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bioisosteres has driven efforts to
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pentane (BCP) scaffolds. The strained
geometry of BCPs imparts high C(sp®)-H
bond-dissociation energies that enhance
the metabolic stability of the carbocycle.
However, quaternary 3-alkylated BCPs
remain underdeveloped as bioisosteres
of benzylic environments. The reported
method enables access to 3-alkylated
and 3-arylated BCPs under mild
photoredox conditions by using
commercially abundant precursors.
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THE BIGGER PICTURE Visible-light-mediated metallaphotoredox catalysis has emerged as an effective
strategy for the generation of high-energy species from commercially abundant precursors. The capacity
to bypass harsh organometallic transfer reagents and volatile chemicals further heightens the potential utility
of photoredox platforms. Recently, bicyclo[1.1.1]pentane (BCP) carbocycles have gained prominence as
aryl-ring bioisosteres because of the clinical benefits of incorporating enhanced F(sp®) environments into
drug design. The strained rigidity of BCPs simultaneously imparts metabolic stability while promoting the
configurational retention of substituted aryl-ring exit vectors. We report an operationally trivial, metallapho-
toredox-based method that achieves 3-alkylation and 3-arylation of BCP linchpins by using abundant,
bench-stable feedstocks. With high functional-group compatibility and amenability to drug motifs, this strat-
egy enables modular BCP synthesis. We anticipate that these developments will provide access to greater
substrate diversity, including motifs that cannot be readily accessed via conventional closed-shell methods.

SUMMARY

The prevalence of benzene rings in pharmaceutical scaffolds has prompted efforts to identify structural bio-
isosteres with improved in vivo properties. Notably, investigators have leveraged bicyclo[1.1.1]pentanes
(BCPs)—C(sp®)-enriched, 1,4-disubstituted phenyl bioisosteres—to tune the pharmacokinetic profiles of
lead compounds. Although 3-arylated BCPs have been widely implemented to confer resistance to oxidative
degradation and hydrogen atom transfer (HAT) processes, the analogous 3-alkylated BCPs remain underex-
plored as bioisosteric “benzylic” C-H motifs. Current methods for installing 3-alkylated BCP motifs are heavi-
ly reliant on lengthy de novo synthesis and the preparation of reactive [1.1.1]propellane feedstocks, limiting
their adoption in drug-discovery programs. In this report, we disclose a mild, unified method for the prepa-
ration of both alkyl- and aryl-substituted BCPs from bench-stable precursors. This method, which proceeds
via dual copper-photoredox catalysis, is capable of installing BCP functionalities onto a range of saturated
motifs, aryl-containing residues, and medicinally relevant heterocycles.

INTRODUCTION

The selective tuning of absorption, distribution, metabolism, and
excretion-toxicity (ADMET) properties is a critical component of
drug design. Notably, incorporating a higher fraction of sp®-hybrid-
ized atoms (Fsp®) leads to improved solubility, reduced off-target
binding promiscuity, and enhanced likelihood of clinical suc-
cess.”® The strategic installation of Fsp®-rich bioisosteres can
permit selective modulation of pharmacokinetic profiles while re-
taining physiological efficacy.® Arenes are prevalent in pharma-
ceuticals, yet oxidative degradation pathways can lead to in vivo
toxicity while promoting rapid metabolic excretion.” Judicious
evaluation of both bioavailability and drug stability is critical for tun-
ing the therapeutic index of a lead candidate.® Accordingly, the se-
lective incorporation of 3-substituted bicyclo[1.1.1]pentanes
(BCPs) as 1,4-disubstituted phenyl ring bioisosteres has been

shown to improve the thermodynamic solubility of parent mole-
cules while suppressing oxidative metabolism.®'° Because of their
rigid geometry and consequently inert aliphatic C-H bonds,
3-substituted BCPs recapitulate the geometric exit vectors ex-
hibited in para-substituted aryl rings (Scheme 1, top)."" We pro-
pose that quaternized 3-alkylated BCPs could offer synthetic ac-
cess to stabilized bioisosteric pseudo-“benzylic” environments
that would otherwise present metabolic weak points in a traditional
aryl scaffold (see supplemental information sections S2 and S2
and Table S1). Several recently reported, elegant C(sp?) installation
strategies include carbene insertion,'? atom-transfer radical addi-
tion (ATRA),"®"* and strain-release paradigms.'>™'® However, the
incorporation of tertiary C(sp®) functionalization remains syntheti-
cally challenging and heavily reliant on the preparation of [1.1.1]
propellane or pre-activation strategies.’®*? Furthermore, estab-
lished methods can face challenges with functional-group
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Scheme 1. Bicyclo[1.1.1]pentanes as phenyl bioisosteres

