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1. Experimental section 

1.1 General Materials and Physical Measurements  

All manipulations were carried out at room temperature under a nitrogen 

atmosphere using standard Schlenk techniques, unless otherwise stated. Solvents were 

predried, distilled, and degassed prior to use, except those for spectroscopic 

measurements, which were of spectroscopic grade. The reagent Pd(PPh3)4, 

(trimethylsilyl)acetylene (TMSA) and starting material 1,4-dibromonaphthalene (2a) 

were commercially available. Other starting materials RuHCl(CO)(PPh3)3
1
, 

1,4-dibromoanthracene (3a)
2
,
 
tetracene-5,12-dione (5a)

3
 and target complexes 1

4
 and 

4
5
 were prepared according to the procedures described in literature methods. 

1
H, 

13
C, and 

31
P NMR spectra were collected on a Varian Mercury Plus 400 

spectrometer (400 MHz). 
1
H and 

13
C NMR chemical shifts are relative to TMS, and 

31
P NMR chemical shifts are relative to 85% H3PO4. Elemental analyses (C, H, N) 

were performed with a Vario ElIII Chnso instrument. IR and UV–Vis–NIR 

spectroelectrochemistry experiments were recorded using Nicolet Avatar 

spectrometer or a Shimadzu UV-3600 UV–Vis–NIR spectrophotometer respectively 

by spectroelectrochemical (SEC) liquid sample cells GS20900 series with a path 

length of 200 μm.
6
 Solid IR spectra was recorded using a Nicolet Avatar spectrometer 

from Nujol mull suspended between KBr discs. The electrochemical measurements 

were performed on a CHI 660C potentiostat (CHI USA). A three-electrode 

one-compartment cell was used to contain the solution of complexes and supporting 

electrolyte in dry CH2Cl2. Deaeration of the solution was achieved by argon bubbling 

through the solution for about 10 min before measurement. The ligand and electrolyte 

(
n
Bu4NPF6) concentrations were typically 0.001 and 0.1 mol dm

−3
, respectively. A 

500 μm diameter platinum-disk working electrode, a platinum-wire counter electrode, 

and an Ag/Ag
+
 reference electrode were used. The Ag/Ag

+
 reference electrode 

contained an internal. The EPR spectra of singly-oxidized species generated by 

adding 1.0 eq chemical oxidant (ferrocenium hexafluorophosphate) into the solution 

of charge neutral molecules was recorded on a Bruker BioSpin GmbH, using a 

microwave frequency of about 9.84 GHz, 100 kHz modulation frequency, 1 G 

modulation amplitude, and ca 20 mW power of the microwave. 

 

1.2 Synthetic Procedures and Characterization Data 

Synthesis of Bis((trimethylsilyl)ethynyl)oligoacene 

 

1,4-Bis(trimethylsilylethynyl)naphthalene (2b):  



To a stirred solution of 1,4-dibromonaphthalene 2a (1.0 g, 3.5 mmol), CuI (67 

mg, 0.35 mmol), and Pd(PPh3)4 (404 mg, 0.35 mmol) in triethylamine (30 mL) and 

THF (30 mL) under an argon atmosphere was added (trimethylsilyl)acetylene (857 

mg, 8.74 mmol), and the mixture at 60 ℃ was refluxed for 24 h. The cold solution 

was filtered through a bed of celite. The filtrate was evaporated under reduced 

pressure and purified by silica gel column chromatography (petroleum ether) to give a 

white solid (1.05 g, 94%). 
1
H NMR (400 MHz, CDCl3): δ (ppm) 0.34 (s, 18H, SiCH3), 

7.60 (t, J = 3.2, Hz, 2H), 7.62 (d, J = 1.2 Hz, 2H), 8.33 (dd, J = 1.2 Hz, 2H). 

 

1,4-Bis(trimethylsilylethynyl)anthracene (3b):  

The procedure of 3b was similar to that for 2b. 1,4-dibromoanthracene 3c (200 

mg, 0.60 mmol), CuI (11 mg, 0.06 mmol), Pd(PPh3)4 (69 mg, 0.06 mmol), 

triethylamine (12 mL) and THF (12 mL), (trimethylsilyl)acetylene (143 mg, 1.46 

mmol). Yield: 190 mg (86%) of a green solid. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 

0.42 (s, 18H, SiCH3), 7.54 (dd, J = 2.8 Hz, 2H), 7.66 (d, J = 3.2 Hz, 2H). 8.09 (dd, J = 

2.8 Hz, 2H), 8.91 (s, 2H). 
13

C NMR (100 MHz, CDCl3): δ (ppm) 0.09 (Si-CH3), 

101.84, 103.11, 121.68, 125.69, 126.17, 128.48, 129.69, 130.48, 132.15. 

