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Abstract – A tricyclic hexaketone monohydrate with a hemiacetal structure was 

synthesized by the ruthenium-catalyzed oxidation of butyl-substituted 

tribenzotetradehydro[12]annulene-1,2-dione. The oxidation of the annulenedione 

afforded unique [12]annulene-1,2,5,6,9,10-hexaone, followed by the cyclization 

to produce corresponding tricyclic hydrate containing two dihydrobenzopyranone 

rings. The tricyclic hexaketone hydrate weakly interacts with methanol and 

ethylene glycol to form 1:1 complexes in solution. 

INTRODUCTION 

A large number of macrocyclic benzo-annulated annulenes have been synthesized to achieve new 

electronic and optical materials.1,2 Among them, dehydrobenzoannulenes (fully-conjugated 

ortho-phenylene-ethynylene macrocycles) have been vigorously investigated due to their opto-electronic 

properties and as substrates of the 2D carbon networks graphyne and graphdiyne.3,4 Furthermore, 

C3-symmetric dehydrobenzo[12]annulenes are a versatile building block, and many groups employed 

them to create new materials.5-7 Cyclic polyketones with regularly arranged carbonyl groups have 

attracted considerable attention because of their unique structures;8 however, only a limited number of 

cyclic polyketones have been reported.9 We already reported the synthesis of 2a by the oxidation of 1a 

with ruthenium catalyst (Figure 1).10 Interestingly, 1a easily produced the monohydrate 3 having a 
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nonsymmetrical structure with two dihydrobenzopyranone units. Since 3 strongly incorporated small 

molecules in the crystalline lattice using its hydroxy, carbonyl, and ether moieties, we planned to 

synthesize hexabutyl derivative 4 to compare its association behavior with that of 3. In this paper, we 

report on the synthesis and binding properties of the hexabutyl hexaketone monohydrate 4 with alcoholic 

hydroxyl groups in solution and in the solid state. 

 

Figure 1. Dehydrobenzo[12]annulene 1, annulene-1,2,5,6,9,10-hexaone 2, and hexaone hydrates 3 and 4 

RESULTS AND DISCUSSION 

The synthesis of 4 was performed by the oxidation of tribenzotetradehydro[12]annulene-1,2-dione 10 

with ruthenium reagent11 (Scheme 1). Sonogashira coupling of diiodide 5 with 1 equivalent of  

 

Scheme 1. Synthesis of cyclic hexaone hydrate 4 
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trimethylsilylacetylene afforded ethynylated iodide 6 in 64% yield. The iodide 6 was converted into 

ethynyl-aldehyde 7 by formylation, followed by desilylation in total 84% yield. The skeletal chain 

structure 8 was prepared by using Sonogashira coupling of 5 with 7 in 85% yield. This dialdehyde 8 was 

cyclized with low valent vanadium complex generated in situ to afford a stereoisomeric mixture of diol 9 

in 95% yield. Swern oxidation of 9 produced tribenzotetradehydro[12]annulene-1,2-dione 10 in 94% 

yield. Ruthenium-catalyzed oxidation of the acetylene units of 10 was carried out with RuCl3·3H2O and 

PhIO in aqueous acetone for 10 min at room temperature to produce the desired hexaone hydrate 4 in 

35% yield as stable colorless plates. Pristine hexaone hydrate 3 has very low solubility in common 

organic solvents such as CH2Cl2, benzene, and alcohols, but is soluble to some extent in acetone, ethyl 

acetate, and THF. However, hexabutylhexaone hydrate 4 shows good solubility in common organic 

solvents. 

Although hexaone hydrate 4 was obtained in moderate yield, no hexaone 2b was detected in the reaction 

products. Therefore, we calculated the structure and stability of hexaone 2a as well as its hydrate 3. As 

shown in Figure 2, the calculated structure of 2a exhibits that the three carbonyl groups locate inside the 

macroring, whereas the other three carbonyl groups locate outside the macroring. Among the inside 

carbonyl groups, two carbonyls stick up and the other one carbonyl goes downward, and the calculated 

structure of 3 is similar to the crystal structure obtained from the X-ray analysis (Figure 2b).12 The bond 

lengths and angles of 3 containing two dihydrobenzopyranone rings have the normal values. There is no 

intramolecular hydrogen bond to maintain the unique hemiacetal structure of 3; however, 3 has a stable, 

strain-free structure. It is worth noting that the reaction of 2a with water exothermically produces 3 by 

27.4 kcal/mol estimated by B3LYP/6-31G(d) calculations. Furthermore, attempted dehydration of 3 and 4 

to 2a and 3a, respectively, was unsuccessful due to the stability of 3 and 4 under dehydration conditions. 

