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General Considerations: All chemical transformations requiring inert atmospheric conditions or vacuum 
distillation utilized Schlenk line techniques with a 4- or 5-port dual-bank manifold. α,α,α-Trifluorotoluene 
(TFT) was distilled from anhyd CaH2 and stored over 5Å molecular sieves, i-PrOH was stored over 5Å 
molecular sieves, and cyclopentyl methyl ether (CPME) was dried using a solvent delivery system. 
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was stored over 5Å molecular sieves. All reagents were 
purchased and used as received from suppliers unless otherwise noted. Nickel pre-complexes were prepared 
as outlined here.  4-(4-Methoxybenzoyl)benzonitrile was prepared as outlined here. Aryl- and heteroaryl 
bromides were either purchased from commercial sources or prepared as outlined here. Reactions were 
monitored by 1H NMR or TLC using silica gel F254 plates (60 Å porosity, 250 μm thickness). TLC analysis 
was performed using EtOAc/hexanes and visualized using permanganate stain, CAM (Hanessian's) stain, 
and/or UV light. Silica plugs utilized flash silica gel (60 Å porosity, 32-63 μm). Flash chromatography was 
accomplished using an automated system (monitoring at 254 nm and 280 nm in conjunction with an 
evaporative light scattering detector) with silica cartridges (60 Å porosity, 20-40 μm). Accurate mass 
measurement analyses were conducted using electron ionization (EI) or electrospray ionization (ESI). The 
signals were mass measured against an internal lock mass reference of perfluorotributylamine (PFTBA) for 
EI-GCMS, and leucine enkephalin for ESI-LCMS. The utilized software calibrates the instruments and 
reports measurements by use of neutral atomic masses. The mass of the electron is not included. IR spectra 
were recorded using either neat oil or solid products. Melting points (°C) are uncorrected. NMR spectra 
[1H, 13C 1H, 11B, 19F 1H] were obtained at 298 K. 1H NMR (500.4 MHz) chemical shifts are referenced to 
residual, non-deuterated CHCl3 (δ 7.26) in CDCl3. 13C1H NMR (125.8 MHz) chemical shifts are reported 
relative to CDCl3 (δ 77.3) and the carbonyl carbon of acetone (δ 205.9). 11B NMR (128.4 MHz) chemical 
shifts are uncorrected. 19F NMR spectra were referenced to hexafluorobenzene (δ –161.64 in CDCl3). Data 
are presented as follows: chemical shift (ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 
m = multiplet, br = broad), coupling constant J (Hz) and integration. 
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Preparation of 4,4’-di-tert-butyl-2,2’-bipyridine nickel(II) bromide [Ni(dtbppy)Br2] (2) 

 
 

A flask was charged with NiBr2•3H2O (2.563 g, 10.00 mmol, 1.0 equiv) and 4,4’-di-tert-butyl-2,2’-

bipyridine (3.000 g, 11.00 mmol, 1.1 equiv) and equipped with a reflux condenser. The system was vacuum 

filled under argon (x3). Absolute EtOH (50 mL) was added to the reaction flask via syringe, and the reaction 

was heated to a vigorous reflux for 24 h. During the refluxing period the color of the suspension changed 

from light brown to green/blue. After the reflux period, the reaction was cooled to rt, and the solvent was 

removed via rotary evaporation. The resulting sticky solid was then washed with three portions of boiling 

Et2O followed by pentane. The resulting solid was dried under high vacuum at 50 ⁰C for 24 h and stored in 

a vacuum desiccator.  

 

Preparation of Benzophenone Catalyst 1  

 
 

A flask was charged with 4-bromobenzonitrile (1.820 g, 10.00 mmol, 1.0 equiv) and vacuum filled with 

argon (x3). THF (30 mL) was added via syringe, and the reaction flask was placed in an acetone/dry ice 

bath to cool. n-BuLi was added slowly in a dropwise manner over 30 min, which caused a dramatic color 

change to dark red. After stirring in the cold bath for 30 min, freshly distilled anisaldehyde (1.633 g, 12.00 

mmol, 1.2 equiv) was added dropwise, which caused no noticeable change in color. The reaction was left 

to stir in the bath overnight as the system slowly returned to rt. The reaction was then quenched with H2O 

(20 mL) and sat aq NH4Cl (20 mL) and extracted with two portions of 1:1 Et2O/EtOAc (20 mL). The 

combined organic extracts were washed with brine, dried (anhyd Na2SO4), and the solvent was removed 

via rotary evaporation. The resulting crude oil was passed through a silica plug to remove any excess 

anisaldehyde, and the alcohol product was obtained as a yellow tinted oil. The oil was dissolved in CH2Cl2 
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(35 mL) and MnO2 (8.69 g, 100 mmol, 10.0 equiv) was added in a single portion. The reaction was then 

stoppered and stirred at rt overnight. Celite (~10 g) was added to the reaction, and the resulting black slurry 

was then filtered through a pad of silica and then washed with additional CH2Cl2 (100 mL). The resulting 

soln was concentrated via rotary evaporation, and the impure oil was recrystallized from MeOH to yield 4-

(4-methoxybenzoyl)benzonitrile (1.905 g, 80%) as colorless needles. All data matched that which was 

reported in the literature.1 

 

 

 

UV-Vis Spectra of Catalysts 1 and 2 

 

 

Figure S1. UV-Vis spectra of benzophenone X, nickel catalyst and catalyst mixture (0.005 M) in 

TFT. 
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Preparation of Non-Commercial Aryl Halides 

 

4-Bromophenyl pent-4-enoate, S1 

 
 

A flask was charged with 4-bromophenol (2.600 g, 15.00 mmol, 1.0 equiv) and 4-dimethylaminopyridine 

(0.275 g, 15 mol%) and then vacuum filled under argon (x3). CH2Cl2 (25 mL) was added via syringe 

followed by 4-pentenoic acid (1.652 g, 16.50 mmol, 1.1 equiv). The reaction flask was placed in an 

ice/water bath and a soln of N,N-dicyclohexylcarbodiimide (3.404 g, 16.50 mmol, 1.1 equiv) in CH2Cl2 (25 

mL) was added dropwise. After the addition, the cold bath was removed, and a voluminous white precipitate 

formed. After stirring for 4 h, the reaction slurry was filtered through a pad of Celite that was washed with 

additional CH2Cl2 (20 mL). The resulting soln was washed with satd aq Na2CO3 (30 mL) followed by brine 

(20 mL). The organic extract was then dried (anhyd Na2SO4), and the solvent was removed via rotary 

evaporation. The crude material was then purified via short-path, high vacuum distillation (135-140 °C, 

9.50 mmHg) to yield 4-bromophenyl pent-4-enoate as a colorless liquid (3.290 g, 86%). 

 
1H NMR (CDCl3, 500 MHz) d ppm 7.48 (d, J = 8.9 Hz, 2H), 6.97 (d, J = 8.7 Hz, 2H), 5.89 (ddt, J = 17.0, 

10.4, 6.5 Hz, 1H), 5.14 (dq, J = 17.1, 1.6 Hz, 1H), 5.08 (dq, J = 10.2, 1.3 Hz, 1H), 2.66 (t, J = 7.3 Hz, 

2H), 2.52-2.47 (m, 2H). 
13C NMR (CDCl3, 125 MHz) d ppm 171.4, 149.9, 136.4, 132.7, 123.6, 119.1, 116.3, 33.8, 29.0. 

FT-IR (cm-1, neat, ATR) 2979 (w), 1756 (s), 1483 (s), 1197 (vs), 1129 (s).  

HRMS (EI) calcd for C11H11BrO2 [M+]: 253.9942, found: 253.9955. 
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4-((4-Bromo/iodophenyl)sulfonyl)morpholine 

 
 

A flask was charged with 4-bromobenzenesulfonyl chloride or 4-iodobenzenesulfonyl chloride (1.10 equiv) 

which was then dissolved in CH2Cl2 (0.3 M). Pyridine (2.50 equiv) was added, and the reaction flask was 

placed in an ice/water bath. Morpholine (1.00 equiv) was then added dropwise, which caused the immediate 

evolution of a yellow precipitate. After stirring for 4 h, the reaction was quenched by the addition of satd 

aq NH4Cl (~30 mL). The layers were separated, and the aq layer was extracted with an additional portion 

of CH2Cl2 (~20 mL). The combined organic extracts were washed with brine, dried (anhyd Na2SO4), and 

the solvent was removed via rotary evaporation. The resulting crude solids were recrystallized from 

hexanes, and a minimal amount CH2Cl2 to yield the respective desired products. All data matched that 

which was reported in the literature for the bromo2 and iodo3 compounds. 