 

5,12-Bis(trimethylsilylethynyl)tetracene (5b):  

Under N2 protection, to a 100 mL three-necked bottle adding successively THF 

(20 mL), 2 M 
i
PrMgCl in THF (9.5 mL, 19.5 mmol), and trimethylsilylacetylene (1.95 

g, 19.5 mmol) via syringe, the mixture was stirred 30 min at 60 ℃, after which was 

cooled to rt. 5a (418 mg, 1.62 mmol) was directly added to reaction system. This 

reaction mixture was continuously stirred about 45 min at 60 ℃ until started material 

fully dissolved. After the reaction system is cooled down, stannous chloride (SnCl2) 

aqueous solution is added dropwise until no bubbles are generated. Following 

addition of SnCl2 the reaction was again heated at 60 ℃ for 15 min. The reaction was 

cooled to rt, the filtrate was obtained by filtered and washed by CH2Cl2. The filtrate 

was evaporated under reduced pressure and purified by silica gel column 

chromatography (CH2Cl2:PE (v/v) = 1/5) to give a red solid (400 mg, 59%). 
1
H NMR 



(400 MHz, CDCl3): δ (ppm) 0.48 (Si-CH3), 7.47 (t, J = 6.4 Hz, 2H), 7.54 (dd, J = 2.8 

Hz, 2H), 8.07 (d, J = 9.6 Hz, 2H), 8.56 (dd, J = 3.2 Hz, 2H), 9.18 (s, 2H). 

Synthesis of Diethynyloligoacene 

 
1,4-Diethynylnaphthalene (2c):  

1,4-Bis(trimethylsilylethynyl)naphthalene (2b) (500 mg, 0.56 mmol) was 

dissolved in a mixture of THF and methanol (50 mL, 1/1, v/v). Potassium hydroxide 

(210 mg, 3.74 mmol) was added, and the reaction mixture was stirred at room 

temperature for 2 h. The reaction mixture was diluted with dichloromethane and 

washed with brine. The organic layer was dried over Na2SO4, and the solvent was 

removed in vacuo. The crude product was purified by chromatography (petroleum 

ethe). Yield: 264 mg (96%) of a orange red solid. 
1
H NMR (400 MHz, CDCl3): δ 

(ppm) 3.40 (s, 2H, C≡CH), 7.48 (dd, J = 1.2 Hz, 2H), 7.53 (s, 2H). 8.35 (dd, J = 1.2 

Hz, 2H).  

 

1,4-Diethynylanthracene (3c):  

The procedure of 3c was similar to that for 2c: 3b (300 mg, 0.80 mmol), 

potassium hydroxide (109 mg, 1.94 mmol), THF (20 mL), methanol (20 mL). The 

crude product was purified by chromatography (petroleum ether). Yield: 160 mg 

(87%) of a yellow solid. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 3.65 (s, 2H, C≡CH), 

7.50 (dd, J = 3.2 Hz, 2H), 7.65 (s, 2H). 8.04 (dd, J = 3.6 Hz, 2H), 8.90 (s, 2H). 
13

C 

NMR (100 MHz, CDCl3): δ (ppm) 81.69 (C≡CH), 83.98 (C≡CH), 121.09, 125.52, 

126.33, 128.36, 129.98, 130.43, 132.27. 

 

5,12-Diethynyltetracene (5c):  

The procedure of 5c was similar to that for 2c, just replace KOH with n-Bu4NF: 



5b (150 mg, 0.36 mmol), 
n
Bu4NF (454 mg, 1.44 mmol), THF (20 mL), methanol (2-3 

mL). The crude product is not further purified due to its instability and poor solubility, 

and is directly put into next step reaction. 

General Synthesis of Binuclear Ruthenium Vinyl Complexes 

 

Preparation of 2:  

To suspension of RuHCl(CO)(PPh3)3 (541 mg, 0.57 mmol) in CH2Cl2 (20 mL) 

was slowly added a solution of diethynylnaphthalene 2c (0.05 g, 0.28 mmol) in 

CH2Cl2 (5 mL). The reaction mixture was stirred for 30 min to give a red solution. 

Then a 1M THF solution of PMe3 (2.84 mL, 2.84 mmol) was added to the red 

solution. The mixture was stirred for another 20 h. The solution was reduced to ca. 2 

mL under vacuum. Addition of hexane (30 mL) to the residue produced a white solid, 

which was collected by filtration, washed with hexane, and dried under vacuum. Yield: 

185 mg, 68%. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 1.43 (t, J(PH) = 3.6 Hz, 36H, 

PMe3), 1.51 (d, J(PH) = 3.6 Hz, 18H, PMe3), 7.34-7.40 (m, 2H, Nath-CH=), 7.42 (dd, 

J(HH) = 3.6 Hz, 2H, H-5, H-8), 7.62 (s, 2H, H-2, H-3), 8.11-8.17 (m, 2H, Ru-CH=), 

8.36 (dd, J(HH) = 3.6 Hz, 2H, H-6, H-7). 
13

C NMR (100 MHz, CDCl3): δ (ppm) 

16.72 (t, J = 15.3 Hz, PMe3), 20.14 (d, J = 20.2 Hz, PMe3), 121.99, 123.99, 124.21, 

130.09, 131.21, 135.34 (Nath-CH=), 167.02 (Ru-CH=), 202.64 (CO). 
31

P NMR (160 

MHz, CDCl3): δ (ppm) -19.88 (t, J = 22.56 Hz, PMe3), -7.99 (d, J = 22.56 Hz, PMe3). 

