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substituted bicyclo[2.1.1]hexanes
enabling access to new chemical space†

Marius Reinhold, Justin Steinebach, Christopher Golz and Johannes C. L. Walker *

Saturated bridged-bicyclic compounds are currently under intense investigation as building blocks for

pharmaceutical drug design. However, the most common methods for their preparation only provide

access to bridgehead-substituted structures. The synthesis of bridge-functionalised species is highly

challenging but would open up many new opportunities for molecular design. We describe

a photocatalytic cycloaddition reaction that provides unified access to bicyclo[2.1.1]hexanes with 11

distinct substitution patterns. Bridge-substituted structures that represent ortho-, meta-, and

polysubstituted benzene bioisosteres, as well as those that enable the investigation of chemical space

inaccessible to aromatic motifs can all be prepared using this operationally simple protocol. Proof-of-

concept examples of the application of the method to the synthesis of saturated analogues of

biorelevant trisubstituted benzenes are also presented.
Introduction

The inclusion of more saturated and three-dimensional struc-
tures in drug-discovery programmes has been identied as a key
goal of future pharmaceutical research.1,2 In this context, the
use of bridgehead-disubstituted bridged bicyclic compounds
has seen enormous growth in recent years (Scheme 1A).
Building on early work on the preparation of para-disubstituted
cubanes,3,4 bridgehead disubstituted bicyclo[1.1.1]pentanes are
now frequently employed as bioisosteres of para-substituted
benzenes5,6 andmore recently, bridgehead disubstituted bicyclo
[3.1.1]heptanes7 and bicyclo[2.1.1]hexanes8 have been prepared
as bioisosteres of meta-substituted benzene.9,10 However, in
these examples, the bridge positions of the polycyclic scaffold
remain untouched and therefore unutilised, despite the
opportunities that their functionalisation would provide for
drug design (Scheme 1B). For example, substitution of the
bridge positions of bicyclo[2.1.1]hexanes (BCHs) could be used
to extend the bioisostere concept to benzenes containing three
or more substituents (328 U.S. Food and Drug Administration
approved drugs contain a 1,2,4-trisubstituted benzene)11,12 and
the additional exit vectors from the bridge positions provide
opportunities to explore chemical space that is inaccessible to
aromatic motifs. As just one example, the apical substituent of
a polysubstituted BCH would occupy the space of a hypothetical
substituent above the p-system of a benzene ring.
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Exploration of these opportunities is currently hampered by
the scarcity of methods that enable the preparation of the
required compounds. Selective functionalisation of the bridge
positions via C–H functionalisation or cross-coupling
approaches is challenging, with only a handful of examples
for bicyclo[1.1.1]pentanes13,14 and the related cubanes re-
ported.15 For example, MacMillan and co-workers reported
a two-step bridge functionalisation of bicyclo[1.1.1]pentanes via
bromination and subsequent metallaphotoredox amination or
arylation.13a Examples of the functionalisation of BCHs are
particularly rare.16 De novo approaches which install additional
substituents directly and offer a complementary approach to
this challenge are emerging, but remain uncommon.17 The
recent reports of fragment insertion into bicyclo[1.1.0]butanes
are powerful examples of the concept.18,19 Cleavage of the
central C–C bond enables insertion of alkenes,18a–e,g,i,k ketones18h

or even ring-opened cyclopropanes18j,f and leads to a range of
bridge-substituted structures. Despite these important
advances, the above methods typically only open up one or two
new substitution patterns. The ideal strategy would offer greater
exibility and provide predictable access to multiple different
substitution patterns using a common disconnection. This
would streamline the synthesis of these compounds and be
extremely powerful for evaluating their use in drug discovery.