 

tert-Butyl Acetyl(4-bromophenyl)carbamate 

 
 

A flask was charged with 4-bromoacetanilide (2.14 g, 10.0 mmol, 1.00 equiv) and DMAP (0.244 g, 2.00 

mmol, 0.2 equiv) and then vacuum filled under argon (x3). MeCN (35 mL) was added to the flask via 

syringe followed by Et3N (3.5 mL, 25 mmol, 2.5 equiv). After stirring for 2 min, Boc-anhydride (3.27 g, 

15.0 mmol, 1.5 equiv) was added via a syringe. The mixture was stirred for 4 h at rt. The reaction was then 

quenched by the addition of aq HCl (50 mL, 1 M) to the flask. The contents of the flask were transferred to 

a separatory funnel and diluted with EtOAc (60 mL). The layers were separated, and the aq layer was 

extracted with additional EtOAc (2 × 30 mL). The combined organic extracts were washed with brine (100 

mL) and dried (anhyd Na2SO4), and the solvent was removed via rotary evaporation. The crude solid was 

then purified by recrystallization from MeOH to afford tert-butyl acetyl(4-bromophenyl)carbamate (2.307 

g, 73%) as a white solid. All data matched that which was reported in the literature.2   
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2-(4-Bromophenyl)-1,1,1-trifluoro-3-(trimethylsilyl)propan-2-ol 

 
 

The synthesis of 2-(4-bromophenyl)-1,1,1-trifluoro-3-(trimethylsilyl)propan-2-ol was carried out as 

reported in the literature. All data matched that which was reported in the literature.4  

 

 

4-Bromo-2-(2,2,2-trifluoroethoxy)benzonitrile, S2 

 
 

A flask was charged with 4-bromo-2-fluorobenzonitrile (0.600 g, 3.00 mmol, 1.0 equiv) and K3PO4 (1.592 

g, 7.50 mmol, 2.50 equiv) and then vacuum filled under argon (x3). DMF (15 mL) and 2,2,2-

trifluoroethanol (0.350 mg, 3.50 mmol, 1.2 equiv) were added via syringe, and the reaction was heated to 

70 ⁰C for 4 h. The reaction was then quenched with H2O (30 mL) and extracted with Et2O (3 x 20 mL). The 

combined organic extracts were then washed with H2O (2 x 30 mL) followed by brine (10 mL), dried (anhyd 

Na2SO4), and the solvent was removed via rotary evaporation. The crude solid was purified via silica gel 

chromatography to yield the desired product as a white powdered solid (0.670 g, 80%) (mp = 77-79 °C).    

 
1H NMR (CDCl3, 500 MHz) d ppm 7.49 (d, J = 8.2 Hz, 1 H), 7.31 (dd, J = 8.2, 1.5 Hz, 1 H), 7.17 (d, J = 

1.1 Hz, 1 H), 4.49 (q, J = 7.8 Hz, 2 H).  
13C NMR (CDCl3, 125 MHz) d ppm 159.1, 135.2, 129.1, 126.7, 122.8 (q, J = 278 Hz), 117.2, 114.9, 

102.5, 66.9 (q, J = 36 Hz).  
19F NMR (CDCl3, 471 MHz) d ppm -73.41.  

FT-IR (cm-1, neat, ATR) 3091 (w), 2228 (m), 1590 (s), 1279 (s), 1252 (vs), 1163 (vs).  

HRMS (EI) calcd for C9H5BrF3NO [M+]: 278.9507, found: 278.9517. 
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4-Bromophenyl (S)-2-((tert-butoxycarbonyl)amino)-4-phenylbutanoate, S3 

 
 

A flask was charged with 4-bromophenol (1.838 g, 10.63 mmol, 1.25 equiv), L-homophenylalanine (2.968 

g, 10.63 mmol, 1.25 equiv) and 4-dimethylaminopyridine (1.038 g, 8.50 mmol, 1.0 equiv) and then vacuum 

filled under argon (x3). The solids were then suspended in CH2Cl2 (15 mL), and the reaction flask was 

placed in an ice/water bath. N,N-Dicyclohexylcarbodiimide (1.754 g, 8.50 mmol, 1.0 equiv) in CH2Cl2 (15 

mL) was then added dropwise to the reaction flask. After the addition the bath was removed, a voluminous 

white precipitate formed. After stirring for 4 h, the reaction was filtered through a pad of Celite, which was 

washed with additional CH2Cl2 (20 mL). The organic solution was then washed with satd aq Na2CO3 (30 

mL) followed by brine. The organic extracts were dried (Na2SO4), and the solvent was removed via rotary 

evaporation. The crude material was purified via silica gel chromatography using a gradient of 

hexanes/EtOAc to yield 4-bromophenyl (S)-2-((tert-butoxycarbonyl)amino)-4-phenylbutanoate as a white, 

powdered solid (3.430 g, 93%) (mp =102-104 ⁰C). 

 
1H NMR (CDCl3, 500 MHz) d ppm 7.49 (d, J = 8.7 Hz, 2H), 7.34-7.28 (m, 2H), 7.25-7.20 (m, 3H), 6.95 

(d, J = 8.9 Hz, 2H), 5.16-4.99 (m, 1H), 4.62-4.47 (m, 1H), 2.79 (t, J = 8.0 Hz, 2H), 2.37-2.25 (m, 1H), 

2.17-2.06 (m, 1H), 1.47 (s, 9H) 
13C NMR (CDCl3, 125 MHz) d ppm 171.4, 155.6, 149.7, 140.6, 132.8, 128.9, 128.7, 126.7, 123.4, 119.5, 

80.6, 53.8, 34.5, 32.0, 28.6 

FT-IR (cm-1, neat, ATR) 3356 (br), 2977 (w), 1763 (m), 1709 (m), 1483 (m), 1163 (vs).  

HRMS (ESI) calcd for C9H5BrF3NO [M+]: 434.0967, found: 434.0940. 
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 (1S,2S,3S,5R)-2,6,6-Trimethylbicyclo[3.1.1]heptan-3-yl 4-bromo-2-fluorobenzoate, S4 

 
 

A flask was charged with 4-bromo-2-fluorobenzoic acid (2.327 g, 10.63, 1.25 equiv), isopinocampheol 

(1.639 g, 10.63 mmol, 1.25 equiv) and 4-dimethylaminopyridine (1.038 g, 8.50 mmol, 1.0 equiv) and then 

vacuum filled under argon (x3). The solids were then suspended in CH2Cl2 (15 mL), and the reaction flask 

was placed in an ice/water bath. N,N-Dicyclohexylcarbodiimide (1.754 g, 8.50 mmol, 1.0 equiv) in CH2Cl2 

(15 mL) was then added dropwise to the reaction flask. After the addition the bath was removed a 

voluminous white precipitate formed. After stirring for 4 h, the reaction was filtered through a pad of Celite, 

which was washed with additional CH2Cl2 (20 mL). The organic soln was then washed with satd aq Na2CO3 

(30 mL) followed by brine. The organic extracts were dried (Na2SO4), and the solvent was removed via 

rotary evaporation. The crude material was purified via silica chromatography using a gradient of 

hexanes/EtOAc to yield 4-bromophenyl (1S,2S,3S,5R)-2,6,6-trimethylbicyclo[3.1.1]heptan-3-yl 4-bromo-

2-fluorobenzoate as a dense, colorless oil (2.580 g, 85%)  

 
1H NMR (CDCl3, 500 MHz) d ppm 7.81 (t, J = 8.0 Hz, 1H), 7.37-7.30 (m, 2H), 5.28 (dt, J = 9.3, 4.6 Hz, 

1H), 2.71-2.66 (m, 1H), 2.44-2.38 (m, 1H), 2.32-2.25 (m, 1H), 1.99-1.95 (m, 1H), 1.87 (td, J = 5.8, 2.2 

Hz, 1H), 1.83 (dt, J = 14.5, 3.4 Hz, 1H), 1.25 (s, 3H), 1.18-1.15 (m, 4H), 1.00 (s, 3H) 
13C NMR (CDCl3, 125 MHz) d ppm 164.0 (d, J = 4.4 Hz), 162.8, 161.1, 133.3, 127.8, 127.7 (d, J = 4.4 

Hz), 120.9 (d, J = 25 Hz), 118.9 (d, J = 9.8 Hz), 76.0, 47.8, 44.0, 41.5, 38.5, 36.2, 33.6, 27.7, 24.1, 20.8. 
19F NMR (CDCl3, 471 MHz) d ppm -106.52.  

