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1. General 

All chemicals and solvents were used as received without further purification unless otherwise mentioned. 1H-NMR 

(500 MHz), 13C-NMR (125 MHz), and 19F-NMR (470 MHz) spectra were measured with a JEOL JNM ECA-500 

spectrometer at 25 °C. Chemical shifts () are expressed relative to the resonances of the residual non-deuterated solvent 

for 1H [CDCl3: 1H () = 7.26 ppm, acetone-d6: 1H () = 2.05 ppm], 13C [CDCl3: 13C () = 78.0 ppm, acetone-d6: 13C = 

29.8 and 206.3 ppm]. Absolute values of the coupling constants are given in Hertz (Hz), regardless of their sign. 

Multiplicities are abbreviated as singlet (s), doublet (d), doublet of doublets (dd), triplet (t), quartet (q), quintet (quint), 

multiplet (m), and broad (br). Inductively coupled plasma mass spectrometry (ICP-MS) measurement was performed on 

a Perkin Elmer Nexion 300D. All the chemicals were purchased from commercial sources and used as received. 

Cyclotrimerization reactions were carried out using an organic synthesizer, ChemiStation (EYELA, PPS-1511). TLC 

analysis was performed on Merck silica gel 60 F254. Flash column chromatography was carried out using Wakogel 

silica C-200 (particle size: 75-150 μm). A series of combinations of ethyl acetate and hexane was used as an eluent. The 

Matrix-Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) mass spectroscopy (MS) was measured by 

using 2,5-dihydroxybenzoic acid as matrix in a Bruker rapifleX MALDI Tissuetyper on Positive mode and Reflector 

mode. X-ray photoelectron spectroscopy (XPS) experiments of catalyst and recovered catalyst were performed with 

AXIS-NOVA (Kratos) using Monochromatic Al Kα 150W (15kV×10mA) excitation source at Saitama University. The 

recovered catalyst sample was treated in a glovebox filled with argon and transferred to the analysis chamber without 

air-exposure using a transfer vessel. The Gas Chromatography Mass Spectrometry (GC-MS) was measured by using 

Agilent Technologies 7890B equipped with a HP-1 capillary column.  SEM images were obtained by using a 

Thermoscientific QuattroS and the EDX images were obtained by using a Hitachi TS3030Plus/Bruker nanoGmbH 

Quantax 70 

The starting materials 1q1, 1k2, 1l3, 1m4, 1n5, 1o6, 1p7, L68 and L78 were prepared following the literature report.  

XAFS experiment of Co K-edge (7.71 keV) was performed at BL14B2, SPring-8 (JASRI), Japan. All the spectra were 

measured at room temperature using Si (111) monochromator and ion chambers in transmission mode. The data 

processing was performed using Demeter software package9 and FEFF6 code10. Density functional theory (DFT) 

calculation was carried out using ORCA program package.11 BP86 functional and Grimme’s D3BJ dispersion 

correction12 with def2-TZVP basis set was used for the calculation. 

 

2.1. Preparation of poly(4-vinylpyridine) Supported Cobalt Catalyst (P4VP-CoCl2) 

 

Procedure: Poly(4-vinylpyridine), P4VP (average Mw = 160000, Aldrich, 210 mg) was dissolved in 10 mL of methanol. 

An aqueous solution (10 mL) of CoCl2 (130 mg) was slowly added to the polymer containing methanol solution. A 

precipitate was observed during slow addition. The reaction mixture was stirred for more 6 h at room temperature. After 

that, the precipitate was filtered and the filtrate was discarded. The residue was washed with water (3x10 mL), methanol 



S3 
 

(4x10 mL) and diethyl ether (5x5 mL). Next, the residue was collected and dried over vacuum for overnight (15 h) to get 

polymer supported cobalt complex P4VP-CoCl2 II (blue) with 43 wt% yield (147 mg).   

2.2.  XAFS Analysis 

The coordination structure of P4VP-Co was investigated by X-ray absorption fine structure (XAFS) at Co K-edge. 

Comparing X-ray absorption near edge structure (XANES) of P4VP-CoCl2 with that of known materials (Co foil, 

Co(II)O, Co(II)Cl2·6H2O, and Co3(II, III)O4), it shows similar features to the Co(II) compounds in terms of the position 

of absorption edge energy and white line (Figure S1a). Although elemental analysis of P4VP-Co indicated that the molar 

ratio of Co:Cl:N was ca. 1:2:9, Fourier transform of extended X-ray absorption fine structure (EXAFS) implies the lack 

of Co-Cl bond besides Co-N bond (Figure S1b). Therefore, we proposed an ion pair model as a local structure in 

P4VP-CoCl2, in which the Co(II) center is positively charged (2+) and it is neutralized by two chloride ions (Cl-) located 

outside the coordination sphere (Figure S1c). Next, the optimized geometry of [Co(4-methylpyridine)4]2+ was 

successfully obtained as a tetrahedral dicationic complex in high-spin state based on density functional theory (DFT) at 

the level of BP86-D3BJ/def2-TZVP (Figure S1d). After all, the fitting on the first coordination shell of the experimental 

data with the DFT-based model shows an acceptable result with Co-N bond length of 2.140 Å and R factor of 0.024 

(Figures S1b and S2). 