IR (KBr/cm
−1

): ν(CO) 1914 (s); ν(C=C) 1556 (m). Anal. Calcd for C34H66Cl2O2P6Ru2: 

C, 42.28; H, 6.89. Found: C, 42.40; H, 6.65. 

 

Preparation of 3:  

The procedure of 3 was similar to that for 2. RuHCl(CO)(PPh3)3 (419 mg, 0.44 

mmol) is dissolved in CH2Cl2 (20 mL), 3c (50 mg, 0.22 mmol) is dissolved in CH2Cl2 

(5 mL), PMe3 (1 M THF solution) (2.20 mL, 2.20 mmol). A yellow solid was 

obtained. Yield: 163 mg, 72%. 
1
H NMR (400 MHz, CDCl3): δ (ppm) 1.46 (ppm) (t, 

J(PH) = 3.0 Hz, 36H, PMe3), 1.50 (d, J(PH) = 6.6 Hz, 18H, PMe3), 7.39 (t, J(HH) = 

3.6 Hz, 2H, H-6, H-7), 7.49-7.54 (m, 2H, ant-CH=), 7.60 (s, 2H, H-2, H-3), 7.99 (t, 

J(HH) = 3.6 Hz, 2H, H-5, H-8), 8.17-8.24 (m, 2H, Ru-CH=), 8.89 (s, 2H, H-9, H-10). 
13

C NMR (100 MHz, CDCl3): δ (ppm) 16.74 (ppm) (t, J = 13.8 Hz, PMe3), 20.12 (d, J 

= 20.7 Hz, PMe3), 121.31, 122.36, 124.40, 128.37, 129.74, 130.55, 131.47, 135.47 

(ant-CH=), 167.50 (Ru-CH=), 202.60 (CO). 
31

P NMR (160 MHz, CDCl3): δ (ppm) 



-19.91 (ppm) (t, J = 22.56 Hz, PMe3), -7.87 (d, J = 22.56 Hz, PMe3). IR (KBr/cm
−1

): 

ν(CO) 1914 (s); ν(C=C) 1556 (m). Anal. Calcd for C38H68Cl2O2P6Ru2: C, 44.93; H, 

6.75. Found: C, 45.09; H, 6.61. 

 

Preparation of 5:  

The procedure of 5 was similar to that for 2. RuHCl(CO)(PPh3)3 (414 mg, 0.43 

mmol) is dissolved in CH2Cl2 (20 mL), 5c (60 mg, 0.22 mmol) is dissolved in CH2Cl2 

(5 mL), PMe3 (1 M THF solution) (2.17 mL, 2.17 mmol). A purple red solid was 

obtained. Yield: 70 mg, 30%. In addition, mono-inserted product 5d was obtained by 

collecting filtrate and characterized by X-ray single diffraction. 
1
H NMR (400 MHz, 

CDCl3): δ (ppm) 1.55 (t, J(PH) = 3.6 Hz, 36H, PMe3), 1.58 (d, J(PH) = 3.6 Hz, 18H, 

PMe3), 7.28(t, J (HH)= 9.6 Hz, 2H, Ar), 7.13-7.33(m, 2H, Ar-CH=), 7.39(d, J(HH) = 

6 Hz, 2H, Ar), 7.71-7.75(m, 2H, Ru-CH=), 7.85(t, J(HH) = 9.6 Hz, 2H, Ar), 8.60(d, 

J(HH) = 7.2 Hz, 2H, Ar), 9.24(s, 2H, Ar). 
13

C NMR (100 MHz, CDCl3): δ (ppm) 

17.45 (ppm) (t, J = 15.2 Hz, PMe3), 20.07 (d, J = 20.6 Hz, PMe3), 122.97, 124.11, 

125.36, 127.42, 127.99, 128.24, 128.39, 129.96, 133.45, 135.78 (Ar-CH=), 170.82 

(Ru-CH=), 202.47 (CO). 
31

P NMR (160 MHz, CDCl3): δ (ppm) -18.96 (ppm) (t, J = 

22.56 Hz, PMe3), -7.07 (d, J = 22.72 Hz, PMe3). IR (KBr/cm
−1

): ν(CO) 1914 (s); 

ν(C=C) 1555 (m). Anal. Calcd for C42H70Cl2O2P6Ru2: C, 47.33; H, 6.62. Found: C, 

47.52; H, 6.49. 

 

2. Crystallographic Information  

Single crystals of complexes 3, 5 and 5d suitable for X-ray analysis were 

obtained by slow diffusion of hexane into a solution of dichloromethane (CCDC 

number : 1992034; 1992052 and 1992053, respectively). Crystals with approximate 

dimensions of 0.16 × 0.15 × 0.10 mm
3
 for 3, 0.16 × 0.12 × 0.10 mm

3
 for 5 and 0.16 × 

0.12 × 0.10 mm
3
 for 5d were mounted on glass fibers for diffraction experiments. 

