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ABSTRACT: The incorporation of fluorine atoms into three-
dimensional sp*-rich scaffolds represents an attractive tactic during
bioisosteric evolution campaigns by endowing bioisosteric
candidates with improved pharmacokinetic properties. Photo- or
Lewis acid-mediated bicyclo[1.1.0]butane cycloaddition has offered
an eflicient approach for the construction of numerous regular
bicyclo[n.1.1] scaffolds (n = 1-5) but remains a significant
challenge to the synthesis of related 3D fluorinated scaffolds.
Herein, we unveiled a photochemical single-electron oxidative
strategy for gem-difluorodiene activation and subsequent [27 + 26]

New reaction mode and new FBCH scaffold
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cycloaddition with bicyclo[1.1.0]butanes to provide a broad range of gem-difluorobicyclo[2.1.1]hexane scaffolds containing several
post-transformable handles. A combination of experimental and computational mechanistic studies suggested that the conjugated 7
system of gem-difluorodiene plays important dual roles in promoting its preferential single-electron oxidation and stabilizing various

radical-involved intermediates during the cyclization.

In medicinal chemistry, three-dimensional (3D) bicyclic
structures have demonstrated to be distinguished bio-
isosteres of aromatic rings in pharmaceutical candidates, which
often leads to improved biological activities, physicochemical
properties, and metabolic profiles compared to their parent
arenes." In this context, structurally diverse bicyclo[1.1.1]
scaffolds (BCPs)” have been designed for para-phenyl
replacements of numerous lead candidates, hitherto appearing
in over 700 patents.’ Despite the progress, these well-explored
regular 3D architectures are incompetent for mimicking the
bond vectors and pharmacodynamics displayed in fluoro-
substituted parent arenes. In contrast, their related fluorinated
scaffolds are a necessary complement to the bioisosteres of
fluorobenzene-like structures. Notably, increasing incorpora-
tion of fluorine atoms into the 3D sp>-rich bicyclic structures
can significantly modulate their pharmacokinetic properties
including permeability, lipophilicity, conformation, and meta-
bolic stability.” Consequently, the development of expedient
strategies to synthesize such 3D fluorinated analogues has been
on the urgent agenda of synthetic chemists. While there has
been growing interest for synthetic chemists in the invention of
new synthetic methodologies for these 3D fluorinated bicycles,
the efficient preparation of such scaffolds is still in its infancy.
This incongruity arises from the absence of efficient fluorinated
building blocks and workable postfluorination of the regular
3D skeletons.” To date, only high-reactive fluorocarbenes
insertion into aryl-substituted bicyclo[1.1.0]butanes (BCBs) to
prepare bridge-fluorinated BCPs has been developed by
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Mykhailiuk et al® and Ma et al” (Scheme. la). The
incorporation of fluorine atoms into other bioisosteric sp’-
rich structures remains conspicuously elusive. Given the
promising bioisosteric application of 3D fluorinated skeletons
in drug discovery, developing new strategies to access diverse
fluorinated sp’-rich bicycles, such as fluorobicyclo[2.1.1]-
hexanes (FBCHs), to replace ortho- or meta-substituted
fluorobenzene is highly desirable.

Recently, bicyclo[1.1.0]butanes (BCBs) have become
privileged building blocks® to construct a range of structurally
diverse regular BCHs (Scheme. 1b) via formal cycloaddition
with unsaturated 7 units since the significant achievements on
photoactivation of alkenyl z-bond or BCB central o-bond to
form triplet diradicals followed by [27 + 20¢] cycloaddition
independently made by Glorius et al.” and Brown et al.'’ So
far, the BCB central o-bond activation has emerged as a
dominant strategy for BCB cycloaddition reactions through
single-electron reduction'’ or oxidation,"> and Lewis acid-
assisted ionic process.'”> Inspired by those robust trans-
formations of BCBs, we reasoned that the cycloaddition of
BCBs with gem-difluoroalkenes would be a straightforward and
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Scheme 1. 3D Scaffolds via Catalytic Cyclization of BCBs

a) Synthesis and application of fluorinated bicycles b) BCH synthesis via state-of-the-art cycloaddition of BCBs
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atom-economical strategy to furnish FBCHs. However, as
noteworthy issues, the mismatched hard gem-difluorinated
carbon (C,p) and facile fluorine elimination of the formed gem-
difluorinated ff-carbanion intermediates'* pose great challenges
during the addition of the generated BCB-involved radical or
ionic species to gem-difluoroalkenes, which has also been
demonstrated by our unsuccessful initial attempts with (2,2-
difluorovinyl)benzene as a substrate. To avoid these issues,
new cyclization modes are required where the oxidative
activation of gem-difluoroalkenes'” may offer a great advantage.
However, because of the higher oxidative potential of (2,2-
difluorovinyl)benzene (Eqy = 1.91 V versus SCE) than that of
BCBs (Eox = 1.75 V versus SCE), single-electron oxidation of
BCBs often occurs preferentially to form a distonic radical
cation via a o-bond-cleaved electron transfer event (Scheme.
Ic, top). The mismatched electronic properties between BCB
radical and the C,; center will lead to isomerization or
dimerization of BCBs. To overcome this limitation, we
determined to design new fluorinating reagents that could
undergo more facile single-electron oxidative process. We
reasoned that the conjugated gem-difluorodienes feature a
lower oxidative potential (Eqy = 1.56 V versus SCE), a
relatively softer C, center, an extended 7 system for stabilizing
radical or ionic intermediates, and several transform handles
for further derivatizations, all of which may make gem-
difluorodiene 7-oxidative activation and subsequent cyclization
with BCBs be a promising and intriguing strategy (Scheme. 1c,
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bottom). Upon formation of the gem-difluorodiene radical
cation via single-electron oxidation, [27 + 206] cycloaddition
with BCBs would take place to provide a unique class of
functionalized "BCHs containing several diversifiable trans-
form handles,'® which largely expands the synthetic and
bioisosteric space of "BCH.