compatibility because they require harsh conditions and reactive
precursors. Consequently, late-stage BCP incorporation
frequently requires de novo synthesis and multistep re-routes, ul-
timately severely affecting the total number of industrial patents
encompassing alkylated BCP motifs (Figure 1, middle).?*>*

We aimed to address this outstanding challenge by devel-
oping a mild coupling platform capable of delivering a diverse
array of both 3-alkylated or 3-arylated BCPs in a single-step,
one-flask protocol. To this end, we were inspired by N-hydrox-
yphthalimide (NHPI) redox-active ester-functionalized BCPs as
attractive, bench-stable alternatives to reactive propellane feed-
stocks (Scheme 1, bottom).?*° The reported transformation
seeks to expand on prior methods by introducing a modular plat-
form capable of selective site functionalization, which should
prove useful for late-stage installation of drug motifs without
relying on stoichiometric zinc or Hantzsch ester reductants, or-
ganolithium, Grignard, or reactive strain-release reagents.®**°
We report an expansion of accessible chemical space via rapid
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access to alkyl bromides—a underexplored challenge. The
method is designed to satisfy three key goals:

(1) Obviate the reliance on stoichiometric metal reagents.
Prior art relies extensively on organometallics as coupling
partners and stochiometric metals (e.g., Zn) as reduc-
tants. In the interest of improving functional-group
compatibility and accessing more diverse chemical
space, the current method uses neither.

Circumvent the reliance on [1.1.1]propellane for
3-functionalization. The necessary calibration of [1.1.1]
propellane stock solutions to monitor precursor decom-
position offers the potential for improvement in any
coupling regime.

Deliver access to greater chemical space alongside
improved synthetic modularity. This method does not rely
on strain release to achieve 3-functionalization and therefore
seeks to enable sequential or late-stage functionalization.

S

&

RESULTS AND DISCUSSION

Reaction development
At the outset, we focused on developing a BCP 3-functionaliza-
tion method centered on a platform of convenience and modu-
larity. Traditional methods require that [1.1.1]propellane be pre-
pared from organolithium reagents and distilled immediately
prior to use. By contrast, we envisioned employing one universal,
bench-stable building block amenable to diverse functionaliza-
tion. Specifically, the activated BCP acid (Scheme 2, structure
9) was viewed as a convenient precursor for radical generation.
Transition-metal-catalyzed alkyl-alkyl cross-couplings have
traditionally been beset by multiple challenges, including
competitive B-hydride elimination and sluggish elementary acti-
vation steps.®* Circumventing strain-release or multistep para-
digms to access 3-alkylation was a particular consideration
given that traditional nickel-mediated routes offer restrictive ac-
cess to aromatic or sp? coupling partners. To bypass these ob-
stacles, we envisioned harnessing copper as a broadly tolerant
catalytic platform able to undergo kinetically facile reductive
elimination predisposed toward C(sp?)- and C(sp®)-BCP bond
formation. Copper-mediated cross-coupling reactions tradition-
ally rely on air- and moisture-sensitive transmetalation reagents
to overcome a kinetically challenging oxidative addition
step.®>*® To avoid using these sensitive organolithium and
Grignard reagents, which can present challenges in late-stage
settings, we opted to employ a mild photocatalytic platform to
unveil the radical coupling partners from abundant halide precur-
sors. We chose to utilize readily available alkyl bromides instead
of the more expensive, reductively labile alkyl iodide precursors.
(Furthermore, a challenging alkyl bromide reduction [Ei» =
—2.5 V vs. saturated calomel electrode (SCE)] and high bond
strength [bond-dissociation energy ~ 70-80 kcal mol~"] prevent
off-target reactivity.) To this end, our laboratory previously dis-
closed the use of open-shell silicon reagents to selectively acti-
vate organohalides via a polarity-matched halogen atom transfer
(XAT) event.®”-*® This XAT event would be expected to proceed
on orders greater than k ~ 10 M~'s ™" to provide the key alkyl
radical species.®**" Crucially, using an aminosilane reagent
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would allow us to simultaneously sidestep the reliance on harsh
(e.g., Zn) reductants while achieving mild access to the desired
XAT event. Next, a reductive pathway would achieve photocata-
lyst (PC) turnover and concurrently unveil the BCP bridgehead
radical, capable of being captured by the copper catalyst.*?