Intensity data were collected on a Nonius Kappa CCD diffractometer with Mo Kα 

radiation (λα = 0.71073 Å) at room temperature (298 K) or low temperature (100 K or 

200K). The structures were solved by a combination of direct methods (SHELXS-97)
7
 

and Fourier difference techniques and refined by fullmatrix least squares 

(SHELXL-97)
8
. All non-H atoms were refined anisotropically. The hydrogen atoms 

were placed in ideal positions and refined as riding atoms. The partial solvent 

molecules have been omitted. Further crystal data and details of the data collection are 

summarized in Table S1. 

 



 

 

Table S1. Crystal data and structure refinement for complexes 3, 5 and 5d 

Complexes 3, CH2Cl2 5, 2CH2Cl2 
5d, CH2Cl2, 

Hexane  

formula C39H68Cl4O2P6Ru2 C44H72Cl6O2P6Ru2 C39H56Cl3OP3Ru 

FW 1098.69 1235.76 841.16 

Temperature 298.15 K 100.15 K 200.15 K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group C2/c P2(1)/c P2(1)/n 

a(Å) 23.7595(11) 12.081(4) 12.6187(11)  

b(Å) 14.4168(11) 13.350(4)  13.0122(12)  

c(Å) 31.0806(18) 17.656(6) 25.898(2)  

α(°) 90 90 90 

β(°) 93.6870(10) 94.255(5) 96.0210(10) 

γ(°) 90 90 90 

V (Å
3
) 10624.2(11) 2839.7(16) 4228.9(7)  

Z 8 2 4 

Density 

(calculated)(Mg/m
3
) 

1.374 1.443 1.321 

Absorption 

coefficient(mm
-1

) 
0.979 1.016 0.702 

F(000) 4512 1264 1752 

Crystal size (mm
3
) 0.16 x 0.15 x 0.10 0.16 x 0.12 x 0.10 0.16 x 0.12 x 0.10 

θ Range (°) 1.799 to 26.498 1.690 to 24.999 1.753 to 24.999 

Index ranges 

-29<=h<=29, 

-18<=k<=18, 

-39<=l<=39 

-14<=h<=14, 

-15<=k<=15, 

-20<=l<=20 

-15<=h<=12, 

-15<=k<=15, 

-30<=l<=30 

Reflections collected 56905 19432 27161 

Independent reflec. 
10979 [R(int) = 

0.0542] 

4971 [R(int) = 

0.0586] 

7408 [R(int) = 

0.0235] 

Refinement method 

Full-matrix 

least-squares 

on F
2
 

Full-matrix 

least-squares 

on F
2
 

Full-matrix 

least-squares 

on F
2
 

Data / restraints / 

parameters 
10979 / 0 / 558 4971 / 60 / 380 7408 / 9 / 435 

Goodness-of-fit on F
2
 1.051 1.388 1.045 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0366, 

wR2 = 0.1007 

R1 = 0.1141, 

wR2 = 0.3160 

R1 = 0.0468, wR2 

= 0.1367 

R indices (all data) 
R1 = 0.0455, 

wR2 = 0.1051 

R1 = 0.1580, 

wR2 = 0.2402 

R1 = 0.0528, wR2 

= 0.1468 



Largest diff. peak and 

hole 

0.858 and -0.446 

e.Å
-3

 

4.247 and -1.318 

e.Å
-3

 

1.029 and -1.236 

e.Å
-3

 

 

Table S2. Selected Bond Lengths(Å), Angles(deg) and Dihedral Angles(deg) from 

Crystal Structure of 5 and the DFT-Optimized Structures [5−H]
n+

(n = 0, 1, 2) 

 5 [5−H] [5−H]
+
 [5−H]

2+
 

Bond Lengths (Å) 

Ru(1)-P(2) 2.395(3) 2.439 2.455 2.495 

Ru(1)-C(30) 2.16(3) 2.109 2.081 2.019 

C(30)-C(29) 1.21(3) 1.345 1.362 1.396 

C(29)-C(22) 1.523(9) 1.491 1.460 1.413 

C(22)-C(23) 1.401(8) 1.407 1.433 1.456 

C(23)-C(28) 1.390(0) 1.459 1.445 1.433 

C(28)-C(21) 1.397(8) 1.407 1.433 1.456 

C(22)-C(19) 1.413(9) 1.428 1.442 1.462 

C(19)-C(18) 1.406(8) 1.453 1.454 1.454 

C(18)-C(21) 1.412(8) 1.428 1.442 1.462 

C(21)-C(31) 1.522(9) 1.491 1.460 1.413 

C(31)-C(32) 1.224(18) 1.345 1.362 1.396 

Bond Angles (deg) 

P(1)-Ru(1)-P(3) 167.80(10) 162.56 166.93 169.52 

P(2)-Ru(1)-C(30) 176.7(6) 169.94 169.66 169.51 

Ru(1)-C(30)-C(29) 127.6(16) 129.87 130.11 131.98 

C(30)-C(29)-C(22) 127.8(17) 124.71 125.73 126.57 

C(21)-C(31)-C(32) 131(2) 124.71 125.73 126.57 

Dihedral Angles (deg) 

Plane[Ru(1), C(30), 

C(29)] 

Plane[C(22), C(19), 

C(18)] 

57.74 58.33 41.01 21.55 

Plane[C(19), C(18), 

C(21)] 

Plane[C(31), C(32), 

Ru(1)] 

43.13 55.59 41.01 21.56 

Plane[Ru(1), C(30), 

C(29)] 

Plane[C(31), C(32), 

Ru(1)] 

16.11 66.29 76.25 45.81 



 

Figure S1. Packing diagram of complex 3. Packing viewing along axis a (A), b (B) 

and c (C) respectively. 

