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Peri-annulation is recognized as an influential structural motif in accessing functional molecular materials. However, efficient
synthetic access to peri-annulated structures remains challenging. Herein, we show that mechanochemistry is a valuable
synthetic tool to achieve this goal. It is comparatively better than activation through microwave irradiation and conventional
solution-phase reactions. The synthesized materials are molecularly curved nanographenes containing sulfur and selenium
atoms. The curvature comes from the use of corannulene as the central building block, upon which the benzothiophene or
benzoselenophene are peri-annulated through the palladium-catalyzed direct arylation reactions. Peri-annulation endows the
nanographene structures with better optical properties as compared to other annulation chemistries.
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1 Introduction

Mechanochemistry drives chemical reactions by utilizing
mechanical forces generated by the collision of metal balls
on the walls of a metal jar in a milling machine [1]. Typically,
such reactions are carried out in the solid state. In the
synthesis of organic molecules and materials, thus, it brings
sustainability through the omission of toxic and hazardous
organic solvents from the system. The benefits of mechan-
ochemistry, however, are not limited to enhancing the green
metrics of a reaction. The unique mixing and milling actions
may lead to new reaction pathways and products [2]. For
instance, high-energy conditions achieved through shear and
impact forces can bend molecules in unnatural geometries
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which can be trapped to prepare curved aromatic structures
in an efficient manner [3]. Scalability is another beneficial
attribute [4]. In the past decade, thus, this synthetic technique
has caught the imagination of the scientific community and a
number of sophisticated advances have been made. For in-
stance, parallel and continuous synthesis [5], rapid mixing
techniques [6], direct mechanocatalysis [7], and liquid-as-
sisted grinding have been established [8]. A control over
reaction parameters such as temperature is developed [9].
The feasibility and significance of gas-phase milling is es-
tablished [10]. In terms of material classes, mechan-
ochemistry has significantly impacted the research area of
polycyclic aromatic hydrocarbons and m-conjugated materi-
als since mechanochemical reactions are not constrained by
material solubility, an issue typically encountered in the
synthesis of polyarenes [11,12].

Nanographenes are molecularly precise fragments of gra-

chem.scichina.com link.springer.com


https://doi.org/10.1007/s11426-024-2520-y
https://doi.org/10.1007/s11426-024-2520-y
chem.scichina.com
link.springer.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s11426-024-2520-y&amp;domain=pdf&amp;date_stamp=2025-01-19

Zhang et al.  Sci China Chem

phene with potential optoelectronic applications [13]. One
method to obtain such nanostructures is through aromatic
area enlargement of a core molecule [14]. Such n-extensions
can occur at the bay (concave armchair edges), K (convex
armchair edges), and/or L (zigzag edges) regions (Figure 1).
n-Extensions at the bay (ortho-ortho-annulation) and K
(ortho-annulation) regions are common. The examples of
aromatic area extension through the zigzag edge (peri-an-
nulation) are uncommon [15-17]. In considering bowl-
shaped nanographenes based on a corannulene core, Scott’s
palladium-catalyzed microwave irradiation method is the
most valuable [16a—c,17]. It produces structures more curved
than fullerene Cg, with the help of annulations through 5-
membered rings [16a]. In the case of annulations through
six-membered rings, Wiirthner and coworkers [15h] estab-
lished palladium-catalyzed annulations using naphthalene
imide precursors. Under Scholl-type conditions, peri-annu-
lations through five or six-membered rings remain challen-
ging [12n].

In understanding the effect of peri-annulation on mole-
cular properties, the rylene series represents a good example
that is prepared through peri-annulations of naphthylenes
[18]. Rylenes are more stable than acenes. Rylenes also
display a comparatively lower band gap than the fully ben-
zenoid polyarenes [19]. Thus, peri-annulated nanographenes
become a significant goal in nanographene chemistry. Me-
chanochemistry, with its many beneficial attributes, becomes
a natural choice in synthetic access explorations of such
challenging structures. However, thus far, studies in this re-
gard remain rare [12n]. Towards this end, in this work, we
compare different synthetic methods: (1) traditional oil-bath
heating in a solution-phase reaction, (2) microwave irradia-
tion, and (3) mechanochemical activation. The results in-
dicate that mechanochemistry is superior to the solution
phase and microwave radiation chemistries for peri-annula-
tion purposes (see Supporting Information online for details).