 

 

Figure S1. (a) Co K-edge XANES; (b) radial distribution function (RDF) of P4VP-CoCl2 and the best fit (k-range: 

3-12 Å-1, R-range: 1.2-2.1 Å, R(Co-N) = 2.140(16) Å, 2 = 0.0041(10) Å2, R factor = 0.024); (c) proposed local 

structure of P4VP-CoCl2 as an ion pair; (d) DFT-optimized structure of [Co(4-methylpyridine)4]2+ 

(BP86-D3BJ/def2-TZVP). Hydrogen atoms are omitted for clarity. 
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 Figure S2. k3-Weighted EXAFS (Co K-edge) of P4VP-CoCl2 and the best fit with high-spin [Co(4-methylpyridine)4]2+. 

 

2.3.  Optimized Cartesian Coordinates of High-Spin [Co(4-methylpyridine)4]2+ 

(BP86-D3BJ/def2-TZVP). 

  Co  -0.00175755293238     -0.00194419527156      0.15244879394296 

  N   -1.66510410737387      0.06180339106212     -0.93814113957131 

  N   1.61238092212944     -0.03125360069533     -1.01113937103629 

  N   -0.02050676663784      1.61974924086406      1.30574382868980 

  N   0.06547520865357     -1.65800691189360      1.25377013877378 

  C   0.33215458845825      1.57061398018728      2.61222651123748 

  C   -1.03667748135893     -2.41215372264319      1.47672022655396 

  C   0.33853097542403      2.69594567611980      3.42250393893807 

  C   -1.00664676044286     -3.55902330333911      2.25598260811509 

  C   -0.02705757443415      3.94753413725090      2.89941238910805 

  C   0.19422978477213     -3.97973850370378      2.85100806598246 

  C   -0.39605102940360      3.98115714720457      1.54258536348813 

  C   1.33141236406685     -3.18892413220987      2.60541275337648 

  C   -0.38302666188794      2.81938541885598      0.78778375359429 

  C   1.23430839272529     -2.05503997298341      1.81548010027805 

  C   -0.00759607060595      5.18613468154529      3.73699254913499 

  C   0.25998674730532     -5.19681081454084      3.71732114515522 
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  H   0.60585337733664      0.59079996461149      3.00480678824806 

  H   -1.95910438601561     -2.07635247050712      1.00189108572593 

  H   0.62562512554760      2.59518975133733      4.46946194402718 

  H   -1.92446232275627     -4.13058836183164      2.39586696551175 

  H   -0.70086512222371      4.91708327011874      1.07352058102912 

  H   2.29893239793540     -3.46197332606490      3.02767165259984 

  H   -0.67650251812236      2.82563353474584     -0.26339425404479 

  H   2.10838529128335     -1.43586708737104      1.60636108912579 

  H   -0.15339920544552      4.95910007150900      4.80010416531452 

  H   1.22411188498625     -5.71151400548974      3.61611021980646 

  H   -0.77057652307431      5.90508301858523      3.41296729100623 

  H   -0.55020553929235     -5.90050886622195      3.49181354743294 

  H   0.97092073285056      5.68499804057462      3.63939335228329 

  H   0.15928763085641     -4.90542459741278      4.77594715504035 

  C   3.87317429090609     -0.10498294238360     -2.69684786177589 

  C   3.47651031494428      1.07499506305872     -2.04504828720379 

  C   2.35962296883009      1.07815175070644     -1.22352873681545 

  C   1.98644626385261     -1.17955022162917     -1.62735683008487 

  C   3.09046447476854     -1.24938735255156     -2.46191686114274 

  C   5.05740340306697     -0.13774101580649     -3.60934009198763 

  H   4.04393819323298      1.99706110628706     -2.17383496225704 

  H   2.04303862793665      1.98343480669511     -0.70458738223681 

  H   1.37431132617328     -2.06037439817310     -1.42589296699153 

  H   3.34636829233712     -2.20160869882222     -2.92732912117091 

  C   -4.05042559633934      0.12979800128296     -2.44276623917138 

  C   -4.03211353580335      0.45175672001407     -1.07399451273259 

  C   -2.84299998026872      0.40949195880406     -0.36376569076490 

  C   -1.66592549579969     -0.24575426934028     -2.25710788133319 

  C   -2.82039385977420     -0.22102624318729     -3.02453128686339 

  C   -5.31858577583588      0.14200559870238     -3.23503493200517 

  H   -4.94872737926625      0.74282937719576     -0.56026255745745 

  H   -2.80916432485793      0.66633835195459      0.69643534833068 

  H   -0.70244787459496     -0.50856433728975     -2.69493812073536 

  H   -2.75967513630026     -0.47203299171338     -4.08381050764148 

  H   -5.78442196723230     -0.85699996125191     -3.20532951503403 

  H   -5.13411642541822      0.38207783929932     -4.28956389070441 

  H   -6.04628001619879      0.85278475918081     -2.82447631809999 

  H   5.51039758069389     -1.13594972868246     -3.65005433069407 

  H   5.81895906391261      0.59291894201006     -3.30954418970690 

  H   4.74358676471132      0.12124043324746     -4.63420551258757 
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2.4.  Elemental Analysis: 

Co: calculated 5.13%, observed 5.14%; Cl: calculated 6.18%, observed 6.08%; C: calculated 65.90%, observed 

65.88%; H: calculated 6.18%, observed 6.12%; N: calculated 10.98%, observed 10.85%.  

