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Atroposelective construction of indole-fused diazocines via
gold(l)-catalysed 8-endo-dig cyclisation

Silvia Meraviglia,® Alessandra Romanelli,® Paola lannelli, Silvia Rizzato,” Alessandro Contini,*?
Giorgio Abbiati® and Valentina Pirovano™

Axially chiral N-bridged biaryls embedded in medium-sized rings remain largely unexplored because of the combined
challenges associated with C—N axial chirality and medium-ring formation. Here we report a gold(l)-catalysed atroposelective
intramolecular cyclisation of indole-derived aryl propiolamides that enables direct access to indole-fused diazocines
combining a C—N stereogenic axis with a conformationally constrained diazocine core. The transformation proceeds through
a stereocontrolled 8-endo-dig hydroarylation promoted by a cationic gold complex bearing a BINOL-derived
phosphoramidite ligand, affording the target scaffolds in high yields and excellent enantioselectivities across a broad
substrate scope. DFT and QTAIM analyses reveal that stereocontrol originates from differential non-covalent interactions in
key cyclisation intermediates. The resulting diazocines exhibit high barriers to racemisation and can be further diversified
through downstream functionalisation without erosion of enantiopurity. Preliminary spectroscopic and DNA-interaction
studies indicate that these rigid atropisomeric frameworks may be relevant for applications in molecular recognition.
Overall, this work establishes a general catalytic strategy for the construction of medium-sized N-bridged atropisomers and

expands the scope of gold-catalysed asymmetric cyclisations.

Introduction

Axially chiral (hetero)biaryls represent a central class of
atropisomeric compounds with broad applications in
asymmetric catalysis, medicinal chemistry, and functional
materials.® Within this class, bridged biaryls, where two ortho-
substituted aryl units are covalently linked through a medium-
sized ring, have attracted increasing attention owing to their
enhanced configurational stability and well-defined three-
dimensional architectures.? In these systems, the cyclic tether
restricts conformational mobility and can stabilize
atropisomerism either by hindering rotation about the biaryl
bond or by preventing ring-flip inversion processes, as
highlighted in studies of medium-sized heterocyclic
frameworks.> Despite their attractive structural features and
potential utility, the enantioselective synthesis of such scaffolds
remains highly challenging, especially for medium-sized ring
systems, which suffer from transannular strain, torsional
tension, and unfavourable entropic factors.® Considerable
progress has been made in recent years in the atroposelective
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synthesis of biaryl systems using organocatalytic and transition-
metal-catalysed approaches,” including a limited number of
bridged medium-ring architectures displaying conformationally
or axially defined chirality.8 Nevertheless, most reported
strategies focus on seven-membered rings,® while catalytic
enantioselective methods for the construction of larger bridged
biaryls remain scarce. To date, only few approaches enabling
the direct asymmetric synthesis of eight-membered bridged
biaryls have been disclosed,’® and only two examples of nine-
membered analogues have been reported (Scheme 1a).1! An
even more demanding target is represented by axially chiral
biaryls bearing a C—N stereogenic axis within a medium-sized
ring. In contrast to C—C atropisomers, C—N axial chirality is
associated with lower rotational barriers, greater
flexibility, strong dependence of
configurational stability on both electronic effects and ring
size.12 As a consequence, enantioselective methods to access
such architectures are exceedingly rare. To date, only two
asymmetric examples have been reported: an organocatalytic
synthesis of azepine derivatives bearing a C—N chiral axis by Yan
and co-workers,’3 and a chiral phosphoric acid-catalysed [3+2]
cycloaddition leading to eight-membered N-arylpyrrole
lactones reported by Wang (Scheme 1b).4

Indole-fused diazocine-bridged biaryls C—N
stereogenic axis with a conformationally constrained diazocine
core, offering rigid architectures of potential interest for chiral
ligand design, medicinal chemistry, and functional materials.
However, their synthesis remains highly demanding due to the
need to simultaneously induce axial chirality and form a
medium-sized ring. To date, this class of compounds has only
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Scheme 1 State of the art on the enantioselective synthesis of bridged biaryls (a) bearing a C—C stereogenic axis, (b) bearing a C—N stereogenic axis, and (c) our work.

Inspired by the well-established ability of gold catalysts to
activate alkynes and promote intramolecular cyclisations
toward fused heterocycles,'® and building upon our group's
ongoing interest in complex indole scaffolds,” we envisioned
that a gold (l)-catalysed strategy could overcome the challenges
associated with diazocine ring formation. Herein, we report a
gold(l)-catalysed atroposelective synthesis of indole-fused
diazocines, achieved through a stereocontrolled 8-endo-dig
intramolecular hydroarylation (Figure 1c). This strategy
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provides efficient access to configurationally stable, medium-
sized N-bridged atropisomers with high levels of
enantioselectivity, and is supported by combined
computational and spectroscopic studies that elucidate the
origin of stereocontrol and highlight the functional potential of
these rigid atropisomeric frameworks as molecular recognition
scaffolds.

This journal is © The Royal Society of Chemistry 20xx
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Results and Discussion

Optimization of reaction conditions. We initiated our
investigation by designing a suitable indole derivative for the
enantioselective construction of the diazocine core. A literature
survey on gold-catalysed carbocyclisations
indoloazocines can be accessed from tryptamine-derived
propiolamides, typically prepared via a Ugi multicomponent
reaction.'® Inspired by these precedents, we synthesized model
compound 1aa, featuring a propiolamide functional group on
the N-aryl substituent. Compound 1aa was obtained in four
steps from 3-methylindole and isolated as a mixture of
rotamers, as evidenced by NMR analyses (see ESI).

