ROYAL SOCIETY

o
PP OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal

REVIEW ARTICLE

W) Check for updates. Synthesis of heterobicyclo[n.1.1]alkanes

Rebecca I. Revie, 2 1 Julia Ragus"® 1 and Edward A. Anderson ‘2 *

Cite this: DOI: 10.1039/d5cs01128k
Heterocyclic bicyclo[n.1.1]alkanes have emerged as important scaffolds in contemporary drug design
due to their rigid frameworks that enable the positioning of their subsituents along well defined vectors
in chemical space. Offering much potential as alternative cores to traditional benzene rings, hetero-
bicyclo[2.1.1]hexanes (HBCHexs) and heterobicyclo[3.1.1]heptanes (HBCHeps) in particular have attracted

Received 21st September 2025 significant attention from the synthetic community. A plethora of methods have recently been

DOI: 10.1039/d5¢s01128k developed to access these useful motifs, using both radical and polar strategies to forge the bicyclic

system. This review discusses recent developments in the field, with a focus on mechanistic aspects,
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Introduction

Bicyclic sp’-rich scaffolds are increasingly sought after as
building blocks in contemporary drug discovery. In the context
of “escaping from flatland”, it has been shown that moving
away from traditional planar sp*rich structures towards sp*-
rich 3D structures correlates with improved chances of clinical
success.”> However, most drug discovery programmes are biased
towards aromatic scaffolds since these are easy to construct
by well-established methods, such as sp®>-sp” cross-coupling
reactions. There are two main drawbacks associated with such
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and those methodologies that show the most potential for general application.

"flat’ drug candidates: firstly, as most drugs interact with complex
3D biomacromolecules, the biasing of compound libraries
towards 2D structures risks missing much of the chemical space
that is relevant to their biological targets; secondly, aromatic rings
can contribute to poor pharmacokinetic properties - they can be
susceptible to oxidation by cytochrome P450 enzymes, leading to
overly rapid metabolic clearance, while aggregation arising from
n-stacking interactions can lead to poor aqueous solubility.’
How can medicinal chemists overcome these challenges and
escape from the problematic flatland? Instead of relying on
aromatic scaffolds, new sp’-rich scaffolds are required which
provide opportunities to install substituents along precise
vectors in 3D space, enabling the wider exploration of chemical
space in drug discovery. The properties of existing drug candi-
dates may also be enhanced by developing arene bioisosteres
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consisting of sp>rich groups that replace arenes while retaining
their geometry and biological activity, but bestowing improved
pharmacokinetic properties.”® The synthetic challenges asso-
ciated with both of these goals include the construction of the
scaffold, control over the precise installation of substituents at
defined vectors, and the late-stage generation of a diversity of
different substituents on the core scaffold.

One of the most popular types of sp>-rich scaffolds to have
emerged in recent years are small-ring bridged bicyclic alkanes
such as bicyclo[1.1.1]pentanes (BCPs),” bicyclo[2.1.1]hexanes
(BCHexs)® and bicyclo[3.1.1]heptanes (BCHeps)® (Fig. 1a).
These compounds can not only act as bioisosteric candidates
for ortho-, meta- and para-disubstituted benzenes, but are also
novel 3D scaffolds in their own right. For example, BCPs have
been successfully demonstrated to replace para-disubstituted
benzenes,'® while BCHeps can serve as meta-disubstituted
benzene isosteres, and BCHexs as ortho- or meta-arene analo-
gues (Fig. 1b).”° Analysis of the exit vectors of the illustrated
substituents reveals reasonable similarities in terms of separa-
tion of substituents and exit vector angles; however a challenge
for true mimicry of an arene often lies in the reproduction of
near-zero dihedral angles.

Most early examples of small-ring bridged bicyclic systems
were carbocyclic in nature, and a wealth of different methods
are now available for the synthesis of such motifs;'""'> some
examples are shown in Fig. 2a. These carbocyclic scaffolds
provide good candidates for the bioisosteric replacement of
arenes, having often been shown to improve metabolic stabi-
lity, and in some cases to maintain or enhance biological
activity. There are however some disadvantages to the use of
bicyclic bridged carbocycles: Firstly, while BCPs improve aqu-
eous solubility over their ‘parent’ arenes, the larger ring BCHep
exhibits similar or even reduced solubility, likely due to the
higher number of methylene units present;'? secondly, bicyclic
carbocycles only offer opportunities to act as bioisosteres for
carbocyclic aromatics; thirdly, exploration of chemical space is
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Fig.1 (a) Nomenclature of bicyclo[n.1.1]alkanes and heterobicyclo-
[n.1.1]alkanes. (b) Bicycloalkanes as bioisosteres: geometric considerations.

limited since it is challenging to introduce substituents on the
bridge positions of the carbocycle at a late stage in the synth-
esis, and indeed there are limited opportunities for variation
within the scaffold itself since it is made entirely from carbon
atoms.

In light of these issues, attention has recently turned
towards incorporation of heteroatoms into the bicyclic frame-
work; some example of heterobicyclo[n.1.1]alkanes and asso-
ciated nomenclature are shown in Fig. 1a. The benefits of
incorporating heteroatoms include improved water solubility
over their carbocyclic analogues, opportunities to act as bio-
isosteres for heteroarenes, opportunities for late-stage diversi-
fication on the bridge positions (when the heteroatom is
nitrogen), and opportunities for diversification of the scaffold
itself by incorporating heteroatoms at various positions within
the bridged ring. Fig. 2b shows some examples of drug analogues
that have been synthesised featuring heterobicyclo[n.1.1]-
alkane cores.

