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The synthesis of functionalized nitrogen heterocycles is integral to discover, manufacture
and evolve high-value materials like drugs and agrochemicals. The availability of
effective strategies for heterocycle synthesis often biases the frequency of specific ring
systems over others in the core structures of bioactive leads. For example, while the six-
and five-membered piperidine and pyrrolidine are widespread in medicinal chemistry
libraries, the seven-membered azepane is essentially absent and this leaves open a
significant area of three-dimensional chemical space. Here we report a strategy that
addresses this challenge and prepares complex azepanes from simple nitroarenes. This
modular approach relies on a photochemical dearomative single-atom skeletal editing
centred on the conversion of the nitro group into a singlet nitrene. This process is
mediated by blue light, occurs at room temperature and transforms the six-membered
benzenoid framework into a seven-membered ring system. A following hydrogenolysis
provides the azepanes in just two steps. The retrosynthetic logic behind this approach
allows direct translation of the nitroarene ortho, meta and para substitution pattern into
the ones of the saturated azepane and thus streamlines access to poly-functionalised

systems difficult to prepare by any other method. We have demonstrated the utility of the



strategy with the synthesis of several azepane analogues of piperidine drugs available on
the market and by comparing the binding poses of the drugs bound to their targets with

those of the azepanes obtained via docking.

Introduction

Nitrogenated heterocycles are some of the most used building blocks to discover and develop
new bio-active materials.!” Saturation and ring substitution are two key features often pursued
by medicinal chemists because they provide molecules with globular shapes and multiple
vectors for 3D exploration of chemical space.*® However, not all saturated N-heterocycles are
created equal and their frequency in the structure of high-value end-products often depends on
their commercial availability which, in turn, is dictated by their ease of preparation and/or
functionalization. "

Considering piperidine, which is the most common saturated nitrogen heterocycle in drugs,
formal one-carbon deletion gives pyrrolidine which is also very frequent (5" most common),
while one-carbon addition gives azepane that accounts to only a negligible fraction (<1%) (Fig.
la).2 This drastic unbalance in heterocycle occurrence based on their ring size is a clear
reflection of the many synthetic opportunities available to prepare poly-functionalised six- and
five- (easy) vs seven-membered rings (difficult). Indeed, while piperidines and pyrrolidines
can be made by manipulation of several broadly available materials,!” azepane does not have
a convenient precursor that can be easily used in synthetic settings. Current state-of-the-art in
azepane preparation rely mostly in multistep synthesis of linear precursors followed by
cyclization and elaboration (e.g. ring-closing metathesis then reduction) or, alternatively,
Beckmann rearrangement of functionalised piperidones.!! These approaches, however, limit
synthetic versatility due to the high step count which ultimately hampers the preparation of
highly substituted derivatives.

It is intriguing to consider that among the many successful strategies for the synthesis of
piperidines, pyridine hydrogenation is perhaps the most versatile when approaching the
construction of complex materials.!>!® Inspired by the impact that this strategy has had in the
field, we recently questioned if an alternative tactic for azepanes synthesis could be devised
using easy-to-access aromatic precursors. Such a strategy would provide an inherent
retrosynthetic advantage as the high fidelity of aromatic chemistry (i.e. SgAr, SnAr, cross-
coupling, C—H activation reactivity) can be harnessed to introduce functionalities around the
arene before translation into the sp’-rich heterocycle.'® However, since azepane does not have

an aromatic precursor, we wondered whether we could combine a dearomative nitrogen



insertion that would transform’ the six-membered ring aromatic into an unsaturated seven-
membered ring azepine. A following global hydrogenolysis would then complete a two-step
entry towards poly-substituted azepanes.

Herein, we present the realization of this proposal where nitroaromatics (A), a class of largely
commercial feedstocks, are converted upon blue light irradiation into the corresponding
nitrenes for one-atom ring expansion followed by hydrogenation (Fig. 1b). This photochemical
strategy engages a large class of differentially substituted aromatic derivatives and transfers,
in a predictable manner, the benzenoid ortho, meta and para substitution pattern into the one

of the saturated azepane heterocycles (B).

