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ical route to triazatrinaphthylenes:
building blocks for p-extended, nitrogen-enriched
two-dimensional metal–organic frameworks

Rohan Mahapatra,ab Kalipada Koner,ab Ranajit Maityab and Rahul Banerjee *abc

Nitrogen-containing polyaromatic heterocycles are the key molecular materials in semiconducting and

optoelectronic devices, yet their synthesis typically depends on high-boiling, toxic organic solvents and

multi-step catalytic processes. Herein, we report a metal-free solid-state synthetic strategy followed by

thermal treatment for the efficient synthesis of the functionalized C3h-symmetric triazatrinaphthylene

(TNP) derivatives. Through rigorous optimisation of catalyst concentration, reaction stoichiometry,

temperature, and time, this protocol delivers nearly quantitative yields (up to 95%) while eliminating

hazardous solvents. The solid-state nature of the method also facilitated direct observation of the key

reaction intermediates, such as mono- and tri-imine species, and partially cyclized products, providing

mechanistic information for stepwise condensation and SNAr-mediated aromatisation. Importantly, our

synthetic approach allowed access to a hexa-hydroxy TNP ligand TNP(OH)6, which was further

employed to construct a two-dimensional Cu(II)-based metal–organic framework (Cu–TNP). The

resulting MOF exhibits high crystallinity, efficient p–p stacking, and a BET surface area of 821 m2 g−1.

This study showcases the utilisation of a solid-state synthetic route in accessing complex p-extended

architectures and positions nitrogen-rich TNPs as versatile platforms for functional materials design.
Introduction

The polyaromatic heterocycles serve as a versatile class of p-
conjugated molecular architectures that form central structural
building blocks for organic electronics, optoelectronic mate-
rials, and porous structures.1 They play a crucial role in the
design of metal–organic frameworks, where their rigid p-
conjugated backbones and heteroatom-rich coordination sites
enable the construction of highly ordered and stable porous
architectures. When incorporated as organic linkers, these
units impart MOFs with tunable electronic structures, extended
charge-delocalization pathways, and strong host–guest inter-
actions, thereby expanding their utility beyond gas storage and
separation to applications in electrocatalysis, photocatalysis,
chemical sensing, and energy conversion.2 Incorporation of
heteroatoms, especially nitrogen, into such scaffolds can
profoundly affect their electronic distribution, increase inter-
molecular interactions, and facilitate metal coordination, thus
broadening their functionality in both molecular and material
chemistry.3 Within this family, C3-symmetric nitrogen-
heteroaromatic polyaromatics have garnered considerable
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interest.4 Their planar, nitrogen-rich, disc-like topology enables
efficient p–p stacking, facilitates crystalline ordering, and
makes them ideal for integration into semiconducting plat-
forms and building blocks for metal–organic frameworks
(MOFs).5 However, the synthesis of such polyaromatic hetero-
cycles traditionally relies on stepwise Pd-catalysed cross-
couplings or harsh solvothermal conditions employing high-
boiling, toxic solvents, oen with poor yields and limited
substrate scope.6 In this work, we have developed a solid-state
synthetic strategy for triazatrinaphthylene (TNP) derivatives,
a class of nitrogen-containing polyaromatic hydrocarbons, via
mechanochemical grinding followed by thermal treatment.
Mechanochemistry, by virtue of inducing chemical trans-
formations through mechanical force, has recently emerged as
a sustainable synthetic platform with minimal solvent
consumption, high atom economy, and access to elusive reac-
tion pathways (Table 6,SI).7 While solvent-free synthetic
methods have been widely used for materials assembly and
coordination chemistry, their application in synthesising p-
extended, multi-nitrogen organic frameworks remains scarce.8

Through systematic optimisation of reactant stoichiometry,
acid catalysts, and thermal post-treatment, we have increased
the yield of TNP derivatives from 40–70% (solvothermal) to 80–
95%, while simultaneously suppressing competitive b-keto
enamine formation. In addition, the solid-state nature of the
reaction offered an advantage to track the key intermediates
(mono-imine, tri-imine, and cyclized species), which revealed
Chem. Sci.