Some methods for the construction of bicyclic carbocycles
translate well to the synthesis of heterocycles (such as (2+2)-
photocycloadditions, see below), while others appear to be
limited to the carbocyclic scaffolds (especially in the case of
BCP synthesis, where no heterocyclic analogues yet exist). This
has driven the development of innovative new solutions for the
construction of bicyclic heterocycles;"*™® this tutorial review

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Selected examples of bicyclo[n.l.1]alkane drug analogues. (b)
Selected examples of heterobicyclo[n.1.1]alkane drug analogues.

will present an overview of current knowledge on the construction
of heterobicyclo[n.1.1]alkanes, focusing on recent innovations as
well as seminal discoveries. Coverage will include discussion
of strategies for the synthesis of hetero-BCHexs, which can
be grouped into categories of intermolecular or intramolecular
cycloadditions, ring-closing reactions, and rearrangements;
and similarly hetero-BCHeps, for which intermolecular and
intramolecular cycloadditions, ring-closing reactions and ring-
opening reactions have been developed.

Synthesis of Hetero-BCHexs
Intermolecular cycloadditions (radical)

Bicyclo[1.1.0]butanes (BCBs) are a popular precursor to hetero-
BCHex (HBCHex) and hetero-BCHep (HBCHep) cores featuring
a variety of bridge and bridgehead substituents, with methodol-
ogies divided into radical- and ionic-driven transformations.

This journal is © The Royal Society of Chemistry 2025
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Radical-based approaches towards HBCHexs can be separated
into two further categories: activation of the BCB component, or
activation of the non-BCB component, with the latter strategy
being more common in the literature.

Activation of the non-BCB component usually results in
formation of a biradical species via an energy transfer pathway
(EnT). One end of the biradical then adds across the strained
BCB central bond, leaving a radical on the opposite bridgehead
position. Next, the 1,4-biradical species undergoes intersystem
crossing (ISC) followed by radical recombination to lead to the
hetero-BCHex structure. It is common to arrive at the triplet
state by excitation of a n-bond as demonstrated by Guo et al.'’
and Glorius et al.*® using cyclic sulfonyl imines and carbonyls
respectively (Fig. 3a), which provides access to a range of
2-heterobicyclo[2.1.1]Thexanes with the heteroatom on the side
of the BCHex closest to the electron-withdrawing group (this
contrasts with the analogous methodology for hetero-BCHeps,
see below). In the case of the oxa-BCHep, transfer of the aryl
group to one of the former BCB bridge carbon atoms was
observed, which was rationalised by a secondary hydrogen
atom abstraction/aryl migration process.

An alternative excitation pathway was reported by the Glorius
group'® using a dichloroketene-derived cyclobutenone as a pre-
cursor to a triplet biradical ketene species via 4m-electrocyclic
ring opening (Fig. 3b). For all these transformations, the sub-
stituents on the heteroatom-containing bridge are determined
by the diradical precursors, whereas the bridgehead positions
exclusively derive from the pre-installed substituents on the BCB;
the latter universally features an electron-withdrawing group,
and commonly an aryl ring, on the two bridgehead carbon
atoms. These substituents proved particularly important in the
case of the triplet ketene reaction, where it was found that the
absence of an aryl group on the BCB led instead to a carbocyclic
BCHex core as the major product. Enantioselective intermole-
cular radical insertions into BCBs were reported by Bach and co-
workers, who deployed a chiral template that also served as a
photosensitiser in the transformation (Fig. 3c).>° Although their
attempts were mostly focused on the carbocyclic BCHex system,
the method was also shown to provide access to enantioenriched
aza-BCHexs.

A mechanistically distinct protocol was reported by Walker
et al. (Fig. 3d),>" where the BCB is first activated via single-
electron oxidation to form a cyclobutyl carbocation radical,
with the carbocation located on the carbon atom distal to the
EWG, and invariably featuring a cation-stabilising aryl group.
This carbocation is then attacked by the carbonyl oxygen of an
aldehyde; the oxocarbenium ion radical species was then
proposed to undergo cyclisation followed by photoreduction.

Intermolecular cycloadditions (polar)

Intermolecular polar cycloadditions offer an alternative entry to
HBCHexs. As with radical-mediated BCB insertions, These can
be promoted either by activation of the BCB, or the other
reaction component. The former activation mode typically
proceeds through the coordination of the BCB electron-
withdrawing group (i.e., carbonyl) to a Lewis acid. The first

Chem. Soc. Rev.
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Fig. 3 Synthesis of HBCHexs from BCBs via radical-mediated intermole-
cular cycloadditions.