FT-IR (cm-1, neat, ATR) 2910 (m), 1711 (s), 1601 (s), 1220 (s), 1134 (s).  

HRMS (EI) calcd for C17H20BrFO2 [M+]: 354.0631, found: 217.9386 and 136.1234. 
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(3aR,5R,6S,6aR)-6-((4-Bromobenzyl)oxy)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-

dimethyltetrahydrofuro[2,3-d][1,3]dioxole 

 
 

A flask was charged with D-glucose diacetonide (1.691 g, 6.50 mmol, 1.0 equiv), which was then dissolved 

in THF (25 mL). The reaction flask was placed in an ice/water bath, and NaH (0.234 g, 9.75 mmol, 1.5 

equiv) was added in one portion (caution gas evolution). After stirring in the cold bath for 30 min, 4-

bromobenzyl bromide (2.437 g, 9.75 mmol, 1.5 equiv) was added in one portion, causing the soln to turn a 

dark red/brown color. After stirring for 4 h, the reaction was quenched by the addition of satd aq NH4Cl 

(20 mL) and diluted with Et2O (30 mL). The layers were separated, and the aq layer was extracted with an 

additional portion of Et2O (20 mL). The combined organic extracts were washed with brine, dried (anhyd 

Na2SO4), and the solvent was removed via rotary evaporation. The crude material was purified via a short 

silica plug, eluting with hexanes/EtOAc to yield (3aR,5R,6S,6aR)-6-((4-bromobenzyl)oxy)-5-((R)-2,2-

dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxole as a dense, colorless oil. All 

data matched that which was reported in the literature.5  
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HAT DCF Reaction Optimization Data  

 

General Optimization Procedure: To a 4 mL reaction vial with a stir bar was added aryl bromide (if solid, 

0.10 mmol, 1.0 equiv), K2HPO4 (35 mg, 0.20 mmol, 2 equiv), nickel catalyst (0.01 mmol, 10 mol %), and 

benzophenone catalyst (0.02 mmol, 20 mol %). The vial was capped and vacuum filled under argon (x3). 

A soln of C-H radical precursor (1.50 mmol, 15 equiv) in the reaction solvent (1.0 mL) was sparged with 

argon for 5 min and then added via syringe to the reaction tube. Finally, the alkene (0.20 mmol, 2 equiv) 

and aryl bromide (if liquid, 0.10 mmol, 1.0 equiv) were added via syringe. Irradiation was performed with 

a Kessil® PR160 390nm lamp at 1.0” from the surface of the reaction vial. The vial was cooled with two 

fans (Delta compact brushless DC12V fan and household clip fan, see image below) to maintain the 

temperature on the surface of the vial between 25-34 ⁰C (measured using Fisherbrand® traceable type-K 

thermometer). After 24 h of irradiation, the reaction soln was passed through a pipette plug of Celite/silica 

gel and the eluted with CH2Cl2 (5 mL). The solvent was removed, and the reaction analyzed via 1H NMR 

using trimethoxybenzene as an internal standard or via GC/MS.  

 

Table S1: Optimization of Nickel Catalyst 

 

 
 

Table S2: Optimization of Solvent 
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Table S3: Optimization of Light Source 

 
 

Table S4: Optimization of HAT Catalyst 

 
Table S5: Optimization of Electronically Rich Aryl Halides 
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General Procedure A for HAT-Mediated Dicarbofunctionalization  

 
 

To an 8 mL fused quartz reaction tube, equipped with a 12 mm magnetic stir bar, was added aryl bromide 

(if solid, 0.50 mmol, 1.0 equiv), K2HPO4  (174 mg, 1.0 mmol, 2 equiv), 4,4’-di-tert-butyl-2,2’-bipyridine 

nickel(II) bromide (24 mg, 0.05 mmol, 10 mol %), and 4-(4-methoxybenzoyl)benzonitrile (24 mg, 0.10 

mmol, 20 mol %). The vial was capped with a 19/22 rubber septum and vacuum filled under argon (x3). A 

soln of C-H radical precursor (7.50 mmol, 15 equiv) in trifluorotoluene (TFT) (5.0 mL) was sparged with 

argon for 10 min and then added via syringe to the reaction tube. Finally, the alkene (1.00 mmol, 2 equiv) 

and aryl bromide (if liquid, 0.50 mmol, 1.0 equiv) were added via syringe. The septa was secured with 

Parafilm, and the reaction was irradiated for 24 h. Irradiation was performed with a Kessil® PR160 390 nm 

lamp at 1.0” from the surface of the reaction vial. The vial was cooled with two fans (Delta compact 

brushless DC12V fan and household clip fan, see image below) to maintain the temperature on the surface 

of the vial between 25-34 ⁰C (measured using Fisherbrand® traceable type-K thermometer). After 24 h of 

irradiation, the reaction soln was passed through a plug of 5 cc of Celite atop 10 cc of silica gel. The plug 

was then washed with CH2Cl2 (30 mL), and the solvent was removed via rotary evaporation. The resulting 

crude material was purified via silica gel chromatography, eluting with a gradient of hexanes/EtOAc.  

 

tert-Butyl 3-(1-methoxycyclopentyl)-2-phenylpropanoate, 3 (0.105 g, 69%) was 

prepared according to General Procedure A using the corresponding aryl iodide. The 

desired compound was obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 

MHz) d ppm 7.34-7.26 (m, 4H), 7.25-7.19 (m, 1H), 3.67 (dd, J = 8.8, 3.5 Hz, 1H), 

3.07 (s, 3H), 2.57 (dd, J = 14.7, 8.7 Hz, 1H), 1.85 (dd, J = 14.8, 3.8 Hz, 1H), 1.82-

1.51 (m, 6H), 1.46-1.40 (m, 1H), 1.37 (s, 9H), 1.33-1.24 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 

173.9, 141.6, 128.6 - 128.9 (m), 128.0, 127.0, 86.7, 80.6, 49.6, 48.6, 39.1, 36.0, 35.8, 28.1, 23.7, 23.6. FT-

IR (cm-1, neat, ATR) 2963 (w), 1725 (m), 1142 (vs), 1075, 726 (m). HRMS (EI) calcd for C15H19O3 [M+-

t-Bu]: 247.1334, found: 247.1340. 
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tert-Butyl 3-(1-methoxycyclopentyl)-2-(p-tolyl)propanoate, 4 (0.118 g, 74%) 

was prepared according to General Procedure A using the corresponding aryl 

iodide. The desired compound was obtained as a white, amorphous solid (mp = 66-

68 °C). 1H NMR (CDCl3, 500 MHz) d ppm 7.20 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 

7.8 Hz, 2H), 3.63 (dd, J = 8.7, 3.6 Hz, 1H), 3.07 (s, 3H), 2.55 (dd, J = 14.8, 8.8 Hz, 

1H), 2.32 (s, 3H), 1.85-1.72 (m, 3H), 1.71-1.64 (m, 2H), 1.63-1.51 (m, 2H), 1.45-1.39 (m, 1H), 1.37 (s, 9 

H), 1.31-1.24 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 174.1, 138.6, 136.6, 129.4, 127.9, 86.7, 80.5, 

49.7, 48.2, 39.2, 36.1, 35.9, 28.2, 23.7, 23.6, 21.3. FT-IR (cm-1, neat, ATR) 2963 (m), 1726, 1366 (w), 

1143 (vs), 1078 (m). HRMS (EI) calcd for C20H30O3 [M+]: 318.2195, found: 318.2193. 

 

tert-Butyl 2-(4-cyanophenyl)-3-(1-methoxycyclopentyl)propanoate, 5 (0.133 

g, 81%) was prepared according to General Procedure A. The desired compound 

was obtained as a white, amorphous solid (mp = 73-75 °C). 1H NMR (CDCl3, 

500 MHz) d ppm 7.59 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.2 Hz, 2H), 3.73 (dd, J = 

8.1, 4.3 Hz, 1H), 3.02 (s, 3H), 2.55 (dd, J = 14.8, 8.1 Hz, 1H), 1.82 (dd, J = 14.7, 

4.3 Hz, 2H), 1.76-1.64 (m, 3H), 1.59 (s, 2 H), 1.44-1.38 (m, 1H), 1.37 (s, 9H), 1.26-1.21 (m, 1H). 13C NMR 

(CDCl3, 125 MHz) d ppm 172.8, 146.9, 132.6, 129.0, 119.1, 111.1, 86.5, 81.4, 49.6, 49.0, 39.0, 36.0, 36.0, 

28.1, 23.6. FT-IR (cm-1, neat, ATR) . HRMS (EI) calcd for C20H27NO3 [M+]: 329.1991, found: 329.1988. 

