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ABSTRACT: A new class of cyclazine analogues with periphery
reminiscent of an aza[10]annulene framework, tethered internally
by an sp3 carbon, is presented. In depth structure analysis based on
NMR and X-ray diffraction data gave a deeper insight into the
effect of electron delocalization on their structure and properties. A
characteristic change in chemical shift positions suggested an
aromatic ring current in these systems. Attractive emission
properties in solid and solution states involving charge transfer is
another highlight.

“Aromaticity” is one of the most important fundamental
concepts in chemistry that elegantly links electronic character-
istics of molecules with a special type of bonding, reactivity,
and properties.1,2 Apart from delocalization solely through π-
frameworks, involvement of σ bonds has also been
demonstrated in systems like PtZnH5

−.3 In terms of chemical
diversity, this area is enriched with numerous examples of
neutral and charged cyclic polyenes,4,5 expanded/macrocyclic
porphyrins,6−8 transition-metal clusters, etc.9,10 Theoretical
prediction of aromatic stabilization in hypothetical systems and
their realization through chemical synthesis make this a vibrant
frontier in scientific advancement.10−12

Cyclazines, which possess a peri-fused π-framework with a
nitrogen atom occupying the central position, have received
special attention compared to simple aromatics.13,14 Their
syntheses generally involve cycloaddition of preformed
indolizines or their analogues with suitable alkynes, but other
routes employing properly substituted heterocyclic precursors
through successive cyclization steps are also known.15−23 Apart
from therapeutic relevance, they show interesting redox and
photophysical properties and have potential use in the areas of
molecular electronics, solar cells, etc.18,24,25 An equally
interesting group is their carbon analogues in which the
central position is occupied by an sp3 carbon.26 Topological
isomers of such systems, which possess centers carrying either
lone pairs of electrons (heteroatom) or a vacant p-orbital in
one of the peripheral positions, are also possible but are much
less investigated.27 During our synthetic studies involving
indolizinones, we have unraveled a novel reaction pathway that
leads to 3′,8a-dihydrocyclopenta[hi]indolizin-8a-ol frame-
works, which are potential precursors of such systems.28 The
outer rim of atoms in this case is reminiscent of an
aza[10]annulene framework that has received both exper-

imental and theoretical interest as the higher aromatic
analogue of pyridine (Figure 1).29

Though evidence for the formation of a delocalized 10-
electron system from these aza-tricyclic precursors was
gathered through NMR experiments,28 their isolation in pure
form, crystallographic structure determination, and investiga-
tion of chemical characteristics were pending. Our concerted
efforts along these lines have given promising results, and this
forms the first report on the complete characterization of
charged cyclazines with nitrogen on the periphery (Figure 1).
Synthesis of aza-tricyclic precursors 3a−g (Scheme 1) involved
[8 + 2] cycloaddition of suitably substituted indolizinones with
dimethylacetylene dicarboxylate (DMAD). These reactions
also afforded 1,2-dihydropyrrol-3-ones (2a−g) as the side
products which independently have relevance as anticancer
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Figure 1. Comparison of the structures of aza[10]annulene and
cyclazine with the new analogues reported here.
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leads.28,30 Having the peripheral nitrogen and tert-hydroxyl
group in a 1,4-relationship, dehydration under acidic
conditions was expected to give a continuous π-framework
with 10 electrons as shown in Scheme 1. After the preparation
of 3a from indolizinone 1a and DMAD, it was dissolved in
chloroform and exposed to HBF4·Et2O at 0 °C. Complete
disappearance of the starting material accompanied by the
formation of a highly polar product was observed in just 5 min.
Removal of excess HBF4·Et2O by repeated washing with
diethyl ether followed by hexane gave a pure yellow-colored
solid (4a) in high yield (96%) which was stable for storage
under normal laboratory conditions (Supporting Information).
HRMS spectrum of this compound had a base peak at m/z =
424.1534, corresponding to the molecular formula
C27H22NO4. The same protocol was used to prepare 4b−g
in 88−98% yields from the corresponding precursors (3b−g).
They were also characterized by a combination of spectro-
analytical techniques, details of which are included in the
Supporting Information.
In the 1H NMR spectrum, the central CH3 of 3a gave a