 

 

Figure 2. Calculated structures at B3LYP/6-31G(d) level. (a) Side view of 2a. (b) Side view of 3.   

(c) Top view of 3 

1147 HETEROCYCLES, Vol. 99, No. 2, 2019



 

Hexabutylhexaone hydrate 4 forms no single crystals with and without solvent of crystallization. It is 

worth noting that 4 weakly interacts with methanol and ethanol in solution. As shown in Figure 3, a signal 

of the aromatic proton at  6.98 ppm (CDCl3 at 25 °C) shifts downfield by adding methanol,13 and the 

binding constant (Kc) was determined by using 1H NMR titration. Although the observed Kc value, 3.6 

M-1 (R = 0.99785) is small, the titration curve could be fitted with a theoretical curve of a 1:1 complex 

formation. In the 1:1 complex 4·methanol, the alcoholic hydrogen, ethereal oxygen, and carbonyl oxygen 

of 4 form a bowl-shaped arrangement (Figure 2b), interacting with the oxygen and hydrogen of methanol 

to produce hydrogen bonds. The 13C NMR spectrum of 4 in CDCl3 at 25 °C exhibited that one 

carbonyl-carbon shifted downfield by 0.5 ppm by adding methanol, whereas the other carbonyl-carbons 

remained unchanged. 

 

Figure 3. Concentration dependence of the 1H NMR chemical shift of the aromatic proton of 4     

(1.3 × 10-2 M/L, CDCl3, 25 °C) 

 

Ethylene glycol interacts with 4 in CDCl3 to form hydrogen bonds. In a solution of 4 (0.013 mmol) and 

ethylene glycol (0.013 mmol) in CDCl3 (0.5 mL) at 25 °C, the methylene proton of ethylene glycol was 

observed at  3.65 ppm, whereas ethylene glycol showed the methylene proton at  3.74 ppm under 

similar conditions. This upfield shift of the methylene proton is attributable to the shielding effect of 

aromatic rings on the methylene proton located near aromatic rings of 4. 

 

In summary, we have successfully synthesized the tricyclic hexabutyl hexaketone monohydrate 4 by 

using the ruthenium-catalyzed oxidation of butyl-substituted tribenzotetradehydro[12]annulene-1,2-dione 

10. Although hexabutylhexaone hydrate 4 has high solubility in common organic solvents and produces 

no crystals containing small molecules in the crystalline lattice unlike 3, 4 forms complexes with 

methanol and ethylene glycol in solution. Further study on the functional properties of hexaone hydrate 

system is in progress. 
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EXPERIMENTAL 

4,5-Dibutyl-1,2-diiodobenzene (5). To a solution of 1,2-dibutylbenzene14 (5.00 g, 26.3 mmol) in acetic 

acid (75 mL) were added iodine (7.34 g, 28.9 mmol), NaIO3 (2.60 g, 13.1 mmol), conc. H2SO4 (4.5 mL), 

and water (0.5 mL). The mixture was stirred for 12 h at 120 °C. After cooling, saturated aqueous 

NaHCO3 and hexane were added to the mixture, and the organic layer was separated. The aqueous layer 

was extracted with hexane, and the combined organic layer was washed successively with aqueous 

Na2S2O3 solution and brine. The organic layer was dried over MgSO4, and evaporated in vacuo. The 

residue was purified by column chromatography on silica gel with hexane as eluent. The product was 

recrystallized from EtOH at ‒20 °C to afford 5 (6.19 g, 53%). Colorless oil, 1H NMR (CDCl3, 500 MHz) 

δ 7.60 (2H, s, Ar), 2.48 (4H, t, J = 7.9 Hz, CH2), 1.51 (4H, m, CH2), 1.37 (4H, m, CH2), and 0.94 (6H, t, J 

= 7.3 Hz, CH3); 
13C NMR (CDCl3, 125 MHz) δ 142.7, 139.8, 104.0, 33.1, 31.6, 22.7, and 13.9; EI-MS 

m/z 442 (M+). Anal. Calcd for C14H20I2: C, 38.03%; H, 4.56%. Found: C, 37.99%, H, 4.34%. 