 

2.5.  Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray Analysis (EDX) Analysis 

For getting the SEM images the sample was treated with PdPt alloy sputtering for 30 s before working.  

 

Figure S3. SEM and EDX images of P4VP-CoCl2. 

 

3. Optimization of Reaction Conditions a 

 

entry deviation from standard conditions yield of 2a (%) yield of 3a (%) 

1 none 69 (68b) 0 

2 without base 64 0 
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3 1 mol equiv of base 68 0 

4 100 °C trace 0 

5 15 h 57 0 

6 zinc (1 mol equiv) 63 0 

7 zinc (5 mol equiv) 47 0 

8 manganese (1 mol equiv) 66 0 

9 0.015 mol % P4VP-CoCl2 (150 mol 
ppm Co) 

59 0 

10 0.066 mol % P4VP-CoCl2 (660 mol 
ppm Co) 

68 0 

11 0.033 mol % P4VP-CoBr2 (330 mol 
ppm Co) 

66 0 

12 CoCl2 (0.3 mol % Co) and P4VP (1.3 
mol %) 

24 6 

13 in toluene (0.5 mL) 40 0 

14 in xylene (0.5 mL) 66 0 

15 in DMF (0.5 mL) trace 0 

16 in the absence of cobalt 0 0 

17 air instead of N2 44 0 

a The reactions were performed with 1 mol equiv of 1a, 0.033 mol % of catalyst II, 6.5 mol % of DIPEA at 150 °C for 24 h under N2. 

The yield was determined by 1H-NMR studies using 1,3,5-trimethoxybenzene as internal standard.  b isolated yield.  

 

4. Homogeneous Reactions a 

 

entry catalyst ligand yield of 2a (%) yield of 3a (%)  

1 CoCl2 - trace 9  

2 CoCl2 L1 4 7  

3 CoBr2 L1 4 3  

4 CoI2 L1 0 0  

5 CoF2 L1 0 1  

6b CoCl2 L1 7 12  

7 CpCo(CO)2 L1 15 21  

8 (PPh3)3CoCl L1 1 0  

9 CoCl2 L2 16 20  



S8 
 

10 CoCl2 L3 19 24  

11 CoCl2 L4 4 8  

12 CoCl2 L5 5 6  

13 COCl2 L6 0 0  

14 CoCl2 L7 5 7  

15 CoCl2 L8 6 11  

16 CoCl2 L9 9 11  

 

 

a The reactions were performed with 1 mol equiv of 1a, 0.3 mol % of catalyst, 1.3 mol % of Ligand, 6.5 mol % of DIPEA at 

150 °C for 24 h under N2. The yield was determined by 1H-NMR studies using 1,3,5-trimethoxybenzene as internal standard. b 

Reaction was performed with pre-complexed metal-ligand catalyst. 

5. Catalysis 

5.1.  General Procedure for Cyclotrimerization Reaction 

 

A mixture of P4VP-CoCl2 (330 mol ppm, 1.85 mg), aryl alkyne, 1 (1 mol equiv, 5 mmol), and DIPEA (6.5 mol %, 42 

mg) were added to a reaction tube. The reaction tube was degassed under vacuum and refilled with N2 under standard 

Schlenk techniques (3 times). The reaction tube was sealed with screw cap and Teflon then placed over a chemiStation 

(metal block) under nitrogen for 24 h. After the reaction, the reaction mixture was diluted by EtOAc (approximately 5 

mL) and filtered through a celite pad, and washed with EtOAc. The EtOAc solution was collected. The solvent was 

evaporated under vacuum and crude mass was purified by column chromatography to give product 2. The yield of the 

isolated product was determined based on a single experiment. 

 

5.2. Characterization of Products 

1,3,5-triphenylbenzene (2a, Ref. 13) 

The molecule was purified by column chromatography using hexane as eluent. White solid (68% yield, 

345 mg). m. p. 175-176 °C; 1H-NMR (500 MHz, CDCl3) δ 7.79 (s, 3H), 7.71 (d, J = 7.2 Hz, 6H), 7.49 (t, 



S9 
 

J = 7.2 Hz, 6H), 7.40 (t, J = 7.2 Hz, 3H). 13C{1H}-NMR (125 MHz, CDCl3) δ 142.5, 141.3, 129.0, 127.6, 127.5, 125.3. 

1,3,5-tris(4-methylphenyl)benzene (2b, Ref. 13) 

The molecule was purified by column chromatography using hexane as eluent. White solid (84% yield, 

485 mg). m. p. 175-176 °C; 1H-NMR (500 MHz, CDCl3) δ 7.74 (s, 3H), 7.60 (d, J = 8.0 Hz, 6H), 7.29 

(d, J = 8.0 Hz, 6H), 2.42 (s, 9H). 13C{1H}-NMR (125 MHz, CDCl3) δ 142.3, 138.5, 137.4, 129.6, 127.3, 

124.7, 21.2.  