First, the reaction conditions were optimised by screening a
series of chiral gold catalysts in dichloromethane at room
temperature, using AgSbFs for counterion exchange (Table 1,
see ESI for full screening table). The structure and electronic
properties of the gold complexes had a strong influence on the
outcome, both in terms of yield and enantiomeric ratio.
Bidentate ligands such as (R)-DTBM-SegPhos (Li), (R)-DM-
SegPhos (L2), and (R)-DM-BINAP (Ls) failed or were inefficient in
promoting the reaction (entries 1-3). The desired indoloazocine
2aa was obtained with L, and Lz, but only after 48 h and in very
low enantiomeric ratios. Improved results were obtained using
monodentate phosphoramidite ligands. SPINOL-based ligand Ls
afforded 2aa in 82% vyield, albeit as a racemate (entry 4), while
BINOL-derived ligands Ls and Lg provided 75% and 71% vyield,
respectively, with modest enantiocontrol (entries 5-6). The
best results were achieved with ligand L;, bearing a 3,5-
bis(trifluoromethyl)phenyl substituent on the BINOL scaffold.
After 24 h, 2aa was isolated in quantitative yield with an
improved enantiomeric ratio of 8:92 (entry 7). Next, we
examined the effect of the counterion by replacing AgSbFs with
AgNTf,, which did not significantly affect the reaction outcome
(entry 8). A more pronounced effect was observed upon
changing the solvent. When toluene was used, the
enantiomeric ratio improved to 2:98; however, the reaction
slowed considerably, and 2aa was obtained in only 38% yield
after 48 h (entry 9). In contrast, chlorobenzene maintained both
a high yield (94% after 24 h) and excellent enantioselectivity
(entry 10). Based on these results, the conditions of entry 10,
L;AuCl/AgSbFe in chlorobenzene, were selected as optimal and
employed in all subsequent studies. The structure and the
absolute S-configuration of 2aa were confirmed through X-ray
single-crystal diffraction analysis and those of the other
products was assigned by analogy.*
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1 |.1(AU2C|2) - - -
2 L2(Au,Cly) 48 h 17 70:30
3 L3(AuxCl,) 48 h 20 55:45
4 LsAuCl - 82 52:48
5 LsAuCl - 75 30:70
6 LeAuCl 48 h 71 25:75
7 L;AuCl - 99 8:92
8 L;AuCl AgNTf, 78 7:93
9 L;AuCl Toluene, 48 h 38 2:98
10 L;AuCl Chlorobenzene 94 2:98

9Unless otherwise stated, reactions were carried out with 1aa (0.1 mmol),
gold catalyst (2.5 or 5 mol%), AgSbFs (5 mol%) in anhydrous CH,Cl, (1 mL, 0.1
M) at room temperature for 24 h. bIsolated yields. ‘Enantiomeric ratios (er)
determined by chiral HPLC. See Supporting Information for full experimental
details.

Scope of the reaction. To assess the scope and generality of the
transformation, a broad set of indole derivatives (1ab—1ba) was
evaluated under the optimised reaction conditions (Scheme 2).
Modification of the alkynyl substituent (R%) revealed broad
tolerance to electronic effects: both electron-donating (2ab,
Me; 2ac, OMe) and electron-withdrawing groups (2ad, F; 2ae,
Br; 2af, CFs3; 2ag, CO,Et) in the para position of aryl ring afforded
the desired products in 59-86% yield and up to 2:98 er. A meta-
methylphenyl substituent was equally effective (2ah, 84%, 3:97
er), whereas the ortho-substitution produced a drop in both
yield and selectivity (2ai, 48%, 9:91 er).

J. Name., 2013, 00, 1-3 | 3
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chromatographic purification. Enantiomeric ratios (er) were determined by chiral HPLC. PMB = p-methoxybenzyl.
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Beyond phenyl, naphthyl (2aj) and thiophenyl (2ak)
substituents were also well tolerated (78-57% yield, up to 2:98
er). Importantly, even less activated methyl- and terminal-
substituted alkynes could be engaged, delivering 2al and 2am in
synthetically meaningful yields (58% and 83%, respectively)
while maintaining high levels of enantioselectivity (up to 5:95
er). At the pyrrole moiety, the 3-methyl substituent (R?) could
be replaced with other alkyl and aryl groups. Ethyl substitution
(2an) was well tolerated (81%, 4:96 er), whereas sterically
hindered isopropyl (2ao) significantly slowed the reaction and
reduced the vyield (38%, 6:94 er). Remarkably, aromatic
substituents at C3 (2ap, 2aq) provided excellent results (88—
99%, up to 3:97 er). In contrast, unsubstituted indole (R* = H)
was completely unreactive, and very bulky arenes (R! = 2,6-
dimethylphenyl) gave only traces of product (Scheme 2). The
complete lack of reactivity for the unsubstituted indole (R = H)
can be rationalized by the dual role of a substituent at C3. On
one hand, the presence of a substituent on the C3-position leads
to the formation of a stable tertiary carbocation. Second, the
presence of alkyl/aryl groups increases the nucleophilicity of the
C2-position thus favouring the cyclisation.® Substitution on the
phenyl moiety of the indole ring (R?) displayed a broad
compatibility: both electron-donating (2as) and electron-
withdrawing (2ar, 2at, 2au) substituents at C>—C’ delivered the
desired products in 73—-96% yield and excellent er values. The
second group on amide nitrogen (R*) was critical for
enantioselectivity. Small aliphatic group such as methyl (2av)
hampered the enantioselectivity (29:71 er), whereas
unsaturated groups (allyl, 2aw; p-methoxybenzyl, PMB, 2ax)
preserved it. Finally, substitution on the aniline ring (R3) was
strongly position-dependent: ortho-substituents (2ay and 2az)
slowed the reaction and eroded both yield and selectivity,
whereas the meta-substituted analogue (2ba) allowed to retain
the usual efficiency (95%, 2:98 er).

