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Abstract: Bicyclo[2.1.1]hexanes are a versatile platform for the
exploration of chemical space, with 10 different substituent vectors
available. Disubstituted bicyclo[2.1.1]hexanes have been proposed
as bioisosteres of ortho- and meta-substituted benzenes, both far less

investigated than their para-benzene counterparts, but the
bicyclo[2.1.1]hexane platform also provides new exciting
opportunities for molecular design. Polysubstituted benzene

bioisosteres and structures bearing substituent geometries that are
non-existant in aromatic chemical space can be prepared using the
bicyclo[2.1.1]hexane platform. We report the development of a
photocatalytic intramolecular [2+2] cycloaddition approach to
polysubstituted bicyclo[2.1.1]hexanes that provides access to these
high-value motifs and enables the investigation of unexplored
chemical space.

The inclusion of more saturated and three-dimensional structures
into drug-discovery programmes has been recognized as a critical
requirement for the future of pharmaceutical drug design.™! The
incorporation of these structures has been demonstrated to
improve the physiochemical and pharmacokinetic profile of drug
candidates and compounds with a higher degree of saturated, sp®
hybridized centres tend to progress further through clinical trials
to commercialization.”? However, general synthetic strategies to
useful and versatile saturated structural cores remain extremely
rare.l!

One area that has received attention is the development of
bioisosteres of para-substituted benzene rings (Scheme 1A).19!
Disubstituted cubanes, 7] and bridged bicyclic
bicyclo[2.2.2]octanes and bicyclo[1.1.1]pentanes!® (BCPs) have
been proposed as saturated replacements for para-substituted
benzene rings in drug compounds. For example, the replacement
of a benzene ring in Darapladib with a BCP led to an almost three-
fold increase in aqueous solubility.®! However, routes to ortho-
and meta-substituted benzenes bioisosteres are comparatively
rare.!01112 This is despite the importance of such motifs to drug
design; 224 FDA approved drugs contain ortho-substituted
benzenes, and 68 contain meta-substituted benzenes.!3
Recently, it was proposed that substituted bicyclo[2.1.1]hexanes
(BCHs) could be used as a platform for both ortho- and meta-
substituted benzene bioisosteres.®! Extensions of this concept to
bioisosteres of benzenes containing three or more substituents
are rarer still,*4 although such compounds would be highly useful
building blocks for drug discovery; for example, some 328 FDA
approved drugs contain a 1,2,4-trisubstituted benzene.*315
Beyond the development of bioisosteres, saturated and three-
dimensional structures such as bridged bicyclic compounds
provide exciting opportunities to move into chemical space not
usually accessible to aromatic motifs, giving us new opportunities
to design drug candidates that can bind ever more precisely with

their biological target, improving selectivity and reducing target
promiscuity.?®  For  example, some tetrasubstituted
bicyclo[2.1.1]hexanes (BCHSs) could be thought of as analogues
of benzene systems bearing a substituent perpendicular to the -
system (see Scheme 1A).

We are interested in developing versatile synthetic methods
towards high-value structurally complex motifs. We recently
published an organophotocatalytic [2+2] cycloaddition of electron-
deficient styrenes to cyclobutanes and of 1,6-heptadienes to
bicyclo[3.2.0]heptanes.'®  Their 1,5-hexadiene homologues
undergo crossed [2+2] cycloaddition to give BCHs with protocols
harnessing direct irradiation of the substrate” and triplet
sensitization with UV light both known.8 Recently, Mykhailiuk
and co-workers reported a UV light/benzophenone-mediated
cycloaddition of 1,5-hexadienes to give disubstituted BCHs that
could function as ortho-substituted benzene bioisosteres
(Scheme 1B).1% However, this reactivity platform is potentially
extremely versatile and we believed it could be used to give
unified access to a whole range of ortho- and meta-substituted
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Scheme 1. Bioisosteres of Benzene and intramolecular crossed [2+2]
cycloaddition as a strategy to polysubstituted bicyclo[2.1.1]hexanes.



benzene bioisosteres, polysubstituted benzene bioisosteres, and
allow us to build compounds that have no direct analogue in
aromatic chemical space (Scheme 1C). In addition, we wanted to
develop a visible light-mediated procedure that would eliminate
the need to use UV light sources and tolerate a broad range of
functional groups.’® We now report the results of our
investigations.