 

Figure S2. Packing diagram of complex 5. Packing viewing along axis a (A), b (B) 

and c (C) respectively. 



 

Figure S3. The crystal structures of complexes 3 and 4 with adjacent hydrogen atoms 

have been marked under top viewing (A) and three representative molecular 

configurations of complex 3. 

 

3. UV–Vis–NIR Spectral Information  

 

Figure S4. UV–vis–NIR spectral changes recorded during the oxidation 1→1
+
 (a) and 

1
+
→1

2+
 (b) in CH2Cl2 / 10

−1
 M 

n
Bu4NPF6 at 298 K within a OTTLE cell. 

 

Figure S5. NIR region of the electronic spectrum of 2
+
 showing deconvolution into a 



sum of three Gaussian-shaped bands. 

 

4. DFT Calculations  

DFT calculations were performed with the Gaussian 09 programs.
9
 Simplified 

model complexes [1–H]
n
–[5–H]

n+ 
(n = 0, 1, 2) were optimized at the B3LYP/3-21G

*
 

level of theory. Geometry optimizations were performed without any symmetry 

constraints. Electronic transitions were calculated by the time-dependent DFT 

(TDDFT) method based on full-optimized structures [1]
n+

–[5]
n+

 (n = 0, 1) on the 

(U)B3LYP/LANL2DZ/6-31G*/CPCM level of theory.
10

 Nucleus independent 

chemical shift (NICS) calculations
11

 (GAIO-B3LYP/LANL2DZ/6-31G*) based on 

the full-optimized structures. The MO contributions and π-conjugation orbital 

diagram were generated using the Multiwfn_3.7_dev_bin_Win64 and plotted using 

GaussView 5.0 or Multiwfn program. 

 

Figure S6. Selected frontier molecular orbitals from complexes [2−H]
+
 and [2−H]

2+
 

plotted with contour values ±0.04 (e/bohr
3
)
1/2 

 

Figure S7. Selected frontier molecular orbitals from complexes [3−H]
+
 and [3−H]

2+
 

plotted with contour values ±0.04 (e/bohr
3
)
1/2 



 

Figure S8. Selected frontier molecular orbitals from complexes [5−H]
+
 and [5−H]

2+
 

plotted with contour values ±0.04 (e/bohr
3
)
1/2 

 

Table S3. Energy and composition of frontier molecular orbitals in the model 

complexes [2−H] 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C10H6 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

182 L+5 -0.30 27 1 1 19 1 0 1 19 1 1 27 

181 L+4 -0.55 9 1 14 24 2 0 2 24 14 1 9 

180 L+3 -0.55 8 1 14 24 2 0 2 24 14 1 8 

179 L+2 -1.01 4 5 10 29 1 0 1 28 10 5 4 

178 L+1 -1.01 4 5 11 29 0 0 0 30 11 5 4 

177 LUMO -0.11 1 1 3 4 10 62 10 4 3 1 1 

176 HOMO -4.95 0 0 1 5 15 58 15 5 1 0 0 

175 H-1 -6.21 0 6 1 20 19 8 19 20 1 6 0 

174 H-2 -6.28 3 27 2 16 3 1 3 15 2 25 3 

173 H-3 -6.28 2 24 2 14 3 7 3 15 2 26 2 

172 H-4 -6.34 2 24 3 14 1 11 2 14 3 24 2 

171 H-5 -6.40 0 3 0 2 0 90 0 2 0 3 0 

 

Table S4. Energy and composition of frontier molecular orbitals in the model 

complexes [2−H]
+
 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C10H6 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