We recently published an organophotocatalytic [2 + 2]
cycloaddition of 1,6-heptadienes to fused bicyclo[3.2.0]
heptanes.20 The 1,5-hexadiene homologues are known to
instead undergo crossed [2 + 2] cycloaddition to give the bridged
BCHs, either by direct irradiation of the substrate21 or triplet
sensitization with ultraviolet (UV) light.22 Recently, Mykhailiuk
and co-workers reported a UV light/benzophenone-mediated
protocol to bridge-substituted 1,5-disubstituted BCHs that
Chem. Sci., 2023, 14, 9885–9891 | 9885
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Table 1 Optimization of reaction conditions

Entrya Deviation from standard conditions Yieldb (%)

1 None 96
2 [Ru(bpy)3]Cl2 <5
3 4CzIPN, 48 h 55
4 1 mol% [Ir] 27c

5 No photocatalyst <5
6 Reaction in the dark <5
7 44.5 mg, 0.19 mmol 94d

8 234 mg, 1.00 mmol, 66 h 91d

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 ESI. b Yield estimated from the 1H NMR spectrum
of the reaction mixture relative to 1,3,5-trimethoxybenzene as internal
standard. c Conversion estimated by 1H NMR spectroscopy relative to
unreacted 1a. d Isolated yield. [Ir] = [Ir{dF(CF3)ppy}2(dtbbpy)]PF6.

Scheme 1 Bioisosteres of benzene and intramolecular crossed [2 + 2]
cycloaddition as a strategy to access polysubstituted bicyclo[2.1.1]
hexanes.
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could function as ortho-substituted benzene bioisosteres
(Scheme 1C).17b,23,24 However, this reactivity platform is
extremely versatile and we believed it could be used to give
targeted access to the 10 different exit vectors of BCHs (Scheme
1D). This in turn would enable preparation of a whole range of
differently-substituted BCHs, containing various combinations
of bridge and bridgehead substituents, consistent with the
reaction design criteria outlined above. In addition, we wanted
to develop a visible light-mediated procedure that would elim-
inate the need to use UV light sources and tolerate a broad range
of functional groups.

During the course of our investigation, Fessard, Salomé and
co-workers16c and Rigotti and Bach (Scheme 1C)8a reported
related [2 + 2] cycloadditions of 1,5-hexadienes. While these
methods are limited to 1,2- and 1,4-disubstituted BCHs
respectively, we are able to prepare BCHs with in total 11
distinct substitution patterns, and provide examples of the use
of the method to the preparation of saturated analogues of
biorelevant trisubstituted benzenes.

Results and discussion

We began with model diene 1a, and reaction optimization
revealed that [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 could catalyse the
9886 | Chem. Sci., 2023, 14, 9885–9891
desired [2 + 2] cycloaddition with irradiation at 456 nm (for
further details of the optimisation, see ESI†). Under these
conditions, diene 1a was transformed into BCH 2a in near
quantitative yield (Table 1, entry 1). For comparison with other
commonly used photocatalysts, reaction with [Ru(bpy)3]Cl2
afforded none of 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 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 larger
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).

With optimized conditions in hand, we turned our attention
to the substrate scope of the reaction (Scheme 2). A range of
disubstituted dienes 1b–1ab were prepared (see ESI for details†)
and subjected to the optimized reaction conditions. All con-
tained at least one styrene-type motif, which is required for
photoexcitation. To make comparison between differently
substituted BCHs simpler, the numbered positions of the
substituents are given alongside the formed structure.

To begin with, monosubstituted BCH 2b, bearing a single
bridgehead phenyl group, was formed in 86% yield.22b A selec-
tion of disubstituted BCHs were then prepared to enable
assessment of the functional group tolerance of the reaction.
Electron-withdrawing substituents including a triuoromethyl
group (in 2c), aldehyde (in 2d) and boronate ester (in 2e) were
well tolerated. Boronate ester 2e was a standout, being prepared
in quantitative yield. Bromide substituents could also be
incorporated but resulted in lower conversion to the target BCH
2f.