account of such reactivity was reported by the Leitch group,
who used gallium(m) triflate to promote a formal (26 + 2x)
cycloaddition in the synthesis of aza-BCHexs (Fig. 4a).>* The
transformation is proposed to proceed via Ga(m)-promoted
cleavage of the strained inter-bridgehead bond of the BCB to
give a Ga(wm) enolate which then reacts with the imine. The
resulting gallium(u) amide anion then cyclises onto the cyclo-
butyl cation on the other side of the cyclobutane system to give
the anticipated aza-BCHex (these bond formations may occur
in the opposite order). A metal-free variant has been developed
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by Glorius et al., where boron trifluoride serves as the Lewis
acid activator to produce oxa-BCHex cores on reaction with
aldehydes.>*

Intermolecular polar cycloadditions can also be performed
in an enantioselective manner as demonstrated by Feng et al.
using a chiral zinc catalyst (Fig. 4b).>* The key step of the
sequence is again the coordination of the (chiral) Lewis acid to
the 2-acylimidazole group on the BCB, which then affords
stereocontrol in the BCB ring opening event. In contrast to
the mechanism proposed by Leitch et al., the authors propose
that zinc complexation by the 2-acylimidazole promotes attack
by the imine nitrogen atom on the distal bridgehead carbon,
triggering BCB ring opening. Stereoselective cyclisation of the
resulting zinc enolate forms the enantioenriched aza-BCHex.

Activation of the non-BCB component in polar intermole-
cular cycloadditions is a less explored strategy, but can be
achieved by chiral Brgnsted acids as demonstrated by the Tan
group (Fig. 4c).>® In this work, a chiral N-triflylphosphoramide
interacts with the imine electrophile via hydrogen bonding,
resulting in formation of an ion-paired iminium ion that is
susceptible to attack by the BCB, with the central C-C bond
acting as a nucleophile. The resulting intermediate undergoes
cyclisation onto the ensuing cyclobutyl cation to furnish the
desired aza-BCHex.

In some cases, activation of either component is not required
for a successful formal (2o + 2m) cycloaddition (Fig. 4d). For
example, the Werz group achieved the synthesis of 2-thiabi-
cyclo[2.1.1]hexanes from thiocarbonyls in the absence of any
catalyst, irradiation or heating. The reaction is proposed to
proceed through a stepwise mechanism which benefits from
the highly polar nature of the C-S double bond, and the
consequent nucleophilicity of the sulfur atom.>®

Intramolecular cycloadditions

Crossed intramolecular (2+2) cycloadditions of 1,5-dienes are a
well-established strategy to form the aza-BCHex scaffold. The
first such synthesis of aza-bicyclo[2.1.1]hexanes was reported
independently by the Pirrung and Clardy groups in 1980,>7%%
inspired by the isolation of the aza-BCHex natural product
2,4-methanoproline from the seeds of Ateleia herbert smithii.
This bicyclic molecule was found to serve as a natural non-
proteinogenic amino acid, and a proline analogue that has
been found to be a useful tool in peptide modification.>® Since
their seminal work, this photochemical strategy has been modi-
fied towards a kilogram scale®® and also used to form various
HBCHex skeletons, including enantioselective examples.*’*>
This reaction proceeds via initial excitation of one of the double
bonds of the diene substrate (typically conjugated to an
electron-withdrawing group or n-system) to a triplet biradical,
mediated by a photosensitiser. This step is followed by a 5-exo-
trig cyclisation to generate a 1,4-biradical, which then under-
goes intersystem crossing (ISC) and internal radical recombina-
tion (cyclisation) to give the HBCHex.

The non-asymmetric intramolecular (2+2) photocycloaddition
can be used to access aza-BCHex,>"*® oxa-BCHex,** and 2-thia-
3-aza-BCHex 2,2-dioxide®® motifs with substitution patterns

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Synthesis of HBCHexs via intermolecular polar formal cycloadditions.

depending on the nature of the diene starting material (Fig. 5a).
An enantioselective variant of the reaction was developed for aza-
BCHex”® and oxa-BCHex*® cores (Fig. 5b and c). In both cases, a
neighbouring heteroatom on the diene substrate coordinates to
a chiral metal catalyst, with this complex then undergoing
energy transfer (EnT) with the triplet state of the DPZ photo-
sensitiser to furnish a biradical species. In the aza-BCHex case
(Fig. 5b), an aza-arene is used for scandium catalyst coordina-
tion, and the stereoinduction derives from the use of chiral
ligands on the Lewis acid. The synthesis of the oxa-BCHex
(Fig. 5¢) instead uses a chiral-at-metal Lewis acid, which forms
a bidentate complex with the two oxygen atoms in the starting
material.

A complementary entry to the oxa-BCHex framework by
intramolecular (2+2) cycloaddition was recently reported by
Whalley, Lorthoir and co-workers (Fig. 5d).>” This modular
method assembles the cycloaddition substrate from an
electron-deficient aryl alkyne and an allylic alcohol using a
phosphine organocatalyst, which is proposed to facilitate the
addition of the alcohol to the alkyne via an allenylphophonium
ion intermediate. The in situ generated allyl vinyl ether then
undergoes photocatalysed cycloaddition via an EnT pathway.
This approach enables the installation of a wide variety of
groups on several positions of the oxa-BCHex framework.