To expand the scope of the reaction, we evaluated whether the
gold-catalysed cyclisation could be extended to substrates
beyond 1lab—ba. We synthesised N-arylpyrrole 3 and indoles 5
and 7, each featuring an aryl propiolamide group at the C3- and
C2-position, respectively (Scheme 3a). When subjected to the
optimised reaction conditions, these substrates consistently
afforded the corresponding diazocino-bridged biaryls
(compounds 4-8) in high yields (75-95%). However, achieving
enantiocontrol proved challenging. Pyrrole 4 was obtained with
a poor enantiomeric ratio of 31:69, while indole 6, bearing a C3—
C chiral axis, was formed as a racemate. Slightly better results
were observed for compound 8 (C>-C chiral axis), which was
obtained with an enantiomeric ratio of 24:76. To further probe
the structural limitations of the transformation, we examined
substrates targeting alternative ring sizes and tether
functionalities. An ester analogue 9 underwent cyclisation to
give the eight-membered product 10 in 48% yield, albeit with
reduced enantioselectivity (33:67 er). In contrast, modified
amide substrates intended to form nine-membered rings were
completely unreactive under the optimized conditions. These
findings emphasize the critical role of tether length and amide

This journal is © The Royal Society of Chemistry 20xx
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coordination in enabling efficient and ste¥ebcbltréiedleight:
membered ring formation.

Having synthesised a series of indole-fused diazocines, we next
performed a set of post-functionalisations on selected
substrates (Scheme 3b). The scalability of the reaction was
confirmed on a 1.0 mmol scale, affording 2aa in 91% yield with
unchanged enantiomeric ratio. Chemoselective derivatisations
further highlighted the synthetic utility of the diazocine
scaffold. Reduction of the amide group of 2aa with LiAIH4 and
AICl; afforded compound 11 in 96% yield, while the treatment
with Lawesson’s reagent gave the corresponding thioamide 12
in quantitative yield. Hydrolysis of the ethyl ester group of 2ag
proceeded smoothly under basic conditions, giving the
corresponding free acid 2bb in 98%. Subsequent coupling of
2bb with C-protected diphenylalanine furnished conjugate 13 in
moderate vyield, illustrating the feasibility of amide-bond
formation for further functional applications. Finally, starting
from the 7-bromo derivative 2au, we prepared phosphine oxide
14 in 78% vyield, through a palladium catalysed reaction with
diphenylphosphino oxide. In all cases, the enantiomeric ratios
of products 11-14 were retained and matched those of the
corresponding starting materials.

On the basis of previous investigations on gold-catalysed
intramolecular hydroarylation of propiolamides,'®?° and on
gold-catalysed cyclisations of N-(2-aminophenyl)indoles?! or N-
tethered allenylindoles,?? we propose that the cyclisation of 1aa
proceeds as depicted in Scheme 4. Upon activation of the triple
bond by the cationic gold(l) species (intermediate 1), an
intramolecular 8-endo-dig cyclization at the indole C? position
takes place to give intermediate Il. Subsequent rearomatisation
(intermediate 1lIl) and protodeauration finally afford the
azocinoindole derivative 2aa.

Computational studies. First, to investigate the configurational
stability around the N-biaryl axis in products (S)-2aa-ba, the
rotational barrier was assessed computationally. The calculated
enantiomerization free energy barrier (AG*enantiomerization) fOr
compound (S)-2aa was 36.9 kcal/mol (Table S6). This value is
considerably higher than the 24-32 kcal/mol range previously
reported for similar derivatives, for which good agreement
between theoretical and experimental data was found.?® The
high calculated barrier for (S)-2aa suggested significant thermal
stability, which was subsequently verified experimentally.
Heating a solution of (S)-2aa in various solvents at temperatures
up to 190 °C for 48 hours resulted in no observable change in its
enantiomeric ratio, confirming the exceptional configurational
stability of the N-biaryl axis (Table S4). Next, to gain further
insight into the origin of the experimentally observed
enantioselectivity, the diastereoisomeric cyclic intermediates Il
and Ill, reactants (1aa and the Aul catalyst), and product 2aa of
Scheme 4 were modelled at DFT level. The calculated free
energy for the formation of the initial cyclic intermediate Il
slightly favours the minor product's precursor, (R)-ll, by 0.9
kcal/mol relative to (S)-Il. To understand this stage at the
electronic level, a Quantum Theory of Atoms in Molecules
(QTAIM) analysis was performed?® to characterize their non-
covalent interactions (NCls).242>

J. Name., 2013, 00, 1-3 | 5
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A full description of QTAIM results is provided in the ESI. Briefly,
despite a slightly higher computed free energy of formation, (S)-
Il features a more extensive and stabilizing network of 36 NCls
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compared to 30 found for (R)-II (Figs. S1, S2 and Table $8).Jhis
enhanced stabilization is quantitatively Xuppoltéd 1oy @ tadte
negative total potential energy density (2V(r) = -0.1452 a.u.)
and higher total electron density (£p = 0.2573 a.u.) relative to
(R)-11 (ZV(r) = -0.1065 a.u., 2p = 0.1948 a.u.). Specifically, (S)-1l
benefits from a unique Au---H interaction, a more robust
network of O---H and C:--H hydrogen interactions, and a more
compact carbon framework stabilised by London dispersion
forces. Additionally, mechanistic studies on gold-catalysed
indole functionalisations indicate that the reaction proceeds via
a stepwise pathway that remains reversible up to the proton
transfer step, followed by rearomatisation of the indole ring,
and final protodeauration.?® Therefore, the final stereochemical
outcome is likely determined during the proton abstraction and
rearomatisation step that convertes intermediate Il into Ill. A
complete kinetic model for this proton transfer would require
locating transition states explicitly accounting for the SbFg~
counterion. Moreover, as HSbFs is a superacid, the proton
abstraction cannot be directly mediated by SbFs™ itself; rather,
it would require shuttle-molecules, such as trace water
molecules, as reported for related reactions.?” While modelling
such an explicit network at the DFT level is theoretically feasible,
it introduces a very large number of degrees of freedom,
rendering it impractical and beyond the scope of the present
study.

Figure 1. Structural comparison of the diastereomeric intermediates (S)-1l and (R)-Il illustrating the steric gating of the deprotonation step. (A, B) Three-dimensional geometries of
(S)-11 and (R)-NI, respectively, with key interatomic distances (A) defining the entrance to the C2-position. The transferring C2-proton is highlighted in magenta. (C, D) Corresponding

molecular surfaces representations. The (S)-1l isomer (C) exhibits an open chiral cage capable of accommodating an external base or proton shuttle, whereas the C?-proton in the

(R)-Il isomer (D) is heavily sterically shielded by the surrounding aromatic framework.