 

tert-Butyl 3-(1-methoxycyclopentyl)-2-(4-(trifluoromethyl)phenyl) 

propanoate, 6 (0.131 g, 70%) was prepared according to General Procedure A. 

The desired compound was obtained as a white, amorphous solid (mp = 50-52 

°C). 1H NMR (CDCl3, 500 MHz) d ppm 7.55 (d, J = 8.1 Hz, 2H), 7.44 (d, J = 8.1 

Hz, 2H), 3.74 (dd, J = 8.2, 3.8 Hz, 1H), 3.05 (s, 3H), 2.57 (dd, J = 14.7, 8.3 Hz, 

1H), 1.84 (dd, J = 14.7, 3.9 Hz, 2H), 1.78-1.64 (m, 3H), 1.62-1.53 (m, 2H), 1.44-1.39 (m, 1H), 1.37 (s, 9H), 

1.30-1.22 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 173.2, 145.5, 129.4 (q, J = 32.2 Hz), 128.5, 125.7 

(q, J = 3.7 Hz), 124.5 (q, J = 271 Hz), 86.6, 81.1, 49.6, 48.7, 39.1, 36.01, 35.96, 28.1, 23.7, 23.6. 19F NMR 

(CDCl3, 471 MHz) d ppm -62.35. FT-IR (cm-1, neat, ATR) 2966 (w), 1727, 1323 (vs), 1123 (vs), 1018 

(m). HRMS (EI) calcd for C16H19F3O3 [M+- tBu+H]: 316.1286, found: 316.1300.  
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tert-Butyl 3-(1-methoxycyclopentyl)-2-(4-methoxyphenyl)propanoate, 7 

(0.108 g, 65%) was prepared according to General Procedure A using the 

corresponding aryl iodide and was irradiated for 48 h. The desired compound 

was obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.24 

(d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 3.79 (s, 3H), 3.61 (dd, J = 8.5, 3.7 

Hz, 1H), 3.06 (s, 3H), 2.53 (dd, J = 14.6, 8.5 Hz, 1H), 1.85-1.72 (m, 3 H), 1.70-1.63 (m, 2H), 1.62-1.51 (m, 

2H), 1.44-1.38 (m, 1H), 1.37 (s, 9H), 1.30-1.23 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 174.2, 158.7, 

133.7, 129.0, 114.1, 86.7, 80.5, 55.5, 49.7, 47.8, 39.1, 36.0, 35.9, 28.2, 23.7, 23.6. FT-IR (cm-1, neat, ATR) 

2959 (w), 1725, 1510, 1249, 1143 (vs), 1077 (m). HRMS (EI) calcd for C20H30O4 [M+]: 334.2144, found: 

334.2148. 

 

tert-Butyl 3-(1-methoxycyclopentyl)-2-(4-(trifluoromethoxy)phenyl) 

propanoate, 8 (0.092 g, 47%) was prepared according to General Procedure A 

using a 1:1 CPME/TFT solvent mixture. The desired compound was obtained as 

a colorless oil. 1H NMR (500 MHz, CDCl3) δ ppm 7.34 (d, J = 8.6 Hz, 2H), 7.14 

(d, J = 8.1 Hz, 2H), 3.68 (dd, J = 8.6, 3.9 Hz, 1H), 3.05 (s, 3H), 2.54 (dd, J = 1.7, 

8.6 Hz, 1H), 1.82 (dd, J = 14.7, 3.9 Hz, 3H), 1.73-1.64 (m, 2H), 1.62-1.56 (m, 2H), 1.46-1.39 (m, 1H), 1.37 

(s, 9H), 1.30-1.23 (m, 1H).  13C NMR (126 MHz, CDCl3) δ ppm 173.50, 148.4, 140.2, 129.4, 121.2, 120.8 

(q, JC-F = 256.1 Hz) 86.6, 81.0, 49.6, 48.1, 39.2, 36.0, 35.9, 23.6, 23.5. 19F NMR (471 MHz, CDCl3) δ ppm 

-58.03. FT-IR (cm-1, neat, ATR) 2966 (w), 1727, 1255(s), 1210(s), 1142(vs). HRMS (EI) calcd for 

C16H19F3O4 [M+- tBu+H]: 332.1233, found: 332.1247.  

 

tert-Butyl 3-(1-methoxycyclopentyl)-2-(4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenyl) propanoate, 9 (0.110 g, 65%) was prepared 

according to General Procedure A using the corresponding aryl iodide and was 

irradiated for 48 h. The desired compound was obtained as a white, amorphous 

solid (mp = 77-79 °C). 1H NMR (CDCl3, 500 MHz) d ppm 7.74 (d, J = 8.1 Hz, 

2H), 7.32 (d, J = 8.1 Hz, 2H), 3.67 (dd, J = 8.6, 3.7 Hz, 1H), 3.06 (s, 3 H), 2.56 (dd, J =  14.7, 8.5 Hz, 1 H), 

1.85-1.73 (m, 3 H), 1.71-1.63 (m, 2H), 1.59-1.50 (m, 2H), 1.44-1.38 (m, 1H), 1.35 (s, 9H), 1.33 (s, 12H), 

1.29-1.24 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 173.6, 144.8, 135.3, 127.5, 86.7, 84.0, 80.7, 49.7, 

48.9, 38.9, 36.0, 35.9, 28.1, 25.2, 23.7, 23.6. 11B NMR (CDCl3, 128.4 MHz) d ppm 31.0. FT-IR (cm-1, 

neat, ATR) 2975 (w), 1727 (m), 1610 (m), 1358, 1141 (vs), 1089 (m). HRMS (EI) calcd for C25H40BO5 [M 

+ H+]: 431.2969, found: 431.2968.  
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tert-Butyl 2-(4-chlorophenyl)-3-(1-methoxycyclopentyl)propanoate, 10 (0.103 

g, 61%) was prepared according to General Procedure A. The desired compound 

was obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.26 (s, 

4H), 3.64 (dd, J = 8.3, 4.0 Hz, 1H), 3.04 (s, 3H), 2.53 (apt. dd, J = 14.7, 8.3 Hz, 

1H), 1.80 (dd, J = 14.7, 4.0 Hz, 2H), 1.77-1.71 (m, 1H), 1.70-1.64 (m, 2H), 1.61-

1.52 (m, 2H), 1.42-1.37 (m, 1H), 1.36 (s, 9H), 1.28-1.28 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 

173.5, 140.0, 132.9, 129.4, 128.9, 86.5, 80.9, 49.6, 48.1, 39.0, 36.0, 28.1, 23.6, 23.6. FT-IR (cm-1, neat, 

ATR) 2964 (w), 1726 (s), 1144 (vs), 1092 (m), 1077 (m). HRMS (EI) calcd for C19H28ClO3 [M+H+]: 

339.1727, found: 339.1713.  

 

4-(1-(tert-Butoxy)-3-(1-methoxycyclopentyl)-1-oxopropan-2-yl)phenyl 

pent-4-enoate, 11 (0.145 g, 72%) was prepared according to General Procedure 

A. The desired compound was obtained as a dense, colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.32 (d, J = 8.5 Hz, 2H), 7.00 (d, J = 8.6 Hz, 2H), 

5.94-5.84 (m, 1H), 5.14 (dd, J = 17.1, 1.5 Hz, 1H), 5.07 (dd, J = 10.2, 1.4 Hz, 1H), 3.66 (dd, J = 8.8, 3.4 

Hz, 1H), 3.06 (s, 3H), 2.65 (t, J = 7.3 Hz, 2H), 2.58-2.45 (m, 3H), 1.85-1.75 (m, 3H), 1.72-1.64 (m, 2H), 

1.61-1.54 (m, 2H), 1.46-1.40 (m, 1H), 1.37 (s, 9H), 1.32-1.24 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 

173.7, 171.8, 149.8, 139.0, 136.6, 129.0, 121.8, 116.2, 86.6, 80.8, 49.7, 48.1, 39.2, 36.1, 35.9, 33.9, 29.2, 

28.1, 23.7, 23.6. FT-IR (cm-1, neat, ATR) 2964 (m), 1759, 1725, 1202 (m), 1140 (vs) 1076, 914 (m). 