1,3,5-tris(4-methoxyphenyl)benzene (2e, Ref. 13) 

The molecule was purified by column chromatography using hexane as eluent. White solid (86% yield, 

567 mg). m. p. 141-142 °C; 1H-NMR (500 MHz, CDCl3) δ 7.65 (s, 3H), 7.62 (dd, J = 6.6, 2.0 Hz, 6H), 

7.01 (dd, J = 6.6, 2.0 Hz, 6H), 3.87 (s, 9H). 13C{1H}-NMR (125 MHz, CDCl3) δ 159.4, 142.0, 134.4, 

128.5, 123.9, 114.3, 55.5.  

1,3,5-tris(4-butylphenyl)benzene (2f, ref. 14) 

The molecule was purified by column chromatography using hexane as eluent. Colorless liquid (79% 

yield, 622 mg). 1H-NMR (500 MHz, CDCl3) δ 7.75 (s, 3H), 7.61 (d, J = 8.0 Hz, 6H), 7.29 (d, J = 8.0 

Hz, 6H), 2.68 (t, J = 7.4 Hz, 6H), 1.63-1.69 (m, 6H), 1.41 (td, J = 14.9, 7.4 Hz, 6H), 0.96 (t, J = 7.4 Hz, 

9H). 13C{1H}-NMR (125 MHz, CDCl3) δ 142.4, 142.2, 138.7, 120.0, 127.3, 124.7, 35.4, 33.8, 22.5, 14.1. Elemental 

analysis calcd (%) for C36H42: C 91.08, H 8.92; found: C 91.06, H 8.91. 

1,3,5-tris(4-bromophenyl)benzene (2g, Ref. 13) 

Xylene (0.5 mL) was added as solvent. The molecule was purified by column chromatography using 

hexane as eluent followed by recrystallization (hexane/ethyl acetate) of the isolated product. Light 

yellow solid (66%, 591 mg). m. p. 161-162 °C; 1H-NMR (500 MHz, CDCl3) δ 7.69 (s, 3H), 7.60 (d, J 

= 8.6 Hz, 6H), 7.53 (d, J = 8.6 Hz, 6H). 13C{1H}-NMR (125 MHz, CDCl3) δ 141.6, 139.7, 132.1, 

129.0, 125.1, 122.2.  

1,3,5-tris(4-chlorophenyl)benzene (2h, Ref. 13) 

Xylene (0.5 mL) was added as solvent. The molecule was purified by column chromatography using 

hexane as eluent followed by recrystallization (hexane) of the isolated product. White solid (61%, 414 

mg). m. p. 245-246 °C; 1H-NMR (500 MHz, CDCl3) δ 7.68 (s, 3H), 7.59 (d, J = 8.2 Hz, 6H), 7.45 (d, J 

= 8.2 Hz, 6H). 13C{1H}-NMR (125 MHz, CDCl3) δ 141.6, 139.3, 134.0, 129.2, 128.6, 125.1, 77.4, 77.1, 76.9.  

1,3,5-tris(4-fluorophenyl)benzene (2i, Ref. 13) 

The molecule was purified by column chromatography using hexane as eluent. White solid (53%, 191 

mg). m. p. 238-239 °C; 1H-NMR (500 MHz, CDCl3) δ 7.66 (s, 3H), 7.62-7.65 (m, 6H), 7.15-7.18 (m, 

6H). 13C{1H}-NMR (125 MHz, CDCl3) δ 163.8 (d, JF = 245.6 Hz), 141.6, 137.1 (d, JF = 3.4), 129.0 (d, 

JF = 8.4), 124.9, 115.8 (d, JF = 21.5 Hz). 19F-NMR (470 MHz, CDCl3) δ -114.91. 

1,3,5-tris(4-(trifluoromethyl)phenyl)benzene (2j, Ref. 13) 

The molecule was purified by column chromatography using hexane as eluent followed by preparative 

thin layered chromatography (PTLC). White solid (42%, 214 mg). m. p. 232-234 °C; 1H-NMR (500 

MHz, CDCl3) δ 7.81-7.75 (m, 15H). 13C{1H}-NMR (125 MHz, CDCl3) δ 144.2, 141.8, 130.3 (q, JF = 

32.4 Hz), 127.9, 126.4, 126.3 (q, JF = 3.5 Hz), 124.5 (q, JF = 270.0 Hz). 19F-NMR (470 MHz, CDCl3) δ -62.35. 

1,3,5-tris(4-(phenyl)phenyl)benzene (2n, Ref. 15) 
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Xylene (0.5 mL) was added as solvent. The molecule was purified by column chromatography using 

hexane/dichloromethane (19:1) as eluent. White solid (49%, 433 mg). m. p. 230-232 °C; 1H-NMR 

(500 MHz, CDCl3) δ 7.89 (s, 3H), 7.81 (d, J = 8.4 Hz, 6H), 7.74 (d, J = 8.4 Hz, 6H), 7.65-7.68 (m, 

6H), 7.48 (t, J = 7.4 Hz, 6H), 7.38 (t, J = 7.4 Hz, 3H). 13C{1H}-NMR (125 MHz, CDCl3) δ 142.1, 

140.7, 140.5, 140.1, 128.9, 127.8, 127.7, 127.5, 127.2, 125.1.  