The proposed reaction mechanism is outlined in Scheme 2. PC
1(2,4,5,6-tetrakis(9H-carbazol-9-yl)isophthalonitrile [4CzIPN]) ac-
cesses a long-lived, triplet excited state under blue-light irradia-
tion (r = 5.1 s, Eyp = +1.35 V vs. SCE in MeCN).*® The excited
state, 2, is reduced by aminosilane reagent 4 to generate 3, which
undergoes single-electron reduction (SET) of NHPI-functionalized
BCP ester 9 to promote the decarboxylative formation of radical
10 while regenerating PC 1 and 1 equiv of phthalimide anion.
The activation of CuBr, (11a) is feasible under this PC regime
(E4/2[4CzIPN/4CzIPN™-= —1.21 V vs. SCE]) and affords Cu(l) spe-
cies 11b. Intermediate 10 is postulated to undergo radical trap-
ping into copper catalyst 11b to afford Cu(ll)-BCP intermediate
12. Simultaneously, the oxidative activation of aminosilane re-
agent 4 is hypothesized to furnish radical cation 5, which
undergoes base-mediated substitution at silicon and a-trimethyl-
silyl group migration to unveil nucleophilic silyl radical 6.** A
polarity-matched XAT event with unactivated alkyl bromide 7 lib-
erates 1 equiv of carbon-centered radical 8. Subsequent radical
trapping is postulated to occur at near diffusion-controlled rates
(k ~ 10° M~'s™) to furnish Cu(lll) intermediate 13.** A favorable
inner-sphere reductive elimination is proposed to promote bond
formation, regenerating catalytically active Cu(l) while delivering
the target 3-substituted BCP product.

Extensive optimization studies revealed that combining
alkyl bromide with tert-butyl-methyl-aminosilane reagent 4
(2.0 equiv), NHPI-BCP 9 (1.5 equiv), CuBr, (20 mol %), sodium
acetate (2.0 equiv), and 4CzIPN (1 mol %), followed by subse-
quent irradiation in the presence of acetone (0.05 M), furnished
the desired product in optimal yield (Figure S26). Further studies
revealed that higher PC loadings (10 mol % 4CzIPN) could
furnish product 36 in 78% vyield (see the supplemental informa-
tion). As expected, no product was observed in the absence of
silane, PC, or light (see Figure S18 for control studies). We hy-
pothesized that successful execution of the proposed transfor-
mation would require careful control of the relative rates of the
XAT and decarboxylation steps. We recognize that tuning the
relative rates of radical generation is critical for achieving effi-
cient Cu speciation and therein attaining a kinetically favorable
reductive elimination while minimizing unproductive path-
ways.”® Accordingly, the competing protodehalogenation and
homodimerization byproducts were ultimately suppressed via
the attenuation of silane equivalencies and copper catalyst
loading.