182α α-LUSO+5 -3.09 0 0 0 1 3 90 3 1 0 0 0 

181β β-LUSO+5 -3.11 13 1 10 23 2 0 2 23 10 1 13 

181α α-LUSO+4 -3.12 12 1 10 23 2 0 2 23 10 1 12 

180β β-LUSO+4 -3.12 13 1 10 22 2 0 2 22 10 1 13 

180α α-LUSO+3 -3.13 13 1 10 23 2 0 2 23 10 1 13 

179β β-LUSO+3 -3.56 3 5 12 29 1 0 1 28 12 5 3 

179α α-LUSO+2 -3.59 3 5 12 29 1 0 1 28 12 5 3 

178β β-LUSO+2 -3.56 3 5 12 28 1 0 1 29 12 5 3 



178α α-LUSO+1 -3.59 3 5 12 28 1 0 1 29 12 5 3 

177β β-LUSO+1 -4.35 0 0 1 4 15 60 15 4 1 0 0 

177α α-LUSO -4.83 0 0 1 3 15 62 15 3 1 0 0 

176β β-LUSO -6.68 0 0 1 6 19 48 19 6 1 0 0 

176α α-HOSO -7.99 0 0 1 9 19 42 19 9 1 0 0 

175β β-HOSO -8.83 2 31 2 14 1 0 1 14 2 31 2 

175α α-HOSO-1 -8.84 2 32 2 13 1 0 1 13 2 32 2 

174β β-HOSO-1 -8.83 2 31 2 14 1 0 1 14 2 32 2 

174α α-HOSO-2 -8.84 2 32 2 13 1 0 1 13 2 32 2 

173β β-HOSO-2 -8.86 1 22 1 17 7 4 7 17 1 22 1 

173α α-HOSO-3 -8.90 2 36 2 11 0 0 0 11 2 36 2 

172β β-HOSO-3 -8.89 2 36 2 11 0 0 0 11 2 36 2 

172α α-HOSO-4 -8.90 2 36 2 11 0 0 0 11 2 36 2 

171β β-HOSO-4 -8.95 1 14 3 16 12 8 12 16 3 14 1 

171α α-HOSO-5 -9.25 0 1 3 25 16 10 16 25 3 1 0 

170β β-HOSO-5 -9.34 0 1 1 16 5 54 5 16 1 1 0 

 

Table S5. Energy and composition of frontier molecular orbitals in the model 

complexes [2−H]
2+

 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C10H6 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

181 L+5 -5.86 18 2 9 23 1 0 1 20 8 2 16 

180 L+4 -5.99 0 0 0 1 6 86 6 1 0 0 0 

179 L+3 -6.36 2 4 15 25 0 0 0 29 17 5 2 

178 L+2 -6.36 2 5 17 29 0 0 0 25 15 4 2 

177 L+1 -7.79 0 0 1 5 17 54 17 5 1 0 0 

176 LUMO -9.74 0 0 1 9 19 42 19 9 1 0 0 

175 HOMO -11.5 0 1 0 0 0 0 0 21 3 71 3 

174 H-1 -11.5 3 71 3 21 0 0 0 0 0 1 0 

173 H-2 -11.5 0 0 0 0 0 0 0 18 4 76 3 

172 H-3 -11.5 3 76 4 18 0 0 0 0 0 0 0 

171 H-4 -11.9 0 0 2 22 15 22 15 22 2 0 0 

170 H-5 -12.3 0 0 0 12 4 68 4 12 0 0 0 

 

Table S6. Energy and composition of frontier molecular orbitals in the model 

complexes [3−H] 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C14H8 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

195 L+5 -0.38 15 0 1 14 6 28 6 14 1 0 15 

194 L+4 -0.56 9 0 12 25 2 0 2 25 12 0 9 

193 L+3 -0.57 9 0 12 24 2 0 2 24 12 0 9 

192 L+2 -1.03 4 5 11 31 0 0 0 28 11 5 4 

191 L+1 -1.03 4 5 11 28 0 0 0 31 11 5 4 

190 LUMO -1.54 0 0 1 1 5 86 5 1 1 0 0 

189 HOMO -4.77 0 0 1 3 10 72 10 3 1 0 0 



188 H-1 -5.87 0 1 0 7 13 58 13 7 0 1 0 

187 H-2 -6.23 1 6 1 20 19 6 19 20 1 6 1 

186 H-3 -6.29 2 24 2 14 3 10 3 14 2 23 2 

185 H-4 -6.30 3 28 2 15 2 0 2 15 2 28 3 

184 H-5 -6.37 1 4 0 2 0 86 0 2 0 4 1 

 

Table S7. Energy and composition of frontier molecular orbitals in the model 

complexes [3−H]
+
 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C14H8 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