This journal is © The Royal Society of Chemistry 2025

Ring-closing reactions

Ionic cyclisations are one of the most popular and scalable
methods of accessing HBCHex cores. Functionalised cyclo-
butanes often serve as easily accessible substrates, as demon-
strated in the aza-BCHex synthesis by de Kimpe et al.’® and
Kondratov et al.*® and en route to oxa-BCHex by Mykhailiuk and
co-workers (Fig. 6a).*° In the second two methods, iodine serves
as the promoter for cyclisation, forming an iodonium ion which
triggers a 5-exo-tet cyclisation with either a nitrogen or oxygen
atom acting as the nucleophile. This is a very scalable approach
to the hetero-BCHex scaffold, not least as it avoids the need for
preparation of BCBs. The methodology developed by the de
Kimpe group uses a cyclobutane pre-functionalised with an
electrophilic chloride-bearing carbon atom, where cyclization is
now achieved by the addition of a nucleophile to an imine,
itself derived from a cyclobutanone. Another elegant cyclisation
strategy was demonstrated by Gorichko and co-workers, with a
focus on the synthesis of 2,4-methanoproline, but with the
potential for generalisation.*’ Their strategy begins by for-
mation of a spirooxetane which under acidic conditions opens
and re-cyclises to a bicyclic lactone. Subsequent chlorination
and Curtius rearrangement gives rise to an oxa-BCHep amino-
lactone. Treatment of this lactone with sodium hydroxide faci-
litates ring-opening to furnish a bicyclo[1.1.0]butane intermediate,

Chem. Soc. Rev.
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which undergoes cyclisation of the amine onto the chloromethyl
substituent to form the aza-BCHex product (Fig. 6b).

Aside from access to 2-heterobicyclo[2.1.1]hexanes, ionic
cyclisations can also be applied to the synthesis of 1-hetero-
BCHexs as recently demonstrated by Aggarwal and co-workers
(Fig. 7).*> The method involved is a formal (2c + 27) cycloaddi-
tion onto a 1-azabicyclo[1.1.0]butane (1-aza-BCB). This multi-
step process is initiated by acid-promoted ring-opening of the
aza-BCB by a bromide nucleophile to give a 3-bromoazetidine.
This is followed by an iridum-photocatalysed atom transfer
radical addition reaction, where SET from the excited state
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Fig. 6 Synthesis of HBCHexs under ionic cyclisation conditions.
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Fig. 7 Synthesis of 1-aza-BCHexs from 1-aza-BCBs.

photocatalyst leads to a carbon-centred radical that undergoes
addition to an alkene acceptor, followed by halogen atom
transfer to reform a C-Br bond. Cyclisation of the resulting
bromo-amine affords the 1-aza-BCHex.

Rearrangements

Hetero-BCHexs can also be made via rearrangement of
heteroatom-containing ladderane derivatives, a strategy that

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Synthesis of aza-BCHexs from dihydropyridines.

does not translate to the hetero-BCHep systems described
below. The Krow group have contributed multiple papers on
this topic, with a particular interest in aza-BCHex structures.
A good example is a 4-step approach to the aza-BCHex core,
beginning with the reaction of a pyridinium ion with a
Grignard reagent to form a dihydropyridine (Fig. 8).** This
dearomatised heterocycle is then directly subjected to irradia-
tion at 300 nm to promote a photochemical 4rm-electro-
cyclisation to an azabicyclo[2.2.0]hex-5-ene, which in the case
of the example in Fig. 8 is treated with NBS as an electrophile
and acetate as nucleophile. This presumably generates an
intermediate tricyclic aziridinium ion that undergoes rearran-
gement to a highly functionalised aza-BCHex on reaction
with acetate (other electrophilic activators have also been
investigated).**
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Synthesis of Hetero-BCHeps

Many approaches to hetero-BCHeps (HBCHeps) are concep-
tually similar to HBCHex synthesis, such as insertion reactions
into BCBs. However, there are some exceptions which are
unique to the HBCHep scaffold, and there are also additional
opportunities to vary the position of the heteroatom in the
three-atom bridge.

Intermolecular cycloadditions (radical)

Intermolecular formal cycloadditions involving bicyclo[1.1.0]-
butanes (BCBs) have emerged as one of the most popular ways
to access a diverse range of hetero-BCHeps with various bridge
and bridgehead substituents. Several distinct methods have
been developed involving either radical or two-electron
mechanisms, all of which use a catalyst to activate one or other
of the cycloaddition components.

Cycloadditions that proceed by radical pathways can be
enabled by either generating a radical from the BCB compo-
nent, or the non-BCB component. Fig. 9 shows examples of the
latter strategy, which proceed by similar mechanisms. A photo-
catalyst (PC) is employed to firstly generate a radical from the
non-BCB component by single electron transfer (SET), which
then reacts with the strained central bond of the BCB to
generate a cyclobutyl radical at the former bridgehead carbon
atom distal from the electron-withdrawing group. This radical
is then oxidised (simultaneously reducing the photocatalyst),
followed by ring closure by nucleophilic capture of the carboca-
tion. This tactic provides access to a range of 2-hetero-BCHeps,

