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Abstract: Herein we show that corannulene-based strained -

surfaces can be obtained through the use of mechanochemical 

Suzuki and Scholl reactions. Besides being solvent-free, the 

mechanochemical synthesis is high-yielding, fast, and scalable. 

Therefore, gram-scale preparation can be carried out in a facile and 

sustainable manner. The synthesized nanographene structure 

carries positive (bowl-like) and negative (saddle-like) Gaussian 

curvatures and adopts an overall quasi-monkey saddle-type of 

geometry. In terms of properties, the non-planar surface exhibits a 

high electron affinity that was measured by cyclic voltammetry, with 

electrolysis and in situ UV-vis spectroscopy experiments indicating 

that the one-electron reduced state displays a long lifetime in 

solution. Overall, these results indicate the future potential of 

mechanochemistry in accessing synthetically challenging and 

functional curved -systems. 

Introduction 

Curvature of -surfaces endows nanographenes with unusual 

structure and properties.[1-4] Such curvature can be induced 

through the incorporation of steric constraints or non-hexagonal 

rings into the molecular structure.[4] The solution-phase 

synthesis of these materials often requires long reaction times, 

results in low overall yields, and produces large amounts of 

chemical wastes typically in the form of organic solvents. These 

attributes do not facilitate practical access to large material 

quantities in a sustainable manner. This creates a need for the 

development of alternative pathways to meet the future 

demands on the synthesis of curved -materials. 

Recently, mechanochemistry has emerged as a powerful 

synthetic tool in the preparation of organic, inorganic, and 

polymeric materials.[5] In this approach, mechanical energy 

through grinding or milling action is used to facilitate a chemical 

reaction.[6] Such reactions are known to be solvent-free, high 

yielding, fast, and scalable.[7] Finally, unlike solution-phase 

synthesis in which solubility of the reactants and the products 

often determines the fate of a reaction, mechanochemical 

reactions remain undeterred by such parameters.[8] These 

attributes bode well for the preparation of strained -systems[9] 

and serves as a motivation for the present work.[10] 

To evaluate the feasibility of the aforementioned notion, we 

chose to prepare corannulene-phenanthrene hybrid 1, a novel 

C44H22 structure (Scheme 1). In their seminal studies involving 

tetrabromocorannulene,[11] Sygula and Rabideau reported that 

such a hybrid structure could not be prepared through oxidative 

coupling or photochemical annulation methods in solution.[12] 

They concluded that the curvature of the structure hindered its 

formation. Interestingly, the authors mentioned that flash 

vacuum pyrolysis - a gas-phase synthetic technique - was being 

explored. This technique, as established by Scott and coworkers, 

is the most powerful method to induce molecular curvature as 

seen in the landmark chemical synthesis of fullerene C60.[13] 

However, 1 remains unknown to date. Therefore, it presents an 

excellent target to evaluate the credentials of mechanochemistry 

as an alternative synthetic tool to conventional solution- and 

gas-phase chemistries. 

 

Scheme 1. Synthesis of curved -systems. 

Results and Discussion 

The synthesis of 1 requires a two-step process (Scheme 1). In 

the first step, tetrabromocorannulene (2), which can now be 

accessed on a kilogram scale,[14] is subjected to a Suzuki 

reaction with phenyl boronic acid to install the aromatic units on 

the adjacent carbon atoms, thus affording 3. A subsequent o-

terphenyl to triphenylene cyclization through Scholl reaction 

would then lead to the target structure 1. 
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To understand the mechanochemical Suzuki reaction,[15] various 

reaction parameters were examined in a mixer mill (electronic 

supporting information-I (ESI-I) Table S1). In terms of catalyst, 

Pd(OAc)2 (9.2 mol%) performed better than Pd(PPh3)4.[16] 

Sodium chloride was a better bulking agent than silica and 

potassium carbonate. The boronic acid-based coupling partner 

provided the best results when used in an 8-fold excess. Larger 

excess, however, led to a decrease in the isolated yields. A 

ligand was not required for the cross-coupling reaction. The 

reaction performed best in the presence of a single 15 mm 

stainless steel ball in a 30 mL stainless steel jar and a 5 h 

reaction time. Longer reaction times did not improve the yields. 

