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1. General information.  
1H NMR (400 MHz), 13C{1H} NMR (101 MHz), and 31P{1H} NMR (162 MHz) spectra were 

recorded on a JEOL JNM-ECS 400 spectrometer in suitable solvents, and spectra were referenced to 

residual solvent (1H, 13C) or external standard (31P{1H}: H3PO4).  Magnetic susceptibility was 

measured in CD2Cl2 using the Evans method.S1  Flash column chromatography was carried out on 

a Yamazen YFLC-AI-580 system.  Absorption spectra were recorded on a Shimadzu UV-1850.   

Evolved dihydrogen was quantified by a gas chromatography using a Shimadzu GC-8A with a TCD 

detector and a SHINCARBON ST (6 m × 3 mm).   Elemental analyses were performed at 

Microanalytical Center of The University of Tokyo.  Melting points were measured by using a 

Stanford Research Systems OptiMelt MPA100. 

All manipulations were carried out under an atmosphere of nitrogen or argon by using standard 

Schlenk techniques or glovebox techniques unless otherwise stated.   Solvents were dried by 

general methods and degassed before use.   4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,6-

bis(di-tert-butylphosphinothioylmethyl)pyridine (PNP(S)-Bpin),S2 [MoX3(thf)3] (X = ClS3, IS4), 

[MoCl3(PNP)] (6, PNP = C5NH3(CH2PtBu2)2),S5 [MoCl3(Ph-PNP)] (7, Ph-PNP = 4-Ph-

C5NH2(CH2PtBu2)2),S2 and SmI2(thf)2S6 were prepared according to the literature methods.   All the 

other reagents were commercially available. 

 

2. Experimental procedures. 

 

Synthesis of 2 

 

To a mixture of PNP(S)-Bpin (4.23 g, 7.2 mmol), 2,2′-dibromobiphenyl (3.15 g, 10 mmol), 

Pd(PPh3)4 (1.17 g, 1.0 mmol), and K2CO3 (4.98 g, 36 mmol) was added toluene (140 mL), and the 

suspension was stirred at 90 ˚C for 24 h.  The reaction mixture was cooled to room temperature, and 

water was added to the reaction mixture.  The organic layer was extracted with toluene (20 mL x 3), 

and the combined solution was dried with anhydrous MgSO4.  The solution was filtered, and 

volatiles were removed.  Purification with column chromatography (hexane/AcOEt = 3/1) and 

recrystallization from hot EtOH afforded 2 as colorless crystals (2.90 g, 4.2 mmol, 58% yield, mp 

181.5-182.5 ˚C).   1H NMR (C6D6): d 8.43 (s, 2H, ArH), 8.31 (s, 1H, ArH), 8.01 (dt, J = 7.2 Hz, 1.6 
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Hz, 1H, ArH), 7.75 (t, J = 2.0 Hz, 1H, ArH), 7.40 (d, J = 8.4 Hz, 1H, ArH), 7.19–7.10 (m, 3H, ArH), 

6.76 (dt, J = 7.6 Hz, 1.6 Hz, 1H, ArH), 3.45 (d, 2JPH = 11.6 Hz, 4H, CH2P), 1.19 (d, 3JPH = 14.4 Hz, 

36H, PtBu2).  13C{1H} NMR (acetone-d6): d  155.2 (d, J = 5.8 Hz), 146.6, 143.7, 141.0, 140.2, 131.7, 
131.4, 130.7, 130.6, 128.4, 127.4, 126.7, 126.5, 123.5, 122.8, 38.9 (d, J = 41.7 Hz), 34.3 (d, J = 35.7 

Hz), 28.0.  31P{1H} NMR (C6D6): d  77.7 (s, PtBu2).   Anal. Calcd for C35H50BrNP2S2: C, 60.86; 
H, 7.30; N, 2.03.  Found: C, 61.21; H, 7.42; N, 1.82. 