Results and Discussion

Design plan. In approaching the design of this novel strategy for azepane synthesis, we were
interested in the high fidelity provided by singlet aryl nitrene reactivity in ring expansion
reactions.!”!8 This chemistry has been historically approached via the high-energy photolysis

of aryl azides,'*?!

which however are challenging substrates to adopt in synthesis due to their
hazardous profile (explosive)?? and limited commercial availability. Pioneering precedents
from Cadogan pointed to an opportunity to use nitroarenes as nitrene precursors since these
species were demonstrated to undergo deoxygenation upon treatment with amines and
phosphorous reagents.?*?3 However, the harsh reaction conditions required (T >120 °C, amine
and phosphorous reagent as the solvent) have resulted in almost no synthetic application. We
speculated that since nitroarenes A display an absorption profile tailing in the visible region, it
would be possible to engage them in low-energy photoexcitation using blue light irradiation.?
This process would populate, upon intersystem crossing, their triplet excited state *A that,
owing to its electrophilic O-radical character,?’” ought to react with an electron rich P(III)-
reagent in a stepwise radical [3+1] fashion (Fig. 1¢). Preliminary calculations demonstrated
that while a 2e— thermal activation process to the four membered ring dioxazaphosphetidine C
is possible,?® it needs to overcome a large kinetic barrier. In contrast, photoexcitation and
stepwise radical addition-recombination was calculated to be barrierless. We were hopeful that,
following this blueprint, C would undergo a thermodynamically driven deoxygenation to the
corresponding arylnitroso, which should further react with the phosphorous reagent (either
thermally or photochemically, not shown)?. This second deoxygenation event would lead to

the key singlet nitrene D.!7-18:3031 At this point, an intramolecular cyclization from the iminyl

radical-type resonance form would generate the azirine E,* while a facile 6nt-electrocyclic ring



opening would ultimately transform the all-carbon benzenoid system into the seven-membered
ring ketimine F.* The strain-amplified electrophilic character of this species enables facile
reaction with soft nucleophiles like secondary amines thus resulting in the 1H-azepine G.*
However, since this species has anti-aromatic character, it is known to immediately isomerise
to the thermodynamically stable 3H-azepine H.?® At this point, hydrogenation of the diene and
hydrogenolysis of the amidine would realise our approach towards the desired saturated

azepane heterocycles.

Reaction Development. Implementation of this proposal was quickly achieved by treating p-
Bn-nitrobenzene 1 with Et2NH (8 equiv.) and P(Oi-Pr)3 (20 equiv.) in i-PrOH solvent at room
temperature under blue light irradiation (hv = 427 nm) (Fig. 1d). Under these settings, the
benzenoid framework rearranged into the 3H-azepine 1a in high yield, with the benzyl group
correctly located at C5 of the seven-membered ring. The amounts of amine and phosphite could
be lowered to 4.0 and 2.0 equiv., respectively, with minimum impact on the reaction yield
when the process was run with a lower intensity irradiation (50% of the initial intensity) but
for a prolonged time (2 days). It is important to note that the choice of irradiation wavelength
is crucial to the success of this reactivity as 1a also absorbs in the high 300/low 400 nm range.
Therefore, a light source able to selectively target the nitroarene over the azepine is required
as a higher intensity irradiation leads to considerable degradation of 1a. In terms of scalability,
we routinely run these reactions on multiple gram scale with minimum modification of the
synthetic procedure.

The proposed excited state reactivity of the nitroarene with the phosphite is supported by
luminescence quenching studies on the p-Me derivative 2. As shown in Fig. S3, upon excitation
at 390 nm this species gave a measurable emission at Aem ~ 480 nm. Addition of increasing
amounts of P(Oi-Pr)s3 led to a linear decrease of emission intensity (Stern-Volmer) (Fig.s S4
and S5) with a quenching constant kq = 2.5 10'° M~ 571,

With gram amounts of 1a in hand, we moved onto evaluating the subsequent global reduction
that would require the hydrogenation of the diene component and the hydrogenolysis of the
amidine functionality, which is, to the best of our knowledge, unprecedented. Ultimately, we
identified conditions based on the synergistic use of the heterogeneous catalysts PtO> (10
mol%) and Pd/carbon (10 mol%) under 50 bar of H> at room temperature to cleanly produce
the C4-benzyl-azepine 1b. This procedure was general across the scope in terms of reaction

time and yield but it led to mixture of diastereomers when used on poly-substituted azepines



that will be discussed below. As a result, a screening of hydrogenolysis conditions was
performed on each of these substrates and the details are reported in the Supplementary
Material.