General mechanism

%\

O%
Activation of non-BCB component

Glorius et al., 2024
Typical yields: 25-60%

e © o f
t-Bu Br t-Bu
(e} O
cat. fac-Ir(ppy)s

=Alk, Bn

®

b Glorius et al., 2024
Typical yields: 50-70%

[e) =

_ >

PLIN cat. fac-Ir(ppy):
N - Y)3

c Hari et al., 2025
Typical yields: 55-85% (NBoc), 40-60% (O)

o ®
N cat. fac-
HXJ\Q/MO rppy)s <M
o

= Alk, Ar
® =Ak, Ar

® =Ar

X =NBoc, O

P —

Ring closing

tBu~q tBu~q

P

o 2 HN/&O - HN)QO - N/LO

® =OR NR,

-~

Fig. 9 Synthesis of HBCHeps via radical-based intermolecular cycloadditions involving activation of the non-BCB component.
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always with the nucleophilic heteroatom positioned on the side
of the BCHep furthest from the bridgehead carbonyl that
originated in the BCB. Using this approach, Glorius et al*®
accessed 2-oxa-BCHeps from tert-butyl a-bromoesters (Fig. 9a),
with an aromatic group on the of the bridgehead positions and
an ester or amide on the other, where release of the tert-butyl
cation facilitates ring closure; the bridge position can feature an
alkyl or benzyl substituent, or no substituent. The same group
(Fig. 9b) also demonstrated the synthesis of 2-oxa-4-azaBCHeps
via the addition of N-centred radicals generated from pyridinium
hydrazides,® which similarly feature an aromatic group on one
of the bridgehead positions and an ester or amide on the other;
various aryl groups could be installed on the bridge position.
Hari et al.”” reported an elegant method to access both 2-oxa-
and 2-aza-BCHeps (Fig. 9c¢, again with an aromatic group on one
of the bridgehead positions and an ester on the other). Use of a
redox-active ester enabled decarboxylative generation of an alkyl
radical, with a separate B-heteroatom nucleophile undergoing
cyclisation. Various alkyl and aryl groups can be installed on
either of the bridge positions, including spirocyclic and fused
rings. Enantioenriched HBCHeps could also be achieved using
enantioenriched chiral precursors, since the stereochemistry at
the nucleophile-bearing carbon atom on the backbone is main-
tained throughout the transformation.

An alternative strategy to achieve a formal (3+2) cycloaddition
firstly generates a radical from the BCB, as demonstrated by Zheng
et al. (Fig. 10)."® Here, a Ti"" catalyst triggers reductive ring-opening
of the BCB via a ketyl radical anion, leading to an enolate-cyclobutyl
radical. The radical is then trapped by addition to a vinyl azide with
loss of N,, and the resulting iminyl radical undergoes cyclisation by
addition to the Ti" enolate, a process that ejects and regenerates
the Ti"™ catalyst. As before, this method accommodates a range of
aromatic bridge substituents, and the bridgehead substituents are
again an aromatic ring and a carbonyl. However in contrast to the
above methods, the heteroatom is introduced on the side of the
BCHep closest to the carbonyl substituent.

Intermolecular cycloadditions (polar)

In a similar manner to radical-mediated formal cycloadditions,

the polar pathways can be enabled by activation of either the
‘_% cat. [Ti]
Mn (0.3 equiv.)

[Ti]= NG | /
o/&\ o
Tl'V 2 ;

A 2;@ 1

Fig. 10 Synthesis of 2-aza-BCHeps by Ti"-catalysed radical-based inter-
molecular cycloaddition involving activation of the BCB component.

Zheng et al., 2024
Typical yields: 75-99%
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BCB with a Lewis acid, or the non-BCB component. Examples of
reactions which proceed by activating the non-BCB component
are shown in Fig. 11; in most of these cases, the activated
component acts as a nucleophile and attacks the BCB, causing
ring-opening to form an enolate. The enolate then cyclises onto
a pendent electrophile to close the ring.

In a method reported by Li et al,* an aldimine ester is
activated by a Cu' catalyst to produce a Cu-azomethine ylide
intermediate. This proceeds to attack the BCB, leading to a
3-azaBCHep structure. This method tolerates bridgehead sub-
stituents of aryl or hydrogen on one side and ketone on the
other. The bridge substituents are most commonly aryl, ester
and alkyl. If chiral ligands are used with the Cu catalyst, then
enantioenriched chiral products may be obtained. The Glorius
group report a related silver-enabled cycloaddition®® which
uses Ag,CO; to generate a silver-isocyanide complex. This
complex acts as a nucleophile and attacks the BCB in the same
way. However, after ring closure, the product undergoes a
further cycloaddition reaction with another isocyanide complex
to produce a 3-azaBCHep with an ester and an alkene as the
bridge substituents. As before, the bridgehead substituents are
mainly a combination of aryl and carbonyl.

In an alternative method by Feng et al,”" a Pd catalyst
facilitates an epoxide ring-opening by forming a n-allyl group,
leaving the alkoxy group free to attack the BCB. The resulting
enolate can close onto either side of the n-allyl system and the
regioselectivity is controlled by the ligand chosen for the Pd
catalyst. The bridge substituents are always a vinyl and aryl in
the 4-position and the bridgehead substituents are always a
ketone on one side and an aryl or hydrogen on the other side.
The use of chiral phosphine ligands enables the synthesis of
enantioenriched 2-oxaBCHeps.