HRMS (EI) calcd for C20H26O5 [M+ - t-Bu+H ]: 346.1780, found: 346.1777.  

 

tert-Butyl 3-(1-methoxycyclopentyl)-2-(1-oxo-1,3-dihydroisobenzofuran-5-

yl)propanoate, 12 (0.087 g, 48%) was prepared according to General Procedure 

A using a 1:1 solvent mixture of CPME/TFT (0.140 g, 78%). The desired 

compound was obtained as a white amorphous solid (mp = 99-101 °C). 1H NMR 

(CDCl3, 500 MHz) d ppm 7.85 (d, J = 7.9 Hz, 1H), 7.50 (d, J = 8.1 Hz, 1H), 7.47 

(s, 1H), 5.30 (s, 2H), 3.81 (dd, J = 8.1, 4.1 Hz, 1H), 3.04 (s, 3H), 2.60 (dd, J = 14.6, 8.2 Hz, 1H), 1.86 (dd, 

J = 14.6, 4.1 Hz, 2H), 1.78 - 1.65 (m, 3H), 1.61 - 1.55 (m, 2H), 1.45-1.42 (m, 1H), 1.38 (s, 9H), 1.27-1.24 

(m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 172.9, 171.1, 148.4, 147.3, 129.4, 126.1, 124.8, 121.7, 86.5, 

81.5, 69.8, 49.7, 49.2, 39.4, 36.0, 36.0, 28.1, 23.6, 23.6. FT-IR (cm-1, neat, ATR) 2964 (w), 1761 (vs), 

1724, 1367 (m), 1148, 1075 (m) 1043 (m). HRMS (EI) calcd for C17H20O5 [M+ - t-Bu+H ]: 304.1311, 

found: 304.1314. 
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tert-Butyl 3-(1-methoxycyclopentyl)-2-(4-(morpholinosulfonyl) phenyl) 

propanoate, 13 (0.110 g, 48%) was prepared according to General Procedure 

A using a 1:1 CPME/TFT solvent mixture (0.208 g, 92%). The desired 

compound was obtained as a white amorphous solid (mp = 107-109 °C). 1H 

NMR (CDCl3, 500 MHz) d ppm 7.68 (d, J = 8.2 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 3.78 - 3.72 (m, 5H), 

3.04 (s, 3H), 2.99 (t, J = 4.6 Hz, 4H), 2.57 (dd, J = 14.6, 8.2 Hz, 1H), 1.84 (dd, J = 14.7, 4.0 Hz, 2H), 1.79-

1.66 (m, 3H), 1.63-1.57 (m, 2H), 1.45-1.42 (m, 1 H), 1.38 (s, 9H), 1.28-1.23 (m, 1H). 13C NMR (CDCl3, 

125 MHz) d ppm 172.8, 147.1, 133.8, 128.9, 128.4, 86.5, 81.4, 66.4, 49.7, 48.8, 46.3, 39.3, 36.0, 28.1, 23.7, 

23.6. FT-IR (cm-1, neat, ATR) 2967 (w), 1726, 1352 (m), 1167 (vs), 1145 (vs), 944 (m). HRMS (EI) calcd 

for C23H35O6S [M+]: 453.2083, found: 453.2085. 

 

tert-Butyl 2-(5-chloro-2-cyanophenyl)-4-hydroxy-4-methylpentanoate, 14 (0.050 

g, 31%) was prepared according to General Procedure A using a 1:1 i-PrOH/TFT 

solvent mixture. The desired compound was obtained as a dense, colorless oil. 1H 

NMR (CDCl3, 500 MHz) d ppm 7.58 (d, J = 8.4 Hz, 1H), 7.48 (d, J = 2.0 Hz, 1H), 

7.33 (dd, J = 8.4, 2.0 Hz, 1H), 4.18 (dd, J = 9.6, 3.3 Hz, 1H), 2.51 (dd, J = 14.4, 9.6 

Hz, 1H), 1.70 (dd, J = 14.3, 3.4 Hz, 1H), 1.53 (br s, 1H), 1.41 (s, 9H), 1.29 (d, J = 3.3 Hz, 6H). 13C NMR 

(CDCl3, 125 MHz) d ppm 172.3, 146.7, 140.0, 134.4, 128.6, 128.1, 117.3, 111.2, 82.4, 70.6, 46.8, 46.6, 

30.8, 29.1, 28.1. FT-IR (cm-1, neat, ATR) 3528 (br), 2975 (w), 2232 (w), 1728 (s), 1369 (m), 1149 (vs). 

HRMS (EI) calcd for C17H23ClNO3 [M + H+]: 324.1366, found: 324.1370.  

 

tert-Butyl 2-(4-(N-(tert-butoxycarbonyl)acetamido)phenyl)-3-(1-methoxy 

cyclopentyl)propanoate, 15 (0.110 g, 48%) was prepared according to General 

Procedure A using a 1:1 CPME/TFT solvent mixture. The desired compound was 

obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.34 (d, J = 

8.0 Hz, 2H), 7.00 (d, J = 8.0 Hz, 2H), 3.68 (dd, J = 8.4, 3.6 Hz, 1H), 3.06 (s, 3H), 

2.62-2.53 (m, 4H), 1.90-1.74 (m, 3H), 1.71-1.63 (m, 2H), 1.55-1.50 (m, 1H), 1.47-1.40 (m, 2H), 1.35 (s, 

9H), 1.34 (s, 9H), 1.29-1.24 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 173.7, 173.2, 153.0, 141.1, 137.9, 

128.7, 128.4, 86.6, 83.3, 80.7, 49.7, 48.4, 38.8, 36.0, 36.0, 28.1, 28.0, 26.7, 23.6, 23.6. FT-IR (cm-1, neat, 

ATR) 2974 (w), 1729 (s), 1711 (s), 1368 (m), 1271 (s), 1254 (s), 1146 (vs). HRMS (EI) calcd for 

C26H39NO6Na [M + Na+]: 484.2686, found: 484.2675.  
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tert-Butyl 3-(1-methoxycyclopentyl)-2-(4-(1,1,1-trifluoro-2-hydroxy-3-

(trimethylsilyl)propan-2-yl)phenyl)propanoate, 16 (0.145 g, 59%) was 

prepared according to General Procedure A using a 1:1 CPME/TFT solvent 

mixture. The desired compound was obtained as a white, amorphous solid (mp 

= 78-80 °C). 1H NMR (500 MHz, CDCl3) d ppm 7.46 (d, J = 8.4 Hz, 2H), 7.33 

(d, J = 8.4 Hz, 2H), 3.68 (dd, J = 8.5, 3.7 Hz, 1H), 3.06 and 3.05 (s, 3H), 2.59 (dd, J = 14.7, 8.5 Hz, 1H), 

2.27 (s, 1H), 1.89-1.73 (m, 3H), 1.72-1.55 (m, 5H), 1.47-1.42 (m, 3H), 1.34 (s, 9H), -0.23 and -0.24 (s, 9 

H). 13C NMR (126 MHz, CDCl3) d ppm 173.7, 141.5, 141.5, 136.9, 127.7, 126.5, 126.0 (q, JC-F = 286.1 

Hz), 86.5, 80.5, 77.2 (q, JC-F = 28.2 Hz), 49.5, 48.2, 48.1, 38.5, 38.4, 35.9, 35.8, 35.7, 27.9, 25.1, 25.0, 23.5, 

23.4, -0.16. 19F NMR (471 MHz, CDCl3) d ppm -81.9. FT-IR (cm-1, neat, ATR) 3457 (w, br), 2957 (w), 

1712, 1147 (vs), 909, 839 (s), 731 (vs). HRMS (EI) calcd for C20H30F3O2Si [M+ - CO2tBu]: 387.1967, 

found: 387.1950. 