signal at 0.80 ppm whereas in 4a, the corresponding signal
appeared at −0.24 ppm (Figure S37). The olefinic proton
signals in 3a were in the range of 5.90−6.85 ppm, but the
corresponding protons in 4a appeared much farther downfield,
between 8.35 and 9.50 ppm. A similar trend was seen in all
other compounds in this series, suggestive of a ring current
effect (Table S8, Figures S7 and S21). Since the carbon nuclei
associated with these protons are also situated in comparable
environments, a similar response was anticipated. 13C signals
from carbons along the rim shifted downfield as expected.
However, instead of an upfield shift, the central CH3 signal was
also found to move downfield, which is atypical (a downfield
shift of 16 ppm with respect to the precursor was observed in
the case of 4a; Figure S37). Apart from geometrical aspects,
the chemical shift positions are influenced by charge,
hybridization states, or electronegativity differences and are
important in the present context. During the formation of 4,
the precursor 3 loses the tert-hydroxyl group from position-4
(Scheme 1) and also gains a positive charge. These changes
could influence the chemical shifts and are likely deshielding in
nature. The observed downfield shift in the case of the central
13CH3 signal could therefore represent the result of these
mutually opposing effects, viz. shielding effect from ring

current and deshielding effect from changes in the electronic
structure.
The downfield shift of signals from the outer protons and

upfield shift of that from the central CH3, taken together, point
toward diamagnetic ring current in 4a−g, but it is important to
note that aromaticity is a multidimensional phenomenon and
cannot be assessed by magnetic criteria alone.1,31−36 In light of
this, further experimental and theoretical studies by including
more structurally related compounds are needed to fully
understand the ring current in the present class of molecules.
Since a deeper insight into the structure of 4a−g, especially

the key changes in the core as a result of electron
delocalization is possible through X-ray crystallographic
analysis, efforts were made to secure diffractable crystals of
both starting materials and the products. Gratifyingly, after
screening a series of conditions, we succeeded in obtaining
crystals of 3d from methanol and 4d from CDCl3, and the
respective structures are presented in Figure 2. Crystals of 3d

Scheme 1. Synthesis of Charged Cyclazine Analogues 4a−g Possessing an sp3 Carbon at the Center and Nitrogen Atom on the
Periphery

Figure 2. X-ray structures of 3d and 4d; side views of the tricyclic
core in these compounds are shown separately in the inset. Atomic
positions are arbitrarily labeled from a-l; CCDC numbers of 3d and
4d are 2043141 and 2043140, respectively.
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belonged to the monoclinic system with a P21/c space group,
whereas those of 4d were triclinic with a P-1 space group.
Details of the crystallographic data are included in Tables S1−
S4. The inset of Figure 2 shows the overall change in the
tricyclic core as 3d transforms to 4d. The central carbon
retained sp3 geometry with minimum compromise from typical
bond angles (Table S3), whereas the atoms situated along the
outer rim were found to reach a near-planar arrangement to
facilitate delocalization of electrons! Hyperconjugative inter-
action of the central C−CH3 σ-bond with suitably aligned
antibonding orbitals may also be contributing to the overall
stability. Notable changes were seen in bond angles and bond
lengths around the carbon that carried the tert-hydroxyl group.
Flattening of the structure is associated with widening of angle
∠ijk from 113.10° (3d) to 140.30° (4d) as well as ∠cbg from
107.2° (3d) to 114.2° (4d). A small decrease in bond lengths
of Cb−Cj (1.549 to 1.451 Å); Nc−Cl (1.398 to 1.368 Å), Ck−
Cj (1.529 to 1.396 Å), Cj−Ci (1.530 to 1.421 Å) and an
increase in Ck−Cl bond length (1.354 to 1.425 Å) are also
consistent with delocalization effects (Table S4, Figures S1−
S3).
Impressive colors of 4a−d in the solid and solution states

(Figure 3) and their attractive emission behavior prompted us

to investigate their photophysical characteristics in a greater
detail. Those containing NO2 group (4e, 4g, and 4f) were
brown gummy solids and were not included in the study.
Absorption spectra of these compounds (4a−d) were

recorded in toluene, dichloromethane (DCM), ethyl acetate,
and acetonitrile (Figure S4, Table S5). The spectrum of 4a in
DCM showed three absorption bands at 330, 402, and 490 nm.
Similar behavior was observed in toluene and acetonitrile, with
slight variation in the wavelengths of absorption. Compounds
4b and 4c having an −OMe group at the para-position of the
aryl ring at either C-2 or C-3 also exhibited similar absorption
behavior (Table S5). The compound 4d with an −OMe group
on both these rings displayed four absorption bands in most of
the solvents. The nature of these electronic transitions was
analyzed by TD-DFT calculations using the B3LYP/6-31G(d)
method, taking 4d as a representative example (Figure S6 and
Table S7). In this compound, the occupied orbitals were found
to have their major contribution from the 1,2-diaryl fragment,
while the unoccupied orbitals are mainly located on the aza-