http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc08373g&domain=pdf&date_stamp=2026-02-05
http://orcid.org/0000-0002-3547-4746
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08373g
https://pubs.rsc.org/en/journals/journal/SC


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 3

:2
2:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
profound insights into the sequence of transformation, typi-
cally obscured in solution procedures. Leveraging the resulting
TNP(OH)6 derivative as a planar, C3h symmetric ligand, we
synthesised a highly crystalline two-dimensional Cu-basedMOF
exhibiting a BET surface area of 821 m2 g−1. This work thus
demonstrates the intersection of polyaromatic heterocycle
design andmechanochemical synthesis to produce sustainable,
structurally complex, and functionally rich materials.
Results and discussion

Aromatic nucleophilic substitution (SNAr) reactions are widely
employed as a versatile strategy for covalent coupling between
electron-rich and decient aromatic moieties via heteroatoms.9

Conventionally, successful SNAr transformations require the
installation of strong electron-withdrawing groups in ortho and
para positions relative to the leaving group, thereby rendering
the aryl substrate sufficiently electrophilic.10 Interestingly, our
group recently demonstrated an unconventional SNAr route
between two electron-rich aromatic molecules,6e enabling the
construction of polyaromatic heterocycles through in situ imi-
nium intermediate formation. Specically, despite the presence
of three electron-donating methoxy substituents (+R effect),
2,4,6-trimethoxybenzene-1,3,5-tricarbaldehyde (Tp-OMe)
(Fig. S1–S6) exhibits SNAr reactivity upon formation of electro-
philic iminium intermediates, which activate the adjacent
methoxy-bearing carbon centers. Yet, in the traditional
solution-phase reactions, this transformation is normally
undermined by side reactions, especially the generation of
undesired b-keto enamines and mono-TNP species, leading to
Fig. 1 (a) Synthetic methodology of triazatrinaphthylene derivatives; (b)