To increase the numbers of 3D vectors for chemical space exploration available from azepine
la, we also considered the substitution of the NEt, functionality with a carbon-based
nucleophile before hydrogenation. Pleasingly, amidine activation by coordination with the
Lewis acid BF3*Et,O, followed by Ph—Li addition and then hydrogenation over PtO,, served
our purposes delivering C2,C5 disubstituted 1c¢ in high yield and high diasteroselectivity (7:1,

87.5% de) favouring the syn isomer.
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Fig. 1. Development of a skeletal editing strategy to convert nitroarenes into saturated
azepane. (a) The distribution of saturated N-heterocycles in medicinal chemistry programs
depends on their ring size and azepanes are highly underrepresented. (b) The proposed strategy

requires a skeletal editing based on N-insertion and a following hydrogenolysis. (c)



Mechanistic pathway for conversion of nitrobenzenes into 3H-azepines. (d) Optimised

conditions for the conversion of nitroarene 1 into azepanes 1b and 1¢ via 1a.

Substrate Scope. Having identified mild conditions for the conversion of nitrobenzenes into
azepanes, we were keen to explore the scope of the process. We started by evaluating several
p-substituted derivatives (1-11) that gave the corresponding C4-substituted heterocycles (1b—
11b) in generally good yields (Fig. 2). This demonstrated tolerance of HAT-labile*® benzylic
positions (1b, 2b and 4b—8b) as well as protected amines (4b—6b), free alcohol (7b and 8b)
and pyridine (9b—11b) functionalities. The successful formation of 3b and 9b-11b is
noteworthy as aromatic para substituents are known to retard the cyclization of singlet aryl
nitrenes.’” We then evaluated electron withdrawing groups by both resonance (nitrile 12 and
ester 13) and inductive (trifluoromethyl group 14) effects, providing 12b—14b in good yields.
p-F and p-Br nitrobenzenes (15-16) underwent efficient ring-expansion but the following
hydrogenolysis was difficult resulting in almost complete dehalogenation under our standard
conditions. Nevertheless, we were able to obtain 15b in high yield by using the Rh-catalyst Rh-
CAAC that has been successfully used in the hydrogenation of fluorinated benzenes.?® Despite
a Br-substituent was not tolerated in the hydrogenolysis step, we successfully demonstrated the
utilization of corresponding Br-substitute azepine in mainstream cross-coupling reactions like
Suzuki-Miyaura (with boronic acid 17), Buchwald-Hartwig (with aniline 18) and Ullmann
(with alcohol 19), the provided, after hydrogenalysis, C4-arylated, and otherwise elusive,
aminated and etherificated derivatives 16c—e. The same Rh-based catalyst was also necessary

to convert the p-B(pin) 20 into 20b which can now be further elaborated through cross-

39,40 4142

coupling or homologation reactivity. It is interesting to note that some of these C4
substituted azepanes (e.g. 1b and 1¢) have been previously reported in the literature but their
synthesis usually requires >5 steps from the corresponding C4 piperidones (Beckmann
rearrangement) or ring-closing methatesis.*>*4

m-Substituted nitrobenzenes (21-24) were evaluated next with the aim to access C3-substituted
azepanes (21b—24b). The conversion of m-Me (21), m-t-Bu (22) and m-CF3 (23) derivatives
occurred in high yields, but the desired products 21b-23b were obtained along with the C4
isomer due to the two possible modes of cyclization available to singlet nitrenes (see box in
Fig. 2 describing the cyclization modes I vs II, leading to azepines Ia and Ila and azepanes Ib
and IIb, respectively)'’. The ring-expansion of m-Ph-nitrobenzene 24 was instead fully
selective (azirine formation via I) thus leading to the C3-arylated azepane 24b in useful yield.