Electron-donating substituents such as a trimethylsilyl
group (in 2g) and an unprotected tertiary alcohol (in 2h) were
also tolerated. A series of tolyl derivatized dienes 1i–k was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Scope of the photocatalytic crossed [2 + 2] cycloaddition. Reactions were performed on 0.20 mmol scale. Yields refer to isolated
material after flash column chromatography. S = substituent position. a Yield estimated from the 1H NMR spectrum of the reaction mixture
relative to 1,3,5-trimethoxybenzene as internal standard. b Isolated together with unreacted diene 1l. c 66 h reaction time. Displacement ellipsoids
are drawn at 50% probability level.
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prepared to establish the effect of increased steric hindrance on
the reaction; both para-tolyl- (in 2i) and meta-tolyl-substituted
BCHs (in 2j) could be prepared, but the ortho-tolyl substitu-
ents of diene 1k prevented the desired cycloaddition. Methoxy
substituents (in 2l) led to lower conversions. Heteroaromatic
rings such as pyridines (in 2m) as well as extended aromatic
systems (in 2n) could, however, be successfully used in place of
phenyl substituents to facilitate photochemical activation.
Rigotti and Bach have previously prepared a wide range of 1,4-
disubstituted BCHs bearing two different substituents.8a We
additionally prepared heterodiaryl-1,4-disubstituted BCH 2o in
89% yield.

Our focus then shied to the preparation of disubstituted
BCHs that could be used as ortho- or meta-benzene bio-
isosteres.9c 1,2-Disubstituted BCH 2p, containing a useful ester
function group handle at the bridge 2-position, could be
accessed in 62% yield. An alcohol functional group could also
be installed in this position, with BCH 2q then being isolated in
98% yield. Importantly, we were able to demonstrate that
stereochemical information in the carbon backbone was
retained through the cycloaddition. BCH (+)-2r was prepared in
76% yield and as a single diastereomer from the corresponding
diene (also single diastereomer) and no evidence of epimer-
isation of the a-carbonyl stereocentre could be identied by 1H
NMR spectroscopy. The absolute (S,S) stereochemistry was
© 2023 The Author(s). Published by the Royal Society of Chemistry
additionally conrmed by X-ray analysis. 1,3-Disubstituted
BCHs 2s and 2t, bearing a uorinated aryl ring and a pyridine
respectively at the bridge 3-position, were formed in 88% and
91% yield. 1,5-Disubstituted BCH 2u, with an ester on a single-
carbon bridge, was formed in high selectively (10 : 1) as the endo
diastereomer (endo diastereomer has the ester substituent
pointing into the larger, 5-membered ring) and was isolated in
an excellent 95% yield.17b