 

 

Synthesis of 3 

  

To a mixture of 2 (1046 mg, 1.5 mmol), bis(pinacolato)diboron (387 mg, 1.5 mmol), 

PdCl2(dppf) (112 mg, 0.15 mmol), and KOAc (747 mg, 7.6 mmol) was added toluene (45 mL), and 

the suspension was stirred at 90 ˚C for 24 h.   The reaction mixture was cooled to room temperature 

and filtered through Florisil.   Volatiles were removed under vacuum to afford orange oil.   

Hexane (30 mL) was added to the oil, and the mixture was stirred at 50 ˚C to form beige precipitates.   

After cooling to room temperature, the resultant suspension was filtered, washed with hexane (5 mL 

x 2), and dried in vacuo to give 3 as a beige solid (850 mg, 1.2 mmol, 76% yield, mp 209.5-210.5 

˚C).   1H NMR (C6D6): d 8.55 (s, 1H, ArH), 8.45 (s, 1H, ArH), 8.40 (s, 2H, ArH), 8.07 (d, J = 7.2 
Hz, 1H, ArH), 7.98 (d, J = 8.4 Hz, 1H, ArH), 7.77 (d, J = 7.6 Hz, 1H, ArH), 7.43 (d, J = 8.4 Hz, 1H, 

ArH), 7.23 (t, J = 7.6 Hz, 1H, ArH), 7.15 (t, J = 7.6 Hz, 1H, ArH), 3.43 (d, 2JP–H = 11.2 Hz, 4H, CH2P), 

1.20 (d, 3JPH = 14.4 Hz, 36H, PtBu2), 1.18 (s, 12H, Bpin).   13C{1H} NMR (acetone-d6): d  155.2 (d, 
J = 5.7 Hz), 146.8, 142.6, 140.7, 140.1, 134.6, 134.1, 130.63, 130.57, 129.3, 128.3, 126.8, 126.5, 

122.8, 84.6, 38.9 (d, J = 41.4 Hz), 34.3 (d, J = 35.7 Hz), 28.0, 25.2, the carbon directly connected to 

the boron was not detected. 31P{1H} NMR (C6D6): d 77.6 (s, PtBu2).   Anal. Calcd for 
C41H62BNO2P2S2: C, 66.74; H, 8.47; N, 1.90.   Found: C, 66.49; H, 8.44; N, 2.02. 
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Synthesis of 4 

  
To a mixture of 2 (690 mg, 1.0 mmol), 3 (738 mg, 1.0 mmol), Pd(PPh3)4 (116 mg, 0.10 mmol), 

and K2CO3 (694 mg, 5.0 mmol) was added toluene (40 mL), and the suspension was stirred at 90 °C 

for 16 h.   The reaction mixture was cooled to room temperature, and water was added to the 

reaction mixture.   The organic layer was extracted with toluene (5 mL x 3), and the combined 

solution was dried with anhydrous MgSO4.   The extract was filtered, and volatiles were removed.   

Purification with column chromatography (hexane/AcOEt = 3/1 to 1/1) gave a colorless oil.   EtOH 

(200 mL) was added to the oil, and the mixture was stirred at 75 ˚C to form white precipitates.   

After cooling to room temperature, the resultant suspension was filtered, washed with hexane (5 mL 

x 3), and dried in vacuo to afford 4 as a white solid (478 mg, 0.39 mmol, 39% yield, mp 277.0-278.0 

˚C).   1H NMR (C6D6): d 8.59 (s, 2H, ArH), 8.50 (s, 4H, ArH), 8.09 (d, J = 7.2 Hz, 2H, ArH), 8.08 
(s, 2H, ArH), 7.67 (d, J = 7.6 Hz, 2H, ArH), 7.61 (d, J = 7.6 Hz, 2H, ArH), 7.55 (d, J = 7.6 Hz, 2H, 

ArH), 7.34 (t, J = 7.6 Hz, 2H, ArH), 7.27 (d, J = 7.6 Hz, 2H, ArH), 3.46 (d, 2JPH = 11.2 Hz, 8H, CH2P), 