Chem

With optimal conditions in hand, we sought to examine the
alkylation scope for this transformation (Figure 1). We were
delighted to find that a variety of unactivated primary bromides
were well tolerated (14-23, 46%-57% yield). The mild reaction
conditions enabled extension of this platform to drug core moi-
eties,*® furnishing a BCP-functionalized isoxazole derivative (14,
46% yield) and protected aminopyrimidine (15, 56% yield) in syn-
thetically useful yields. Further, the protocol enabled direct access
to B-amino pharmaceutical derivatives, as exemplified by the phe-
nethylamine bioisostere (16, 56% yield). We also observed that
the rapid incorporation of the BCP scaffold into medicinally rele-
vant heterocycles generated oxadiazole (17, 57% yield). This pro-
tocol further permitted the incorporation of the BCP bioisostere
into the 2-benzoxazolone core of FDA-approved pharmaceutical
chlorzoxazone (18, 50% vyield). The incorporation of synthetically
relevant linchpins for post-derivatization was demonstrated via a
primary amine surrogate (19, 53% yield) and pendant pyridyl chlo-
ride (20, 50% yield). Given the diverse pharmaceutical profile of tri-
azoles and their use in antifungal agents,”” we were pleased to
demonstrate the compatibility of this net redox-neutral method
with a triazole functionality (21, 57% yield). As an extension of
this platform, we next evaluated C-C bond formation between
the BCP carbocycle (strain energy ~ 65-68 kcal mol~")*¢ and
strained coupling partners. We were delighted to note the translat-
ability between secondary acyclic (24, 72% yield) and cyclic (25,
63% yield) environments. We further demonstrated the compati-
bility of a diverse range of electronically and topologically differen-
tiated secondary bromide substrates (2441, 30%-72% yield). A
collective desire to increase F(sp®) character has prompted
growing interest in spirocyclic scaffolds, the three dimensionality
of which helps to suppress off-target binding promiscuity in
late-stage drug candidates.”® We sought to investigate the
compatibility of alkyl spirocyclic coupling partners in our method.
We generated a library of previously undocumented BCP-coupled
carbocyclic motifs, including select permutations of 4,6- (27, 40%
yield), 4,4- (29, 30% vyield), 6,6- (30, 54% yield), 5,4- (31, 59%
yield), and 5,6- (33, 70% vyield) spirocycles. These efforts yielded
a diverse range of BCP structural motifs bearing three and four
quaternary centers. Moreover, we successfully synthesized scaf-
fold 32 (58% vyield) to access a tetracyclic BCP motif.

Recognizing the prevalence of piperidine motifs across
diverse pharmaceutical classes,’® we were gratified to observe
the streamlined incorporation of BCP bioisosteres into these
scaffolds (36, 63% vyield; 37, 54% yield). To explore the limits
of functional-group compatibility, we further tested this method-
ology on substrates bearing stereochemical information. Thus,
nitrogen-functionalized compound 28 was accessed in 50%
yield, and further exploration of chemical space furnished

Figure 1. Alkyl bromide scope for copper-catalyzed 3-alkylation of BCP bioisostere
Reactions were performed with alkyl bromide (1 equiv), BCP linchpin (1.5 equiv), tBuMeNSi(TMS); (2.0 equiv), CuBr; (0.2 equiv), NaOAc (2.00 equiv), and 4CzIPN
(1 mol %) in acetone (0.05 M) under integrated photoreactor irradiation (450 nm) for 0.5 h unless otherwise indicated. All yields are isolated unless otherwise noted.

See the supplemental information for experimental details.
@Performed with 2 mol % 4CzIPN.
P|solated as an inseparable mixture of diastereomers.

CAssay yield determined by H NMR analysis using mesitylene as the internal standard.

9(2.33:1) d.r. (determined by NMR); the target was isolated as the acid.

®Irradiation performed for 2 h; assay yield was determined by '°F NMR analysis using 1,4-difluorobenzene as the internal standard.
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tetrahydropyran scaffold 39 in 54% vyield (2.33:1 d.r.). We next
pursued a-bromo amides (34, 50% yield; 38, 49% yield) to
demonstrate the compatibility of electron-deficient radicals
with this method. Finally, the platform was amenable to tertiary
bromide substrates, furnishing contiguous quaternary centers
in synthetically useful yield (42, 31% yield).

Despite their prevalence in approved small-molecule drugs,
phenols are susceptible to rapid excretion because of their hy-
droxylated cores.®" Difluoromethyl functionalities have been har-
nessed as bioisosteres of alcohol groups, partly because of their
advantageous retention of hydrogen-bonding activity.®> Conse-
quently, we sought to access phenol bioisosteres by extending
our BCP protocol to difluoromethylation. We were pleased to
find that the desired adduct, 41, was accessed in 42% assay
yield in a single step from simple starting materials.