Moving onto trisubstituted BCH frameworks, 1,2,4-trisub-
stituted BCH 2v, which contains both aromatic and aliphatic
bridgehead substituents as well as an ester at the bridge 2-
position, was formed in 72% yield. 1,2,4-Trisubstituted BCH 2w,
bearing an unprotected alcohol at the bridge 2-position, was
prepared in 61% yield and 1,3,4-trisubstituted BCH 2x with
a pyridine at the bridge 3-position was isolated in 88% yield.
These structures could be considered as potential bioisosteres
of the corresponding trisubstituted benzenes. We were also able
to prepare 1,2,2-substituted BCH 2y in 96% yield, which
contains a spirocyclic centre at the bridge 2-position. 1,4,5-
Trisubstituted BCH 2z, bearing a methyl ester at the bridgehead
position and ethyl ester on the single-carbon bridge, was
prepared in 64% yield and 2 : 1 (exo : endo) selectivity.25 Here,
the bridge ethyl ester adopts an ortho-like position, but is
laterally offset relative to the plane of the meta-like bridgehead
substituents, a spatial disposition inaccessible in aromatic
Chem. Sci., 2023, 14, 9885–9891 | 9887
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Scheme 4 The preparation of saturated analogues of MGL inhibitor 7
and fendizoic acid (9) and derivatization of selected bicyclo[2.1.1]
hexanes. Reagents and conditions: (a) Me2NH (2 equiv), iPrMgCl (3.5
equiv), THF,−5 °C/ RT, 2 h, 95%; (b) NaH (2 equiv), MeI (2 equiv), THF,
RT, 4 days, 33%; (c) PhLi (3 equiv), THF, 0 °C, 45min, 78%; (d) LiAlH4 (2.1
equiv), Et2O, 0 °C / RT, overnight, 26%; (e) Ac2O (5 equiv), Et3N (5
equiv), DMAP (0.5 equiv), CH2Cl2, RT, overnight, 96%; (f) NaOH (3.2
equiv), EtOH : H2O (4 : 1), RT, overnight, 75%.
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chemical space. Finally, we wanted to demonstrate that the
method could be used to prepare BCHs containing more than
three substituents. 1,2,4,5-Tetrasubstituted BCH 2aa, which
contains four different substituents at four different positions
including an unprotected alcohol at the bridge 2-position, an
ester, and an apical alkyl group at the bridge 5-position, was
prepared in 90% yield as a mixture of diastereomers. This
substituent pattern occupies chemical space not accessible to
planar aromatic systems, and highlights the opportunities for
molecular design that are available with these types of struc-
tures. Fluorinated bicyclo[1.1.1]pentanes are highly desirable
building blocks in medicinal chemistry and we were able to
access related 2,2,3,3-bridge-tetrauorinated BCH 2ab in 88%
yield.26

We were also able to obtain crystal structures of a number of
the BCH derivatives and perform a comparative exit vector
analysis (Scheme 3). For the meta-isosteres, comparison was
made to m-terphenyl27 and for ortho-isostere (+)-2r, comparison
was made to Telmisartan, which bears a similar ortho-carbonyl
substitution pattern.28 For the meta-isosteres, 1,4-disubstituted
BCHs 2a and 2ab, and 1,3-disubstituted BCH 2s could be ana-
lysed. All showed similar inter-substituent distances compared
to m-terphenyl, but the substituent angles are arguably a better
match with the 1,4-disubstituted derivatives, particularly with
respect to the substituent torsion angle (near 0° for 2a and 2ab
but 78.2° for 2s). For ortho-isostere (+)-2r, the inter-substituent
distance was an extremely good match for Telmisartan,
although the angle between them in (+)-2r was smaller than for
the parent aromatic. As expected, a torsion angle of 58° between
the two substituents could be measured.

We were then able to demonstrate the viability of this
method to access saturated analogues of biorelevant trisubsti-
tuted benzenes (Scheme 4A). We identied amide 5 and fendi-
zoic acid (7) as model trisubstituted benzenes and BCHs 4 and 6
as simplied saturated analogues that reected the substitution
pattern of the central benzene ring. Amide 5 is a mono-
acylglycerol lipase (MGL) inhibitor developed by Janssen as an
analgesic29 and salts of fendizoic acid (7) are sold as the cough
suppressant cloperastine fendizoate.30 Starting from BCH 2w,
conversion of the methyl ester moiety into a N,N-dimethylamide
Scheme 3 Exit vector analysis for selected ortho- and meta-benzene is

9888 | Chem. Sci., 2023, 14, 9885–9891
led to amide 3, which served as a shared intermediate towards
BCHs 4 and 6. Methylation of the alcohol led to methyl ether 3
and addition of phenyl lithium into the amide moiety provided
aryl ketone 6. Additionally, derivatisation of some of the
compounds prepared was also possible (Scheme 4B).31
osteres in comparison to related aromatic systems.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Mechanistic studies and proposed mechanism. (A) Cyclic vol-
tammogram of diene 1a and comparison of redox potentials to those
of the photoexcited catalyst (for experimental details see ESI†). (B)
Control experiment with the addition of the triplet quencher isoprene.
(C) Proposed mechanism for the [2 + 2] cycloaddition reaction.
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Reductive cleavage of the Evans auxiliary allowed conversion of
(+)-2r to alcohol (+)-8 and provides an entry to enantioenriched
BCHs. Acylation of the pendant alcohol of 2q was possible in
96% yield, as was saponication of the ethyl ester in 2u.17b