1.20 (d, 3JPH = 14.4 Hz, 72H, PtBu2).  13C{1H} NMR (CD2Cl2): d  154.4 (d, J = 6.7 Hz), 146.9, 
142.04, 141.96, 141.6, 139.3, 129.9, 129.8, 128.1, 126.9, 126.6 (overlapping), 126.5, 126.4, 122.4, 

38.6 (d, J = 40.5 Hz), 34.3 (d, J = 34.7 Hz), 27.9.  31P{1H} NMR (C6D6): d 77.7 (s, PtBu2).   Anal. 
Calcd for C70H100N2P4S4: C, 68.82; H, 8.25; N, 2.29.   Found: C, 68.59; H, 8.38; N, 2.29. 

 

Synthesis of 5 

 

 

To a solution of 4 (214 mg, 0.17 mmol) in toluene (3 mL) was added Si2Cl6 (0.90 mL, 5.2 

mmol), and the mixture was stirred at 90 °C for 4 h.   The resultant solution containing red oil was 
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cooled to 0 °C.   Aqueous NaOH solution (10 M, 10.5 mL, 105 mmol) was added dropwise, and 

the mixture was stirred at 60 °C for 1.5 h.   The organic layer was extracted with toluene (2 mL x 

3) and dried with anhydrous Na2SO4.   The solution was filtered, and volatiles were removed under 

vacuum to give colorless oil.   The oil was dissolved in benzene (3 mL), and then the solution was 

lyophilized to afford 5 as a white solid (108 mg, 0.10 mmol, 57% yield).   This compound was used 

as a ligand without further purification.   1H NMR (C6D6): d 8.07 (s, 2H, ArH), 7.87 (s, 2H, ArH), 
7.80 (s, 4H, ArH), 7.62 (d, J = 7.6 Hz, 2H, ArH), 7.49–7.42 (m, 6H, ArH), 7.23 (t, J = 7.6 Hz, 4H, 

ArH), 3.23 (d, J = 2.0 Hz, 8H, CH2P), 1.16 (d, 3JPH = 10.4 Hz, 72H, PtBu2).   31P{1H} NMR 

(C6D6): d 35.7 (s, PtBu2).  
 

Synthesis of 1. 

 

A typical procedure for the synthesis of 1a is described below.  A mixture of 5 (35 mg, 0.032 

mmol) and [MoCl3(thf)3] (30 mg, 0.071 mmol) in THF (3 mL) was stirred at 50 °C for 24 h.  The 

solution was removed under vacuum, and the residue was washed with hexane (2 mL x 3).  The 

resultant solid was extracted with THF (3 mL), and slow addition of benzene (3 mL) and hexane (15 

mL) to the extract afforded 1a as a red crystalline solid (29 mg, 0.019 mmol, 60% yield).  Magnetic 

susceptibility (Evans method): µeff = 3.44µB in CD2Cl2 at 293 K. Analytical sample was obtained by 
recrystallization from THF-benzene-Et2O.   Anal. calcd for C70H100Cl6Mo2N2P4: C, 56.12; H, 6.73; 

N, 1.87.  Found: C, 56.24; H, 6.70; N, 1.94. 

 

8b: Recrystallization from THF-hexane gave 1b∙2C6H14 as orange-brown crystals suitable for X-ray 

analysis.  The crystals were filtered and dried in vacuo to afford 1b∙C6H14 as a brown solid (60% 

yield).  Magnetic susceptibility (Evans method): µeff = 3.43µB in CD2Cl2 at 293 K.  Anal. calcd for 
C76H114I6Mo2N2P4: C, 42.80; H, 5.39; N, 1.31.  Found: C, 43.32; H, 5.46; N, 1.32. 