2 Results and discussion

Initially, a single annulation of the corannulene nucleus [20]
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with benzothiophene was targeted (Scheme 1a). To accom-
plish this, ethynylcorannulene (1) [21] was subjected to a
copper-catalyzed thiolation reaction in 85% isolated yield
[22]. The Alkynyl sulfide (2) undergoes a cyclization reac-
tion with an in-situ generated benzyne to furnish chloride 3
in 63% yield [23]. Having precursor 3 in hand, palladium-
catalyzed intramolecular arylation was studied in the solu-
tion phase (Table 1) [24]. These reactions produced the tar-
geted peri-annulated structure 4 in moderate yields (17%—
39%) even after a long reaction time of 24 h at elevated
temperatures (160 °C-200 °C). Thus, heating through mi-
crowave irradiation was investigated and found to enhance
the yield of 4 significantly (up to 64%) in a reaction time of
1 h. To further raise product yield, the application of me-
chanochemistry became the focus of the investigation (Table
2) [25]. Initially, the catalyst and the base combination that
had shown promising performance in the solution-phase
reactions were employed. However, at room temperature, the
reactions yielded no product. Increasing the reaction tem-
perature to 150 °C resulted in a 6% yield. In searching for
better conditions in the solid state, the nature of the base was
changed from the liquid 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) to the solid Cs,CO;. This change produced the pro-
duct in an improved yield of 46%. A further increase in the
yield to 65% was achieved when the nature of the catalyst
was changed to Pd(OAc),, known to perform well under ball
milling conditions [12e,12r]. Subsequently, the effect of
grinding auxiliaries on the reaction outcome was studied.
Using NaCl as the grinding auxiliary resulted in a 91% yield,
whereas KClI and LiCl yielded no product. To incorporate the
selenium atom in the nanographene scaffold (Scheme 1b), a
similar reaction sequence was carried out as described for the
sulfur analogue (albeit with a change of diselenide as the
electrophile due to its commercial availability) and resulted
in alkynyl selenide 5 in 75% [26], chloride 6 in 33%, and
peri-annulated 7 in 66% yield. Once again, the microwave-
assisted reaction performed relatively poorly with an isolated
yield of 53%.

Encouraged by these results, a twofold peri-annulation
was then targeted (Figure 2a). For this, compound 8 was
synthesized [27] and the trimethylsilyl groups were removed
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Scheme 1 Peri-annulation at the zigzag edge of corannulene. Synthesis of benzothiophene (a) and selenophene-based (b) bowl-shaped nanographenes.

Table 1 Optimization of the reaction conditions for the solution-phase synthesis of compound 4. The entry in bold shows the optimum conditions

Entry Catalyst Ligand Base Solvent” Temp. & Time Heating method Yield (%)
1 Pd(PCy3),Cl, (5%) - DBU (5 eq.) DMF 160 °C, 24 h oil bath 17
2 Pd(PCys3),Cl, (5%) - DBU (5 eq.) NMP 180°C, 24 h oil bath 26
3 Pd(PCy3),Cl, (5%) - DBU (5 eq.) NMP 200°C, 24h oil bath 39
4 Pd(PCys3),Cl, (5%) - DBU (5 eq.) NMP 200°C, 1h microwave 17
5 Pd(PCy;),Cl, (5%) - DBU (5 eq.) NMP 220°C, 1h microwave 62
6 Pd(PCys3),Cl, (5%) - DBU (5 eq.) NMP 240°C, 1h microwave 54
7 Pd(OAc), (5%) P(Cy); HBF, (10%) DBU (5 eq.) NMP 220°C, 1h microwave 49
8 Pd(PCy;),Cl, (5%) - Cs,CO5 (5eq.) NMP 220°C, 1h microwave 32

a) DBU = 1,8-Diazabicyclo[5.4.0Jundec-7-ene, DMF = Dimethylformamide, NMP = N-Methylpyrrolidone.