195α α-LUSO+5 -3.02 12 1 10 23 2 0 2 23 10 1 12 

194β β-LUSO+5 -3.01 12 1 10 23 2 0 0 23 10 1 12 

194α α-LUSO+4 -3.07 0 0 0 1 2 94 2 1 0 0 0 

193β β-LUSO+4 -3.31 0 0 1 3 13 66 13 3 1 0 0 

193α α-LUSO+3 -3.47 3 5 12 28 0 0 0 28 12 5 3 

192β β-LUSO+3 -3.46 3 5 12 28 0 0 0 28 12 5 3 

192α α-LUSO+2 -3.47 3 5 12 28 0 0 0 28 12 5 3 

191β β-LUSO+2 -3.46 3 5 12 28 0 0 0 28 12 5 3 

191α α-LUSO+1 -3.54 0 0 1 2 12 70 12 2 1 0 0 

190β β-LUSO+1 -4.59 0 0 1 2 9 76 9 2 1 0 0 

190α α-LUSO -5.02 0 0 1 2 9 76 9 2 1 0 0 

189β β-LUSO -6.50 0 0 1 5 16 56 16 5 1 0 0 

189α α-HOSO -7.73 0 0 1 6 15 56 15 6 1 0 0 

188β β-HOSO -8.53 0 1 0 6 7 72 7 6 0 1 0 

188α α-HOSO-1 -8.73 2 32 2 14 1 0 1 14 2 32 2 

187β β-HOSO-1 -8.73 2 31 2 14 1 0 1 14 2 31 2 

187α α-HOSO-2 -8.74 2 32 1 14 1 0 1 14 1 32 2 

186β β-HOSO-2 -8.73 2 31 1 14 1 0 1 14 1 31 2 

186α α-HOSO-3 -8.77 1 11 0 10 5 46 5 10 0 11 1 

185β β-HOSO-3 -8.77 2 29 1 14 4 0 4 14 1 29 2 

185α α-HOSO-4 -8.80 2 36 2 11 0 0 0 11 2 36 2 

184β β-HOSO-4 -8.79 2 36 2 11 0 0 0 11 2 36 2 

184α α-HOSO-5 -8.81 1 25 2 9 3 20 3 9 2 25 1 

183β β-HOSO-5 -8.89 1 8 2 18 15 12 15 18 2 8 1 

 

Table S8. Energy and composition of frontier molecular orbitals in the model 

complexes [3−H]
2+

 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C14H8 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

194 L+5 -5.84 0 0 0 1 2 94 2 1 0 0 0 

193 L+4 -6.10 2 5 14 27 1 0 1 27 14 5 2 

192 L+3 -6.10 2 5 14 27 1 0 1 27 14 5 2 

191 L+2 -6.35 0 0 0 2 12 72 12 2 0 0 0 

190 L+1 -7.83 0 0 1 4 12 66 12 4 1 0 0 

189 LUMO -9.46 0 0 1 7 16 52 16 7 1 0 0 



188 HOMO -11.2 2 35 2 11 1 0 1 11 2 35 2 

187 H-1 -11.2 2 35 2 11 1 0 1 11 2 35 2 

186 H-2 -11.3 3 71 3 17 0 0 0 1 0 5 0 

185 H-3 -11.3 0 5 0 1 0 0 0 17 3 71 3 

184 H-4 -11.3 0 0 1 6 5 76 5 6 1 0 0 

183 H-5 -11.7 0 0 2 22 14 24 14 22 2 0 0 

 

Table S9. Energy and composition of frontier molecular orbitals in the model 

complexes [5−H] 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C14H8 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

208 L+5 -0.38 21 1 0 17 2 18 2 17 0 1 21 

207 L+4 -0.61 9 1 13 27 3 4 3 21 10 1 8 

206 L+3 -0.61 8 1 10 21 3 4 3 27 13 1 9 

205 L+2 -1.06 4 6 10 32 0 0 0 27 9 5 4 

204 L+1 -1.06 4 5 9 27 0 0 0 32 10 6 4 

203 LUMO -1.89 0 0 0 1 2 94 2 1 0 0 0 

202 HOMO -4.55 0 0 0 1 4 90 4 1 0 0 0 

201 H-1 -5.95 0 0 0 5 11 68 11 5 0 0 0 

200 H-2 -6.21 0 3 1 19 23 8 23 19 1 3 0 

199 H-3 -6.30 1 7 1 5 2 68 2 5 1 7 1 

198 H-4 -6.31 2 27 2 15 3 0 3 15 2 27 2 

197 H-5 -6.33 2 21 1 11 2 26 2 11 1 21 2 

 

Table S10. Energy and composition of frontier molecular orbitals in the model 

complexes [5−H]
+
 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C14H8 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

208α α-LUSO+5 -2.95 9 1 9 20 2 2 3 25 12 1 11 

207β β-LUSO+5 -3.11 0 0 1 1 1 94 1 1 1 0 0 

207α α-LUSO+4 -3.19 0 0 1 1 1 94 1 1 1 0 0 

206β β-LUSO+4 -3.25 1 1 3 7 5 66 5 7 3 1 1 

206α α-LUSO+3 -3.34 4 4 10 26 1 8 1 26 10 4 4 

205β β-LUSO+3 -3.35 4 5 10 28 1 0 1 28 10 5 4 

205α α-LUSO+2 -3.36 4 5 10 28 1 0 1 28 10 5 4 

204β β-LUSO+2 -3.37 4 4 9 23 2 0 2 23 9 4 4 

204α α-LUSO+1 -3.48 1 1 1 3 6 76 6 3 1 1 1 

203β β-LUSO+1 -4.86 0 0 0 1 5 88 5 1 0 0 0 

203α α-LUSO -5.31 0 0 0 1 5 88 5 1 0 0 0 

202β β-LUSO -6.40 0 0 1 2 9 76 9 2 1 0 0 

202α α-HOSO -7.59 0 0 1 4 10 70 10 4 1 0 0 

201β β-HOSO -8.54 1 12 1 11 6 38 6 11 1 12 1 

201α α-HOSO-1 -8.60 2 30 1 13 2 2 2 13 1 30 2 

200β β-HOSO-1 -8.59 2 29 1 15 3 0 3 15 1 29 2 

200α α-HOSO-2 -8.60 2 31 1 14 2 0 2 14 1 31 2 

199β β-HOSO-2 -8.64 1 21 1 10 5 24 5 10 1 21 1 



199α α-HOSO-3 -8.69 2 35 2 11 0 0 0 11 2 36 2 

198β β-HOSO-3 -8.69 2 35 2 11 0 0 0 11 2 35 2 

198α α-HOSO-4 -8.70 2 36 2 11 0 0 0 11 2 35 2 

197β β-HOSO-4 -8.69 2 35 2 10 0 0 0 10 2 35 2 

197α α-HOSO-5 -8.80 0 3 1 9 9 56 9 9 1 3 0 

196β β-HOSO-5 -8.85 0 4 1 21 17 14 17 21 1 4 0 

 