1,3,5-tris(4-hydroxyphenyl)benzene (2m, Ref. 16) 

Xylene (0.5 mL) was added as solvent. The molecule was purified by column chromatography using 

hexane/ethanol (5:1) as eluent. White solid (71%, 417 mg). m. p. 231-233 °C; 1H-NMR (500 MHz, 

Methanol-d3) δ 7.57 (s, 3H), 7.53 (dd, J = 9.2, 2.6 Hz, 6H), 6.87 (dd, J = 9.2, 2.6 Hz, 6H). 

13C{1H}-NMR (125 MHz, Methanol-d3) δ 157.0, 142.0, 132.8, 127.9, 122.6, 115.3.  

1,3,5-tris(3-methylphenyl)benzene (2c, Ref. 17) 

The molecule was purified by column chromatography using hexane as eluent. White solid (77%, 445 

mg). m.p. 116-117 °C; 1H-NMR (500 MHz, CDCl3) δ 7.76 (s, 3H), 7.50 (d, J = 8.0 Hz, 6H), 7.37 (t, J = 

7.8 Hz, 3H), 7.21 (d, J = 7.8 Hz, 3H), 2.45 (s, 9H). 13C{1H}-NMR (125 MHz, CDCl3) δ 142.5, 141.3, 

138.5, 128.8, 128.3, 128.3, 125.2, 124.6, 21.7.  

1,3,5-tris(2-methylphenyl)benzene (2d, Ref. 17) 

The molecule was purified by column chromatography using hexane as eluent. White solid (67%, 387 mg). 

m.p. 138-139 °C; 1H-NMR (500 MHz, CDCl3) δ 7.29-7.37 (m, 15H), 2.42 (s, 9H). 13C{1H}-NMR (125 

MHz, CDCl3) δ 141.8, 141.6, 135.5, 130.5, 130.1, 128.7, 127.5, 126.0, 20.8.  

1,3,5-tris([1,1'-biphenyl]-2-yl)benzene (2o, Ref. 18) 

Xylene (0.5 mL) was added as solvent. The molecule was purified by column chromatography using 

hexane as eluent followed by recrystallization (hexane/ethyl acetate) of the isolated product. White solid 

(42%, 372 mg). m. p. 215-216 °C; 1H-NMR (500 MHz, CDCl3) δ 7.25-7.38 (m, 18H), 7.05 (dd, J = 6.9, 

1.7 Hz, 6H), 6.84 (d, J = 1.1 Hz, 3H), 6.75 (s, 3H). 13C{1H}-NMR (125 MHz, CDCl3) δ 141.7, 140.8, 

140.6, 140.5, 130.6, 130.3, 130.3, 129.9, 128.0, 127.4, 127.3, 126.5.  

1,3,5-tris(4-(ethan-1-one)phenyl)benzene (2l, Ref. 15) 

Xylene (0.5 mL) was added as solvent. The molecule was purified by column chromatography using 

hexane/ethyl acetate (10:1) as eluent followed by recrystallization (hexane/ethyl acetate) of the 

isolated product. White solid (39%, 280 mg). m. p. 251-252 °C; 1H-NMR (500 MHz, CDCl3) δ 8.09 

(d, J = 8.6 Hz, 6H), 7.87 (s, 3H), 7.79 (d, J = 8.6 Hz, 6H), 2.66 (s, 9H). 13C{1H}-NMR (125 MHz, 

CDCl3) δ 197.7, 145.1, 141.7, 136.5, 129.2, 127.6, 126.2, 26.8. 

1,3,5-tris(4-(ethoxycarbonyl)phenyl)benzene (2k, Ref. 15) 

The molecule was purified by column chromatography using hexane/ethyl acetate (19:1) as eluent 

followed by recrystallization (hexane/ethyl acetate) of the isolated product. White solid (46%, 398 

mg). m. p. 180-181 °C; 1H-NMR (500 MHz, CDCl3) δ 8.16 (d, J = 8.4 Hz, 6H), 7.85 (s, 3H), 7.76 

(d, J = 8.4 Hz, 6H), 4.42 (q, J = 7.2 Hz, 6H), 1.43 (t, J = 7.2 Hz, 9H). 13C{1H}-NMR (125 MHz, CDCl3) δ 166.5, 145.0, 

141.8, 130.3, 129.9, 127.4, 126.1, 61.2, 14.5.  