Finally, Studer et al. reported a method involving the activa-
tion of an aziridine with B(C¢Fs)s;, which results in stereo-
specific ring opening of the aziridine by dioxane.’* Then, in
contrast to previous methods, the BCB acts as the nucleophile
and attacks the dioxane-derived oxonium ion (with loss of
dioxane) to form an oxocarbenium-BCHex ion intermediate.
The nitrogen finally displaces the oxocarbenium ion in a
transannular fashion, resulting in a 2-azaBCHep structure.
The bridgehead substituents are a hydrogen on the same side
as the nitrogen and an aryl ketone on the other side. Various
sulfonamides can be tolerated on the nitrogen and various
substituents can be introduced onto the 4-position of the
bridge, including aryl, alkyl and allyl groups. The stereochem-
istry of the aziridine is conserved throughout the reaction, as
the mechanism involved two Sy2 reactions at the same site.

An alternative way to carry out a polar cycloaddition, shown
in Fig. 12, is to activate the BCB with a Lewis acid, which
promotes BCB fragmentation to an enolate-cyclobutyl cation.
The nucleophilic part of an ambiphilic reaction partner then
captures the cation, and finally the enolate reacts with the
electrophilic centre of the reaction partner to close the 3-atom
bridge. As these reactions rely on BCB activation, they inevita-
bly feature a carbonyl group on one of the BCB bridgehead
positions (which can coordinate to a Lewis acid) and an aryl

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Polar intermolecular cycloadditions involving activation of non-BCB component.

group on the other bridgehead position (which can stabilise the
intermediate carbocation). Examples include the method by
Deng et al.>® which uses Eu(OTf); to facilitate reaction of a
nitrone with the BCB, providing access to 2-oxa-3-azaBCHeps.
This method has also been rendered asymmetric by Feng and
co-workers using a chiral cobalt catalyst.>® In another method
by the Deng group,’” In(OTf); catalyses the formal cycloaddition
of hydrazones, leading to 2,3-diaza-BCHeps, or the stepwise
addition of amine-substituted m-allylindium species, leading to
2-azaBCHeps; enantioenriched products can also be synthesised
if a chiral iridium catalyst is also used. As before, these methods
feature mainly aryl and carbonyl bridgehead substituents on the
HBCHep product, while a range of mainly aryl substituents are
available for the bridge positions. The Feng group reported a
related method®® using Sc(OTf); as catalyst to effect the addition
of 1,4-zwitterionic pyridinium thiolates, affording thiabicyclo-
[3.1.1]heptenes. This method produces compounds with similar
aryl and carbonyl substituents on the bridgehead positions, but
this time the bridge substituents are esters.

To summarise this section, it is possible to synthesise a wide
variety of hetero-BCHeps by intermolecular cycloadditions,
with heteroatoms in various positions in the ring, via a wide
selection of different radical and polar catalytic methods.
However, all methods share the common feature of a strain-
release reaction involving the BCB central bond, followed by
ring closure to form the BCHep; this arguably limits the
diversity of bridgehead substituents, which must be amenable
to the activation process, and are therefore most commonly an

This journal is © The Royal Society of Chemistry 2025

aryl group on one side and a carbonyl on the other. These
methods offer wider variation in the pattern of bridge substitu-
tion, however most of them are limited by the requirement to
have at least one bridge substituent of a certain type at a
particular site on the ring. Such methods could therefore
become more broadly applicable if it were possible to precisely
introduce any desired substituent at any position on the ring,
including with control of absolute stereochemistry, or indeed to
prepare BCHeps with no bridge substituents at all, if so desired.

Intramolecular cycloadditions

Despite a longer history, intramolecular cycloadditions are
relatively underexplored as an approach to hetero-BCHeps
compared to the intermolecular variant. (2+2) Cycloadditions
of 1,5 dienes usually favour the “cross product” bicyclo[2.1.1]-
hexane over the “straight product” bicyclo[2.2.0]hexane (Fig. 13),
since the “cross product” is formed via a kinetically favoured
5-exo-trig cyclisation. However, cycloadditions of 1,6 dienes
usually favour the ‘“straight product” bicyclo[3.2.0]heptane, as
this is also formed via a kinetically favoured 5-exo-trig cyclisa-
tion, over the “cross product” bicyclo[3.1.1]heptane,>” although
there are a small number of reports where the “cross product”
has been achieved.

In one of the earliest syntheses of aza-BCHeps, Schieweck
et al. described a thermal (2+2) cycloaddition of N-acryloyl
acrylimides, decorated with various substituents, to generate
3-aza-BCHep diones (Fig. 14a).>® In this reaction, one of the
bridgehead substituents is an aryl group, but the other can be
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Fig. 13 Straight product vs. cross product in intramolecular cycloaddi-
tions towards bicycloalkanes.

aryl, alkyl or a hydrogen atom, while the nitrogen substituent
can be aryl, alkyl or H. This method could therefore potentially
provide access to a wide range of medicinally-relevant aza-BCHeps
with varying substitution patterns, albeit with the limitation that
carbonyls must be included on the bridge, which introduces
potential issues with downstream imide stability.

A complementary method described by Kim et al.>® (Fig. 14b)
circumvents the need for carbonyls on the three-atom bridge by
including a sidechain on the smaller bridge that can stabilise a
positive charge, allowing the reaction to proceed in a stepwise
manner via Prins-type cyclisation. This produces BCHeps with no
substituents on the larger bridge and with esters on the bridgehead
positions, which would be useful for further functionalisation.