4,5-Dibutyl-1-iodo-2-trimethylsilylethynylbenzene (6). To a mixture of 5 (0.957 g, 2.16 mmol), 

PdCl2(PPh3)2 (175 mg, 0.25 mmol), CuI (48 mg, 0.25 mmol), and trimethylsilylacetylene (0.43 mL, 3.0 

mmol) was added triethylamine (20 mL). The mixture was stirred for 3 h at room temperature. Et2O and 

saturated aqueous NH4Cl solution were added, and the organic layer was separated. The aqueous layer 

was extracted with Et2O, and the combined organic layer was washed with brine, and dried over MgSO4. 

After evaporation of the solvent, the residue was purified by column chromatography on silica gel with 

hexane as eluent to give 6 (0.58 g, 64%). Pale yellow oil, 1H NMR (CDCl3, 500 MHz) δ 7.58 (1H, s, Ar), 

7.25 (1H, s, Ar), 2.51 (4H, m, CH2), 1.50 (4H, m, CH2), 1.37 (4H, m, CH2), 0.93 (6H, t, J = 7.3 Hz, CH3), 

and 0.28 (9H, s, SiMe3); EI-MS m/z 412 (M+). 

4,5-Dibutyl-2-trimethylsilylethynylbenzaldehyde. To a solution of 6 (3.10 g, 7.42 mmol) in Et2O (20 

mL) was added butyllithium (7.1 ml of 1.6 M hexane solution, 11.4 mmol) under argon atmosphere at 

‒78 °C. The solution was stirred for 30 min at ‒78 °C, and then warmed to ‒30 °C. To the solution, DMF 

(14.5 mL, 185 mmol) was added. The solution was stirred for 1 h at ‒30 °C, and warmed to room 

temperature. Saturated aqueous NH4Cl solution and CH2Cl2 were added, and the organic layer was 

separated. The aqueous layer was extracted with CH2Cl2, and the combined organic layer was 

successively washed with saturated aqueous NH4Cl solution and brine, and dried over MgSO4. After 

evaporation of the solvent, the residue was purified by column chromatography on silica gel with 

hexane-benzene as eluent to give 4,5-dibutyl-2-trimethylsilylethynylbenzaldehyde (1.99 g, 85%). Yellow 

oil, 1H NMR (CDCl3, 500 MHz) δ 10.47 (1H, s, CHO), 7.69 (1H, s, Ar), 7.35 (1H, s, Ar), 2.63 (4H, m, 

CH2), 1.56 (4H, m, CH2), 1.40 (4H, m, CH2), 0.95 (6H, m, CH3), and 0.27 (9H, s, SiMe3); 
13C NMR 

(CDCl3, 125 MHz) δ 192.1, 147.8, 142.4, 134.2, 134.1, 127.5, 124/3, 101.0, 100.8, 33.0, 32.6, 32.3, 22.9, 

22.8, and 14.1; EI-MS m/z 314 (M+). 
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4,5-Dibutyl-2-ethynylbenzaldehyde (7). A mixture of 4,5-dibutyl-2-trimethylsilylethynylbenzaldehyde 

(120 mg, 0.38 mmol) and K2CO3 (48 mg, 0.35 mmol) in MeOH (5 mL) was stirred for 1 h at room 

temperature. Ether and saturated aqueous NH4Cl solution were added, and the organic layer was 

separated. The aqueous layer was extracted with Et2O, and the combined organic layer was washed with 

brine and dried over MgSO4. After evaporation of the solvent, the residue was purified by column 

chromatography on alumina with hexane-benzene as eluent to give 7 (90 mg, 99%). Yellow oil, 1H NMR 

(CDCl3, 500 MHz) δ 10.45 (1H, s, CHO), 7.71 (1H, s, Ar), 7.39 (1H, s, Ar), 3.37 (1H, s, C≡CH), 2.64 

(4H, m, CH2), 1.56 (4H, m, CH2), 1.40 (4H, m, CH2), and 0.95 (6H, m, CH3); 
13C NMR (CDCl3, 125 

MHz) δ 191.4, 147.7, 142.6, 134.41, 134.38, 127.8, 122.8, 82.9, 79.6, 32.9, 32.8, 32.4, 32.2, 22.7, and 

13.9; EI-MS m/z 242 (M+). 

