps. Herein, a single-step, multi-component approach to versatile disubstituted BCP ketones via nickel/

photoredox catalysis is reported. Importantly, installing a boron group at the carbon position adjacent to

the BCP structure bypasses the limitation to tertiary BF3K coupling partners, thus expanding the scope of

this paradigm. Further transformation of disubstituted-BCP ketones into a variety of other BCP

derivatives demonstrates the synthetic value of this developed method.
Three-dimensional (3D) molecular scaffolds have received
considerable attention in drug molecular design to improve
physicochemical properties of drug candidates.1 Among the
promising 3D scaffolds in this area are the bicyclo[1.1.1]
pentanes (BCPs), which serve as bioisosteres of aromatic rings
as well as tert-butyl- and alkyne groups in medicinal chemistry.2

In Stepan's pioneering work,2a the replacement of the uori-
nated aryl ring of a gamma secretase inhibitor with a BCP
moiety resulted in improved permeability and kinetic solubility.
Since this landmark work, the number of patents published
with BCP-containing drugs has skyrocketed. Despite consider-
able interest from the medicinal chemistry community, the
incorporation of BCPs into specic structural classes found in
bioactive molecules remains an unsolved challenge.

BCP ketones could be considered as bioisosteres of aryl
ketones, which widely exist in FDA-approved drugs (Fig. 1A).3

They can also be used as vehicles for the synthesis of other
important BCP derivatives, including BCP amides and BCP
esters through efficient transformations. Nevertheless, the
methods that are used to construct BCP ketones efficiently are
relatively underdeveloped, especially compared with well-
developed approaches to access amino BCPs and aryl BCPs
epartment of Chemistry, University of

nnsylvania, USA. E-mail: gmolandr@sas.

roscience Discovery Research, AbbVie
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tion (ESI) available. See DOI:

942
(Fig. 1B).4 Specically, the Wiberg,5a Walsh,5b and Pan5c groups
have reported methods for acylation of [1.1.1]propellane with
aldehydes to form monosubstituted-BCP ketones. In contrast,
the preparation of unsymmetrically 1,3-disubstituted-BCP
ketones remains challenging and still requires multiple chem-
ical steps. For example, Wills and coworkers reported a method
for the synthesis of BCP ketones by reacting [1.1.1]propellane
Fig. 1 (A) Examples of bioactive diaryl ketones. (B) Representative BCP
derivatives.
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Fig. 2 (A) Previous strategies to access unsymmetrically 1,3 disubsti-
tuted BCP ketones. (B) Research reported herein. HE¼Hantzsch ester;
RAE ¼ Redox active ester [N-(acyloxy)phthalimide]; NHC ¼ N-
heterocyclic carbene; CzIPN ¼ 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene.

Fig. 3 Control experiments.
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and Grignard reagents, followed by addition to an aldehyde and
oxidation withMnO2 (Fig. 2A).6a This method requires the use of
metal reagents and multiple synthesis steps, which are incom-
patible with the construction of complex targets containing
sensitive functional groups. The Knochel group developed
a similar two-step strategy to construct 1,3-disubstituted BCP
ketones by opening the [1.1.1]propellane with allylzinc halides,
followed by addition to acyl chlorides (Fig. 2A).6b However, this
method is only suitable for some special organozinc reagents,
which limits the diversity of the BCP ketones. Chemists at Spi-
roChem also reported a two-stepmethod for construction of 1,3-
disubstituted BCP ketones through a process involving radical
addition to [1.1.1]propellane, followed by engagement with
different arylmetal reagents (Fig. 2A).6c In this case, the other
substituent on the BCP ring is limited to an ester functional
group. Furthermore, there are some individual examples
showing that disubstituted BCP ketones can be obtained from
the corresponding BCP redox active ester. Specically, the
Ohmiya group developed the N-heterocyclic carbene-catalyzed
acylation of BCP redox active ester, but the yield was only 20%
© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2A).6d The Yuan group also conducted the cross-coupling of
BCP redox active esters with pyridyl esters to access BCP ketones
(Fig. 2A).6e Considering the ve-step synthesis of BCP ketones
from [1.1.1]propellane, these methods cannot meet the
requirements of rapid synthesis of a library of products in the
medicinal chemistry setting. Clearly, the drawbacks of stepwise
synthetic approaches to 1,3-disubstituted BCP ketones hamper
the broad application of bicyclo[1.1.1]pentanes. Thus, more
efficient methods for the preparation of disubstituted BCP
ketones are urgently needed.