However, an oxygen-free atmosphere was found to be 

necessary for the optimum reactivity. The optimized reaction 

could be reproduced multiple times (>10) and consistently 

provided 3 with isolated yields of >85%. 

Figure 1. Chemical structure of corannulene 6 and compound 7. 

The next step was to study the Scholl reaction using FeCl3.[17-19] 

Initially, 1 equivalent (equiv.) of the oxidant per abstracted H 

atom was used. This led to the formation of a mixture of singly 

and doubly benzannulated products in low yields. The amount of 

the oxidant was then increased to 2 and 3 equiv./H atom and led 

to similar formation of a mixture of products. A further increase 

to 4 equiv./per H atom led to complete conversion of 3 to 1 in a 

40 minutes reaction time as judged by the examination of the 

crude reaction mixture with the help of 1H-NMR. 

Whilst these results were very encouraging, 1 exhibited limited 

solubility in a range of organic solvents. Therefore, a tertiary-

butyl (t-Bu) group was installed onto the molecular scaffold (4) to 

enhance solubility and aid purification, characterization, and 

crystallization attempts. Interestingly, it was observed that 

attaching heat-pads to the mixer mill could shorten the Suzuki 

reaction time to 2 hours at a temperature of 100 C (product 

yield = 86%) (ESI-I Table S2 and Figure S1). Furthermore, purity 

of the starting material was also found to be important. For 

instance, under optimized condition, use of recrystallized 2 led to 

a 10% enhancement in the isolated yield. The Scholl reaction 

also proceeds well regardless of the jar and milling ball material 

(ESI-I Figure S2) and leads to the formation of 5 in 97% isolated 

yield in a 15 minutes reaction time. The reactions could be easily 

scaled up to a 1-gram scale (ESI-I Figure S3-S4) either by use 

of a planetary mill or by multiple reiterations of the small-scale 

reaction. Due to high yields and absence of side products as can 

be seen in the crude NMR (ESI-I Figure S2), the purifications 

are simple and a complete gram-scale synthesis can be 

achieved within two days. 

A solution-phase synthesis of 3 is described by Sygula and 

Rabideau in the aforementioned study on 1.[12] In a reaction time 

of 24 hours, 3 was produced in a 66% yield through use of 

Pd(PPh3)4 as a catalyst. We prolonged the reaction time to 3 

days with a 10% enhancement in the isolated yield (76%). In the 

case of 4, a 3 day reaction produced a better yield of 82% 

perhaps due to a better solubility of 4 as compared to 3. In this 

case, for the sake of a better comparison to mechanochemical 

reaction, a 2 hour reaction was also carried out. The short 

reaction time led to a decrease in the isolated yield (70%). It 

must be mentioned that application of related Suzuki protocols 

on corannulene (6, Figure 1) scaffolds or a systematic 

optimization of the reaction may provide better yields and faster 

reaction times.[20] 

Figure 2. Signal assignments through COSY 1H-NMR data of 5 in deuterated 

chloroform at room temperature. 

 

Figure 3. ORTEP representation of a single molecule of 5 with 50% probability 

of ellipsoids. The P and M [4]helicenes are shown with red and green colors, 

respectively. 

To examine the solution-phase Scholl reaction, typical protocols 

involving FeCl3 and nitromethane or DDQ and 

methanesulfonic/triflic acids in dichloromethane were employed. 

However, based on crude NMR, no conversion of 3 to 1 was 

observed in line with the observations of Sygula and 

Rabideau.[12] Due to a limited solubility of 1, the focus was 

turned onto 5. This study indicated that the solution phase 

reactions produce a mixture of compounds including the starting 

material 4, mono-coupled product 7, and the target compound 5. 