1,2-Bis(2-(4,5-dibutyl-1-formyl))ethynyl-4,5-dibutylbenzene (8). To a mixture of 7 (260 mg, 1.05 

mmol), 5 (230 mg, 0.52 mmol), Pd(PPh3)4 (18 mg, 0.015 mmol), and CuI (7 mg, 0.03 mmol) was added 

triethylamine (5 mL). The mixture was stirred for 1 h at 110 °C. After cooling, CH2Cl2 and saturated 

aqueous NH4Cl solution were added, and the organic layer was separated. The aqueous layer was 

extracted with CH2Cl2, and the combined organic layer was successively washed with saturated aqueous 

NH4Cl solution and brine, and dried over MgSO4. After evaporation of the solvent, the residue was 

purified by column chromatography on silica gel with hexane-benzene as eluent to give 8 (300 mg, 85%). 

Pale yellow needles, mp 78.5‒79 °C; 1H NMR (CDCl3, 500 MHz) δ 10.66 (2H, s, CHO), 7.73 (2H, s, Ar), 

7.43 (2H, s, Ar), 7.39 (2H, s, Ar), 2.64 (12H, m, CH2), 1.58 (12H, m, CH2), 1.41 (12H, m, CH2), and 0.95 

(18H, m, CH3); 
13C NMR (CDCl3, 125 MHz) δ 191.8, 147.9, 142.1, 142.0, 133.8, 127.5, 133.7, 127.6, 

124.2, 91.1, 88.5, 33.1, 32.9, 32.8, 32.5, 32.2, 22.8, 22.7, 14.0, and 13.9; TOF-MS m/z 670 (M+). 

3,4:7,8:11,12-Tris(4,5-dibutylbenzo)cyclododeca-3,7,11-triene-5,9-diyne-1,2-diol (9). To VCl3(thf)3 

(1.98 g, 5.29 mmol) were added activated zinc (350 mg, 5.29 mmol) and CH2Cl2 (30 mL), and the 

mixture was stirred for 30 min at room temperature. To the resulting mixture was added DMF (1.05 mL, 

13.4 mmol), and the mixture was stirred for additional 30 min at room temperature. To this low valent 

vanadium reagent was dropwise added a solution of 8 (1.47 g, 2.20 mmol) in CH2Cl2 (30 mL), and the 

mixture was stirred for 1 h at room temperature. Ethyl acetate and 10% aqueous solution of sodium 

tartrate were added, and the mixture was stirred for 1 h at room temperature. After filtration, saturated 

aqueous NH4Cl solution and EtOAc were added, and the organic layer was separated. The aqueous layer 

was extracted with EtOAc, and the combined organic layer was successively washed with saturated 

aqueous NH4Cl solution and brine, and dried over MgSO4. After evaporation of the solvent, the residue 

was purified by column chromatography on silica gel with benzene as eluent to give a 1:1 diastereomeric 

mixture of 9 (1.40 g, 95%). Colorless thin plates, mp 106.5‒107.5 °C; 1H NMR (CDCl3, 500 MHz) δ 7.60 

(2H, s, Ar), 7.53 (2H, s, Ar), 7.43 (2H, s, Ar), 7.42 (2H, s, Ar), 7.39 (2H, s, Ar), 7.22 (2H, s, Ar), 5.73 
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(2H, dd, J = 7.1 and 2.5 Hz, CH), 4.41 (2H, t, J = 9.5 Hz, CH), 3.68 (2H, br s, OH), 2.65 (24H, m, CH2), 

1.68 (2H, br s, OH), 1.62 (24H, m, CH2), 1.45 (24H, m, CH2), and 0.97 (36H, m, CH3); TOF-MS m/z 672 

(M+). 

3,4:7,8:11,12-Tris(4,5-dibutylbenzo)cyclododeca-3,7,11-triene-5,9-diyne-1,2-dione (10). To a solution 

of (COCl)2 (0.72 mL, 8.28 mmol) in CH2Cl2 (50 mL) was added a solution of DMSO (0.80 mL, 11.2 

mmol) in CH2Cl2 (10 mL) at ‒78 °C. A solution of 9 (1.39 g, 2.07 mmol) in CH2Cl2 (10 mL) was added at

‒78 °C, and the mixture was stirred for 30 min at the same temperature. After warming up to ‒50 °C, 

Et3N was added, and the mixture was stirred for 1 h at ‒50 °C and then for 1 h at room temperature. 