1,3,5-tris(1-naphthyl)benzene (2q, Ref. 19) 

The molecule was purified by column chromatography using hexane as eluent followed by 

recrystallization (hexane/ethyl acetate) of the isolated product. White solid (41%, 312 mg). m. p. 
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196-197 °C; 1H-NMR (500 MHz, CDCl3) δ 8.20 (d, J = 8.6 Hz, 3H), 7.91-7.93 (m, 3H), 7.88 (d, J = 8.6 Hz, 3H), 7.75 (s, 

3H), 7.61 (dd, J = 7.4, 1.1 Hz, 3H), 7.55 (t, J = 7.4 Hz, 3H), 7.47-7.51 (m, 6H). 13C{1H}-NMR (125 MHz, CDCl3) δ 

140.9, 139.9, 134.0, 131.7, 130.8, 128.5, 128.0, 127.4, 126.4, 126.1, 126.0, 125.6.  

 

6. Synthesis of Hexa-peri-benzocoronene (5)  

 

The compound 5 was prepared by following the literature procedure (ref. 20). 10 mg of 2o (0.0184 mmol) was 

dissolved in 8 ml of dichloromethane, the solution was degassed by bubbling through argon for 10 min, and then 100 mg 

of FeCl3 in 0.4 mL of CH3NO2 was added dropwise. After being stirred for 1 h, the reaction was quenched by adding 10 

ml of methanol, the yellow precipitate was collected, washed by methanol repeatedly and dried under vacuum to afford 

7.2 mg of yellow powder (76%). MALDI-TOF: 522.19, cal. (C42H18) 522.14. 

 

7. Reaction Procedure for p-BCOTPB (4) Synthesis  

 

A mixture of 2m (90 mg, 0.25 mmol, 1 mol equiv), BOC2O (350 mg, 1.5 mmol, 6 mol equiv), 18-crown-6-ether (200 mg, 

0.75 mmol, 3 mol equiv) and K2CO3 (316 mg, 2.3 mmol, 9 mol equiv) were taken in a round bottomed flask and 

degassed under vacuum and then refill with nitrogen (3 times). After that 10 mL of THF was added to the reaction 

mixture. The reaction mixture was stirred at room temperature for overnight (15 h). After the completion of reaction, the 

mixture was diluted with ethyl acetate and extracted with water and brine. The organic layer was collected and dried 

over Na2SO4. The ethylacetate was removed by using a rotary evaporator. Finally, the crude mixture was purified by 

column chromatography (hexane/ethyl acetate = 10:1)  

 

1,3,5-tris(4-t-butoxycarbonyloxyphenyl)benzene (4, Ref. 21) 

 White solid (86%, 142 mg). m. p. 120-122 °C; 1H-NMR (500 MHz, CDCl3) δ 7.69 (s, 3H), 7.66 

(dd, J = 6.8, 2.4 Hz, 6H), 7.28 (dd, J = 6.8, 2.4 Hz, 6H), 1.58 (s, 27H). 13C{1H}-NMR (125 MHz, 

CDCl3) δ 152.8, 150.8, 141.7, 138.6, 128.4, 125.2, 121.8, 83.8, 27.8. 
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8. Procedure for Multigram-Scale Reaction 

 

A mixture of P4VP-CoCl2 (330 mol ppm, 35 mg), 1-ethynyl-4-methylbenzene 1b (1 mol equiv, 95 mmol, 11g), and 

DIPEA (6.5 mol %, 798 mg) were added to a 50 mL round bottomed flask. The reaction system was connected with a 

condenser and degassed under vacuum and refilled with N2 under standard Schlenk techniques (3 times). Next, the round 

bottomed flask was placed over an oil bath at 150 °C (set temperature 160 °C) under nitrogen for 36 h. After the reaction, 

the reaction mixture was diluted by EtOAc. The solid catalyst was filtered and washed with EtOAc and methanol. 

Finally, the collected recovered catalyst was dried under vacuum (34.3 mg). On the other side, the EtOAc solution 

(filtrate) was also collected. The solvent was evaporated under vacuum and crude mass was purified by column 

chromatography to give product 2b (71%, 7.8 g).  

 

9. Catalyst Recovery and Application of Recovered Catalyst 

9.1. Flow Chart for Catalyst Recovery 

 

9.2. Application of Recovered Catalyst in Cyclotrimerization Reaction 

 

 entry number of run catalyst recovery yield (%) yield of 2b (%) 

1 1st 98 84 

2 2nd 95 80 

3 3rd 97 72 
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9.3. Hot Filtration Test 

A mixture of P4VP-CoCl2 (330 mol ppm, 1.85 mg), aryl alkyne, 1 (1 mol equiv, 5 mmol), and DIPEA 

(6.5 mol %, 42 mg) were added to a reaction tube. The reaction tube was degassed under vacuum and 

refilled with N2 under standard Schlenk techniques (3 times). The reaction tube was sealed with screw cap 

and Teflon then placed over a chemiStation (metal block) under nitrogen for 3 h. A small portion of the 

reaction mixture was taken out for NMR analysis. The remaining portion was immediately filtered 

through a Milipore filter paper and washed with hot xylene. Nitrogen gas was passed through the solution 

for 10 minutes. After that, the reaction system was sealed and placed over a chemiStation at 150 °C for 

another 24 h. After 24 h the reaction mixture was removed from the chemiStation and diluted with ethyl 

acetate. The yield was determined by the crude NMR analysis using 1,3,5-trimethoxybenzene as an 

internal standard.  