Multicomponent reactions (MCRs) that allow one-step
access to complex and diverse disubstituted BCP products are
synthetically advantageous to current stepwise approaches to
BCP derivatives. However, achieving such a transformation is
still challenging because of competing two-component
coupling or propellane oligomerization. Uchiyama,7a MacMil-
lan,7b and our group7c,d have successfully developed multi-
component approaches to versatile BCP derivatives based on
the differentiated reactivity of BCP radicals and substrate alkyl
radicals. In our previous report,7d we successfully took advan-
tage of the slow capture of tertiary radicals by Ni species as a key
mechanistic aspect to achieve a one-step, multicomponent
reaction for the synthesis of BCP-aryl derivatives. Meanwhile,
our group has successfully developed an efficient photoredox/Ni
dual catalysis paradigm for transition metal-catalyzed cross-
couplings of alkylboron- or alkylsilicon reagents with various
electrophiles, including aryl halides, acyl chlorides, alkenyl
halides, and isocyanates based on a single-electron transfer
(SET) transmetalation pathway.8 Inspired by these results, we
questioned whether acyl chlorides or other electrophiles could
also serve as partners in the three-component radical coupling
of [1.1.1]propellane to access a diverse array of BCP derivatives
of high importance in the pharmaceutical industry. Herein we
report a one-step, three-component radical coupling of [1.1.1]
propellane to afford diversely functionalized bicycles using
various electrophiles.

To determine the chemoselectivity of the proposed MCR
pathway, the reactivity of tertiary alkyl and BCP radicals in the
nickel/photoredox-catalyzed cross-couplings with acyl chlorides
was rst examined (Fig. 3). The results indicated that BCP
bridgehead radicals engage the nickel catalyst to enter the
cross-coupling catalytic cycle, generating the product BCP
ketone, while acyclic tertiary radicals do not take part in this
catalytic cycle. Encouraged by this promising reactivity pattern,
we explored the possibility of achieving a multi-component
Chem. Sci., 2022, 13, 11936–11942 | 11937
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Table 1 Optimization of reaction conditionsa

Entry Deviation from standard conditions NMR yield (%)

1 None 63
2 No base 32
3 0.01 M 52
4 0.025 M 55
5 427 mm 25
6 2 mol% [Ir] cat. 10 mol% [Ni] 49
7 2 mol% [Ir] cat. 20 mol% [Ni] 58
8 No [Ni] catalyst 0
9 No [Ir] catalyst 0
10 No light 0
11 t-BuCOOCs, instead of 1 0

a Optimization of reaction conditions: 1 (0.15 mmol), 2 (0.3 mmol), 3
(0.10 mmol) under purple Kessil irradiation (l max ¼ 390 nm) for
16 h at rt; NMR yield was calculated using 1,3,5-trimethoxybenzene as
an internal standard (IS) from the crude mixture.

Fig. 4 Scope of aliphatic and aromatic acyl chloride substrates.
Reaction conditions: acyl chlorides (0.30 mmol, 1.0 equiv.), [1.1.1]
propellane (0.90 mmol, 3.0 equiv.), alkyltrifluoroborates (0.45 mmol,
1.5 equiv.), [Ir(dFCF3ppy)2dtbbpy]PF6 (2 mol%, 0.006mmol), Ni(dtbbpy)
Br2 (20 mol%, 0.06 mmol), Cs2CO3 (1.5 equiv., 0.45 mmol), DME (0.05
M), irradiating with purple Kessil irradiation (lmax¼ 390 nm) for 16 h at
rt.
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reaction forging two C–C bonds in a single operation using
[1.1.1]propellane.

Initial investigations utilized t-BuBF3K, [1.1.1]propellane,
and benzoyl chloride as a model reaction to optimize the reac-
tion conditions (Table 1). Reaction screening indicated that the
reaction was best performed with [Ir(dFCF3ppy)2dtbbpy]PF6 (2.0
mol%), Ni(dtbbpy)Br2 (20 mol%), and Cs2CO3 (1.5 equiv.) in
DME (0.05 M) irradiated by a 390 nm LED light at room
temperature for 16 h (Table 1, entry 1). The selected results of
these studies led to the conditions provided in Table 1. As ex-
pected, control studies conrmed that this MCR was indeed
dual catalytic in nature (Table 1, entries 8−10) and that all the
components of the reaction were necessary to ensure successful
difunctionalization of [1.1.1]propellane. Notably, initial trials
with tertiary alkyl carboxylates as radical precursors proved
unsuccessful in this MCR process.