Water and CH2Cl2 were added, and the organic layer was separated. The aqueous layer was extracted 

with CH2Cl2, and the combined organic layer was successively washed with saturated aqueous NH4Cl 

solution and brine, and dried over MgSO4. After evaporation of the solvent, the residue was purified by 

column chromatography on silica gel with hexane-benzene as eluent to give 10 (1.31 g, 94%). Yellow 

prisms, mp 101‒101.5 °C; 1H NMR (CDCl3, 500 MHz) δ 7.48 (2H, s, Ar), 7.44 (2H, s, Ar), 7.31 (2H, s, 

Ar), 2.66 (8H, m, CH2), 2.60 (4H, t, J = 7.3 Hz, CH2), 1.59 (12H, m, CH2), 1.42 (12H, m, CH2), and 0.97 

(18H, m, CH3); 
13C NMR (CDCl3, 125 MHz) δ 191.5, 144.5, 141.3, 141.0, 136.1, 133.4, 131.5, 130.2, 

123.3, 119.4, 92.9, 91.2, 33.1, 33.0, 32.3, 32.2, 22.8, 22.7, and 14.0; TOF-MS m/z 668 (M+). 

3,4:7,8:11,12-Tris(4,5-dibutylbenzo)cyclododeca-3,7,11-triene-1,2,5,6,9,10-hexaone hydrate (4). To a 

mixture of PhI=O (528 mg, 2.4 mmol) in water (0.2 mL) and acetone (1.8 mL) was added RuCl3·3H2O 

(7.3 mg, 0.028 mmol), and the mixture was stirred for 10 min at room temperature. A suspension of 10 

(189 mg, 0.28 mmol) in water (0.4 mL) and acetone (3.6 mL) was added, and the mixture was stirred for 

10 min at room temperature. After filtration, the filtrate was evaporated in vacuo, and the residue was 

purified by column chromatography on silica gel with hexane-EtOAc as eluent to give 4 (74 mg, 35%). 

Colorless plates, mp 98‒99 °C; 1H NMR (CDCl3, 500 MHz) δ 7.94 (1H, s, Ar), 7.92 (1H, s, Ar), 7.67 (1H, 

s, Ar), 7.20 (1H, s, Ar), 6.99 (21H, s, Ar), 6.98 (1H, s, Ar), 4.37 (1H, br s, OH), 3.27 (1H, br s, OH), 

2.86‒2.52 (12H, m, CH2), 1.72‒1.30 (24H, m, CH2), and 1.02‒0.89 (18H, m, CH3); 
1H NMR (MeOH-d4, 

500 MHz) δ 7.92 (1H, s, Ar), 7.86 (1H, s, Ar), 7.68 (1H, s, Ar), 7.18 (1H, s, Ar), 7.02 (21H, s, Ar), 7.00 

(1H, s, Ar), 4.87 (2H, br s, OH), 2.91‒2.55 (12H, m, CH2), 1.76‒1.30 (24H, m, CH2), and 0.94‒0.78 (18H, 

m, CH3); 
13C NMR (CDCl3, 125 MHz) δ 201.4, 190.7, 185.7, 149.5, 148.8, 143.7, 143.4, 143.1, 142.7, 

136.7, 134.9, 133.3, 132.1, 129.1, 128.54, 128.45, 128.0, 127.1, 126.2, 126.0, 125.6, 98.9, 96.8, 96.7, 33.0, 

33.0, 32.9, 32.83, 32.78, 32.5, 32.22, 32.17, 32.1, 32.0, 22.8, 22.7, 22.6, 14.0, 13.92, 13.89, and 13.8l; 13C 

NMR (MeOH-d4, 125 MHz) δ 204.7, 192.2, 188.3, 150.1, 149.4, 144.6, 143.8, 143.24, 143.21, 130.2, 

136.0, 135.0, 131.2, 130.3, 130.0, 128.2, 128.1, 127.9, 127.3, 127.1, 100.5, 98.8, 98.2, 34.4, 34.3, 34.22, 

34.20, 34.18, 34.0, 33.9, 33.6, 33.1, 23.8, 23.71, 23.69, 23.66, 23.62, 23.4, 14.4, 14.31, 14.27, and 14.23; 
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EI-MS m/z 732 (M+-18); HRMS (MALDI-TOF-MS) m/z calcd for C48H52O7·Na 73.4388, found 773.4411 

[M+Na]+. 
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