Reaction optimization was performed with diene 1a, and resulting
in the following reactions conditions: [Ir{dF(CF3)ppy}.(dtbbpy)]PFs
(5 mol%), THF (0.1 M), RT, 22 h, irradiation at 456 nm (for details
see Supporting Information). Under these reaction conditions,
diene la was transformed into BCH 2a in near quantitative yield
(Table 1, Entry 1). For comparison with other commonly used
photocatalysts, reaction with [Ru(bpy)s]Cl, afforded none of the
desired BCH 2a (Entry 2), but the organic dye 4CzIPN allowed for
moderate conversion over an extended reaction time (Entry 3).
Reducing the catalyst loading of the Iridium photocatalyst led to a
lower conversion (Entry 4), and control experiments in the
absence of photocatalyst (Entry 5) or irradiation (Entry 6) led to
no formation of BCH 2a. Performing the reaction on more
preperatively relevant scales was also successful, with BCH 2a
being isolated in 94% yield on 0.19 mmol scale (Entry 7) and 91%
yield on 1.00 mmol scale (Entry 8).

Table 1. Optimization of reaction conditions.?

on _HdF(CF3)ppy)a(dibbpy)IPFs (5 mol%) ;K“
Ph THF (0.1 M)

RT, 22 h Ph
1a 456 nm 2a
entry deviation from standard conditions yield (%)°

1 none 96
2 [Ru(bpy)s]Cl2 <5
3 4CzIPN, 48 h 55
4 1 mol% [Ir] 27°
5 No photocatalyst <5
6 Reaction in the dark <5
7 44.5 mg, 0.19 mmol 94¢
8 234 mg, 1.00 mmol, 66 h 91¢

[a] The reactions were performed on 10 mg (of 1a) scale and were degassed
by three freeze-pump-thaw cycles prior to irradiation. For further details see
Supporting Information. [b] Yield estimated from the 'H NMR of the reaction
mixture relative to 1,3,5-trimethoxybenzene as internal standard. [c] Conversion
estimated by *H NMR spectroscopy relative to unreacted 1a. [d] Isolated yield.

With optimized conditions in hand, we turned our attention to the
substrate scope of the reaction, with initial investigations
concentrating on functional group tolerance (Scheme 2). A range
of disubstituted dienes 1b-m were prepared (see Supporting
Information for details) and subjected to the optimized reaction
conditions. Electron-withdrawing  substituents including
trifluoromethyl (in 2b), aldehydes (in 2c) and boronate esters (in
2d) were all well tolerated, with boronate ester 2d a particular
standout, being prepared in quantitative yield. Electron-donating
substituents such as trimethylsilyl (in 2e), unprotected tertiary
alcohols (in 2f) and alkyl groups (in 2g-h) could also be
incorporated. A series of differently-substituted tolyl derivatives
1g-i were prepared to establish the effect of increased steric
hinderance on the reaction. Both para-methyl- (in 2g) and meta-
methyl-substituted (in 2h) BCHs could be prepared but the ortho-
methyl substituents in 1li prevented the desired cycloaddition.

Heterocyclic substituents such as pyridines (in 2j) as well as
extended aromatic systems (in 2k) were also tolerated. Methoxy
(in 2l) and bromide substituents (in 2m) could both be
incorporated but resulted in lower conversions to the desired
products and the final BCHs 2I-m could not be separated from
unreacted dienes 1I-m.
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Scheme 2. Scope of photocatalytic crossed [2+2] cycloaddition; functional
group tolerance. Reactions were performed on 0.20 mmol scale. Yields refer to
isolated material after flash column chromatography unless otherwise stated.
[a] 66 h reaction time. [b] Isolated together with unreacted diene 1l. [c] Yield
estimated from the 'H NMR of the reaction mixture relative to 1,3,5-
trimethoxybenzene as internal standard.