 

 

10. Effects of Different Ratio of Poly(4-vinylpyridine) and Cobalt Chloride 

 

Poly(4-vinylpyridine), P4VP (average Mw = 160000, Aldrich) was dissolved in 10 mL of methanol. An aqueous solution 

(10 mL) of CoCl2 was slowly added to the polymer containing methanol solution. The reaction mixture was stirred for 6 

h at room temperature. After that, the precipitate was filtered and the filtrate was discarded. The residue was washed 

with water (3x10 mL), methanol (4x10 mL), and diethyl ether (5x5 mL). Next, the residue was collected and dried over 

vacuum for overnight (15 h) to get polymer supported cobalt catalyst. A mixture of cobalt catalyst (1.85 mg), 

phenylacetylene, 1a (1 equiv, 5 mmol), and DIPEA (6.5 mol%, 42 mg) were added to a reaction tube. The reaction tube 
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was degassed under vacuum and refilled with N2 under standard Schlenk techniques (3 times). The reaction tube was 

sealed with screw cap and teflon then placed over a chemiStation under nitrogen for 24 h. After the reaction, the reaction 

mixture was diluted by EtOAc and filtered through a celite pad, and washed with EtOAc. The EtOAc solution was 

collected to measure the yield of 2a from the NMR analysis by using 1,3,5-trimethoxybenzene as an internal standard. 

 

entry Co:N (n:m) wt% yield of catalyst yield of 2a (%) 

1 2:1 6 10 

2 1:1 17 7 

3 1:2 43 69 

4 1:3 41 64 

5 1:4 67 39 

 

11. ICP-MS Analysis 

Inductively coupled plasma mass spectrometry (ICP-MS) measurement was performed using Perkin Elmer Nexion 300D. 

The sample was pretreated by microwave digestion technique with high-purity nitric acid (7 mL, 69%, obtained from 

Kanto Chemical, Ultrapur-100 grade) and hydrogen peroxide (1 mL, 30-32%, obtained from Kanto Chemical, Ultrapur 

grade) as solvent using Perkin Elmer Titan MPS microwave sample preparation system. A cobalt standard solution was 

obtained from Merck. 

 

 

 

ICP-MS Analysis of Cobalt in 2a 

Solid product 2a (34 mg) was heated with nitric acid and hydrogen peroxide using a microwave heating system, and the 

resulted solution was diluted with water to 200 mL total. ICP-MS analysis of the solution showed that 0.03 mg Kg-1 

(0.03 ppm) of cobalt contaminated to the solid product (the limit of detection of ICP-MS: 0.01 mg Kg-1). 

 
 

12. Effect of Base on Catalyst Reusability 
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entry base fresh yield of 2a (%) 1st reuse yield 2a (%) 

1 Et3N 39 12 

2 DIPEA 69 65 

3 no base 64 14 

4 K3PO4 0 0 

5 KOtBu 0 0 

 

13. XPS Analysis of Catalyst and Recovered Catalyst 

XPS studies were performed with the catalyst recovered from the multi-gram-scale reaction. The studies 

were performed after the argon etching (one time) to clear the surface of the catalyst and recovered 

catalyst. The spectra’s of the recovered catalyst showed similar pattern with the spectra’s of original 

P4VP-Co (II) catalyst. The 2p level XPS spectra for recovered catalyst (Figure S4c) as well as the 

original catalyst (figure S4a) only showed the presence of +2 oxidation states of cobalt. 

 

Figure S4. a) XPS spectra of cobalt 2p orbital of P4VP-Co catalyst before reaction. b) XPS spectra of 

nitrogen 1s orbital of P4VP-Co catalyst before reaction. c) XPS spectra of cobalt 2p orbital of P4VP-Co 

catalyst after reaction (recovered catalyst). d) XPS spectra of nitrogen 1s orbital of P4VP-Co catalyst after 

reaction (recovered catalyst).  

 

14. Speculative Origin of Selectivity 
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Figure S5. Speculative Origin of Selectivity 

The cobaltacycle intermediate (In1, In2, and In3) will provide the 1,2,4-triphenylbenzene (3a) whereas the 

cobaltacycle intermediate In4 will provide the desired 1,3,5-triphenylbenzene (2a). A steric hindrance between the 

polymer chain unit and the phenyl ring (1a) in the case of In1, In2, and In3 makes these three cobaltacycles 

unfavorable.  There is no such steric hindrance in In4 which is expected to deliver the product with exclusive 

selectivity. A π-π stacking interaction between the phenyl groups may stabilize the intermediates In2 and In4 but 

In2 suffers from steric destabilization too. So, In4 is the most favored intermediate. 