Chem. Sci.
reduced yields of the target polyaromatic products. To address
these limitations, we developed a mechanochemical approach
that signicantly enhances the efficiency of the reaction. In this
method, 0.1 mmol of Tp-OMe (25 mg) was ground with appro-
priate aniline derivatives in the presence of an acid catalyst for
25 minutes using a mortar and pestle. Aer grinding, the
product was collected, and the 1H NMR spectrum conrmed the
formation of the tri-imine complex (Fig. S81 and S84). Under
mechanochemical conditions, the reaction mixture consistently
remains a dense, paste-like solid, even in the presence of liquid
aniline substrates and acetic acid, due to rapid adsorption of
the liquid components onto solid Tp-OMe. Such paste-like
states are well documented in mechanochemistry and are
effective in maintaining high local reactant concentrations and
efficient mass transfer under solvent-minimal conditions
(Fig. S13). The resulting mixture was then transferred to a glass
vial and subjected to thermal treatment (90 °C) for 24 hours
(Fig. 1a). Remarkably, this thermomechanical approach
improved the yield from a previously reported 40–70% to 70–
95%, depending on the substrate. For reaction optimisation, p-
amylaniline was chosen as a model aniline derivative owing to
the high solubility of the corresponding polyaromatic product,
and yields were quantied using 1H NMR with 1,3,5-tri-
methoxybenzene as an internal standard. We systematically
optimized the reaction conditions by varying key parameters,
including the equivalents of p-amylaniline, the acid catalyst and
its concentration, catalyst amount, reaction temperature, and
duration (Fig. 2). Reactions were conducted with varying
equivalents of p-amylaniline in the presence of 500 mL of acetic
acid (AcOH) at 120 °C for 24 hours, and the product yields were
synthesis of a Cu based metal organic framework from TNP(OH)6.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimized yield was obtained by conducting the reaction between 2,4,6-trimethoxybenzene1,3,5-tricarbaldehyde, and p-amylaniline,
(PAA), (a) % yield with different PAA equivalents, (b) % yield with different acids and bases, (c) % yield with acetic acid concentration, (d) % yield with
acetic acid volume, (e) % yield at different temperatures, and (f) % yield at different times.
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quantied via 1H NMR spectroscopy. The crude 1H NMR spectra
revealed a characteristic singlet at d 9.7 ppm, corresponding to
the most deshielded aromatic C–H proton adjacent to the pyr-
idinic nitrogen, alongside additional well-dened doublet–
singlet–doublet patterns at d 8.1, 7.8, and 7.6 ppm, respectively,
consistent with the formation of the TNP–p-Amyl product
(Fig. S22–S24). Beginning with 3 equivalents of p-amylaniline,
we gradually increased the amount to 9 equivalents relative to
the limiting aldehyde (Tp-OMe). The yield of the desired TNP–p-
Amyl showed a clear dependence on amine stoichiometry,
increasing from 49% at 3 equivalents to a maximum of 95% at 7
equivalents (Fig. 2a and S7). This trend can be accounted for by
noting that three equivalents are required for Schiff base
formation with the aldehyde groups, and the rest 3 eq. enables
© 2026 The Author(s). Published by the Royal Society of Chemistry
substitution of the methoxy groups through the SNAr process.
Although our initial hypothesis suggested that 6 equivalents of
p-amylaniline would be necessary for complete cyclisation,
given that each aromatic ring-forming event liberates three
equivalents of aniline, the reaction still proceeded with
moderate yield using only 3 equivalents, indicating a degree of
equilibrium-driven tolerance (Fig. S14). To probe this behavior,
Tp-OMe (0.40 mmol) was reacted with p-amylaniline (0.28
mmol) under the optimized conditions, aer which unreacted
p-amylaniline (z65 mL, 0.36 mmol) was recovered by chroma-
tography and identied by 1H NMR spectroscopy, supporting
partial regeneration of the amine during the reaction (Fig. S19).
Following stoichiometric optimisation, we screened a variety of
Brønsted acids as catalysts. Among the acids tested, glacial
Chem. Sci.
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acetic acid consistently produced the highest yield (95%) of
TNP–p-Amyl (Fig. S8). In contrast, p-toluenesulfonic acid affor-
ded only a 52% yield, while stronger acids such as hydrochloric
acid, triic acid, and triuoroacetic acid completely suppressed
product formation by promoting rapid in situ demethylation of
the transient tri-imine intermediate, followed by tautomeriza-
tion to a thermodynamically stable b-keto enamine, thereby
diverting the reaction from the productive cyclization pathway.
In contrast, acetic acid provides a sufficiently mild acidic envi-
ronment to enable efficient imine formation while avoiding
premature demethylation (Fig. S15–S17). Notably, no product
was observed under basic conditions using NaOH. Such
Brønsted acid-dependent reactivity suggests involvement of
a proton in the reaction pathway (Fig. 2b and S8). To further