With suitable conditions in hand, the generality of this
metallaphotoredox protocol with respect to a broad range of
aliphatic- and aromatic acyl chlorides was investigated. As
summarized in Fig. 4, both electron-rich and electron-poor
aromatic acyl chlorides were coupled under the developed
reaction conditions with 28−64% yields (4–15). For example,
aromatic acyl chlorides containing common functional groups
such as ether (5), uoro (6), chloro (7), triuoromethoxy (8),
cyano (10) and triuoromethylthio (12) proved to be suitable.
Heteroaromatic acyl chlorides (14, 15) also react smoothly to
afford the desired product in acceptable yield. Furthermore, the
success of the reaction with ethyl succinyl chloride (19), which
was not compatible utilizing previous methods employing
metal reagents, further demonstrates the functional group
compatibility of this protocol. Notably, alkyl bromide or -chlo-
ride handles (20, 21) have been incorporated, thus enabling
further modication by substitution. Finally, other
11938 | Chem. Sci., 2022, 13, 11936–11942
electrophiles including isocyanates and alkenyl halides (24, 25)
have been embedded within the substrates, although the effi-
ciency is not ideal in these cases.

To explore the generality of this transformation further,
a variety of structurally diverse tertiary- and secondary alkyltri-
uoroborates were investigated using the developed conditions.
Thanks to the development of powerful synthetic methods,
tertiary boronate esters9 are quite readily available from diverse
feedstocks including carboxylic acids, alkenes, alkyl halides,
and ketones.10 As demonstrated in Fig. 5, ester-, nitrile-, ketone-,
alkene-, and even hydroxyl-containing triuoroborates were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Scope of aliphatic- and aromatic acyl chloride substrates.
Reaction conditions: acyl chlorides (0.30 mmol, 1.0 equiv.), [1.1.1]
propellane (0.90 mmol, 3.0 equiv.), alkyltrifluoroborates (0.45 mmol,
1.5 equiv.), [Ir(dFCF3ppy)2dtbbpy]PF6 (2 mol%, 0.006mmol), Ni(dtbbpy)
Br2 (20 mol%, 0.06 mmol), Cs2CO3 (1.5 equiv., 0.45 mmol), DME (0.05
M), irradiating with purple Kessil irradiation (lmax¼ 390 nm) for 16 h at
rt.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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incorporated into the established protocol (26–32). These
sensitive functional groups would be difficult to integrate
within previously reported synthetic methods, especially those
using metal reagents as the coupling partner. Additionally,
alkyltriuoroborates possessing various ring sizes reacted
smoothly to afford the coupled products (33–39). Interestingly,
the secondary radical derived from a benzyltriuoromethyl-
substituted alkyltriuoroborate was engaged in this MCR
process (40), with no evidence for formation of the two-
component product. Aliphatic acyl chlorides were also tested
and found to be compatible with the reaction conditions,
affording the corresponding products 41–43. Finally, we applied
this method to the late-stage modication of drug-like mole-
cules. Several alkyltriuoroborate-containing natural products
and drug scaffolds were incorporated under the standard
conditions to afford the desired products in moderate to good
yields (44–48), demonstrating the applicability of the developed
method in complex molecular settings.

Although the established one-step, three-component radical
coupling enabled by nickel/photoredox dual catalysis provides
an efficient method for rapid construction of disubstituted BCP
ketones, this protocol was only applicable to tertiary radicals or
a specic secondary radical that limits its generality. To resolve
this issue, we examined the feasibility of incorporating
a substituent on the carbon adjacent to the BF3K group that
would serve as a versatile surrogate group. As an example, if
a Bpin group was installed into this position, it could be proto-
Fig. 6 (A) the Synthesis of b-Bpin-substituted BCP ketones. (B) Further
transformations.