15. The Major Side-Product Obtained from the Reaction 
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17. Product NMR 

 

 

Figure S6-1. 1H-NMR spectrum of compound 2a (500 MHz, CDCl3) 

 

 

Figure S6-2. 13C{1H}-NMR spectrum of compound 2a (125 MHz, CDCl3) 
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Figure S7-1. 1H-NMR spectrum of compound 2b (500 MHz, CDCl3) 

 

  

Figure S7-2. 13C{1H}-NMR spectrum of compound 2b (125 MHz, CDCl3)  

ab
u

n
d

an
ce

0
1

.0
2

.0
3

.0
4

.0
5

.0
6

.0
7

.0
8

.0
9

.0

X : parts per Million : 1H

12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0

7
.7

3
6

7
.6

0
5

7
.5

8
9

7
.2

9
7

7
.2

8
1

2
.4

2
3

9
.0

0

5
.9

9

5
.9

8

2
.9

6

ab
u

n
d

an
ce

0
0

.1
0

.2
0

.3
0

.4
0

.5
0

.6
0

.7
0

.8
0

.9
1

.0

X : parts per Million : 13C

220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 -10.0 -20.0

1
4

2
.2

6
4

1
3

8
.5

0
6

1
3

7
.3

6
2

1
2

9
.6

3
6

1
2

7
.2

8
9

1
2

4
.6

7
6

2
1

.2
4

2



S21 
 

   

Figure S8-1. 1H-NMR spectrum of compound 2e (500 MHz, CDCl3) 

 

  

Figure S8-2. 13C{1H}-NMR spectrum of compound 2e (125 MHz, CDCl3) 
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Figure S9-1. 1H-NMR spectrum of compound 2f (500 MHz, CDCl3) 

 

Figure S9-2. 13C{1H}-NMR spectrum of compound 2f (125 MHz, CDCl3)  
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Figure S10-1. 1H-NMR spectrum of compound 2g (500 MHz, CDCl3) 

 

Figure S10-2. 13C{1H}-NMR spectrum of compound 2g (125 MHz, CDCl3) 
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Figure S11-1. 1H-NMR spectrum of compound 2h (500 MHz, CDCl3) 

 

  

Figure S11-2. 13C{1H}-NMR spectrum of compound 2h (125 MHz, CDCl3) 
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Figure S12-1. 1H-NMR spectrum of compound 2i (500 MHz, CDCl3) 

 

    

Figure S12-2. 13C{1H}-NMR spectrum of compound 2i (125 MHz, CDCl3) 
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Figure S12-3. 19F-NMR spectrum of compound 2i (470 MHz, CDCl3) 
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Figure S13-1. 1H-NMR spectrum of compound 2j (500 MHz, CDCl3) 

  

Figure S13-2. 13C{1H}-NMR spectrum of compound 2j (125 MHz, CDCl3) 
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Figure S13-3. 19F-NMR spectrum of compound 2j (470 MHz, CDCl3) 
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Figure S14-1. 1H-NMR spectrum of compound 2n (500 MHz, CDCl3) 

 

 

Figure S14-2. 13C{1H}-NMR spectrum of compound 2n (125 MHz, CDCl3)  
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Figure S15-1. 1H-NMR spectrum of compound 2m (500 MHz, Methanol-d3) 

 

 

Figure S15-2. 13C{1H}-NMR spectrum of compound 2m (125 MHz, Methanol-d3) 
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Figure S16-1. 1H-NMR spectrum of compound 4 (500 MHz, CDCl3) 

 

 

Figure S16-2. 13C{1H}-NMR spectrum of compound 4 (125 MHz, CDCl3)  
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Figure S17-1. 1H-NMR spectrum of compound 2c (500 MHz, CDCl3) 

 

 

Figure S17-2. 13C{1H}-NMR spectrum of compound 2c (125 MHz, CDCl3) 
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Figure S18-1. 1H-NMR spectrum of compound 2l (500 MHz, CDCl3) 

 

 

Figure S18-2. 13C{1H}-NMR spectrum of compound 2l (125 MHz, CDCl3) 
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Figure S19-1. 1H-NMR spectrum of compound 2d (500 MHz, CDCl3) 

 

   

Figure S19-2. 13C{1H}-NMR spectrum of compound 2d (125 MHz, CDCl3) 
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Figure S20-1. 1H-NMR spectrum of compound 2o (500 MHz, CDCl3) 

 

  

Figure S20-2. 13C{1H}-NMR spectrum of compound 2o (125 MHz, CDCl3)  
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Figure S21-1. 1H-NMR spectrum of compound 2k (500 MHz, CDCl3) 

 

  

Figure S21-2. 13C{1H}-NMR spectrum of compound 2k (125 MHz, CDCl3) 
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Figure S22-1. 1H-NMR spectrum of compound 2q (500 MHz, CDCl3) 

 

 

Figure S22-2. 13C{1H}-NMR spectrum of compound 2q (125 MHz, CDCl3) 
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18. MALDI-TOF-MS data: 

 

Figure S23. MALDI-TOF MS of Compound 5 (Matrix: 2,5-dihydroxybenzoic acid)  
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19. Crude GC-MS Analysis 

 

Figure S24-1. GC-MS analysis of crude reaction mixture (overall) 
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Figure S24-2. GC-MS analysis of crude reaction mixture (enlarged view for 1a) 
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Figure S24-3. GC-MS analysis of crude reaction mixture (enlarged view for 2a and S3) 
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Figure S24-4. GC-MS analysis of crude reaction mixture (enlarged view for S1 and S2) 

 

  

  