 

Catalytic reduction of dinitrogen to ammonia under N2 atmosphere 

   A typical experimental procedure for the catalytic reduction of dinitrogen into ammonia using 1a 

is described below.   In a nitrogen-filled glove box, to a mixture of 1a (1.5 mg, 0.0010 mmol (0.0020 

mmol/Mo)) and SmI2(thf)2 (197.5 mg, 0.36 mmol) placed in a 50 ml Schlenk flask was added THF 
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(5.5 ml).  The Schlenk flask was brought outside the glovebox, and THF (500 µl) containing H2O 

(0.36 mmol) was added to the solution under N2 (1 atm).   The mixture was stirred at 25 ˚C for 18 

h.   After the reaction, the amount of dihydrogen obtained was determined by GC analysis (0.0088 

mmol, 4 equiv/Mo).   Aqueous solution of potassium hydroxide (30 wt%; 5 mL) was added to the 

reaction mixture, and the mixture was distilled into the dilute H2SO4 solution (0.5 M, 10 mL).   The 

amount of NH3 present in the H2SO4 solutions was determined by the indophenol method.S7   The 

amount of ammonia was 0.112 mmol (56 equiv/Mo).  The results of catalytic reaction are shown in 

Table S1. 

 

Table S1.  Catalytic reaction for ammonia production. 

 

Catalyst Cat load. 
(µmol/Mo) 

NH3 
(mmol) 

NH3 
(equiv/Mo) 

NH3 yielda 
(%) 

H2 
(mmol) 

H2 
(equiv/Mo) 

H2 yielda 
(%) 

1a 2.0 0.108 54 90 0.016 8 9 

1a 2.0 0.103 52 86 0.018 9 10 

1a 2.0 0.112 56 93  0.0088 4 5 

  average 54 ± 2 90 ± 4 average 7 ± 2 8 ± 3 

1b 2.0 0.050 25 42 0.092 46 51 

1a 0.20 0.100 500 83 0.018 90 10 

1a 0.10 0.088 880 73 0.051 510 28 

1a 0.10 0.078 780 65 0.049 490 27 

  average 830 ± 70 69 ± 6 average 500 ± 10 28 ± 1 

1a 0.050 0.0835 1670 70 0.043 860 24 

1a 0.050 0.0840 1680 70 0.041 820 23 

1a 0.050 0.0810 1620 68 0.045 900 25 

  average 1660 ± 30 69 ± 1 average 860 ± 40 24 ± 1 

6 0.050 0.033 660 28 0.039 780 22 

6 0.050 0.037 740 31 0.031 620 17 

6 0.050 0.035 700 30 0.029 580 16 

  average 700 ± 40 29 ± 2 average 660 ± 110 18 ± 3 

 7 0.050 0.0895 1790 75 0.036 720 20 

7 0.050 0.0944 1890 79 0.029 580 16 

  average 1840 ± 70 77 ± 3 average 650 ± 100 18 ± 3 

aYield based on SmI2(thf)2. 
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3. X-ray crystallographic studies. 

   Crystallographic data of 1a∙2C6H6 and 1b∙2C6H14 is summarized in Table S2.  The ORTEP 

drawing and selected bond lengths and angles are shown in Figures S1-2 and Tables S3-S4, 

respectively.  Diffraction data were collected for the 2θ range of 4˚ to 63˚ at –180 °C on a Rigaku 

XtaLAB Synergy HPC diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71075 

Å), with VariMax optics.  Intensity data were corrected for Lorenz-polarization effects and for 

empirical absorption (ABSCOR).  The structure solution and refinements were carried out by using 

the CrystalStructure crystallographic software package.S8  The positions of the non-hydrogen atoms 

were determined by direct methods (SIR 2011S9 for 1a, SHELXSS10 for 1b) and subsequent Fourier 

syntheses (SHELXL 2016/9S11) and were refined on Fo2 using all unique reflections by full-matrix 

least-squares with anisotropic thermal parameters.  All the hydrogen atoms were placed at the 

calculated positions with fixed isotropic parameters.   