In contrast, the reactivity m-OEt 25 took place selectively via mode II thus providing the C4



derivative 25b in high selectivity. This is an interesting outcome because p-O-alkyl nitroarenes
are a limitation of this method (para electron donating groups thwarts nitrene insertion)*,
something that can be conveniently by-passed using the readily available meta isomers.

The N-insertion of ortho-substituted nitrenes is known to be challenging, nevertheless we
succeeded in engaging ester-containing derivative 26, that provided the C3 functionalised

azepane 26b in useful yield.
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Fig. 2. Substrate scope using mono-substituted nitroarenes. PMP = para-methoxy-phenyl;

r.r. = regioisomeric ratio.



A point of particular interest of this methodology might be for the preparation of isotopically
enriched derivatives as these might be used to retard oxidative detoxification pathways in the
body.***’ To validate this proposal, we subjected pentadeuterated nitrobenzene 27 to our
process resulting in the tetradeuterated azepane 27b in essentially quantitative yield. Overall,
despite the formation of a mixture of isomers in some examples, this strategy offers a
straightforward approach to a class of largely unknown building blocks.

The results presented in Fig. 2 demonstrate the application of this N-insertion strategy to the
preparation of mono-substituted azepanes. Since the pharmaceutical and agrochemical sectors
are increasingly interested in adopting polyfunctionalized heterocycles to better explore and

tune the chemical space around bioactive leads,’*%4°

we were keen to benchmark our strategy
on more complex settings. Success here is highly desirable as it would effectively unlock a
significant area of azepane chemical space that cannot be reached by current synthetic
approaches. Indeed, it is interesting to note that while many of poly-substituted nitroarenes
used as starting materials are commercial, tri-/tetra-/penta-substituted azepanes represent <4%
of all known azepanes (see Fig. 1a) and almost all N-heterocycles that are presented in Fig. 3
are previously unknown chemicals.

We started exploring this possibility by evaluating the preparation of disubstituted derivatives
(Fig. 3). Targeting C2,C5-disubstituted azepanes was achieved by using p-substituted
nitroarenes in conjunction with several organolithium nucleophiles. Using 1 and 14 as the
precursors, we engaged a C3-lithiated pyridine 28, 2-lithiofurane 29 as well as primary
hexyllithium and Beak’s 2-lithio-N-Boc-pyrrolidine 30. These three-step sequences gave 1d—
g and 14c in good yields whilst changing the substitution pattern of the nitroarene to meta (24)
enabled access to C2,C6-diarylated derivative 24¢. Crucially, all these derivatives were access
in high diasteroselectivity as the syn isomers. In the case of 1g, although complete syn
hydrogenation to the C2 and C5-disubstituted azepane occurred, we observed poor
diasterocontrol across the third pyrrolidine stereocentre.

Targeting azepanes with substituents at either C3,C4 or C4,C5 or C3,C6 is currently very
challenging but can be simplified by our method that requires para,meta- or meta,meta-
disubstituted nitroarenes. 31 and 32 feature vicinal dimethyl and methyl & trifluoromethyl
groups and were used to access 31b and 32b also in high syn-diasteroselectivity. The
symmetrical 3,5-disubstituted nitroarenes 33 and 34 were used to prepare the corresponding
C3,C5 azepanes 33b and 34b in useful conversion albeit lower diasterocontrol. Furthermore,
the ability of a meta-OMe group in controlling the nitrene ring-insertion (mode II, box in Fig.

2) was used to convert selectively the unsymmetrical nitroarene 35 into 35b.



Tri- and tetra-substituted azepanes are currently an elusive class of derivatives due to the
challenges associated to current synthetic approaches, both in terms of retrosynthetic feasibility
and control of the relative stereochemistry of the multiple contiguous sterocentres. Pleasingly,
by adding Ph—Li to the corresponding 3H-azepines, we succeeded in accessing C2,C4,C6-
derivatives 33c and 34c¢ as well as the C2,C4,C5-heterocycles 36¢ and 37¢ in high to good dr,
respectively. Targeting of C3,C4,C5-trisubstituted derivatives, where all substituents are
vicinal, was possible by using readily available m,p,m-nitroarenes 38 and 39, that gave 38b and
39b. Finally, by engaging 38 and 39 in protocols containing the organolithium addition, we
accessed C2,C3,C4,C5-tretrasubstituted azepanes 38¢ and 39¢ as single diasteromers which
features four contiguous vectors for further chemical space exploration.