Table S11. Energy and composition of frontier molecular orbitals in the model 

complexes [5−H]
2+

 

MO Orbitals eV (CO)1 Cl1 (PH3)31 Ru1 (C=C)1 C14H8 (C=C)2 Ru2 (PH3)32 Cl2 (CO)2 

207 L+5 -5.91 1 1 6 10 2 60 2 10 6 1 1 

206 L+4 -5.94 2 4 13 24 1 10 1 24 13 4 2 

205 L+3 -5.97 2 4 8 18 2 32 2 18 8 4 2 

204 L+2 -6.27 0 0 1 2 11 72 11 2 1 0 0 

203 L+1 -7.99 0 0 1 3 11 70 11 3 1 0 0 

202 LUMO -9.02 0 0 1 5 14 60 14 5 1 0 0 

201 HOMO -11.1 1 24 2 10 2 22 2 10 2 24 1 

200 H-1 -11.1 2 34 2 11 0 0 0 11 2 34 2 

199 H-2 -11.2 1 38 2 9 0 0 0 9 2 37 1 

198 H-3 -11.2 1 37 2 9 0 0 0 9 2 38 1 

197 H-4 -11.2 1 12 0 7 5 50 5 7 0 12 1 

196 H-5 -11.6 0 2 1 20 13 28 13 20 1 2 0 

 

 

Figure S9. Electronic absorption spectra (black curves) and TDDFT-predicted singlet 

excitations (blue vertical lines and red dotted curves) of 2 and 2
+
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Figure S10. Electronic absorption spectra (black curves) and TDDFT-predicted singlet 

excitations (blue vertical lines and red dotted curves) of 5  

 

Table S12. Major electronic excitations for full-optimized structures [2], [3] and [5] 

determined by TDDFT methods. 

Complex 
Wavelength  

(nm) 

Osc. str 

(f) 
Major contributions Main assignement 

[2] 

397 0.9549 
HOMO-LUMO 

(98%) 

Bridge π-π* with a 

little mixture of MLCT  

293 0.4195 
HOMO-LUMO+6 

(88%) 
Bridge π-π* 

[3] 

500 0.4111 
HOMO-LUMO 

(99%) 

Bridge π-π*with a 

little mixture of MLCT 

332 0.7113 
HOMO-LUMO+4 

(56%) 
Bridge π-π* 

[5] 

613 0.3287 
HOMO-LUMO 

(100%) 

Bridge π-π*with a 

little mixture of MLCT 

369 0.1518 
HOMO-LUMO+3 

(76%) 
Bridge π-π* 

 



 

Figure S11. Isosurface plots of molecular orbitals involved in the major electronic 

excitations for neutral molecule [2] and singly-oxidized state [2]
+
. Contour values: 

±0.04 (e/bohr
3
)
1/2

. 

 

Figure S12. Isosurface plots of molecular orbitals involved in the major electronic 

excitations for neutral molecule [5]. Contour values: ±0.04 (e/bohr
3
)
1/2

. 

 

 

 



5. NICS(1)zz calculation and π-conjugation analysis 

 

Figure S13. The calculated NICS(1)zz values (red font) for full-optimized complexes 

[1]
n+

 and [4]
n+

 (n = 0, 1) and selected bond length (Å) (black font) of 

rutheniumvinyl-substituted benzene ring, in which the rings are labeled by blue letters 

A, B and A1, respectively. 



 

Figure S14. π-electron density distribution of full-optimized complexes [1]
n+
−[5]

n+
 (n 

= 0, 1) based on localized orbital locator (LOL) analysis 

 

 

 

 

 

 

 

 



6. NMR Information 

 

 

Figure S15. 
1
H NMR spectrum (400 MHz, CDCl3) of 2.

 

 

Figure S16. 
13

C NMR spectrum (100 MHz, CDCl3) of 2.
 



 

Figure S17. 
31

P NMR spectrum (160 MHz, CDCl3) of 2. 

 

Figure S18. 
1
H NMR spectrum (400 MHz, CDCl3) of 3.

 



 

Figure S19. 
13

C NMR spectrum (100 MHz, CDCl3) of 3.
 

 

Figure S20. 
31

P NMR spectrum (160 MHz, CDCl3) of 3. 



 

Figure S21. 
1
H NMR spectrum (400 MHz, CDCl3) of 5.

 

 

Figure S22. 
13

C NMR spectrum (100 MHz, CDCl3) of 5.
 



 

Figure S23. 
31

P NMR spectrum (160 MHz, CDCl3) of 5. 
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