Extension of reaction design to incorporate (hetero)aryl
halides

Flat, sp?-rich environments are pervasive in drug discovery”>®
as a result of the prevalence of robust synthetic strategies
(such as Suzuki-Miyaura couplings) that facilitate rapid C(sp?)
fragment installation.>* By contrast, the synthetic challenges
associated with incorporating three dimensionality into drug

¢ CellP’ress

scaffolds have limited expansion in this area. Consequently,
we sought to devise a single platform capable of accessing
both alkylated and arylated BCPs to furnish bioisosteres of biaryl
environments. We envisioned that a broadly tolerant, modular
platform for constructing BCP motifs would potentially accel-
erate the design of new drug analogs.

To this end, we were pleased to find that BCPs could be
appended to an array of electronically diverse aryl and hetero-
aryl bromides under modified conditions (Figure 2; 43-59,
40%-66% yields). Notably, these conditions enabled facile
3-arylation without the need for organogrignards, [1.1.1]propel-
lane, or forcing conditions (see the supplemental information
for further details).?” Given the value of fluorine motifs in drug
discovery,>® we were delighted to observe that trifluoromethyl
groups were tolerated in the reaction conditions (43, 52%
yield). Further, we successfully incorporated cross-coupling
partners for post-functionalization (44, 50% yield), opening av-
enues to downstream diversification. In line with this logic,
nitrile-substituted scaffolds (45, 57% vyield; 46, 52% yield; 48,
50% yield) offer synthetic handles for downstream redox ma-
nipulations. In investigating the effects of strain in drug-relevant
architectures, we observed that incorporating cyclopropyl
groups can correlate with improved drug-candidate progres-
sion from preclinical to clinical-phase trials.®® Accordingly, we
were gratified to find that cyclopropane exit vectors were toler-
ated under the reported method (46, 52% vyield; 47, 41% yield).
We next investigated a series of medicinally relevant heterocy-
cles (49-59, 40%-66% yields) by particularly focusing on
pharmaceutically privileged nitrogen-containing structures.
We accessed varied aryl substitution patterns, including elec-
tron-deficient pyridyl motifs (49-56, 40%-66% yield), quinoxa-
line scaffolds (57, 43% yield), phthalide (568, 42% yield), and
pyrazolo-pyridines (59, 49% vyield; see the supplemental infor-
mation for additional examples, specifically section S7 and
Figures S26-S32 for an example inspired by an industrial
patent).

Incorporation of drug-relevant motifs

Finally, we examined the applicability of the method to the incor-
poration of drug-like motifs (Figure 3). Encouraged by an opera-
tionally facile functionalization of the quinolinone core of the anti-
psychotic aripiprazole (60, 64% vyield), we next accessed a
tafamidis analog (61, 50% vyield). We achieved the direct func-
tionalization of the commercially available antifungal bromuco-
nazole in a synthetically useful yield (62, 32% yield), alongside
the synthesis of BCP-functionalized 6-chloropyridazine (63,
51% yield). These results collectively demonstrate that our oper-
ationally streamlined approach tolerates a variety of complex,
densely functionalized heterocycles bearing aryl halides and
alternate synthetic handles. To probe the translatability of this
method to alternate bioisosteric environments, we modified
the arylation conditions by using an oxa-bicyclo[2.1.1]hexane
redox-active ester fragment to attain product in 42% vyield vs.
1,4-difluorobenzene (see Figure S27 for details).

Conclusion

In conclusion, we have demonstrated the rapid incorporation of
3-substituted BCPs into diverse alkyl and (hetero)aryl coupling

Chem 11, 102537, May 8, 2025 5
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Figure 2. Aryl bromide scope for copper-catalyzed 3-(hetero)arylation of BCP bioisostere

Reactions were performed with aryl bromide (1 equiv), BCP linchpin (3.2 equiv), AAHNSIi(TMS); (2.0 equiv), Cu(TMHD), (0.5 equiv), [Ir(dtbppy)(ppy)2l[PFs]
(1 mol %), and NaOAc (8.00 equiv) in acetone (0.05 M) under integrated photoreactor irradiation (450 nm) for 1 h unless otherwise indicated. All yields are isolated
unless otherwise noted. See the supplemental information for experimental details and the standard (hetero)arylation method.

3Assay yields determined by 'H NMR analysis using mesitylene as the internal standard after silica gel chromatography.