Chem. Sci., 2022, 13, 11936–11942 | 11939
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deborylated or even further manipulated in downstream
transformations, greatly expanding the scope of the overall
process. The Masarwa group reported a method for the
desymmetrization of gem-diborylalkanes,11 allowing ready
access to the requisite triuoroborates. Gratifyingly, when the
desymmetrized 1,1-dibora substrate was subjected to the
developed reaction conditions with an aromatic- and aliphatic
acyl chloride, the desired products 49 and 50 were formed in
good yield (Fig. 6A).

Ketones have long been used as important intermediates to
provide access to other functional groups. We have utilized the
efficient access to BCP ketones provided by the method devel-
oped herein to demonstrate their conversion into a variety of
diverse BCP substructures, including carboxylates and amides
through classical functional group interconversions (Fig. 6).
Considering the lack of efficient methods for synthesis of such
building blocks, the current protocol takes on added signi-
cance. Reduction of ketones with NaBH4 produces the
Fig. 7 Mechanistic study. (A) Secondary versus tertiary radical
competition (the ratio was determined by GC-MS analysis). (B) Radical-
trapping experiment. (C) Radical ring-opening reaction. (D) Proposed
mechanism.

11940 | Chem. Sci., 2022, 13, 11936–11942
corresponding secondary alcohol 51 with a good yield. By using
a Baeyer–Villiger oxidation, the corresponding BCP carboxylate
52 was formed. Alternatively, the ketone was further trans-
formed into BCP amide 24 via a Beckmann rearrangement.
Finally, a BCP ketone was used to generate the corresponding
alkene in 75% yield through a Wittig olenation.

To gain insights into the reaction mechanism, we conducted
a series of control experiments. First, competition experiments
demonstrated that a tertiary radical participates in the three-
component reaction exclusively, while a secondary radical was
only involved in the classical cross-coupling reaction (Fig. 7A).
TEMPO trapping experiments showed that the reaction was
completely suppressed in the presence of this reagent, and only
TEMPO adducts 56 derived from the radical precursors were
observed (Fig. 7B). The reaction of the alkyltriuoroborate
generated from verbenone under the standard conditions
afforded ring-opened product 58 (Fig. 7C).12 Therefore, the
radical nature of the MCR process was conrmed. Based on
these results and previous reports,10 a plausible reaction
mechanism for this dual nickel/photoredox catalyzed three-
component cross-coupling is depicted in Fig. 7D. Initially,
under light irradiation, the photocatalyst is excited to provide
*Ir(III). The alkyltriuoroborates reductively quench the excited
photocatalyst *Ir(III) to generate tertiary alkyl radical V. Because
the metal–carbon bond between the nickel center and tertiary
alkyl group is quite fragile, the acyclic tertiary radical favorably
dissociates from the Ni(III) center to form free alkyl tertiary
radicals.13 Tertiary alkyl radical V undergoes irreversible radical
addition to [1.1.1]propellane, leading to BCP radical VI, which is
then trapped by Ni(0), forming an alkyl Ni(I) species VIII.
Subsequently, VIII undergoes rapid oxidative addition with acyl
chlorides. Alternatively, as shown in blue, BCP radical VI can
also be captured by Ni(II) oxidative addition complex IX. Both
pathways lead to Ni(III) complex X, which subsequently
undergoes rapid and productive C–C bond formation to yield
the BCP ketone products.

In conclusion, the multi-component radical cross-coupling
reaction involving [1.1.1]propellane reported herein enables
rapid access to a diverse array of disubstituted BCP ketones and
offers an expedient alternative to traditional routes for the
synthesis of BCP ketones via pre-functionalization of [1.1.1]
propellane. The method exhibits several advantages over
previously reported routes, including excellent chemo-
selectivity, mild reaction conditions, and good functional group
tolerance. Importantly, the usefulness of this method is further
boosted by installing boronate esters (Bpin) at the carbon
adjacent to the BCP substructure, which in principle could be
protodeborylated or even further manipulated in downstream
transformations. Overall, the reaction described herein enables
access to unprecedented BCP structures of interest to the
organic chemistry synthetic community, especially in the drug
discovery sector.

Data availability

The ESI† includes all experimental details, including optimi-
zation of the synthetic method, synthesis and characterization
© 2022 The Author(s). Published by the Royal Society of Chemistry
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of all starting materials and products reported in this study, and
mechanistic studies. NMR spectra of all products reported are
included as well.
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