This journal is © The Royal Society of Chemistry 20xx
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Thus, we evaluated the steric preorganisation and
morphological accessibility of the intermediates Il (Figure 1). In
(S)-11, the spatial arrangement of the phosphoramidite ligand
creates a relatively wide and accessible pocket above the Au
atom (Figure 1A,C), that is structurally suitable to accommodate
the counterion together with potential proton-shuttles bridging
the indole C2-proton and the vinyl gold moiety. In contrast, in
the (R)-1l isomer, the trajectory to the C2-proton is physically
blocked by the ligand framework, narrowing the accessible gap
to just 3.9-4.7 A (Figure 1B,D). This morphological divergence
exemplifies the ligand-induced folding effect, previously
identified as a key stereocontrolling element in related gold-
catalysed indole functionalisations.?®® Accordingly, while the
“open” folded conformation of (S)-1l seamlessly accommodates
the SbFs™ counterion, the lower-energy state of the (R)-1l isomer
adopts a sterically “closed” conformation. Consequently,
reaction along the (R)-pathway requires an energetic penalty to
access an open conformation able to host the counterion and
the proton-shuttle machinery. This steric gating would favour
the (S)-pathway, enabling selective proton abstraction and
progression to the rearomatised intermediate Ill, perfectly
aligning with the thermodynamic preferences of the resulting
species. Calculations show that (S)-Ill is more stable than (R)-III,
with a AAG of 2.1 kcal/mol favouring the (S)-isomer. This
thermodynamic preference is corroborated by QTAIM analysis,

a) Photophysical properties

Sciencer: =il

C
>
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View Article Online

which confirms that (S)-1lIl maintains the StabiliZIAgOINTISAE WSk
(2V(r) = -0.1300 a.u. vs —0.1185 a.u. for (R)-Ill) observed in Il
(Figs. S3, S4 and Table S9). Collectively, the computational data
indicate that the (S)-pathway benefits from a highly organized
internal network of non-covalent interactions that reinforces
the decisive steric gating mechanism.

Optical properties and interaction with DNA. The diazocino-
indole derivatives reported here feature a highly conjugated it
system incorporating an indole moiety, a motif ubiquitous in
nature and well known for its interaction with DNA.28 Recent
molecular docking studies have shown that indoles engage in -
1t stacking and preferentially intercalate between G—C base
pair.2 Moreover, their environment-sensitive fluorescence has
been widely exploited in the development of chemosensor3®
and biomolecular labels.3! On this ground, and considering the
ability of chiral small molecules to recognize specific DNA
secondary structures,3 we investigated the spectroscopic
features of our compounds to assess their potential application
as fluorescent probes for DNA structure recognition. Notably,
molecules capable of selectively binding defined DNA
topologies may also serve as bioactive agents (e.g., Ga-DNA
ligands as anticancer compounds)3? or molecular sensors.3*
Accordingly, selected derivatives (2aa, 2aj, 2ak, 2ar, and 2as)
were examined by UV—-vis and fluorescence spectroscopy.

b) Absorption and ¢) Emission spectra in sodium buffer phosphate

——2aa
—2aj
——2ak
——2aq
——2as
- 2ar

Compound | Auss (NM) [ Ae (NM) sn:l(:n:;hift £(x10%) | ©(%) 10
2aa 277,345 | 340, 155 3.4 1.7
2aj 265,310 | 345,310 | 190, 155 a4 7.3 g 0%
2ak 290,350 | 350 155 26 3.1 E
2aq 266,355 | 355 160 3.4 9.0 206
2ar 269,320 | 320 130 33 8.3 g
2as 275,335 | 335 165 3.0 8.9 4
E 044
1 z
a - 2aa: R' = Me, R? = H, R*= Ph
A 2aj:R' = Me, R? = H, R® = 2-Napht a3
o 2ak: R' = Me, R? = H, R3 = 2-Thiophenyl
o  2aq:R'=2-Napht, R?=H, R3=Ph
N, 2ar: R'=Me, RZ=F,R3=Ph
1= 2 = 3 = 00
Bn 2as: R' = Me, R = OMe, R® = Ph S a(;o

d) Circular Dicroism of (S)-2aj and (R)-2aj

3,0x10° =

——(S)2a)
——(Ry2aj 10x10°
= 20x10° =
k-]
g E 500004
Ng 1,0x10° 4 "s
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= £ 10x10 1
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e) Interaction between (S)-2aj or (R)-2aj and Z-DNA

Wavelenght (nm)

—— Complex of (S)-2aj and Z-ONA

—— Complex of (R)-2aj and Z-DNA
—— Sum of (S)-2aj + ZDNA SoTpst e
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Figure 2 (a) Table of photophysical properties of compounds 2aa, 2aj, 2ak, 2aq, 2ar and 2as. (b) UV-Absorption spectra, 20 uM solutions in sodium phosphate buffer (10 mM, pH =
7.4 + 5% DMSO). (c) Fluorescence emission spectra, 20 M solutions in sodium phosphate buffer (10 mM, pH = 7.4 + 5% DMSO). (d) CD of (S)-2aj and (R)-2aj, 10 uM solutions in
phosphate buffer (10 mM, pH = 7.4 + 5% DMSO). (e) CD showing the interaction between (S)-2aj and (R)-2aj with Z-DNA (blue line). The sum spectrum (2aj+Z-DNA) is also reported
(green line). Spectra were recorded in sodium phosphate buffer (10 mM pH = 7.4, 1M Mg(ClO4), + 5% DMSO
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The molar extinction coefficients, as determined in phosphate
buffer, as well as the absolute quantum vyields and the
excitation and emission fluorescence spectra are shown in
Figure 2a-c. The absorption profile of indole typically features
three bands around 270, 280, and 290 nm.3°