Table 2 Optimization of reaction conditions for mechanosynthesis of compound 4. The entry in bold shows optimum conditions

Entry Catalyst Ligand Base Grinding auxiliary Temp. & Time Yield (%)
1 Pd(PCy;),Cl, (5%) - DBU (10 eq.) - rt, 90 min 0
2 Pd(PCy3),Cl, (5%) - DBU (10 eq.) - 150 °C, 90 min 6
3 Pd(PCy;),Cl, (5%) - Cs,CO; (10 eq.) - 150 °C, 90 min 46
4 Pd(OAc), (5%) P(Cy);-HBE, (10%) Cs,CO; (10 eq.) - 150 °C, 90 min 65
5 Pd(OAc), (5%) P(Cy);-HBE, (10%) Cs,CO; (10 eq.) NaCl (1 g) 100 °C, 90 min 31
6 Pd(OAc), (5%) P(Cy);-HBF, (10%) Cs,CO; (10 eq.) NaCl (1¢g) 150 °C, 90 min 91
7 Pd(OAc), (5%) P(Cy);-HBEF, (10%) Cs,CO; (10 eq.) NaCl (1 g) 180 °C, 90 min 75
8 Pd(OAc), (5%) P(Cy);-HBF, (10%) Cs,CO; (10 eq.) NaCl (1 g) 150 °C, 120 min 86
9 Pd(OAc), (5%) P(Cy);-HBF, (10%) Cs,CO; (10 eq.) NaCl (1 g) 150 °C, 60 min 67
10 PdCl, (5%) P(Cy);-HBF, (10%) Cs,CO; (10 eq.) NaCl (1 g) 150 °C, 90 min 38
11 Pd(OAc), (5%) IPr-HCI (10%) Cs,CO; (10 eq.) NaCl (1 g) 150 °C, 90 min trace
12 Pd(OAc), (5%) P(Cy);-HBF, (10%) Cs,CO; (10 eq.) KCI (1g) 150 °C, 90 min 0

13 Pd(OAc), (5%) P(Cy), HBF, (10%) Cs,CO; (10 eq.) LiCl (1 g) 150 °C, 90 min 0
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Figure 2 (Color online) (a) Bis-peri-annulation to give nanographene 11. (b) Synthesis of bis-selenide precursor 12. (¢) Chemical structures of reported
ortho-annulated benzothiophenes on a corannulene core for comparative purposes.

by treatment with tetrabutylammonium fluoride, followed by
copper-catalyzed thiolation, resulting in compound 9 with an
isolated yield of 75% (over two steps). Compound 10 was
then synthesized via cyclization reaction with the benzyne
precursor in 52% yield. Finally, nanographene 11 was ob-
tained through twofold direct arylation reactions. The mi-
crowave-assisted reaction yielded 40% of the targeted
product. The optimized reaction conditions for synthesizing
the mono-annulated analogues in the solid state were applied
by doubling the amounts of the catalyst, ligand, and base on
precursor 10. However, only trace amounts of the targeted
product were isolated. This indicated that the optimum
conditions for accessing mono-annulated products were not
applicable for bis-annulation purposes and a separate opti-
mization process was required (Table 3). Thus, the reaction
time was extended to 6 h considering that a longer time may
be required for the annulation to occur twice. However, this
did not lead to any increase in the product yield. Once again,
the grinding auxiliary (NaCl) was replaced with KCl or LiCl
but did not help the reaction. Notably, however, when the
grinding auxiliary was omitted, bis-peri-annulated nano-
graphene 11 was obtained in 13% yield. By further opti-
mizing the reaction time, the yield was improved to 61%. A
selenide analogue of 11, however, could not be prepared due
to the instability of the bis-alkynyl-selenide compound 12

which was found to decompose during the subsequent cy-
clization reaction (Figure 2b).