probe the inuence of acid concentration, we investigated
a series of acetic acid solutions ranging from 3 M to 17.4 M
(glacial AcOH). The acid concentration was clearly correlated
with product yield, highlighting the signicance of proton
activity that expedites the reaction sequence. The yield of the
desired TNP derivative exhibited a dependence on acid
concentration, increasing from 65% to 95% as the concentra-
tion of acetic acid was increased from 3 M to 17.4 M (glacial
acetic acid) (Fig. 2c and S9). This trend reects the effect of acid
dilution: dilution of acetic acid signicantly inuences the
reaction outcome by increasing water activity in the medium.
While glacial acetic acid provides near-anhydrous conditions
that strongly favor imine condensation, diluted acetic acid
partially shis the equilibrium toward imine hydrolysis, leading
to reduced but still appreciable yields. Thus, the superior
performance of glacial acetic acid arises from its low water
content, which suppresses hydrolytic back-reactions and stabi-
lizes the reactive imine intermediates (Fig. S18). In addition to
acid concentration, acid stoichiometry also played a crucial role
in dictating reaction efficiency. We observed a progressive
increase in the yield when the volume of glacial acetic acid was
adjusted between 2 mL and 100 mL, reaching amaximum yield of
95% (Fig. 2d and S10). With the catalytic conditions already
optimised, we then explored the role of temperature and reac-
tion time in the formation of products. Temperature had
a relatively weaker impact on the polyaromatization outcome.
Increasing the reaction temperature from 70 °C to 120 °C
improved the yield from 80% to 95% (Fig. 2e and S11), which
suggests that key intermediates may already form during the
initial mechanochemical grinding, requiring only mild thermal
energy to complete cyclisation. This hypothesis was further
supported by time-dependent experiments. The TNP product
was isolable in 60% yield aer just 2 hours of heating, and the
yield gradually increased to 95% upon extending the reaction
time to 24 hours (Fig. 2f and S12). With a robust and high-
yielding solid-state protocol in place, we turned our attention
to substrate scope. We introduced a series of aniline derivatives
bearing diverse substituents to gain deeper insight into the
electronic and steric inuences on the reaction pathway.
Electron-donating substituents positioned ortho,meta, and para
to the amine functionality consistently afforded high yields (78–
95%), while unsubstituted aniline furnished the corresponding
TNP in 70% yield; alkyl-substituted anilines such as methyl
Chem. Sci.
(80%), propyl (93%), butyl (82%), isopropyl (94%), Amyl, and
tert-butyl demonstrated a consistent trend of increasing yields,
reaching up to 95% (Fig. S72–S79). This enhancement is
attributed to their positive inductive effects (+I), which likely
enhance the nucleophilicity of amines and facilitate nucleo-
philic aromatic substitution. Encouraged by these results, we
explored substituents with distinctive electronic characteristics,
including para-methoxy, phenoxy, and triuoromethoxy
groups, which combine the negative inductive effect (−I) with
the positive mesomeric effect (+M). Introduction of a strongly
electron-withdrawing group resulted in a noticeable decrease in
yield to 80%, underscoring the reaction's sensitivity to elec-
tronic effects on the nucleophilic aniline partner. We further
expanded the substrate scope by synthesising TNP derivatives
bearing heteroatom-rich functionalities, such as N,N-di-
methylamine (–NMe2) and morpholine. The morpholine-
substituted TNP was obtained in higher yield (88%) compared
to its NMe2 analogue (80%). In this SNAr-based cyclization, the
nucleophilicity of the aniline plays a central role. Anilines
bearing electron-donating groups (+M/+I effect) possess higher
electron density on the amino nitrogen, which promotes
nucleophilic attack and thus facilitates the overall trans-
formation. In contrast, anilines substituted with electron-
withdrawing groups (−M/−I effects) show reduced electron
density on the nitrogen, resulting in slower cyclization
compared with their electron-rich counterparts. To investigate
steric effects, we examinedmeta- and ortho-substituted anilines.
Both meta-isopropyl and tert-butyl anilines gave products in
95% (NMR yield). In contrast, ortho-methyl substitution led to
yields similar to those of para-substituted analogues, while the
yield using ortho-ethyl aniline declined considerably. This drop
is presumably because steric overcrowding about the iminium
cation centre hinders efficient cyclisation. To demonstrate the
synthetic breadth of this methodology, we also synthesised
disubstituted TNP derivatives, including TNP(Me)6 and
TNP(OMe)6, which were obtained in slightly reduced yields of
73% and 70%, respectively. Finally, we have further extended
the p annulation by incorporating a naphthalene core, which
enhances both p-conjugation and molecular complexity (Fig. 3
and S20–S71).
Mechanistic investigation