The compounds analysed show comparable patterns: a band
centred at 275 nm is evident for 2aa and 2as in both buffer and
dichloromethane (Figure 2b and Fig. S5a). In 2ar, the absorption
maximum at 269 nm is blue-shifted relative to 2aa, consistent
with replacement of hydrogen by fluorine at the R2-position of
the indole. Additionally, a broad band above 300 nm is
observed, likely arising from the combined contributions of
multiple aromatic rings. Compounds 2aq and 2as display
distinct maxima at 315 and 325 nm, respectively. The ability of
the synthesised compounds to emit fluorescence in aqueous
conditions was then evaluated. Initial measurements were
performed upon excitation at the absorption maxima identified
in the UV spectra. Weak emissions were observed at 495 nm
upon excitation at 275 nm. The excitation spectra recorded
setting the emission at 495 nm revealed a broad peak, with one
or two maxima between 310 and 355 nm, as reported in Figure
2a. These values were employed for recording emission spectra
(Figure 2c). We next assessed, by fluorescence and circular
dichroism (CD) spectroscopy, the ability of 2aj to interact with
DNA. Compound 2aj was selected since it bears a planar
naphthyl ring, which could further promote the interaction with
DNA by intercalation. Moreover, 2aj is the only derivative with
R! = Me and R? = H displaying two well-resolved excitation
maxima (310 and 345 nm), whereas all other analogues show a
wide excitation spectrum, with a unique maximum, around 345
nm (Fig. S6). Based on the chemical structure and literature
data3>36 we hypothesise that the maximum at 310 is ascribed to
the naphthyl chromophore. Excitation at either 310 or 345 nm
afforded identical emission profiles, with Aemmax) = 495 nm.
Experiments were carried out on both enantiomers (S and R), to
verify whether the chirality could affect the interaction mode
with DNA. We selected from literature well characterized DNA
sequences; (CG)s was exploited for studies with B- and Z-DNA,37
while a 18-mer sequence derived from the c-MYC promoter,
rich in guanine, was used to produce the quadruplex structure
(G4).38 We compared the spectra of (R)- and (S)-2aj in buffer
with those of the respective enantiomers incubated with DNA
(Fig. S8-S9). Upon interaction with all DNA sequences, the
maximum emission wavelength did not change in a significative
fashion, whereas the intensity of the signal changed and in all
cases it increased. Notably, (S)-2aj incubated with B-DNA
showed a more pronounced intensity change upon excitation at
310 nm than at 345 nm, suggesting a specific involvement of the
naphthyl unit in binding. Furthermore, based on the higher
fluorescence emission observed, we may speculate that (R)-2aj
preferentially interacts with quadruplexes vs duplexes, whereas
(S)-2aj did not display a similarly marked trend (Fig. S8—S10).
Overall, fluorescence data suggest that both (R)- and (S)-2aj
interact with DNA though additional studies are required to
confirm the preference of (R)-2aj for quadruplexes for a
practical exploitation.

This journal is © The Royal Society of Chemistry 20xx
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CD spectra were then recorded for (RPOand1Sp2j;Foi0the
oligonucleotides, and for the complexes with DNA. CD spectrum
of (S)-2aj exhibits one intense positive band at 250 nm and two
negative bands at 270 and 310 nm, in line with its absorption
features. The enantiomer (R)-2aj exhibits, as expected, a CD
spectrum specular to that of (S)-2aj (Figure 2d) while CD spectra
of B-, Z- and G4-DNA are consistent with those reported in the
literature (Fig. S11). Figure 2e and Figs. S12-S13 show the CD
spectra of the (R)- and (S)-2aj/DNA complexes alongside the
‘sum spectrum’, obtained by adding the spectra of the
individual components. The marked differences observed
suggest that (R)- and (S)-2aj interacts with B-DNA and Z-DNA, as
the bands of the superimposed spectra exhibit different
intensity and/or wavelength. Of note, the band centred at 240
nm in the (R)-2aj and (S)-2aj complexes with Z-DNA (Figure 2e)
differs significantly by the same band in the sum spectrum. As
this band is due to the contribution of 2aj, we may hypothesise
that 2aj adapts its structure to Z-DNA. The interaction of 2aj
enantiomers with the quadruplex structure may be
hypothesised based on the differences in the intensity of the
signal around 240 nm; in this case the changes are not so
evident, as the intensity in the signal of the DNA is very high
compared to that of 2aj, reasonably due to the higher number
of chromophores in the quadruplex. Together, the CD data
corroborate the fluorescence results, indicating that (R) and (S)-
2aj interacts with DNA and suggest that the secondary structure
of the oligonucleotides is not affected.

Conclusions

We have developed a gold(l)-catalysed atroposelective
intramolecular cyclisation that enables the direct synthesis of
axially chiral indole-fused diazocines. This strategy addresses
long-standing challenges in the enantioselective construction of
medium-sized N-bridged biaryls and provides efficient access to
highly rigid, configurationally stable C—N atropisomers. The
synergistic combination of a BINOL-derived phosphoramidite
ligand and cationic gold activation is key to achieving high
efficiency and excellent enantioselectivities across a broad
substrate scope. Structural analyses and DFT calculations
elucidate the origin of stereocontrol, indicating that
enantioselectivity is governed by a steric gating mechanism
operating  within a ligand-induced  chiral pocket.
Complementary QTAIM analysis further supports this picture by
showing that a highly organized network of intramolecular non-
covalent interactions preferentially stabilizes the (S)-pathway
and its associated intermediates, thereby reinforcing the
observed atroposelectivity. The synthetic utility of the resulting
diazocines is demonstrated by their scalable preparation, broad
derivatisation potential, and comprehensive spectroscopic
characterisation. In addition, both enantiomers of 2aj exhibit
measurable interactions with B-, Z-, and G4-DNA, as evidenced
by fluorescence and circular dichroism studies, suggesting their
potential for applications in biomolecular labelling under
aqueous conditions, without perturbing nucleic acid secondary
structures. Overall, this work establishes the first general
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catalytic entry to indole-fused diazocine atropisomers and
expands the boundaries of atroposelective cyclisation
chemistry toward medium-sized N-bridged systems, opening
new opportunities for the design of atropisomeric scaffolds
relevant to asymmetric catalysis, molecular recognition, and
medicinal chemistry.