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

Schieweck et al., 1991
Typical yields: 40-85%

170 °C o N (]
= Alk
=H, Alk, Ar

®=Ar

b Kim et al., 2014
Typical y/elds 70-90%

o)
}/{/\ /"~ COMe
MeO I

Ar Ar
Ar X
BHT €]
160 °C o
= CO,Me
X=NTsorO MeO /@ Ar
Ar
c Chung et al., 2009
Typical yields: 75-95%
| _ |

=Ts, Ar
=H, Alk, Ar N
=H, Alk

L

\\// “Au

[Au(IPr)CI)/
AgBF,
10 mol%

d Aggarwal et al., 2025
Typical yields: 50-80%

=OR,NR X
= Ar, alkenyl
@ =H, Ak, Ar

X =0, NTs, imide

L ﬁgf . ; Z J
Fig. 14 Synthesis of HBCHeps via intramolecular cycloadditions.

However the diarylvinyl group, which is necessary for reactivity, is
retained on the cyclobutane bridge. This method could certainly
become more applicable should the diaryl part prove amenable to
further functionalisation, or if other, more medicinally relevant
groups could be installed at this position.

An alternative method developed by Chung et al. (Fig. 14c)
uses an N-heterocyclic carbene/Au(i) catalyst system to mediate
a formal cycloaddition between two allenes.® This reaction is
proposed to begin with nucleophilic attack of one allene
component onto the Au-bound allene. This gives a gold-
bridged intermediate which then undergoes reductive elimina-
tion to form the product. A limited selection of aryl and alkyl
groups may be installed at the bridgehead positions, and the
substituent on the nitrogen atom can be either an aryl or
sulfonyl group. An advantage of this method is that it does
not introduce unnecessary substituents on the larger bridge,
however it does result in alkenes on both of the smaller bridges;
its utility could be expanded by further functionalisation of

This journal is © The Royal Society of Chemistry 2025
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these alkenes, and by extending the scope of the bridgehead
substituents.

The intramolecular cycloaddition tactic has recently been
exploited by the Aggarwal group for the synthesis of bis-hetero-
BCHeps (Fig. 14d).®" This method proceeds by a radical mecha-
nism, which is typically challenging because the ‘“straight
product” is generally favoured over the “cross product” due
to the kinetic preference of a 5-exo-trig over a 6-exo-trig cyclisa-
tion. This issue was overcome by including a radical-stabilising
group at the C1 position to favour the 6-exo-trig pathway,
leading to the desired ‘“‘cross product”. The group X in the
larger bridge may be oxygen, carbon or nitrogen, while the
bridgehead substituents can be a range of aryl, allyl or carbonyl
groups. Additional carbonyls may also be attached to the bridge
positions but these are not necessary. Aside from the last
example, these intramolecular cycloadditions were reported
before the current trends in using (hetero)bicycloalkanes as
bioisosteres in drug scaffolds. As such, they represent a rela-
tively underexplored area which could be profitable to revisit; if
the scope of substituents could be expanded and further
functionalisations developed, these methods could become
useful tools for the synthesis of hetero-BCHeps.

Ring-closing reactions

Aside from cycloadditions, the main way to construct hetero-BCHeps
is by cyclisation reactions. There are several varieties of ring-closing
strategies to choose from, which provide access to a range of
HBCHeps with heteroatoms in various positions on the ring.

Perhaps the most prominent cyclisation method in the
recent literature is that reported by Mykhailiuk et al (Fig. 15a),
where a spirocyclic cyclobutane-oxetane is used as a starting
material. Reduction of either a nitrile®* or ester'® on the cyclobu-
tane precedes Lewis acid-promoted cyclisation onto the oxetane,
resulting in 3-hetero-BCHeps with no bridge substituents. A restric-
tion of this strategy is that one of the bridgehead substituents is
inevitably a (primary) alcohol, while the other (cyclobutyl) substi-
tuent can be one of a wide range of aromatic, alkyl, ester or nitrile
groups. Importantly, this method is scalable and provides oppor-
tunities for further facile functionalisation to access a wide range of
pharmaceutically relevant compounds. Subsequent to Mykhailiuk’s
work, Johnson et al. described a related strategy using a bromo-
nium ion as electrophilic trigger for 2-oxa-4-azaBCHep synthesis.*®
Possible substituents for the bridge position in this chemistry
include a wide range of aryl and alkyl groups, while the alkyl
bromide on the bridgehead position offers opportunities for further
functionalisation. It is also possible to have a limited number of
additional substituents already installed on the cyclobutane before
the ring closure.

The next group of methods (shown in Fig. 15b) also involves
cyclobutane-containing starting materials, however these are
not spirocyclic and the mode of ring-closure varies between
methods; all furnish HBCHeps with the heteroatom in the 2-
position. Komarov et al.®® report a Strecker-type cyclisation
which forms a C-N bond to make 2-azaBCHeps. The cyclisation
was only attempted with the substituents shown, however there
are opportunities for further functionalisation on the nitrogen

This journal is © The Royal Society of Chemistry 2025
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Fig. 15 Synthesis of HBCHeps via cyclisation reactions.