In pursuit of more profound insight into the mechanism, we
selected p-butylaniline as the benchmark substrate and ana-
lysed the intermediates using high-resolution mass spectrom-
etry (HRMS). To monitor the reaction under mechanochemical
grinding, Tp-OMe and p-butylaniline were rst ground together,
and the resulting solid mixture was subjected to HRMS analysis.
A prominent molecular ion peak at m/z 384.1865 [M + H]+

(Fig. 4a and S83) was observed, consistent with the formation of
a mono-imine intermediate (I), a product of the initial
condensation between the aldehyde and amine groups. Further
grinding of the mixture led to the appearance of a new peak at
m/z 646.4009 [M + H]+ (Fig. 4b and S84), corresponding to the
tri-imine intermediate (Fig. S81), indicating the progression of
the reaction under purely mechanochemical grinding. These
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Substrate scope; all the reactions were performed with 0.1 mmol of 2,4,6-trimethoxybenzene-1,3,5-tricarbaldehyde and 0.7 mmol of
different aniline derivatives. Black colour % yield denotes the yield from solvothermal synthesis, and green colour % yield denotes the yield from
mechanochemical synthesis. For R = H, Me, OMe, OCF3, CF3, OPh, NMe2, Morpholine, SMe, (Me)2, (OMe)2, naphthyl, as the corresponding TNP
compounds are partially soluble in any deuterated solvent, the isolated yield was considered. The NMR yields for R = Et, pr, Bu, Amyl, iPr, tBu are
provided in the SI (Fig. S72–S79).
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tri-imine species serve as key precursors in the ring-closing
cyclisation steps, which are facilitated in the presence of
Brønsted acid catalysts that promote iminium intermediate
formation. However, the formation of the fully fused aromatic
TNP core requires additional energy input to enable aromatic
nucleophilic substitution and intramolecular Friedel–Cras-
type cyclisation. To drive these transformations, we thermally
treated the groundmixture at 90 °C for 10minutes. Post-heating
HRMS revealed a distinct new intermediate and assessed the
peak at m/z 848.5656 [M + H]+ (Fig. 4c and S85), attributed to
a mono-cyclized di-imine intermediate (III), conrming partial
ring fusion. To further validate the role of imine steric inu-
ences in cyclisation, we examined reactions with sterically
hindered aniline derivatives, specically 2,6-dimethyl aniline.
The 1H NMR spectra displayed a singlet at d 8.5 ppm, indicative
of exclusive tri-imine formation without subsequent cyclisation,
underscoring the importance of steric accessibility around the
reactive centres (Fig. S80). Additionally, the appearance of the
m/z 848.5656 peak in HRMS supports the hypothesis that SNAr
substitution occurs only aer iminium formation. To prove our
hypothesis, we performed additional control experiments to
better understand the sequence of events. First, we synthesized
the tri-imine intermediate by reacting 1 equivalent of Tp-OMe
© 2026 The Author(s). Published by the Royal Society of Chemistry
aldehyde with 3 equivalents of p-butyl aniline. In the crude NMR
spectrum, the characteristic imine signal appears at approxi-
mately d 8.8 ppm, conrming the successful formation of the
tri-imine species. Next, we introduced an additional 3 equiva-
lents of p-Amyl aniline to this crude imine mixture. Under these
conditions, we obtained the corresponding TNP product (Fig.
S81 and S82). Since the methoxy groups on Tp-OMe are strongly
electron-donating, SNAr is unlikely to proceed in their presence
due to insufficient stabilization of the Meisenheimer complex.
However, once the electron-withdrawing iminium functionality
is introduced, the aromatic ring becomes sufficiently electro-
philic to permit efficient nucleophilic substitution by aniline
derivatives.11 Thus the TNP derivatives with electron-donating
groups such as hydroxyl offer signicant advantages in
coordination-driven assembly: they enhance ligand binding to
metal nodes, promote the formation of robust metal–ligand
coordination bonds, and facilitate the construction of highly
connected frameworks.
Two-dimensional metal organic frameworks