Author contributions

S. M.: conceptualisation, investigation, validation, data curation,
writing — review & editing. A. R.: conceptualisation, investigation,
resources, validation, writing — original draft. P. I.: investigation, data
curation. S. R.: investigation, data curation, resources, writing —
review & editing. A. C.: conceptualisation, formal analysis, data
curation, resources, validation, writing — original draft. G. A.:
conceptualisation, resources, funding aquistion, writing — review &
editing. V. P.: conceptualisation, investigation, validation, funding
acquisition, resources, supervision, writing — original draft.

Conflicts of interest

There are no conflicts to declare

Data availability

All data supporting the findings of this study are available within
the article and the Electronic Supplementary Information (ESI).
The ESI includes full experimental procedures, compound
characterisation data (NMR, HRMS, chiral HPLC), computational
details (DFT energies, QTAIM analyses, and Cartesian
coordinates), spectroscopic data (UV—vis, fluorescence, circular
dichroism), and DNA interaction studies. Additional data are
available from the corresponding author upon reasonable
request.

Acknowledgements

This project was funded by the Italian MIUR (PRIN 20227Z3BL3).
Mass spectrometry and XRD analyses were performed at the
Unitech COSPECT at the University of Milan. Mrs. Donatella
Nava is gratefully acknowledged for NMR analyses. We thank
Prof. Luisa De Cola for providing access to the spectroscopic
instrumentation and Prof. Gabriele Di Carlo for performing the
absolute quantum yield measurements.

Notes and references

¥ CCDC deposition number 2497353 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe via
https://www.ccdc.cam.ac.uk/structures/.

1 (a) M. McCarthy and P. J. Guiry, Tetrahedron, 2001, 57, 3809.
(b) J. F. Teichert and B. L. Feringa, Angew. Chem. Int. Ed., 2010,
49, 2486. (c) M. P. Carroll and P. J. Guiry, Chem. Soc. Rev.,

10 | J. Name., 2012, 00, 1-3

10

11

2014, 43, 819. (d) Q. Yue, B. Liu, G. Liao and B.-F, Shi, ACS
Catal., 2022, 12, 9359. DOI: 10.1039/D65C00020G
(a) G. Bringmann, T. Gulder, T. A. M. Gulder and M. Breuning,
Chem. Rev., 2011, 111, 563. (b) J. E. Smyth, N. M. Butler and
P. A. Keller, Nat. Prod. Rep., 2015, 32, 1562. (c) S. R. Laplante,
L. D. Fader, K. R. Fandrick, D. R. Fandrick, O. Hucke, R. Kemper,
S. P. F. Miller and P. J. Edwards, J. Med. Chem., 2011, 54, 7005.
(d) Z. Wang, L. Meng, X. Liu, L. Zhang, Z. Yu and G. Wu, Eur. J.
Med. Chem., 2022, 243, 114700. (e) M. Basilaia, M. H. Chen, J.
Secka and J. L. Gustafson, Acc. Chem. Res., 2022, 55, 2904.
(a) L. Pu, Acc. Chem. Res., 2012, 2, 150. (b) D. -W. Zhang, M. Li
and C. -F. Chen, Chem. Soc. Rev., 2020, 49, 1331. (c) C. Kang,
Z. Zhang, S. Kusaka, K. Negita, A. K. Usadi, D. C. Calabro, L.
Saunders Baugh, Y. Wang, X. Zou, Z. Huang, R. Matsuda and
D. Zhao, Nat. Mater., 2023, 22, 636.

(a) S. L. Pira, T. W. Wallace and J. P. Graham, Org. Lett., 2009,
11, 1663. (b) H. Tabata, H. Suzuki, K. Akiba, H. Takahashi and
H. Natsugari, J. Org. Chem. 2010, 75, 5984.

L. A. de Ceuninck van Capelle, C. J. T. Hyland, J. M. Macdonald
and C. J. T. Hyland, Org. Biomol. Chem., 2021, 19, 7098.

(a) G. llluminati and L. Mandolini, Acc. Chem. Res., 1981, 14,
95. (b) G. A. Molander, Acc. Chem. Res., 1998, 31, 603. (c) R.
L. Reyes, T. lwai and M. Sawamura, Chem. Rev., 2021, 121,
8926.

For selected reviews see: (a) G. Bringmann, A. J. Price
Mortimer, P. A. Keller, M. J. Gresser, J. Garner and M.
Breuning, Angew. Chem. Int. Ed., 2005, 44, 5384. (b) P. Loxq,
E. Manoury, R. Poli, E. Deydier and A. Labande, Coord. Chem.
Rev., 2016, 308, 131. (c) Y.-B. Wang and B. Tan, Acc. Chem.
Res., 2018, 51, 534. (d) A. K. Clarke and W. P. Unsworth, Chem.
Sci., 2020, 11, 2876. (e) B. Zilate, A. Castrogiovanni and C.
Sparr, ACS Catal., 2018, 8, 2981-2988. (f) J. K. Cheng, S.-H.
Xiang, S. Li, L. Ye and B. Tan, Chem. Rev., 2021, 121, 4805—
4902. (g) C.-X. Liu, W.-W. Zhang, S.-Y. Yin, Q. Gu and S.-L. You,
J. Am. Chem. Soc., 2021, 143, 14025-14040.