or nitrile. A similar method was reported by Miller et al.,®® but
this time a C-C bond is formed last by deprotonation adjacent
to the nitrile, then attack of the aza-enolate on the pendent
chloride. This results in 2-aza-BCHeps with the bridgehead
nitrile group at the other side, which similarly present oppor-
tunities for further functionalisation.
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Another variety of cyclisation reaction, shown in Fig. 15c,
involves a one-pot tandem reaction between two symmetrical
components. Mykhailiuk et al.®® report such a method which
employs a double Mannich reaction to afford 3-aza-BCHeps,
installing a ketone at the 6-position (Fig. 15c). More recently,
Grygorenko et al.®” reported a double alkylation of diethyl
malonate with a symmetric 1,3-disubstituted azetidine to
generate 6-aza-BCHeps. Similarly, the transformation was per-
formed with only one set of substituents, but was scalable and a
variety of further functionalisations were possible. Both of
these symmetrical additions furnish building blocks that can
be prepared on multi-decagram scale, and can be easily mod-
ified to provide access to medicinally relevant compounds.

A final and rather unique mode of cyclisation is a C-H
amination reported by Wu et al. (Fig. 15d).°® In this process,
Pd-catalysed directed C-H activation occurs at the y-position of
the aminocyclohexane substrate, followed by formation of the
6-aza-BCHep by reductive elimination. The bridgehead substi-
tuents explored included a hydrogen atom, and a limited
number of esters, while the nitrogen atom was substituted only
with the pyridyl ketone directing group shown. C-H activation
at the d-position could also be achieved, so it seems possible
that through careful choice of starting materials, this method
could be expanded to access aza-BCHeps with the nitrogen in
alternative positions on the ring. Cyclisation by C-H activation
is certainly an underdeveloped area when it comes to bridged
small ring chemistry, and could merit further exploration to
unearth its full potential.

Ring-opening reactions

To complete the survey of methods for the synthesis of
HBCHeps, a final category covers ring opening reactions of
hetero[3.1.1]propellanes, developed by our group (Fig. 16).%°
A unified synthetic strategy was employed to access the hetero-
propellane substrates, which proved capable of undergoing a
range of radical-based ring opening reactions across the
strained central bond to afford disubstituted 3-hetero-BCHeps.
Bridgehead substituents included alkyl, aryl, halide, heteroatom
and hydrogen groups. Variation of the substituent on the nitrogen
atom, and further functionalisation at the bridgehead positions,
are also possible. The yields for the synthesis of 3-oxa-BCHeps were
generally the highest, followed by the 3-aza-BCHeps, while the
scope of ring-opening reactions to form 3-thia-BCHeps was limited
by competing fragmentation reactions.

The advantages of this method are the ability to introduce a
diverse range of bridgehead substituents at a late stage in the
BCHep synthesis, however further work is needed to develop a

Anderson et al. 2024
Typical yields: 45-80%
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Fig. 16 Ring-opening reactions of hetero[3.1.1]propellanes.
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greater range of ring opening reactions for these heteropropel-
lanes, since the ring-opening scope is not yet as extensive as
that of their well-established carbocyclic cousins.

Conclusions

The growing interest within the medicinal chemistry commu-
nity in heterobicyclo[n.1.1]alkanes has prompted the discovery
of a variety of methods for their synthesis. A range of comple-
mentary and mechanistically distinct methods are now avail-
able to add to the medicinal chemist’s toolbox. The most
common strategies, applicable to both hetero-BCHeps and
hetero-BCHexs, are intermolecular cycloadditions (both radical
and polar), intramolecular cycloadditions, and ring-closing
5reactions. Hetero-BCHeps can additionally be prepared from
ring-opening reactions of hetero[3.1.1]propellanes; this route is
not yet possible for hetero-BCHexs since hetero[2.1.1]propellanes
are currently unknown. Hetero-BCHexs can additionally be pre-
pared via some unique rearrangement reactions.

While these methods addressed the synthetic challenge of
constructing these important scaffolds, there is still room for
development regarding the need for precise installation of
substituents at defined angles, and the late-stage generation
of a diversity of different substituents on the scaffold. Many of
the methods described within require specific groups to be
present in the starting materials for their stability and reactiv-
ity, which can limit the diversity of accessible products and also
result in the introduction of unnecessary substituents on the
scaffolds. Many of the methods also have limitations in sub-
strate scope, which, if overcome, could allow access to a wider
diversity of substituted scaffolds. Conquering these limitations
in current methods could greatly expand the applicability of
this chemistry in drug discovery programmes.

Opportunities for further development may also lie in target-
ing new compound classes and transformations that have not
yet been achieved. For example, despite the abundance of
carbocyclic bicyclo[1.1.1]pentanes in the literature, there are
still no examples of heterobicyclo[1.1.1]pentanes. Additionally,
despite the heavy reliance on propellanes for the synthesis of
carbocyclic BCPs and BCHeps, this chemistry remains under-
developed for heterocyclic systems. Another unexplored area
that could be worth investigating is the late-stage functionalisa-
tion of heterobicyclo[n.1.1]alkanes by C-H activation; the asym-
metric synthesis or functionalisation of these scaffolds is a
further goal that to date has only been partially met.

We hope that this review will provide a useful overview of the
current state of the art at an exciting time in a field which is
rapidly growing and developing. While excellent progress has
recently been made, room undoubtedly remains for new innova-
tions to address outstanding challenges with current methods,
and to target new scaffolds, transformations and applications.
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