To illustrate the general applicability of this solid-state proce-
dure, we prepared TNP(OH)6, a C3h-symmetric ligand intended
for use in the assembly of two-dimensional (2D) metal–organic
Chem. Sci.
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Fig. 4 Mechanistic investigation HRMS of the (a) monoimine intermediate, (b) tri-imine intermediate, and (c) intermediate (III) after one side ring
formation. Here intermediate studies have been performed with R = p-butyl aniline.
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frameworks (MOFs). The planarity and extended p-conjugation
of the TNP core were anticipated to promote strong p–p

stacking interactions, an important consideration in the
assembly of layered 2D structures. Nonetheless, the symmetric
positioning of coordinating groups like hydroxyl (–OH), amine
Chem. Sci.
(–NH2), and thiol (–SH) directly onto the TNP framework poses
synthetic difficulties since such nucleophilic functionalities can
either interfere with the SNAr reaction pathway or render the
polyaromatization inefficient. To circumvent this problem, we
strategically introduced six methoxy (–OMe) groups at the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Synthetic scheme of the TNP(OH)6 ligand and metal organic framework, (b) powder X-ray diffraction pattern, (c) N2 adsorption
isotherm, (d) XPS spectra, (e) electron paramagnetic resonance spectrum, (f) SEM image, and (g) HRTEM image of Cu–TNP MOF.
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periphery of the molecule. This not only masked the nucleo-
philicity of the oxygen atoms but also enhanced the overall yield
of TNP(OMe)6 via the +M effect. The resulting compound was
then subjected to demethylation using pyridine hydrochloride12

at 180 °C, affording the hexahydroxy analogue TNP(OH)6,13

having a distinctive peak at d 10.42 and 10.05 in 1H NMR
spectroscopy, attributed to two types of hydroxy groups
(Fig. S87). There is a characteristic peak at 3344 cm−1 attributed
to the OH functionality (Fig. S90). We selected Cu(II) as the
coordinating metal, inspired by its successful use in 2D MOFs
featuring hexahydroxytriphenylene (HHTP)1
© 2026 The Author(s). Published by the Royal Society of Chemistry
hexaaminotetraazatetranaphthotetraphene (HITT),14 and their
hydroxy analogues (HHTT).15 In our synthetic protocol,
TNP(OH)6 was reacted with CuSO4$5H2O to yield the desired
MOF (Fig. 5a). Powder X-ray powder diffraction (PXRD) and
Pawley renement conrmed that Cu–TNP crystallizes in the
hexagonal space group P63/m, with unit cell parameters: a =

29.8 Å, b = 29.8 Å, and c = 6.9 Å, and a = b = 90°, and g = 120°.
A distinct diffraction peak at 2q = 3.39°, indexed to the (100)
plane, reects long-range in-plane order, consistent with the
formation of stacked 2D architecture (Fig. 5b, S91 and S92). In
the structure, the Cu2+ sites are bound by four oxygen atoms of
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08373g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 3

:2
2:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the catecholate fragments with a square planar geometry. This
coordination mode not only facilitates the development of 2D
layers but also fosters p–p stacking interactions among neigh-
bouring sheets and thus increases crystallinity and structural
durability. Nitrogen adsorption isotherms at 77 K revealed
a Brunauer–Emmett–Teller (BET) surface area of 821 m2 g−1