Prepared with lower (1.5 equiv) BCP linchpin loading.
°lsolated as a mixture of Boc-deprotected product.

partners via the implementation of a bench-stable BCP precur-
sor under mild metallaphotoredox conditions. This coupling pro-
tocol is operationally robust and broadly tolerant to a variety of
substrate electronics. We have shown that the mild conditions
of the reported procedure allow broad functional-group compat-
ibility and enable late-stage functionalization of drug scaffolds,
with a particular focus on diversely strained alkyl environments.
We anticipate that these findings will aid in the continued explo-
ration of BCP bioisosteres in complex, drug-like settings.

METHODS
General procedure for BCP 3-alkylation
4CzIPN (PC 1; 3.94 mg, 5.0 umol, 0.01 equiv), copper(ll)dibro-

mide (CuBry; 22.3 mg, 0.1 mmol, 0.2 equiv), tert-butyl-methyl
aminosilane (333.8 mg, 1.00 mmol, 2.0 equiv), and, if a solid,

6 Chem 11, 102537, May 8, 2025

the limiting alkyl bromide (0.5 mmol, 1.0 equiv) were added to
an oven-dried 40 mL vial equipped with a Teflon stir bar and
desiccated NaOAc (82 mg, 1.0 mmol, 2.0 equiv). The vessel
was closed, sealed with electrical tape, and then back filled un-
der N, gas. Anhydrous, degassed acetone (10 mL, 0.05 M) was
then added. If a liquid, the alkyl bromide was introduced via sy-
ringe at this step, and the vessel was placed under N, gas. The
resultant reaction mixture was subsequently stirred within the in-
tegrated photoreactor (450 nm irradiation, 100% light intensity)
for 0.5 h. After 0.5 h, the reaction mixture was opened to air
and directly subjected to purification via flash chromatography,
affording the desired 3-alkylated product.

General procedure for BCP 3-(hetero)arylation
[Ir(dtbbpy)(ppy)2]PFs (PC; 4.6 mg, 5.0 pmol, 0.01 equiv),
copper bis(2,2,6,6-tetramethyl-3,5-heptanedionate) (Cu(TMHD)s;
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Performed according to standard alkylation procedures. Yields are isolated unless otherwise indicated. See the supplemental information for specific experi-

mental details.
3Assay yield attained by 'H NMR with mesitylene as the internal standard.

Pd.r. (1.99:1) determined by liquid chromatography-mass spectrometry (LC-MS).

CAssay vyield attained by 'H NMR with TMB as the internal standard.

107.5 mg, 0.25 mmol, 0.5 equiv), (adamantylamino)supersilane
(897.9 mg, 1.00 mmol, 2.0 equiv), and, if a solid, the limiting aryl
bromide (0.5 mmol, 1.0 equiv) were added to an oven-dried
40 mL vial equipped with a Teflon stir bar and desiccated
NaOAc (328 mg, 4.0 mmol, 8.0 equiv). The vessel was closed,
sealed with electrical tape, and then back filled under N, gas.
Anhydrous, degassed acetone (10 mL, 0.05 M) was then added.
If a liquid, the aryl bromide was introduced via syringe at this
step, and the vessel was placed under N, gas. The resultant
reaction mixture was subsequently stirred within the integrated
photoreactor (450 nmirradiation, 100% light intensity) for 1 h. After
1 h, the reaction mixture was opened to air and directly subjected
to purification via flash chromatography, affording the desired
3-arylated product.

Selection of silane reagent

The tert-butyl-methyl aminosilane reagent was implemented to
prevent deactivation of the NHPI redox-active ester. It is postu-
lated that the silane reagent generates an equivalent ratio of alkyl
amine according to the proposed aza-Brook rearrangement and
consequently participates in undesired nucleophilic attack of the
BCP NHPI reagent. The tert-butyl substituent provides sufficient
steric hindrance to disfavor addition into the electrophilic carbon
of the NHPI redox-active ester. The tert-butyl-methyl aminosi-
lane can be prepared on a gram scale via a one-step protocol
from commercially available starting materials. Key reagents
include triflic acid, supersilane, and N-tert-butyl-methyl amine

(1 g, US$36 at the time of writing). Nota bene: supersilane gives
a drastically lower yield than the optimal tert-butyl-methyl ami-
nosilane reagent. For further reaction optimization data and re-
action details, see supplemental information sections S4-S7
and Figures S1-S31.

Other experimental details and examples, as well as charac-
terization data, can be found in the supplemental information.
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