Finally, attention turned to investigating the reaction
mechanism. Using cyclic voltammetry (for details see ESI†), the
oxidation potential of diene 1a was measured to be E(1a+/1a) =
+1.55 V vs. SCE, outside the range of the Iridium photocatalyst
[E(Ir*/Ir−) = +1.21 V vs. SCE] (Fig. 1A).32 The reduction potential
of 1a was measured to be E(1a/1a−) = −2.70 V vs. SCE, again
outside the range of the Iridium photocatalyst [E(Ir*/Ir+) =

−0.89 V vs. SCE].32 This suggests that a redox mechanism is
unlikely. However, the reported excited state energy of styrenes
lies at approximately 61.7 kcal mol−1,33 which should be
accessible to the photocatalyst (excited state energy =

61.8 kcal mol−1).33 In line with this, addition of the known
triplet quencher isoprene led to a reduced conversion of diene
1a (Fig. 1B). We therefore propose the following mechanism for
the reaction (Fig. 1C). The iridium photocatalyst is excited by
the 456 nm LEDs and energy transfer from the photoexcited
state to diene 1a leads to photoexcited 1a*. The diradical nature
of this intermediate leads to a 5-exo-trig cyclisation to diradical
11 and lastly, radical recombination gives BCH 2a.

Conclusions

In conclusion, we have developed a visible light-mediated
photocatalytic [2 + 2] cycloaddition reaction of 1,5-hexadienes
© 2023 The Author(s). Published by the Royal Society of Chemistry
that provides unied and exible access to BCHs containing 11
different substitution patterns. Structures that could be used as
ortho-, meta-, and polysubstituted benzene bioisosteres can be
prepared, along with BCHs with substituent geometries not
found in aromatic chemical space. Importantly, the method
allows for the predictable installation of rare bridge substitu-
ents on the BCH scaffold, and through judicious design of the
starting 1,5-hexadiene, the location of the bridge substituent in
the nal structure can be controlled. The method speaks to the
current desire for reactions that enable rapid complexity
generation in three-dimensional space and we hope it will nd
application in the near future.
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2022, 20, 9108–9111.

17 For recent examples, see: (a) D. Staveness, T. M. Sodano,
K. Li, E. A. Burnham, K. D. Jackson and
C. R. J. Stephenson, Chem, 2019, 5, 215–226; (b)
A. Denisenko, P. Garbuz, S. V. Shishkina,
N. M. Voloshchuk and P. K. Mykhailiuk, Angew. Chem., Int.
Ed., 2020, 59, 20515–20521; (c) X. Ma, Y. Han and
D. J. Bennett, Org. Lett., 2020, 22, 9133–9138; (d)
A. S. Harmata, T. E. Spiller, M. J. Sowden and
C. R. J. Stephenson, J. Am. Chem. Soc., 2021, 143, 21223–
21228; (e) Y. Yang, J. Tsien, J. M. E. Hughes, B. K. Peters,
R. R. Merchant and T. Qin, Nat. Chem., 2021, 13, 950–955;
(f) J.-X. Zhao, Y.-X. Chang, C. He, B. J. Burke, M. R. Collins,
M. Del Bel, J. Elleraas, G. M. Gallego, T. P. Montgomery,
J. J. Mousseau, S. K. Nair, M. A. Perry, J. E. Spangler,
J. C. Vantourout and P. S. Baran, Proc. Natl. Acad. Sci.
U.S.A., 2021, 118, e2108881118; (g) B. A. Wright,
A. Matviitsuk, M. J. Black, P. Garćıa-Reynaga, L. E. Hanna,
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