After a careful condition screening (see details in the
Supporting Information), the optimal conditions were
established: 3,6-di-tert-butyl-substituted acridinium-based
PC1 (2 mol %), DCE solvent, and blue LEDs. With a set of
optimal reaction conditions in hand, the scope of this
cycloaddition was first evaluated on a range of BCBs. As
depicted in Scheme 2, this photochemical cycloaddition
proceeded efficiently with a variety of BCBs. Various
electron-donating substituents on the phenyl groups were
tolerated, including methyl (3, 12, 16, and 17), tert-butyl (5),
and methoxy (13) groups, at the para-, meta-, and ortho-
positions, leading to the formation of the corresponding
FBCHs in 61—68% yields. Halogens (such as fluoro, chloro,
and bromo) (6—8), as well as phenyl and trifluoromethoxy
groups (9 and 10) at the para-position of phenyl rings, were
also tolerated well to give the desired "BCHs in good yields. In
addition, the BCBs equipped with a 4-(trifluoromethyl)phenyl
group (11) also reacted with 2, albeit in modest yield
potentially because of the reduced BCB nucleophilicity caused
by the highly electron-withdrawing trifluoromethyl group.
Installation of fluoro and chloro groups into the meta-position
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Scheme 2. Reaction Conditions: 1 (0.1 mmol), 2 (0.3 mmol), PC1 (2 mol %), DCE (1 mL), and Blue LEDs (455 nm, 10 W)

under Nitrogen Atmosphere at 20 °C for 10 h in Isolated Yield

PC1 (2 mol%)
F = >
’ WJ\)\AF DCE, blue LEDs, 20 °C
Ar F
3, R=Me, 65%
4, R=H, 62%
5 R='Bu, 62% 12, R = Me, 61%
6, R=F, 75% 13, R = OMe, 63%
7,R=Cl, 53% 14 R=F, 29%
8,R = Br, 63% 15,R =Cl, 25%
9 R=Ph, 58% ' '
10, R = OCF3, 74%
11, R = CF3, 30% 17, 65%
24, R =Me, 77%
‘ 25, R = OMe, 70%
19, R =Pr, 70% 26, R = Bu, 78%
20, R =Bu, 67% 27,R =F, 56%
21, R=Ph, 73% 28, R = Cl, 60%
29, R = Br, 55%
30, R = CF3, 43%
22 R=Bn, 38% 31, R = CF30, 60%

23, R = cyclopropyl, 32%

40, 53% 41, 31% 42, 36%

38, R=H, 77%
39, R =Ph, 62%, dr = 1:1

Me
43, 17%

44, 43% 45, 21%

of benzene rings afforded the cyclized skeletons in 25—29%
yields in which isomerization of BCBs to methyl cyclobut-2-
ene-1-carboxylates was observed (14 and 15). The cyclization
of iso-propyl-, tert-butyl-, or phenyl carboxylate-substituted
BCBs were also examined to provide the desired gem-
fluorinated skeletons in decent yields (19—21). Beyond an
ester group in the BCB backbone, success was found with 2-
phenylacetyl- and cyclopropanecarbonyl-substituted BCBs (22
and 23), albeit in moderate yields.