 

tert-Butyl 4-hydroxy-4-methyl-2-(4-(trimethylsilyl)phenyl)pentanoate, 17 

(0.099 g, 59%) was prepared according to General Procedure A using a 1:1 i-

PrOH/TFT solvent mixture and was irradiated for 48 h. The desired compound was 

obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.45 (d, J = 

8.0 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 3.71 (dd, J = 10.2, 3.2 Hz, 1H), 2.50 (dd, J = 

14.3, 10.4 Hz, 1H), 1.73 (dd, J = 14.4, 3.1 Hz, 1H), 1.53 (s, 1H), 1.39 (s, 9H), 1.25 (d, J = 4.9 Hz, 6H), 0.25 

(s, 9H). 13C NMR (CDCl3, 125 MHz) d ppm 174.4, 141.5, 139.1, 133.9, 127.3, 81.1, 70.9, 48.7, 47.2, 30.7, 

29.1, 28.2, -0.8. FT-IR (cm-1, neat, ATR) 3440 (br), 2969 (w), 1726 (s), 1367 (s), 1143 (vs), 837 (vs), 755 

(s). HRMS (EI) calcd for C19H32O3Si [M+]: 337.2199, found: 337.2186.  

 

tert-Butyl 4-hydroxy-4-methyl-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)phenyl)pentanoate, 18 (0.170 g, 87%) was prepared according to General 

Procedure A using the corresponding aryl iodide and a 1:1 i-PrOH/TFT solvent 

mixture and was irradiated for 48 h. The desired compound was obtained as a 

dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.74 (d, J = 8.0 Hz, 2H), 

7.29 (d, J = 8.0 Hz, 2H), 3.73 (dd, J = 10.0 3.3 Hz, 1H), 2.50 (dd, J = 14.4, 10.0 1H), 1.72 (dd, J = 14.4, 

3.3 Hz, 1H), 1.56 (s, 1H), 1.35 (s, 9H), 1.34 (s, 12H), 1.23 (d, J = 8.5 Hz, 6H). 13C NMR (CDCl3, 125 

MHz) d ppm 174.2, 144.3, 135.4, 127.4, 84.1, 81.1, 70.8, 48.9, 46.9, 30.8, 29.1, 28.1, 25.2, 25.1. 11B NMR 

(CDCl3, 128.4 MHz) d ppm 30.6. FT-IR (cm-1, neat, ATR) 3420 (br), 2977 (w), 1726 (m), 1359 (vs), 1320 

(m), 1140 (vs), 1090 (s). HRMS (EI) calcd for C21H32BO5 [M+ - Me]: 374.2379, found: 374.2380.  
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tert-Butyl 2-(3-bromophenyl)-4-hydroxy-4-methylpentanoate, 19 (0.110 g, 

64%) was prepared according to General Procedure A using a 1:1 i-PrOH/TFT 

solvent mixture and was irradiated for 48 h. The desired compound was obtained as 

a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.45 (t, J = 1.83, 1H), 

7.38-7.35 (m, 1H), 7.24-7.22 (m, 1H), 7.17 (t, J = 7.9 Hz, 1H), 3.68 (dd, J = 10.1, 

3.2 Hz, 1H), 2.48 (dd, J = 14.3, 10.1 Hz, 1H), 1.70 (dd, J = 14.3, 3.2 Hz, 1H), 1.47 (br s, 1H), 1.38 (s, 9H), 

1.24 (d, J = 8.8 Hz, 6H). 13C NMR (CDCl3, 125 MHz) d ppm 173.8, 143.4, 131.1, 130.4, 130.3, 126.6, 

122.8, 81.4, 70.8, 48.4, 46.9, 30.7, 29.2, 28.1. FT-IR (cm-1, neat, ATR) 3418 (br), 2973 (w), 1726 (m), 

1368 (m), 1144 (vs), 765 (m). HRMS (EI) calcd for C16H23BrO3 [M+]: 342.0831, found: 342.0836.  

 

tert-Butyl 2-(4-cyano-3-(2,2,2-trifluoroethoxy)phenyl)-3-(1-methoxy 

cyclopentyl)propanoate, 20 (0.142 g, 66%) was prepared according to 

General Procedure A using a 1:1 CPME/TFT solvent mixture. The desired 

compound was obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 

MHz) d ppm 7.55 (d, J = 8.0 Hz, 1H), 7.09 (dd, J = 8.0, 1.3 Hz, 1H), 6.98 (s, 

1H), 4.49 (q, J = 7.9 Hz, 2H), 3.71 (dd, J = 8.2, 4.1 Hz, 1H), 3.04 (s, 3 H), 2.54 (dd, J = 14.7, 8.2 Hz, 1H), 

1.85-1.75 (m, 2H), 1.74-1.63 (m, 3H), 1.62-1.58 (m, 1H), 1.48-1.41 (m, 2H), 1.38 (s, 9H) 1.26-1.21 (m, 

1H). 13C NMR (CDCl3, 125 MHz) d ppm 172.5, 171.4, 158.9, 149.0, 134.4, 123.0 (q, J = 279 Hz) 122.9, 

115.6, 112.7, 101.9, 86.4, 81.7, 68.2, 66.4 (t, J = 36 Hz), 60.6, 49.6, 49.2, 39.3, 36.0, 35.9, 28.1, 25.9, 23.6, 

23.6, 21.3, 14.4. 19F NMR (CDCl3, 471 MHz) d ppm -73.44. FT-IR (cm-1, neat, ATR) 2962 (w), 2233 (w), 

1725 (m), 1430 (m), 1368 (m), 1162 1144. HRMS (EI) calcd for C18H20NO4F3 [M+ - t-Bu+H ]: 371.1344, 

found: 371.1348. 

 

tert-Butyl 4-hydroxy-4-methyl-2-(3-(thiomorpholine-4-carbonyl) 

phenyl)pentanoate, 21 (0.101 g, 59%) was prepared according to General 

Procedure A using a 1:1 i-PrOH/TFT solvent mixture. The desired compound 

was obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.37-

7.30 (m, 3H), 7.26-7.24 (m, 1H), 4.01 (br s, 2H), 3.74 (dd, J = 10.0, 3.2 Hz, 1H), 3.62 (br s, 2H), 2.80-2.46 

(m, 5H), 1.71 (dd, J = 14.3, 3.2 Hz, 1H), 1.63 (br s, 1H), 1.36 (s, 9H), 1.25 (s, 3H), 1.23 (s, 3H). 13C NMR 

(CDCl3, 125 MHz) d ppm 174.0, 170.8, 141.7, 136.3, 129.3, 129.3, 126.3, 125.7, 81.3, 70.8, 48.5, 47.0, 

30.7, 29.2, 28.1. FT-IR (cm-1, neat, ATR) 3427 (br), 2971 (w), 1723 (m), 1624 (m), 1144 (vs). HRMS 

(ESI) calcd for C21H32NO4S [M + H+]: 394.2052, found: 394.2043.  
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(1R,2R,3R,5S)-2,6,6-Trimethylbicyclo[3.1.1]heptan-3-yl 4-(1-(tert-

butoxy)-4-hydroxy-4-methyl-1-oxopentan-2-yl)-2-fluorobenzoate, 22 

(0.176 g, 76%) was prepared according to General Procedure A using a 1:1 

i-PrOH/TFT solvent mixture. The diastereomeric ratio was determined to be 

1:1 via crude H NMR. The desired compound was obtained as a dense, 

colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.86 (t, J = 7.8 Hz, 1H), 7.13 (dd, J = 8.0, 1.6 Hz, 1H), 

7.08 (dd, J = 11.6, 1.6 Hz, 1H), 5.28 (m, 1H), 3.76 (dd, J = 9.9, 3.2 Hz, 1H), 2.72-2.64 (m, 1H), 2.49 (dd, 

J = 14.3, 9.9 Hz, 1H), 2.43-2.37 (m, 1H), 2.33-2.26 (m, 1H), 1.97 (m, 1H), 1.87 (td, J = 6.0, 2.2 Hz, 1H), 

1.83 (dt, J = 14.5, 3.7 Hz, 1H), 1.69 (dd, J = 14.4, 3.3 Hz, 1H), 1.48 (s, 1H), 1.37 (s, 9H), 1.25 (d, J = 4.0 

Hz, 6H), 1.23 (s, 3H), 1.18-1.14 (m,  4H), 1.00 (s, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 173.2, 164.5 

(d, J = 3.3 Hz), 163.1, 161.4, 148.3 (d, J = 7.6 Hz), 132.5, 123.5 (d, J = 3.3 Hz), 118.3 (d, J = 9.8 Hz), 116.4 

(d, J = 23 Hz), 81.7, 75.6, 70.7, 48.5, 47.8, 46.6, 44.0, 41.5, 38.5, 36.2, 33.6, 30.6, 29.3, 28.1, 27.7, 24.1, 

20.8. 19F NMR (CDCl3, 471 MHz) d ppm -108.9. FT-IR (cm-1, neat, ATR) 3510 (br), 2932 (w), 1709 (m), 

1259 (m), 1139 (vs). HRMS (ESI) calcd for C27H40O5F [M + H+]: 463.2860, found: 463.2866.  