Single crystals of 4, suitable for X-ray diffraction analysis
were obtained by the slow diffusion of ethanol into its bro-
mobenzene solution (Figure 3). The single-crystal structure
revealed one pair of enantiomers (4-V and 4-X), which arises
from the bowl chirality of the molecule [17]. Both en-
antiomers exhibit an identical bowl depth of 0.92 A. Along
the c-axis, isomers V and X are arranged in columns, with
each adopting a concave-to-concave and convex-to-convex
packing orientation, respectively. In the b-axis view, the V'
and X isomers are organized in an alternating layer pattern
with the same - distance of 3.28 A. Single crystals of 11
suitable for X-ray diffraction analysis were obtained by
slowly diffusing methanol into its chlorobenzene solution
(Figure 4). Nanographene 11 exhibits a bowl depth of
0.90 A. The molecules are arranged in a slip-stacked column,
with the bowl orientations aligned in the same direction
along the stack in the single crystal of 11.

The UV-Vis absorption spectra of these compounds were
measured in dichloromethane (DCM) at a concentration of
10 mol/L (Table 4 and Figure 5). The spectra of the sulfur-
doped compound (4) and selenium-doped compound (7) are
observed to be similar, with compound 4 exhibiting a higher
molar absorption coefficient than compound 7, which also
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Table 3 Optimization of the reaction conditions for mechanosynthesis of compound 11. The entry in bold shows the optimum conditions
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Entry

Catalyst

Ligand

Base

1

O 0 N N B~ WN

Pd(OAc), (10%)
Pd(OAc), (10%

Pd(OAc), (10%)
Pd(OAc), (10%)
Pd(OAc), (10%)
Pd(OAc), (10%)
Pd(OAc), (10%)
Pd(OAc), (10%)
Pd(OAc), (10%)

P(Cy), HBF, (20%)
P(Cy), HBF, (20%)
P(Cy), HBF, (20%)
P(Cy), HBF, (20%)
P(Cy), HBF, (20%)

P(Cy);*HBF, (20%)

P(Cy), HBF, (20%)
P(Cy), HBF, (20%)
P(Cy); HBF, (20%)

Cs,CO5 (20 eq.)
Cs,CO5 (20 eq.)
Cs,CO5 (20 eq.)
Cs,CO5 (20 eq.)
Cs,CO5 (20 eq.)
Cs,CO; (20 eq.)
Cs,CO5 (20 eq.)
Cs,CO5 (20 eq.)
Cs,CO5 (20 eq.)

Grinding auxiliary Temp. & Time Yield (%)
NaCl (1 g) 150 °C, 90 min trace
NaCl (1 g) 150°C, 6 h trace

- 150 °C, 90 min 13
- 150°C, 2h 22
- 150°C, 2.5h 45
- 150°C, 3 h 61
- 150°C, 3.5h 58
KCI (1 g) 150 °C, 90 min 0
LiCl (1 g) 150 °C, 90 min 0

Bowl-depth: 0.92 A

mirror
1

Figure 3 (Color online) Single-crystal structure of 4. (a) ORTEP representation of single molecular structure (50% probability ellipsoids). Molecular
packing structures: top view (b) and side view (c). The bowl-depth values are defined by the distance between the centroid of the central five-membered ring
and the mean plane of the ten carbon atoms on the rim. All the hydrogen atoms, solvent molecules and disordered atoms are omitted for clarity.

shows a slight redshift compared to 4. Compound 4 has a
maximum absorption at 442 nm with a molar absorption
coefficient of 2.0 x 10 M ' cm ', while compound 7 has a
maximum at 446 nm with a coefficient of 1.9 x 10*
M ' cm™'. Compound 11 absorbs maximally at 416 nm with
a molar absorption coefficient of 2.3 x 10'M'em ™. In
comparison to 4 and 7 (A4 &~ 475 nm), the absorption range
of 11 extends upto 500 nm.

Photoluminescence (PL) measurements were taken for
compounds 4, 7, and 11, through excitation at 418, 422, and
416 nm, yielding fluorescence quantum yields of 14.1%,
0.4%, and 9.1%, respectively. To investigate the electro-
chemical properties, cyclic voltammetry (CV) and square-
wave voltammograms (SWV) were performed in anhydrous
dichloromethane with 0.1 M »n-Buy,NPF¢ as the electrolyte
(Figure 6). Potentials were calibrated using the Fc/F¢' redox
couple (4.8 eV below the vacuum level), allowing calcula-
tion of energy levels from the onset oxidation and reduction
potentials. The highest occupied molecular orbitals (HOMO)
of compounds 4 and 7 are similar, at —5.31 and —5.32 eV,

respectively. The lowest unoccupied molecular orbital
(LUMO) of compound 4 is —2.64 eV, higher than the LUMO
of 7 at —2.80 ¢V. The HOMO and LUMO of compound 11
are —5.17 and —2.78 eV, respectively.