Next, the scope was further extended to the gem-
difluorodienes. The transformations worked well with
electron-donating groups including methyl, tert-butyl, and
methoxy groups, at the para-position of the aryl rings of (E)-
(4,4-difluoro-3-methylbuta-1,3-dien-1-yl)benzene (24—26).
Acceptable reactivities toward formation of the desired
FBCHs were observed when halogens such as fluoro, chloro,
and bromo groups were introduced to various positions of the
benzene rings in the diene substrates (27—29, 32, and 33).
Naphthalene motif was well tolerated and provided the desired
product in a 58% yield (34). The incorporation of a strong
electron-withdrawing trifluoromethyl group (30) gave the
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corresponding "BCH in 43% yield. The presence of a
medicinally relevant trifluoromethoxy group at the para-
position of the phenyl ring in the substrate afforded product
31 in 60% yield. Beyond the methyl substituent at the 3-
position of gem-difluorodienes, sterically demanding cyclo-
propyl, cyclohexyl, and phenyl groups did not greatly diminish
the reaction efficiency and gave the desired products in good
yields (35—37). The functional group compatibility of this
protocol was further demonstrated by exploring cyclic gem-
difluorodienes as substrates, which afforded cyclopropagative
complex three-dimensional scaffolds in $3—77% yields (38—
40). 2,3-Disubstituted gem-difluorodiene also showed good
reactivity to provide product 41 in modest yield. To our
delight, a conjugated gem-difluorotriene was subjected to the
standard conditions, and the desired product bearing a
conjugated diene group was obtained in 36% yield (42). At
the current stage, aromatic substituents are essential to the
high reactivity as an alkyl-substituted gem-difluorodiene offered
the desired cycloaddition product in a low yield (43).
Although using 2-(2,2-difluorovinyl)naphthalene as a substrate
failed to give the desired "BCHs, ortho-selective dearomative
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Scheme 3. Large-Scale Reaction and Product Transformations

CO,Me Me
F
th
F
standard conditions
Me 2 mmol

Me 48, 38% 49, 73%

H, balloon
Pd/C (10 mol%)

EtOH, 60 °C, 24 h

52, 66%

m-CPBA (3.0 equiv)

K,CO3 (2.0 equiv), DCM, r.t.

54, 69%, dr = 6:1

LiOH (2 equiv)
—_—
THF/H,0 (1:1), r.t.

1
OMe

LiAIH, (4.0 equiv)

THF,0°C,3h
53, 73%

1) 390 nm
3,5-dinitrobenzotrifluoride

2) CH,0, then urea, K,HPO,

55, 23%

cycloaddition of naphthalene and BCBs proceeded to prepare
complex bicyclic scaffold 44 with a synthetically useful gem-
difluorinated group in 43% yield. Interestingly, two competing
pathways between 1,2-addition and 3,4-addition were observed
when using (E)-(4,4-difluorobuta-1,3-dien-1-yl)benzene as a
substrate where the desired product 45 was obtained in 21%
yield with a side product in 44% yield via a 1,2-addition fashion
(see details in the Supporting Information).

The reaction was easily scaled up to 2.0 mmol to allow for
the isolation of compound 3 in 63% yield (Scheme. 3). The
FBCHs offer several multiple transform handles, such as
olefinic and ester groups, for further downstream modifica-
tions. Hydrolysis of an ester in the '/BCH backbone led to the
formation of the corresponding carboxylic acid 46 in 82%
yield. The carboxyl group has long been recognized as a highly
adaptable transform handle in organic synthesis. Thus, further
derivatizations were performed on the carboxyl group of
compound 46. Decarboxylative amination and iodination
produced amino-"BCH 47 and iodo-'BCH 48, respectively.
Moreover, the carboxyl group could be steadily transformed to
Weinreb amide 49 and redox-active ester 50, both of which are
synthetically useful precursors in further diversified "BCH
synthesis. In addition, sewing the "BCH core on the estrone
scaffold was achieved in a good yield via a simple esterification
(51). Reduction of the double bond via Pd/C-catalyzed
selective hydrogenation generated saturated sp’-rich scaffold
52 in 66% yield, while reduction of the ester moiety with
LiAlH, produced hydroxylated "BCH 53 in 73% vyield.
Subjecting the product to m-CPBA gave epoxide 54 in 69%
yield with a 6:1 dr. Finally, we successfully managed to cleave
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the double bond via photochemical oxidation to
formyl-substituted "BCH scaffold $5 in modest yield.'
Given our experimental and computational studies (see the
details in Supporting Information), a possible mechanistic
pathway for the photochemical FBCH synthesis is postulated
in Scheme 4. The gem-difluorodiene radical cation I is

Erovide

Scheme 4. Proposed Mechanism
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generated by a single-electron oxidative event. Subsequent
electrophilic addition of this reactive intermediate to dipolar
BCB furnishes 7-stabilized distonic radical cation II where the
positive charge is localized at the tertiary benzylic position.
Then, the single-electron reduction of intermediate II and
successive cyclization via radical-radical coupling would
generate the desired product.

In summary, we have established a unified strategy for the
catalytic preparation of gem-difluorobicyclo[2.1.1]hexanes
through well-orchestrated photochemical cycloaddition of
BCBs and gem-difluorodienes. This protocol regioselectively
furnished a library of unprecedented gem-difluorinated
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bicyclo[2.1.1]hexanes containing a wide range of synthetically
useful groups. The synthetic applicability of this methodology
was further verified by a wide array of structurally diversified
transformations of gem-difluorobicyclo[2.1.1]hexanes. Mecha-
nistic studies suggested that a crucial radical cation is generated
by the initial single-electron oxidative activation of gem-
difluorodienes followed by electrophilic addition to dipolar
BCBs. We anticipate that this activation strategy of gem-
difluorodienes, as well as these new gem-difluorinated sp*-rich
scaffolds, will find broad synthetic and bioisosteric applications
in drug discovery and related fields.
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