It is worth to mention that 3H-azepine precursor for 39¢ was resistant to direct hydrogenation
even under forcing conditions (100 bar of Hz). Hence, we resorted on a stepwise approach
involving initial reduction and TFA-protection of the imine functionality followed by diene
hydrogenation with the Rh-CAAC catalyst (see Supplementary Material for more information).

Interestingly, this protocol led to the anti-39¢ with exquisite diasteroselectivity.
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Fig. 3. Preparation of poly-substituted azepanes. r.r. = regioisomeric ratio.

The medicinal chemistry community is highly interested in methods that enable the facile
modification of the core framework of bioactive leads.”*3*° Fig. 4a depicts five examples of
how this approach can be used in such settings to aid scaffold hopping efforts by “replacing”
the functionalised piperidine ring of several commercial drugs with a larger azepane
counterpart.’® The atypical antipsychotic melperone 40, the NMDA inhibitor ifenprodil 43, the
picornavirus inhibitor pirodavir 46 and the strong synthetic opiod analgesic fentanyl 50, feature
a C4-substituted piperidine. We successfully prepared the corresponding azepane-based drug
analogues 42, 45, 49 and 53 by using the simple p-substituted nitrobenzenes 2, 1 and 8 and the

meta 51 in three to four chemical steps. 54 is the intermediate in the synthesis of the factor B



inhibitor iptacopan and its piperidine core requires a six step synthesis starting with the
hydrogenation of a disubstituted pyridine precursor.!® Our strategy enabled the preparation of
the azepane analogue 57 in a shorter manner (four steps) from simple m-OEt-nitrobenzene 25.
To evaluate the effect that the ring enlargement has on the ability of the new molecules to bind
to biological targets we performed docking studies on two of the above piperidine drugs,
ifenprodil’! and iptacopan,> together with their respective azepane analogues 45 and 57. In
both cases the azepane analogues adopt binding poses very similar to the bioactive pose shown
in the respective X-ray structures as well as showing the same key receptor-ligand interactions
(Fig. 4b and 4c), demonstrating how this single-atom core enlargement strategy provides
molecules tapping into different areas of chemical space and with different vectors for 3D
exploration, but that display almost identical binding features to the commercial drugs over the

native receptors.
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Fig. 4. Application of the methodology in the preparation of azepane-based analogues of
piperidine-containing drugs. (a) Synthetic routes. (b) Docking of the cognate ligand
ifenprodil and azepane 44 on the X-ray structure of the NMDA receptor subunit GluN1 and
GIuN2B (PDB code: 3QEL).’! Only the azepane with the R stereochemistry in the azepane
ring is shown. Green: bound ligand; orange: docked ifenprodil; magenta: docked azepane 44.

(c) Docking of iptacopan precursor (green: X-ray; orange: docking) and azepane 56 (R



stereochemistry; magenta) on the X-ray structure of the Factor B protease (PDB code:

6RAV).%2

Conclusions

The results presented here demonstrate that complex polyfunctionalised azepanes can now be
conveniently prepared from nitrobenzenes. This approach introduces a dearomative
retrosynthetic tactic based on single-atom skeletal editing and streamlines the assembly of N-
heterocycles that are still challenging to make via standard approaches based on saturated
precursors. This approach enables precise introduction of multiple substituents by translating
the nitroarene ortho, meta and para substitution pattern across the azepane core. Furthermore,
the high diasterocontrol achieved in the final hydrogenolysis sets the relative stereochemistry
of these multi-functionalized heterocycles, something currently not possible using any other
synthetic approach. We hope that the commercial availability of nitroarenes as well as the broad
scope demonstrated here, which includes potential applications in scaffold hopping, will make

this strategy of use to both academic and industrial end-users.
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