The most successful reaction in this regard is the treatment with 
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FeCl3 for 2 hours at 0 C which produces 58% of 5 based on 

crude 1H-NMR (ESI-I Figure S5). However, a column 

chromatography separation is difficult presumably due to a very 

close molar mass and polarity of the three compounds. 

Preparative thin layer chromatography was also found to be 

unsuccessful in this regard albeit allowing access to 7 in a 20% 

isolated yield. 

Figure 4. Molecular packing in single crystal X-ray structure of 5. The t-butyl 

groups have been omitted for clarity. 

The structure of 5 was determined with the help of NMR studies 

in solution and X-ray crystallography. The aromatic proton 

resonances could be assigned with the help of cross-peaks in 

2D COSY 1H-NMR data (Figure 2). In X-ray crystallography 

studies (Figure 3-5), 5 crystallises as a dichloromethane solvate 

in a 1:1 ratio in the P21/c space group.[21] The solvate forms a 

wavy chain displaying both single (mean 3.29 Å ) and bifurcated 

(mean 3.30 Å ) C-Cl -aryl interactions. While the solute (5) 

forms two interlocked undulating chains with central aromatic 

bowls pointing in opposite directions and multiple short C-H -

aryl interactions (2.77, 2.85, 2.88 Å ) connecting the strands. 

Figure 5. Perspective view along crystallographic a-axis showing interlocked 

arrangement of three molecular chains (shown with the help of different colors) 

in the crystal lattice of 5. 

The crystal structure also provides an opportunity to examine 

curvature of the -surface in 5. For instance, the torsional angles 

undergo large and drastic variations on moving from the center 

to the peripheral positions on the molecular framework (ESI-I 

Figure S6). The maximum distortion can be found adjacent to 

the central five-membered ring. This tension eases steadily 

towards the proximal rings. The incorporation of the peripheral 

phenanthrene wings leads to a slight decrease in the central 

bowl-depth (0.85 Å ) as compared to pristine corannulene (0.87 

Å ). The wings display a saddle shape with negative 

curvatures[22] while the corannulene core displays a positive 

Guassian curvature. Overall, the molecule is comprised of 

waves of warped and twisted aromatic ribbons with gradual 

changes in the clockwise and anticlockwise dihedral angles to 

form a quasi-monkey saddle type of topology (ESI-I Figures S7-

S9, an interactive plot is provided as ESI-II).[23] 

Figure 6. Free energy profile of a computationally identified bowl-inversion 

process for 1. Relative stabilities are given in parenthesis (in kcal/mol) with 

respect to 1-a conformer. The blue arrows indicate where saddle-twisting 

occurs. For additional conformers and transition states, see ESI-I. 

The geometry of the molecule was well reproduced by DFT 

computations at the B97X-D/def2SVP level of theory.[24] 

Among six computationally identified conformational isomers 

(ESI-I Figure S10), the most stable conformer was calculated to 

be 1-a, which corresponds to the geometry found by single-

crystal X-ray crystallography. 

Figure 7. Frontier molecular orbitals of the curved surface in the quasi-

monkey saddle structure (isovalue = 0.03). Orbital energies calculated at the 

B97X-D/Def2TZVPP level are given in parenthesis (in eV). For computations, 

the t-Bu groups were excluded from the molecular structure for simplicity 

reasons. 

Computations also allowed for examining the dynamic nature of 

the molecule through bowl-inversion and saddle-twisting process. 

A fully planar transition state (TShyp), in which the entire -

system is in a plane, could not be computationally identified as a 

viable route to structural inversion (ESI-I Figure S11). However, 

we found alternative pathways for the molecular inversion to 

occur under ambient conditions. The free energy profile of such 

a feasible interconversion is presented in Figure 6 (for further 

possible ways of interconversion and related transition states 
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see ESI-I Figure S12-S13). The highest lying transition state TS-