 

 

tert-Butyl 4-hydroxy-4-methyl-2-(4-(methylsulfonyl)phenyl) pentanoate, 23 

(0.101 g, 59%) was prepared according to General Procedure A using a 1:1 i-

PrOH/TFT solvent mixture. The desired compound was obtained as a white, 

amorphous solid (mp = 92-94 °C). 1H NMR (CDCl3, 500 MHz) d ppm 7.88 (d, J = 

8.4 Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 3.84 (dd, J = 9.9, 3.0 Hz, 1H), 3.05 (s, 3H), 

2.53 (dd, J = 14.2, 10.0 Hz, 1H), 1.70 (dd, J = 14.4, 3.1 Hz, 1H), 1.44 (br s, 1H), 1.38 (s, 9H), 1.27 (s, 3H), 

1.24 (s, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 173.3, 147.5, 139.4, 129.0, 128.0, 81.8, 70.8, 48.7, 46.9, 

44.8, 30.6, 29.3, 28.1. FT-IR (cm-1, neat, ATR) 3023 (br), 2989 (w), 1785 (m), 1633 (m), 1411 (s), 1089 

(m). HRMS (EI) calcd for C11H14O3S [M – CO2tBu – Me+]: 226.0664, found: 226.0883.  

 

 

Ethyl 8-(1-(tert-butoxy)-4-hydroxy-4-methyl-1-oxopentan-2-yl)-5-

methyl-6-oxo-5,6-dihydro-4H-benzo[f]imidazo[1,5-a][1,4]diazepine-3-

carboxylate, 24 (0.085 g, 36%) prepared according to General Procedure A 

using a 1:1 i-PrOH/TFT solvent mixture. The desired compound was obtained 

as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.99 (d, J = 1.2 
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Hz, 1H), 7.87 (s, 1H), 7.61 (dd, J = 8.3, 2.1 Hz, 1H), 7.37 (d, J = 8.2 Hz, 1H), 5.20 (br s, 1H), 4.49-4.31 

(m, 3 H), 3.87 (dd, J = 10.1, 2.5 Hz, 1H), 3.25 (s, 3H), 2.53 (dd, J = 14.2, 10.2 Hz, 1H), 1.76 (dd, J = 14.2, 

2.8 Hz, 1H), 1.63 (s, 1H), 1.45 (t, J = 7.1 Hz, 3H), 1.40 (s, 9H), 1.27 (d, J = 6.3 Hz, 6H). 13C NMR (CDCl3, 

125 MHz) d ppm 166.6, 163.4, 142.0, 135.8, 135.2, 132.4, 132.1, 131.1, 129.4, 129.0, 122.4, 81.8, 70.8, 

61.3, 46.9, 42.7, 36.2, 30.7, 29.2, 28.1, 14.7. FT-IR (cm-1, neat, ATR) 3440 (br), 2975 (w), 1725 (m), 1640 

(m), 1499 (m), 1145 (s), 1117 (s). HRMS (EI) calcd for C25H34N3O6 [M + H+]: 472.2448, found: 472.2454.  

 

 

tert-Butyl 3-(1-methoxycyclopentyl)-2-(6-(trifluoromethyl)pyridin-3-

yl)propanoate, 25 (0.121 g, 65%) was prepared according to General Procedure A 

using a 1:1 CPME/TFT solvent mixture. The desired compound was obtained as a 

dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 8.67 (s, 1H), 7.86 (d, J = 8.0 

Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 3.80 (dd, J = 8.0, 4.5 Hz, 1H), 3.03 (s, 3H), 2.59 (dd, J = 14.7, 8.2 Hz, 

1H), 1.89-1.80 (m, 2H), 1.80-1.64 (m, 3H), 1.62-1.55 (m, 2H), 1.46-1.41 (m, 1H), 1.39 (s, 9H), 1.28-1.22 

(m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 172.4, 150.1, 147.1 (q, J = 35 Hz), 140.3, 136.7, 121.9 (q, J 

= 274 Hz), 120.5 (q, J = 2.4 Hz), 86.4, 81.9, 49.6, 46.4, 39.3, 36.1, 35.9, 28.1, 23.7.  19F NMR (CDCl3, 471 

MHz) d ppm -67.69.  FT-IR (cm-1, neat, ATR) 2965 (w), 1727 (s), 1369 (m), 1336 (s), 1138 (vs), 1086 

(vs). HRMS (EI) calcd for C15H18F3NO3 [M+ - t-Bu+H]: 317.1239, found: 317.1244.  

 

tert-Butyl 2-(6-fluoropyridin-3-yl)-3-(1-methoxycyclopentyl)propanoate, 26 

(0.090 g, 56%) was prepared according to General Procedure A using a 1:1 

CPME/TFT solvent mixture. The desired compound was obtained as a dense, 

colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 8.13 (d, J = 5.3 Hz, 1H), 7.14 (d, J 

= 5.0 Hz, 1H), 6.90 (s, 1H), 3.71 (dd, J = 8.0, 4.0 Hz, 1H), 3.04 (s, 3H), 2.54 (dd, J 

= 14.6, 8.3 Hz, 1H), 1.76 (m, 6H), 1.44 (m, 2H), 1.39 (s, 9H), 1.29-1.23 (m, 1H). 13C NMR (CDCl3, 125 

MHz) d ppm 172.0, 164.3 (d, J = 240 Hz), 156.1 (d, J = 8.1 Hz), 147.9 (d, J = 15 Hz), 121.2 (d, J=3.7 Hz), 

109.0 (d, J = 38 Hz), 86.4, 81.8, 49.6, 48.4, 48.4, 38.8, 36.0, 35.9, 28.1, 23.7, 23.6. 19F NMR (CDCl3, 471 

MHz) d ppm -69.97. FT-IR (cm-1, neat, ATR) 2966 (w), 1727 (s), 1608 (m), 1412 (m), 1142 (s). HRMS 

(EI) calcd for C18H27FNO3 [M+H+]: 324.1975, found: 324.1948.  
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tert-Butyl 2-(benzo[b]thiophen-5-yl)-3-(1-methoxycyclopentyl)propanoate, 27 

(0.065 g, 36%) was prepared according to General Procedure A using a 1:1 

CPME/TFT solvent mixture. The desired compound was obtained as a white 

amorphous solid (mp = 85-87 °C). 1H NMR (CDCl3, 500 MHz) d ppm 7.80 (d, J = 

8.4 Hz, 1H), 7.78 (d, J = 1.3 Hz, 1H), 7.42 (d, J = 5.4 Hz, 1H), 7.33 (dd, J = 8.4, 

1.5 Hz, 1H), 7.30 (d, J = 5.4 Hz, 1H), 3.79 (dd, J = 8.7, 3.6 Hz, 1H), 3.08 (s, 3H), 2.64 (dd, J = 14.7, 8.5 

Hz, 1H), 1.90 (dd, J = 14.7, 3.8 Hz, 1H), 1.86-1.80 (m, 1H), 1.80-1.75 (m, 1H), 1.72-1.64 (m, 2H), 1.63-

1.52 (m, 2H) 1.45-1.41 (m, 1H), 1.37 (s, 9H), 1.30-1.25 (m, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 

174.1, 140.2, 138.5, 137.8, 126.9, 124.7, 124.2, 122.9, 122.7, 86.7, 80.7, 49.7, 48.5, 39.5, 36.1, 35.9, 28.2, 

23.7, 23.6. FT-IR (cm-1, neat, ATR) 2965 (m), 1725 (vs), 1367 (m), 1141 (vs). HRMS (EI) calcd for 

C21H28O3S [M+]: 360.1759, found: 360.1750.  