The effect of peri-annulation on molecular properties can
be gauged by comparison with known systems in which the
aromatic extension of the corannulene nucleus occurs
through ortho-annulation. Compounds 13, 14, and 15 are all
of interest in this regard (Figure 2¢) [28,29]. The core in all
these cases is extended through ortho-annulation of K-re-
gions. However, while on one hand the benzothiophene is
not connected to the core via its 3,4-positions in these mo-
lecules, the extent of aromatic area extension is larger due to
the presence of a second thiophene ring in the structure.
Furthermore, in 15, this n-extension occurs five times. Thus,
13-15 are larger m-systems in terms of the number of
electronically conjugated spz-carbon atoms (column 2 in
Table 4). It is interesting to observe, therefore, that 4 exhibits
a >100 nm red-shift in its absorption spectrum as compared
to 13 and 14 (Table 4). The optical band gap for 4 is smaller
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Figure 4 (Color online) Single-crystal structure of 11. ORTEP representation of single molecular structures (50% probability ellipsoids): top view (a) and
side views (b, ¢). Molecular packing structures: top view (d) and side view (e). All the hydrogen atoms, solvent molecules and disordered atoms are omitted

for clarity.
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Figure S (Color online) (a) The UV-Vis absorption spectra of 4, 7, and 11 in dichloromethane with a concentration of 1.0 x 10° mol L. (b) Normalized
photoluminescence spectra of 4, 7, and 11 in dichloromethane with a concentration of 1.0 x 10 * mol L' and excitation at 418, 422, and 416 nm, respectively.

than 13 and 14 by 0.16 and 0.21 eV, respectively. The

HOMO energy levels of compounds 13 and 14 are lower

than the HOMO energy level of compound 4. Meanwhile,

besides showing a 46—72 nm bathochromic shift in the ab-
sorption spectra, 4 and 11 both show several times higher
quantum yield of emission than 15. Thus, peri-annulation
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Table 4 Optoelectronic properties of the nanographenes

Sci China Chem  August (2025) Vol.68 No.8

Compound  sp” Carbon Atoms A (abs) (nm) & (M cm™") Eqp (eV)? e (M) QY (%) HOMO (eV)? LUMO (eV)”
4 28 442 2.0 x 10* 2.60 487 14.1 -5.31 -2.64
7 28 446 1.9 x 10* 2.62 496 0.4 -532 -2.80
1 36 416 2.3 x 10* 251 514 9.1 -5.17 -2.78
1329 36 335 - 2.76 - - -5.59 -
145 36 323 - 2.87 - - -5.65 -
15 60 370 - - 502 2.0 - -

a) Optical band gaps were estimated from the onset of absorption; b) Exomo = —(4.8 €V = Epnet ™ ); ©) Erumo= —(4.8 €V — Eppet ™ 9.
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Figure 6 (Color online) Cyclic voltammograms (solid line) and square-wave voltammograms (dash line) of 4 (a), 7 (b), and 11 (c) in DCM (1 mmol L

containing 0.1 M n-Bu,NPF,.

appears to be a valuable molecular motif in the design of
nanographene materials with attractive optoelectronic prop-
erties.

3 Conclusions

In conclusion, mechanochemistry is a valuable synthetic tool
in accessing peri-annulated polyarenes through palladium-
catalyzed intramolecular arylation reactions. This method is
superior to the solution phase and the microwave-assisted
reactions. It allows synthetic access to challenging curved
nanostructures in isolated yields of 62%-91%. Among other
benefits, an economical palladium source, Pd(OAc),, is
found to be effective as the catalyst. The synthesized struc-
tures contain sulfur and selenium atoms and exhibit better
optoelectronic properties than other related structures due to
the nature of the annulation chemistry. Overall, the results
indicate the potential of mechanochemical reactions in ac-
cessing peri-annulated molecular graphene structures with
appealing properties.
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