tricyclic moiety. Therefore, the electronic transitions appear to
involve an intramolecular charge transfer from the 1,2-diaryl
fragment to the aza-tricyclic core.
The emission spectra of these compounds were subse-

quently recorded in different solvents (Figure S5). Compound
4a exhibited dual emission in DCM with λem at 457 and 520
nm. An identical emission pattern with λem at 442 and 584 nm
was observed in compound 4b. Their behavior in other
solvents such as toluene, ethyl acetate, and acetonitrile were
also similar (Table S5). On the contrary, the emission of 4c
having an −OMe group on the C-3 aryl ring displayed a broad
emission band in all of the solvents studied; in DCM its λem
was centered around 600 nm. The compound 4d having
−OMe group on C-2 and C-3 aryl rings had an emission at 588
nm in DCM. The emission spectra of these compounds in
DCM are shown in Figure 3c, and the data from other solvents
are included in Table S5.
The red-shift in emission on introducing −OMe illustrates

the tunable photophysical behavior of these cyclazines. The
quantum yields of 4a, 4b, 4c, and 4d in DCM were estimated
as 0.3%, 1.24%, 1.82%, and 2.33%, respectively (Table S6).
Overall, these observations suggest that the aryl rings at C-2
and C-3 positions exert different electronic effects on the aza-
tricyclic core and also show the potential of this unit to act as
an efficient acceptor in charge-transfer-mediated photophysical
responses.
Conventional flat aromatic molecules exhibit excellent

emission in solution, but their solid-state emissions are
generally mediocre, which limits their application poten-
tial.37,38 The peripherally conjugated heterocyclic framework
discussed here resembles a “Vietnamese hat” with a shallow
cone, and could be an ideal framework for developing solid-
emissive materials. The structure and lattice arrangement of 4d
presented in Figure 4 shows a number of features which favor
this.
The lattice is formed from enantiomers (E1 and E2, Figure

4a) of this molecule arranged in separate rows. The unique
geometry of the core along with its substitution pattern
prevented them from establishing any significant secondary
interaction with one another; the only proximity was seen
between C-3 aryl ring of one enantiomer with that of another.
They existed in a “parallelly displaced” arrangement, with an
offset distance of about 2.7 Å and centroid−centroid distance
of 3.17 Å (Figure 4b).39 At the same time, BF4

− counterions
and cocrystallized water molecules were found to form
independent channels and bridge these enantiomers efficiently
(Figure S1). On one hand, absence of efficient π-stacking of
chromophores can be expected to thwart the quenching
process after excitation, and on the other, their interactions
involving counterions and the water molecules could decrease
rotational possibilities. To know whether these factors would
favor good emission in the solid state, a systematic study was
carried out. The solid-state emission behavior and spectra of
these compounds are shown in Figure 3b,d. The parent
molecule 4a had λem at 503 nm, whereas the compounds 4b,
4c, and 4d showed emissions at 546, 595, and 601 nm
respectively.
The red-shift in emission wavelength with substitution

parallels their behavior in solution and provides additional
support in favor of the tunable photophysical features of the
aza-tricyclic scaffold. The absolute quantum yields of 4a, 4b,
and 4d were recorded using an integrating sphere and were
found to be 2.85, 4.10, and 11.4, respectively. These values

Figure 3. (a) Solutions of 4a−d in DCM when viewed under 352 nm
light. (b) Solid samples of 4a−d viewed under 352 nm light. (c)
Normalized emission spectra of 3.33 × 10−5 M solutions of 4a−d in
DCM. (d) Normalized solid-state emission spectra of 4a−d.
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corresponded to 9.5-, 3.3-, and 5-fold enhancement,
respectively, compared to their quantum yields in solution. A
compilation of photophysical parameters of 4a−4d is given in
Tables S5 and S6.
In summary, this report presents the synthesis and detailed

structure analysis of a new group of strained cyclazine
analogues, characterized by the presence of a central sp3

carbon and a nitrogen atom on one of the perepheral
positions. Despite having unfavorable angle strain posed by
the tetrahedral core, these 10-electron systems showed some
NMR characteristics of ring current. They also exhibited
prominent charge-transfer-driven photophysical characteristics.
The substituents on the C-2 and C-3 aryl rings were able to
tune the regions of absorption and emission, leading to an
excellent display of colors from green to red, both in solution
and solid states.
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