The unit cell of 1a or 1b contains solvent accessible voids of 2046 Å3 or 1617 Å3, respectively. 

The electron density associated with some solvent molecules was removed by the SQUEEZE routine 

of PLATONS12 for crystal data of 1a and 1b. 
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Table S2.  X-ray crystallographic data for 1a and 1b. 

 1a∙2C6H6 1b∙2C6H14 

CCDC number 2279663 2279664 
chemical formula C82H112Cl6Mo2N2P4 C82H128I6Mo2N2P4 

formula weight 1654.29 2219.13 

dimensions of crystals 0.098 × 0.074 × 0.040 0.209 × 0.087 × 0.057 

crystal color, habit orange, plate orange, needle 

crystal system monoclinic monoclinic 

space group I2/a I2/a 

a, Å 17.0001(3) 17.9320(4) 

b, Å 19.0388(3) 19.0778(4) 

c, Å 30.0601(5) 30.6795(8) 

a, deg 90 90 

b, deg 103.092(2) 105.233(2) 

g, deg 90 90 

V, Å3 9476.4(4) 10126.8(4) 

Z 4 4 

rcalcd, g cm–3 1.159 1.455 

F(000) 3456.00 4384.00 

µ, cm–1 5.378 21.760 

trans. factors range 0.778-0.979 0.103-0.883 

no. reflections measured 40947 49727 

no. unique reflections 11772 (Rint= 0.0414) 13312 (Rint= 0.0870) 

no. parameters refined 433 433 

R1 (I > 2 s(I))a 0.0405 0.0683 

wR2 (all data)b 0.1139 0.1911 

GOF (all data)c 1.037 1.003 

max diff peak / hole, e Å–3 0.80/-0.42 2.37/-1.04 
aR1 = S||Fo|-|Fc||/S|Fo|.  bwR2 = [Sw(Fo

2-Fc
2)2/Sw(Fo

2)2]1/2, w = 1/[s2(Fo
2) + (qP)2 + rP], P = 

(Max(Fo
2, 0) + 2 Fc

2)/3  [q = 0.0713 (1a), 0.1009 (1b); r = 3.5220 (1a), 0 (1b)].  cGOF = 
[Sw(Fo

2-Fc
2)2/(No-Nparams)]1/2

. 
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Figure S1.  ORTEP drawing of 1a.  Thermal ellipsoids are shown at the 50% probability level.  

All hydrogen atoms are omitted for clarity. 

 

 

 

 

Table S3.  Selected bond lengths and angles of 1a. 

 

 

 

 

 

 

 

  

Bond lengths (Å)  Bond angles (deg) 

Mo1-Cl1 2.4269(7)  Cl1-Mo1-Cl3 176.86(3) 
Mo1-Cl2 2.4044(7)  Cl2-Mo1-N1 177.33(6) 
Mo1-Cl3 2.4253(7)  P1-Mo1-P2 154.22(2) 
Mo1-P1 2.6033(8)    
Mo1-P2 2.6225(9)    
Mo1-N1 2.1872(16)    



 S10 

 
Figure S2.  ORTEP drawing of 1b.  Thermal ellipsoids are shown at the 50% probability level.  

All hydrogen atoms are omitted for clarity. 

 

 

 

 

Table S4.  Selected bond lengths and angles of 1b. 

 

 

 

 

 

 

 

  

Bond lengths (Å)  Bond angles (deg) 

Mo1-I1 2.7740(8)  I1-Mo1-I3 179.26(3) 
Mo1-I2 2.7498(7)  I2-Mo1-N1 176.12(13) 
Mo1-I3 2.7834(7)  P1-Mo1-P2 153.77(5) 
Mo1-P1 2.6329(18)    
Mo1-P2 2.683(2)    
Mo1-N1 2.180(4)    
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4. NMR spectra. 

 

 

Figure S3. 1H NMR spectrum of 2. 
 

 

Figure S4. 13C{1H} NMR spectrum of 2. 
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Figure S5. 31P{1H} NMR spectrum of 2. 
  