(a) J. Wencel-Delord, A. Panossian, F. R. Leroux and F.
Colobert, Chem. Soc. Rev., 2015, 44, 3418. (b) N. Kotwal,
Tamanna and P. Chauhan, Chem. Commun., 2022, 58, 11031.
(c)S.lJia, Y. Hao, Y. Liand Y. Lan, Nat. Rev. Chem., 2025, 9, 617.
(a) T. Saget and N. Cramer, Angew. Chem., 2013, 125, 8019.
(b) C. G. Newton, E. Braconi, J. Kuziola, M. D. Wodrich and N.
Cramer, Angew. Chem. Int. Ed., 2018, 57, 11040. (c) J. Liu, X.
Yang, Z. Zuo, J. Nan, Y. Wang and X. Luan, Org. Lett., 2018, 20,
244. (d) Y. Zhou, Z. Zhao, L. Shi, F. Meng and Y. Li, Org. Chem.
Front., 2019, 6, 1572. (e) Z. B. Zhao, Y. G. Zhou, L. Shi, Y. Li and
F. G. Meng, Org. Biomol. Chem., 2019, 17, 6364. (f) T. Yang, X.
Guo, Q. Yin and X. Zhang, Chem. Sci., 2019, 10, 2473. (g) Y.
Zhang, Y.-Q. Liu, L. Hu, X. Zhang and Q. Yin, Org. Lett., 2020,
22, 6479. (h) S. Zhang, Z. Feng, C. Jiang, X. Yu, J. Pan, J. Pan, J.
Du, Z. Jiang, Y. Chen and T. Wang, Chem. Eur. J., 2021, 27,
11285. (i) P. R. Salamanca, R. M. de la Calle, V. Rodriguez, P.
M. R. Fernandez, J. M. Lassaletta and V. Hornillos, Chem. Sci.,
2021, 12, 15291. (j) W. Hu, X. Wang, Y. Peng, S. Luo, J. Zhao
and Q. Zhu, Org. Lett., 2022, 24, 3642. (k) X. Yang, L. Wei, Y.
Wu, L. Zhou, X. Zhang and Y. R. Chi, Angew. Chem. Int. Ed.,
2023, 62, €202211977.

(a) S. Lu, J. Y. Ong, H. Yang, S. B. Poh, X. Liew, C. S. D. Seow, M.
W. Wong and Y. Zhao, J. Am. Chem. Soc., 2019, 141, 17062.
(b) J.-Y. Du, T. Balan, T. D. W. Claridge and M. D. Smith, J. Am.
Chem. Soc., 2022, 144, 14790. (c) S.-H. Wang, S.-Qi. Wei, Y.
Zhang, X.-M. Zhang, S.-Y. Zhang, K.-L. Dai, Y.-Q. Tu, K. Lu and
T.-M. Ding, Nat. Commun., 2024, 15, 4591. (d) D. Zhang, J.
Zhou, T. Qin and X. Yang, Chem Catalysis, 4, 100827.

(a) S. Jia, Y. Tian, X. Li, P. Wang, Y. Lan and H. Yan, Angew.
Chem. Int. Ed., 2022, 61, €202206501. (b) S.-J. Liu, X. Wang, J.-
X.Yang, X.S. Ao, S.-F. Ni, Y.-C. Zhang and F. Shi, Nat. Commun.,
2025, 16, 6605.

This journal is © The Royal Society of Chemistry 20xx

Page 10 of 12


https://www.ccdc.cam.ac.uk/structures/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00020g

Page 11 of 12

Open Access Article. Published on 28 April 2026. Downloaded on 4/29/2026 12:56:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

For recent reviews on the enantioselective synthesis of C—N
atropoisomers see: (a) J. S. Sweet and P. C. Knipe, Synthesis,
2022, 54, 2119. (b) G.-J. Mei, W. L. Koay, C.-Y. Guan and Y. Lu,
Chem, 2022, 8, 1855-1893. (c) Y.-J. Wu, G. Liao and B.-F. Shi,
Green Synth. Catal., 2022, 3, 117. (d) P. Rodriguez-Salamanca,
R. Fernandez, V. Hornillos and J. M. Lassaletta, Chem. Eur. J.,
2022, 28, €202104442.

S. Huang, H. Wen, Y. Tian, P. Wang, W. Qin and H. Yan, Angew.
Chem., 2021, 133, 21656.

Y. Wang, Y. Huang, X. Bao, X. Wei, S. Wei, J. Qu and B. Wang,
Chem. Sci., 2024, 15, 8880.

L.-F. Tao, F. Huang, X. Zhao, L. Qian and J.-Y. Liao, Cell Rep.
Phys. Sci., 2023, 4, 101697.

(a) H. C. Shen, Tetrahedron, 2008, 64, 3885. (b) H. C. Shen,
Tetrahedron, 2008, 64, 7847. (c) M. Rudolph and A. S. K.
Hashmi, Chem. Commun., 2011, 47, 6536. (d) R. Dorel and A.
M. Echavarren, Chem. Rev., 2015, 115, 9028. (e) S. Das, Asian
J. Org. Chem., 2023, 12, e202300267. (f) T. Ghosh, J.
Chatterjee and S. Bhakta, Org. Biomol. Chem., 2022, 20, 7151.
(a) V. Pirovano, M. Borri, G. Abbiati, S. Rizzato and E. Rossi,
Adv. Synth. Catal., 2017, 359, 1912. (b) V. Pirovano, E.
Brambilla and G. Tserberlidis, Org. Lett., 2018, 20, 405. (c) V.
Pirovano, E. Brambilla, S. Rizzato, G. Abbiati, M. Bozzi and E.
Rossi, J. Org. Chem., 2019, 84, 5150. (d) E. Brambilla, E.
Moretti, M. Magni, G. Abbiati and V. Pirovano, Chem.
Commun., 2023, 59, 3281. (e) E. Brambilla, S. Meraviglia, E.
Moneta, D. Nava, S. Rizzato, G. Abbiati and V. Pirovano, Adv.
Synth. Catal., 2023, 365, 3958.

(a) G. S. Modha, D. D. Vachhani, J. Jacobs, L. Van Meervelt and
E. V. Van der Eycken, Chem. Commun., 2012, 48, 6550. (b) D.
D. Vachhani, A. Kumar, S. G. Modha, S. K. Sharma, V. S. Parmar
and E. V. Van der Eycken, Synthesis, 2015, 47, 1337.