(Fig. 5c, S93 and S94).16 Furthermore, quenched solid density
functional theory (QSDFT) analysis of the adsorption data
showed a narrow pore size distribution centred at ∼21 Å,
consistent with the designed framework topology (Fig. S95). To
probe the electronic environment of the metal centres, electron
paramagnetic resonance (EPR) spectroscopy was performed.
The spectrum displayed characteristic g-values (gx = gy = 2.1; gz
= 2.3; gavg = 2.17), indicative of Cu(II) species in a square planar
environment (Fig. 5e). EPR detects only paramagnetic Cu(II)
species since Cu(I) is diamagnetic and EPR silent. X-ray photo-
electron spectroscopy (XPS) further ascertained the elemental
composition, revealing signals corresponding to C, N, O, and
Cu. Notably, the high-resolution Cu 2p spectra indicated the
presence of mixed-valent Cu2+ (934.71 eV) and Cu+ (932.78 eV)
species.17 Deconvolution of the N 1s spectrum revealed
a predominant peak for C]N bonds, consistent with the tri-
azatrinaphthylene core (Fig. 5d, S97 and S98). The optical band
gap of the Cu–TNP MOF was determined using UV-vis spec-
troscopy combined with Kubelka–Munk analysis. The material
shows strong visible-light absorption with a broad band span-
ning ∼450–800 nm and an absorption maximum at ∼570 nm,
corresponding to an optical transition energy of ∼2.17 eV.
Consistently, linear extrapolation of the (F(R)hn)2 versus hn plot
gives a band gap of 2.14 eV, conrming the semiconducting
nature of the Cu–TNP MOF (Fig. S99). SEM images reveal a well-
dened, ower-like aggregated morphology (Fig. 5f and S100).
The HRTEM image shows distinct lattice fringes extending over
a few nanometers, conrming the presence of locally ordered
crystalline domains embedded within a less ordered matrix
(Fig. S5g). These results establish Cu–TNP MOF as a p-conju-
gated, nitrogen-rich 2D material with high crystallinity,
porosity, and mixed-valence character.

Conclusions

In summary, we have developed a green and metal-free solid
state thermomechanical synthesis of C3h symmetric tri-
azatrinaphthylene (TNP) building blocks with a wide substrate
scope and excellent functional group tolerance. This solvent-
free methodology provides signicantly higher yields (∼95%)
than conventional solvothermal methods, along with deeper
mechanistic understanding. Through extensive 1H NMR and
HRMS studies, we identied a few key intermediates, pointing
out that the reaction moves forward via sequential imine bond
formation, followed by SNAr and ring cyclization. Trapping the
key intermediates allows understanding the stepwise formation
of the p-conjugated system. We further extended this synthetic
platform to construct a two-dimensional copper-based metal–
organic framework, thereby demonstrating the downstream
relevance and practical utility of the hexa-hydroxy TNP ligand.
The successful integration of this ligand into a 2D Cu-based
Chem. Sci.
framework highlights its effectiveness as a versatile building
block for MOF construction, while the primary emphasis of this
work remains on the development of the synthetic strategy and
molecular design. This material exhibits high crystallinity,
a large surface area (821 m2 g−1), and a mixed-valence Cu2+/Cu+

coordination environment. The synergy between extended p-
conjugation, openmetal sites, and high porosity makes Cu–TNP
a promising candidate for electrocatalysis, charge transport,
and sensing applications. Overall, this study provides
a sustainable route to synthesize complex p-systems under
ambient conditions and introduces a versatile building block
for constructing functional porous frameworks, demonstrating
the powerful intersection of organic synthesis, mechanochem-
istry, and reticular chemistry. However, the key transformation
proceeds through an SNAr pathway that requires an electron-
rich amine nucleophile. Anilines bearing strong electron-
withdrawing substituents, such as nitro or carboxylic acid
groups, signicantly reduce the nucleophilicity of the amine,
thereby suppressing the SNAr reactivity. As a result, the
substrate scope of TNP derivatives for MOF synthesis is inher-
ently constrained by the electronic nature of the substituents.
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and M. Dincă, Nat. Mater., 2021, 20, 222–228.
Chem. Sci.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc08373g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 3

:2
2:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
16 J. W. M. Osterrieth, J. Rampersad, D. Madden, N. Rampal,
L. Skoric, B. Connolly, M. D. Allendorf, V. Stavila,
J. L. Snider, R. Ameloot, J. Marreiros, C. Ania, D. Azevedo,
E. Vilarrasa-Garcia, B. F. Santos, X. Bu, Z. Chang,
H. Bunzen, N. R. Champness, S. L. Griffin, B. Chen, R. Lin,
B. Coasne, S. Cohen, J. C. Moreton, Y. J. Colón, L. Chen,
R. Clowes, F. Coudert, Y. Cui, B. Hou, D. M. D'Alessandro,
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