 S13 

 

Figure S6. 1H NMR spectrum of 3. 

 

 

Figure S7. 13C{1H} NMR spectrum of 3. 
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Figure S8. 31P{1H} NMR spectrum of 3. 
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Figure S9. 1H NMR spectrum of 4. 
 

 

Figure S10. 13C{1H} NMR spectrum of 4. 
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Figure S11. 31P{1H} NMR spectrum of 4. 
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Figure S12. 1H NMR spectrum of 5. 
 

 

Figure S13. 31P{1H} NMR spectrum of 5. 
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Computational Details. 

Density-functional-theory (DFT) calculations were performed with the Gaussian 09 program (Rev. 

E01).S13 All geometry optimizations were carried out with the B3LYP functional with the Grimme’s 

dispersion correction (B3LYP-D3).S14-18 We employed the SDD (Stuttgart/Dresden pseudopotentials) 

basis setS19,20 for Mo and I and the 6-31G(d) basis setS21-24 for the other atoms, respectively. All 

stationary-point structures were confirmed to have the appropriate number of imaginary frequencies 

by vibrational analysis. An appropriate connection between a reactant and a product was confirmed 

by quasi-IRC calculations. In the quasi-IRC calculation, the geometry of a transition state was shifted 

by perturbing the geometries very slightly along the reaction coordinates and released for equilibrium 

optimization. To discuss the energetics of the cleavage of an Mo–N2 bond of I, II, and C, and the 

NºN bond cleavage of II and C, single-point energy calculations were performed for all optimized 
structures using the SDD and the 6-311+G(d,p) basis sets. S25-27 In the single-point calculations, 

solvation effects of THF (e = 7.4257) were taken into account by using the polarizable continuum 

model (PCM).S28 Detailed data on SCF energies, thermal energy corrections at 298 K, and SCF 

energies in THF are listed in Table S5. 

For the cleavage of an Mo–N2 bond of I, II, and C described in Figures S14-S16, we optimized 

the corresponding products, in which an MoI(PNP) unit was completely separated from the remaining 

MoI(N2)(PNP) unit. Unfortunately, all our attempts to locate transition states of the Mo–N2 bond 

dissociation have failed. This is because even when an MoI(PNP) unit was separated from the 

bridging N2 ligand by 5 Å in an initial structure, an Mo–NºN–Mo structure (reactant) was recovered 

during optimization. On the other hand, we successfully found transition states for the NºN bond 
cleavage of II and C as presented in Figures S17 and S18.  
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Figure S14. Free energy profile calculated at 298.15 K (DG298 kcal/mol in THF) for dissociation of 

an Mo-N2 bond of I yielding III, together with optimized structures of I and III. Hydrogen atoms 

attached to carbon atoms are omitted for clarity. Selected bond distances are given in Å. Mulliken 

spin densities assigned to the Mo atoms and the bridging N2 ligand are also presented in italics. 

 

  

I III

triplet

Mo1 0.95 3.54

Mo2 0.96 -0.76

N1 -0.13 -0.20

N2 -0.13 0.06

quintet

Mo1 2.70 3.53

Mo2 0.98 1.05

N1 -0.16 -0.01

N2 -0.15 -0.03

Mulliken spin density

0.0
3.6

6.3

15.4

I

III

triplet
quintet

Mo2
I

N2

P

1.143
1.143

1.946
1.935

Mo1

N1

III

1.898
1.966

Mo1

I

N1

P

1.202
1.197

1.895
1.881Mo2

N2

I



 S20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S15. Free energy profile calculated at 298.15 K (DG298 kcal/mol in THF) for dissociation of 

an Mo-N2 bond of II yielding IV, together with optimized structures of II and IV. Hydrogen atoms 

attached to carbon atoms are omitted for clarity. Selected bond distances are given in Å. Mulliken 