I is predicted to be 11.9 kcal/mol above 1-a connecting 

conformers 1-e and 1-d via a small barrier, which indicates that 

the bowl-inversion is feasible at ambient temperature. For this to 

occur, the -system is required to adopt a conformation of 1-e or 

1-d. This means that one of the saddles is required to switch to 

the twisted arrangement as the first step. The lowest transition 

state of this conformational change, TS-1 connecting 1-a with 1-

b, was found to be 5.6 kcal/mol. TS-2 corresponding to the 

interconversion between 1-a and 1-c is slightly higher in energy 

(5.9 kcal/mol). The second saddle can then switch to the twisted 

arrangement with ease via TS-4 (8.7 kcal/mol) from 1-b or TS-3 

(8.6 kcal/mol) from 1-c. This indicates that the interconversion of 

the conformers is rapid, ultimately allowing for a molecular 

flipping process to take place and the molecule to invert. 

The frontier molecular orbitals of the most stable form of 1 are 

depicted in Figure 7. The highest occupied molecular orbital 

(HOMO) is found to be localized on the saddle and the lowest 

occupied molecular orbital (LUMO) on the bowl region of the 

curved surface. 
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Figure 8. Cyclic voltammograms showing reduction processes of 1 mM 

corannulene 6 (blue) and compounds 4 (orange), 7 (black), and 5 (red) in DMF 

containing 0.1 M n-Bu4NPF6. 

Finally, electrochemical properties were studied with the help of 

cyclic voltammetry and square-wave voltammetry experiments in 

dimethylformamide (Figure 8 and ESI-I Figure S14).[25] In 

comparison to corannulene 6 (Ered
1 = -2.30 V), which only 

represents the bowl, 4 showed an increase in the electron 

affinity with an anodic shift of 0.09 V (Ered
1 = -2.21 V). 

Introduction of the first saddle leads to a further enhancement of 

the electron affinity by 0.16 V in molecule 7 (Ered
1 = -2.14 V).[26] 

Incorporation of the second saddle into the molecule shifts the 

first reduction potential further towards the anode by 0.22 V in 5 

(Ered
1 = -2.08 V). More importantly, however, the stability of the 

reduced species was found to be remarkable. Figure 9 shows 

the UV-vis spectra obtained during the one-electron reduction of 

5. The neutral form of 5 displayed several UV-vis absorbance 

bands below 370 nm, whereas the reduced form exhibited 

several additional low intensity absorbance bands between 450 

to 700 nm. The additional higher wavelength (low energy) bands 

in the radical anion are expected for an open shell molecule 

since there is a narrowing of the energy gap between the singly 

occupied HOMO and the LUMO, compared to the electronic 

transitions that occur from the diamagnetic ground state of 

compound 5. Similar bands are seen in the one-electron 

reduced form of C60 that extends into the NIR region.[27] The 

electrolysis process was carried out for one hour in the forward 

direction. The UV-vis spectra of the neutral form of 5 could be 

regenerated in its entirety when an oxidising potential was 

applied to the solution that was initially reduced, thus indicating 

full reversibility of the reduction process (ESI-I Figure S15). To 

our knowledge, such an exhaustive procedure to establish 

reversibility of the electron accepting properties has never been 

demonstrated in any of the known non-planar nanographenes. 
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Figure 9. In-situ UV-vis spectra of 0.4 mM compound 5 and its one-electron 

reduced form obtained in an optically semi-transparent thin layer 

electrochemical (OSTLE) cell in DMF containing 0.2 M Bu4NPF6 at -25 oC. 

(top) Before and during the one-electron bulk reduction of compound 5. 

(bottom) Before electrolysis of compound 5 and after reduction of the 

compound then reoxidised back to its neutral form. 

Conclusion 

In summary, mechanochemistry offers a viable alternative to 

solution and gas-phase synthesis of curved -systems. As 

exemplified by corannulene-phenanthrene hybrid, the practicality 

of the solvent-free synthesis allows for readily available 

precursors to be assembled into complex non-planar 

nanographene structures with remarkable electronic properties 

within a two-day period. The synthesis can be carried out on a 

gram-scale and shows immense potential of mechanochemical 
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reactions in accessing synthetically challenging curved 

nanographenes that cannot be accessed via conventional 

chemistries. 
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