A. K. Verma, R. R. Jha, V. K. Sankar, T. Aggarwal, R. P. Singh
and Ramesh Chandra, Eur. J. Org. Chem., 2011, 6998.

A. Kumar, D. D. Vachhani, S. G. Modha, S. K. Sharma, V. S.
Parmar and E. V. Van der Eycken, Eur. J. Org. Chem., 2013,
2288-2292.

(a) Y. Zhou, X. Ji, G. Liu, D. Zhang, L. Zhao, H. Jiang and Hong
Liua, Adv. Synth. Catal., 2010, 352, 1711. (b) N. T. Patil, P. G.
V. V. Lakshmi and Vipender Singh, Eur. J. Org. Chem., 2010,
4719.

J. Barluenga, M. Piedrafita, A. Ballesteros, A. L. Sudrez-
Sobrino and J. M. Gonzalez, Chem. Eur. J., 2010, 16, 11827.
(a) R. F. W. Bader, Atoms in Molecules: A Quantum Theory,
Oxford University Press, Oxford, 1990. (b) R. F. W. Bader, M.
T. Carroll, J. R. Cheeseman and C. Chang, J. Am. Chem. Soc.,
1987, 109, 7968. (c) R. F. W. Bader, T. S. Slee, D. Cremer and
E. Kraka, J. Am. Chem. Soc., 1983, 105, 5061.

M. Papis, R. Bucci, A. Contini, M. L. Gelmi, L. Lo Presti, G. Poli,
G. Broggini and C. Loro, Org. Lett., 2023, 25, 7380.

I. Maffucci, S. Pellegrino, J. Clayden and A. Contini, J. Phys.
Chem. B, 2015, 119, 1350.

(a) M. Bandini, A. Bottoni, M. Chiarucci, G. Cera, G. P.
Miscione, J. Am. Chem. Soc., 2012, 134, 20690. (b) J. Peters
and F. Himo, Chem. Eur. J., 2025, 31, e202404480.

Y. Liu, Z. Yu, J. Z. Zhang, L. Liu, F. Xia and J. Zhang, Chem. Sci.,
2016, 7, 1988.

(a) E. A. Lafayette, S. M. Vitalino de Almeida, R. V. Cavalcanti
Santos, J. Ferreira de Oliveira, C. A. da Cruz Amorim, R. M.
Ferreira da Silva, M. G. da Rocha Pitta, I. da Rocha Pitta, R. O.
de Moura, L. B. de Carvalho Junior, M. J. B. de Melo Régo and
M. do C. A. de Lima, Eur. J. Med. Chem., 2017, 136, 511. (b) S.-
M. Chang, W. Christian, M.-H. Wu, T.-L. Chen, Y.-W. Lin, C.-S.
Suen, H. B. Pidugu, D. Detroja, A. Shah, M.-J. Hwang, T.-L. Su
and T.-C. Lee, Eur. J. Med. Chem., 2017, 127, 235.

C. M. Dragoi, D. M. Margina, A. Zanfirescu, |.-B. Dumitrescu
and A.-C. Nicolae, Chemistry, 2024, 6, 922.

This journal is © The Royal Society of Chemistry 20xx

30

31

32

33

34

35

36

37

38

Chemical Science

P. Ghosh, A. Karak and A. K. Mahapatra, Org. B(’;‘Jervrvlgrlﬁcgeh&m.é
2024, 22, 2690. DOI: 10.1039/D65C00020G
K. Jiang, Y. Huang, Z. Wang, X. Tian, A. Wu, W. Liang and B. Liu,
Dyes Pigments, 2025, 239, 112735.

(a) J. K. Barton, J. Biomol. Struct. Dyn., 1983, 1, 621. (b) X. Qu,
J.O.Trent, |. Fokt, W. Priebe and J. B. Chaires, Proc. Natl. Acad.
Sci. U.S.A., 2000, 97, 12032. (c) Y. Xu, Y. X. Zhang, H. Sugiyama,
T. Umano, H. Osuga and K. Tanaka, J. Am. Chem. Soc., 2004,
126, 6566. (d) M.-A. Dubois, A. Grandbois, S. K. Collins and A.
R. Schmitzer, J. Mol. Recognit., 2011, 24, 288.

A. Cheng, C. Liu, W. Ye, D. Huang, W. She, X. Liu, C. P. Fung, N.
Xu, M. Ching, S. W. Ye, H. H. Y. Sung, |. D. Williams, G. Zhu and
P.-Y. Qian, J. Med. Chem., 2022, 65, 12825.

H. Zhang, J. Xiang, H. Hu, Y. Liu, F. Yang, G. Shen, Y. Tang and
C. Chen, Int. J. Biol. Macromol., 2015, 78, 149.

A. S. Belova, Y. N. Kononevich, V. A. Sazhnikov, A. A. Safonov,
D. S. lonov, A. A. Anisimov, O. I. Shchegolikhina, M. V. Alfimov
and A. M. Muzafarov, Tetrahedron, 2021, 93, 132287.

B. Narayan, K. Nagura, T. Takaya, K. lwata, A. Shinohara, H.
Shinmori, H. Wang, Q. Li, X. Sun, H. Li, S. Ishihara and T.
Nakanishi, Phys. Chem. Chem. Phys., 2018, 20, 2970.

S. Bae, H. Son, Y.-G. Kim and S. Hohng, Phys. Chem. Chem.
Phys., 2013, 15, 15829.

R. W. Harkness and A. K. Mittermaier, Nucleic Acids Res.,
2016, 44, 3481.

J. Name., 2013, 00, 1-3 | 11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00020g

Open Access Article. Published on 28 April 2026. Downloaded on 4/29/2026 12:56:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Chemical Science Page 12 of 12

DAS DOI: 10.103\3/656/%5'&%%89(\;5
All data supporting the findings of this study are available within the article and the Electronic
Supplementary Information (ESI). The ESI includes full experimental procedures, compound
characterisation data (NMR, HRMS, chiral HPLC), computational details (DFT energies, QTAIM
analyses, and Cartesian coordinates), spectroscopic data (UV-vis, fluorescence, circular
dichroism), and DNA interaction studies. Additional data are available from the

corresponding author upon reasonable request.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00020g