spin densities assigned to the Mo atoms and the bridging N2 ligand are also presented in italics. 
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Figure S16. Free energy profile calculated at 298.15 K (DG298 kcal/mol in THF) for dissociation of 

an Mo-N2 bond of C yielding V, together with optimized structures of C and V. Hydrogen atoms 

attached to carbon atoms are omitted for clarity. Selected bond distances are given in Å. Mulliken 

spin densities assigned to the Mo atoms and the bridging N2 ligand are also presented in italics. 
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Figure S17. Free energy profile calculated at 298.15 K (DG298 kcal/mol in THF) for the NºN bond 

cleavage of the bridging dinitrogen ligand in II yielding VI, together with optimized structures of II, 

transition state (TSII/VI) and VI. Hydrogen atoms attached to carbon atoms are omitted for clarity. 

Selected bond distances are given in Å. Mulliken spin densities assigned to the Mo atoms and the 

bridging N2 ligand in the triplet state are presented in italics. 
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Figure S18. Free energy profile calculated at 298.15 K (DG298 kcal/mol in THF) for the NºN bond 

cleavage of the bridging dinitrogen ligand in C yielding PC (or two molecules of B), together with 

optimized structures of C, transition state (TSC/PC) and PC. Hydrogen atoms attached to carbon atoms 

are omitted for clarity. Selected bond distances are given in Å. Mulliken spin densities assigned to 

the Mo atoms and the bridging N2 ligand in the triplet state are presented in italics. 

C TSC/PC PC

triplet

Mo1 1.03 0.26 0.00

Mo2 1.02 1.00 1.17

N1 -0.13 0.00 0.00

N2 -0.14 -0.02 -0.09

Mulliken spin density

C

closed-shell singlet
triplet

0.0

10.1

21.8

-32.8

35.0

-11.8

PC

TSC/PC

(2×B)I
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1.199
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N2

C

1.659
1.660

Mo1

Mo2
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N2
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1.660

7.465
7.462

PC
(2×B)

1.734
1.727

1.567
1.671

1.731
1.734

Mo1

Mo2

N1

N2
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Table S5. SCF energies (in vacuo), thermal energy corrections at 298 K, SCF energies (in THF). 

Species and spin states 
SCF 

energy/hartree 

Thermal 

corrections/hartree 

SCF energy (in 

THF)/hartree 

I 

closed-shell singlet -4240.81103875 1.373832 -4241.70315208  

triplet -4240.81945180 1.375284 -4241.71237005  

quintet -4240.81170478 1.372194 -4241.70355617  

II 

closed-shell singlet -4471.88459228 1.448172 -4472.83808723  

triplet -4471.89486556 1.448036 -4472.84853592  

quintet -4471.88668785 1.443793 -4472.84025644  

III 
triplet -4240.75738213 1.356105 -4241.66857249  

quintet -4240.77203208 1.356569 -4241.68356950  

IV 
triplet -4471.82044248 1.430717 -4472.79245459  

quintet -4471.83530827 1.430792 -4472.80826430  

V 
triplet -3548.79273544 1.152659 -3549.52025683  

quintet -3548.79280291 1.152259 -3549.52034643  

TSII/VI 
closed-shell singlet -4471.85870329 1.445290 -4472.81195121  

triplet -4471.84420466 1.443222 -4472.79724227  

VI 
closed-shell singlet -4471.93825086 1.446708 -4472.90411401  

triplet -4471.91874080 1.438854 -4472.88079678 

C 

closed-shell singlet -3548.81987802 1.162819 -3549.53633315  

triplet -3548.83343583 1.163178 -3549.55277254  

quintet -3548.82241780 1.159785 -3549.53975149  

TSC/PC 
closed-shell singlet -3548.79820293 1.160572 -3549.51547145  

triplet -3548.77320571 1.156874 -3549.49073155  
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PC (2×B) 
closed-shell singlet -3548.86565467 1.157344 -3549.59924751  

triplet -3548.83044817 1.153373 -3549.56179639  
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