We then wanted to explore the variety of substitution patterns that
are accessible under our developed reaction conditions (Scheme
3). To make comparison between compounds simpler, the
numbered positions of the substituents are given alongside the
formed structure. To begin with, monosubstituted BCH 4a,
bearing a single bridgehead aryl group, could be formed in 86%
yield. Disubstituted BCHs with 1,2-substitution (as in 4b), 1,3-
substitution (as in 4c), and 1,6-substitution (as in 4d) were also all
accessible. 4d was formed in 10:1 endo:exo selectivity. Moving
onto trisubstituted BCH frameworks, 1,2,4-trisubstituted BCH 4e
was formed in 72% yield and 1,2,2-substituted spirocycle 4f was
formed in 96% yield. 1,4,6-trisubstituted BCH 4g, bearing two
different ester functional groups, was prepared in 64% yield.
BCHs containing more than three substituents could also be
formed. 1,2,4,6-tetrasubstituted BCH 4h, which contains both an
unprotected alcohol and an ester functionality, was prepared in
90% vyield as a mixture of diastereomers. Fluorinated
bicyclo[1.1.1]pentanes are highly desirable building blocks for
medicinal chemistry.??! The corresponding tetrafluorinated BCH
4i could be prepared in 88% yield.
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Scheme 3. Scope of photocatalytic crossed [2+2] cycloaddition; accessing
different vectors. Reactions were performed on 0.20 mmol scale. Yields refer to
isolated material after flash column chromatography. S = substitution. [a] 66 h
reaction time.

Attention then turned to investigating the reaction mechanism.
Using cyclic voltammetry, the oxidation potential of diene la was
measured to be E(1a*/1a) = +1.64 V vs SCE, outside the range of
the Iridium photocatalyst [E(Ir*/Ir") = +1.21 V vs SCE] (Figure
1A).PY The reduction potential of la was measured to be
E(la/la-) = —-2.72 V vs SCE, again outside the range of the
Iridium photocatalyst [E(Ir*/Ir+) = —0.89 V vs SCE].Y This
suggests that a redox mechanism is unlikely. However, the
reported excited state of styrenes lies at approximately 61.7 kcal
mol=,22 which should be accessible to the photocatalyst (61.8
kcal mol™).?2 In line with this, addition of the known triplet
qguencher isoprene led to a reduced conversion of diene la
(Figure 1B). We therefore propose the following mechanism for
the reaction (Figure 1C). The iridium photocatalyst is excited by
the 456 nm LEDs and energy transfer from the photoexcited state
to diene la leads to photoexcited 1a*. The diradical nature of this
intermediate leads to a 5-exo-tet cyclisation to diradical 5 and
radical recombination gives BCH 2a.
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Figure 1. Mechanistic studies and proposed mechanism. A: Cyclic
voltammogram of diene 1a and comparison of redox potentials to those of the
photoexcited catalyst. B: Control experiment with the addition of the triplet
quencher isoprene. C: Proposed mechanism for the [2+2] cycloaddition

reaction.

C. Proposed mechanism

In conclusion, we have developed a visible light-mediated
photocatalytic [2+2] cycloaddition reaction of 1,5-hexadienes that
gives flexible access to differently substituted, high-value BCH
scaffolds. The reaction tolerates a broad range of functional
groups and provides rare and unified access to compounds that
could be used as ortho-, meta-, and polysubstituted benzene
bioisosteres. Beyond that, compounds with substituent
geometries not found in aromatic chemical space can also be
prepared, indicating the potential of both the BCH core and this
method to drive the development of functional organic
compounds and pharmaceuticals into new directions. The method
speaks to the current desire for reactions that enable rapid
complexity generation in three-dimensional space and we hope it
will find use in the near future!
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