 

tert-Butyl 2-(6-chloro-5-cyanopyridin-3-yl)-4-hydroxy-4-methylpentanoate, 

28 (0.065 g, 40%) was prepared according to General Procedure A using a 1:1 i-

PrOH/TFT solvent mixture. The desired compound was obtained as a dense, 

colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 8.52 (d, J = 2.2 Hz, 1H), 7.98 

(d, J = 2.4 Hz, 1H), 3.82 (dd, J = 9.3, 3.7 Hz, 1H), 2.47 (dd, J = 14.1, 9.4 Hz, 1H), 

1.69 (dd, J = 14.2, 3.7 Hz, 1H), 1.48 (br s, 1H), 1.40 (s, 9H), 1.28 (s, 3H), 1.25 (s, 3H). 13C NMR (CDCl3, 

125 MHz) d ppm 172.2, 152.7, 151.4, 141.9, 136.4, 114.8, 110.9, 82.7, 70.7, 46.6, 45.3, 30.4, 29.8, 28.1. 

FT-IR (cm-1, neat, ATR) 3480 (br), 2232 (w), 1724 (m), 1145 (vs). HRMS (ESI+) calcd for C16H21ClN2O3 

[M+H+]: 325.1319, found: 325.1295.  

 

5-(5,5-Dimethyl-2-oxotetrahydrofuran-3-yl)pyrimidine-2-carbonitrile, 29 

(0.055 g, 51%) was prepared according to General Procedure A using a 1:1 i-

PrOH/TFT solvent mixture. The desired compound immediately lactonized upon 

exposure to silica and was obtained as a white amorphous solid (mp = 117-119 °C). 
1H NMR (CDCl3, 500 MHz) d ppm 8.86 (s, 2 H), 4.15 (dd, J = 12.5, 9.0 Hz, 1 H), 

2.70 (dd, J = 12.7, 9.0 Hz, 1H), 2.28 (t, J = 12.6 Hz, 1H), 1.61 (s, 3H), 1.56 (s, 3H). 13C NMR (CDCl3, 125 

MHz) d ppm 172.8, 157.8, 144.3, 133.3, 115.7, 83.5, 42.5, 42.4, 29.1, 26.9. FT-IR (cm-1, neat, ATR) 2981 

(w), 1766 (vs), 1421 (s), 1274 (s), 1142 (s). HRMS (EI) calcd for C11H9N3O2 [M+ - 2H]: 215.0695, found: 

215.0682.  

Diethyl (1-(2-cyanopyrimidin-5-yl)-3-hydroxy-3-methylbutyl)phosphonate, 30 (0.066 g, 40%) was 

prepared according to General Procedure A using a 1:1 i-PrOH/TFT solvent mixture. The desired 

compound was isolated as a viscous, clear, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 8.77 (d, J = 



S23 
 

2.3 Hz, 2 H), 4.03 - 4.16 (m, 4 H), 3.44 (ddd, J = 24.4, 8.9, 3.8 Hz, 1 H), 2.37 (td, J 

= 14.9, 3.8 Hz, 1 H), 2.10 (dt, J = 14.7, 9.3 Hz, 1 H), 2.07 (br s, 1H) 1.28 (t, J = 7.1 

Hz, 3 H), 1.26 (s, 3 H), 1.25 (t, J = 7.1 Hz, 3 H), 1.12 (s, 3 H). 13C NMR (CDCl3, 

151 MHz) d  ppm 158.2 (d, J=6.5 Hz), 143.2 (d, J=4.4 Hz), 136.0 (d, J=7.6 Hz), 

115.7 (d, J=2.2 Hz), 70.4 (d, J=10.9 Hz), 63.2 (d, J=6.5 Hz), 63.0 (d, J=7.6 Hz), 

42.0 (d, J=3.3 Hz), 37.1 (s), 36.2 (s), 30.1 (d, J=7.6 Hz), 16.4 (d, J=2.2 Hz), 16.4 (s). 31P NMR (162 MHz, 

CDCl3) d ppm 25.9 (s). FT-IR (cm-1, neat, ATR) 3397 (w), 2964 (w), 2923 (m), 2852 (w), 1727 (w), 1549 

(w), 1417 (m), 1231 (m), 1050 (s), 1018 (vs), 964 (s), 792 (m), 587 (m). HRMS (EI) calcd for C14H22N3O4P 

[M+]: 328.1426, found: 328.1401.  

 

Diethyl (1-(6-fluoropyridin-3-yl)-3-hydroxy-3-methylbutyl)phosphonate, 31 

(0.104 g, 65%) prepared according to General Procedure A using a 1:1 i-

PrOH/TFT solvent mixture and a 48 h reaction time. The desired compound was 

obtained as a viscous, clear, colorless oil. 1H NMR (CDCl3, 500 MHz) δ ppm 8.11 

(br s, 1 H), 7.83 - 7.75 (m, 1 H), 6.89 (dd, J = 8.4, 2.7 Hz, 1 H), 4.12 – 3.89 (m, 4 

H), 3.41 (ddd, J = 23.8, 7.9, 4.4 Hz, 1 H), 2.74 - 2.54 (m, 1 H), 2.36 (td, J = 15.1, 4.2 Hz, 1 H), 2.02 (ddd, 

J = 14.6, 11.6, 8.2 Hz, 1 H), 1.26 (t, J = 7.1 Hz, 3 H), 1.21 (s, 3 H), 1.18 (t, J = 7.1 Hz, 3 H), 1.07 (s, 3 H). 

13C NMR (CDCl3, 151 MHz) δ ppm 162.9 (dd, J = 238.7, 2.2 Hz), 148.3 (dd, J = 14.7, 8.2 Hz), 141.8 (dd, 

J = 7.6, 5.5 Hz), 132.2 (dd, J = 8.2, 4.9 Hz), 109.5 (dd, J = 37.1, 2.2 Hz), 70.5 (d, J = 12.0 Hz), 63.1 (d, J 

= 6.5 Hz), 62.7 (d, J = 6.5 Hz), 43.4 (d, J = 2.2 Hz), 37.2 (d, J = 138.4 Hz), 31.2, 29.2, 16.6 (t, J = 5.4 Hz). 
19F NMR (CDCl3, 471 MHz) δ ppm -70.4 (d, JF-P = 4.6 Hz). 31P NMR (CDCl3, 162 MHz) δ ppm 28.4 (d, 

JP-F = 3.9 Hz). FT-IR (cm-1, neat, ATR) 3397 (br), 2975 (w), 2930 (w), 1596 (w), 1484 (m), 1396 (w) 1230 

(m), 1048 (s), 1021 (vs), 963 (s), 592 (w). HRMS (EI) calcd for C13H20FNO4P [M+- CH3]: 304.114, found: 

304.1107.  

 

tert-Butyl 2-(4-cyanophenyl)-4-isopropoxy-4-methylpentanoate, 32 (0.106 g, 

64%) was prepared according to General Procedure A. The desired compound was 

obtained as a dense colorless, oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.58 (d, J = 8.4 

Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 3.78 (dd, J = 8.5, 3.5 Hz, 1H), 3.72 (m, 1H), 2.45 

(dd, J = 14.2, 8.7 Hz, 1H), 1.72 (dd, J = 14.2, 3.5 Hz, 1H), 1.35 (s, 9H), 1.14 (s, 3H), 

1.11 (s, 3H), 1.08 (d, J = 6.2 Hz, 3H), 1.05 (d, J = 6.2 Hz, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 173.0, 

147.2, 132.6, 129.0, 119.1, 110.9, 81.3, 74.7, 63.6, 48.7, 44.8, 28.1, 26.6, 26.4, 25.3, 25.2. FT-IR (cm-1, 

neat, ATR) 2974, 2932 (w), 2229 (w), 1727(s), 1367 (s), 1142 (vs), 1114, 1006. HRMS (EI) calcd for 

C16H21NO3 [M+-tBu+H]: 275.1521, found: 275.1525.  
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tert-Butyl 2-(4-cyanophenyl)-3-(tetrahydrofuran-2-yl)propanoate, 33 (0.119 

g, 79%) was prepared according to General Procedure A using 4 equiv of tert-

butyl acrylate. The diastereomeric ratio was determined to be 1.2:1 via crude 1H 

NMR analysis. The desired compound was obtained as a dense, colorless oil. 1H 

NMR (CDCl3, 500 MHz) d ppm 7.61 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.2 Hz, 2H), 

3.83 (m, 1H), 3.76 (dd, J = 9.2, 6.0 Hz, 1H), 3.67 (m, 1H), 3.54 (m, 1H), 2.18 (m, 1H), 1.89 (m, 3H), 1.81 

(m, 1H), 1.45 (m, 1H), 1.37 (s, 9H). 13C NMR (CDCl3, 125 MHz) d ppm 172.4, 145.1, 132.6, 129.3, 119.1, 

111.2, 81.5, 76.3, 67.9, 50.3, 39.3, 31.8, 28.1, 25.9. FT-IR (cm-1, neat, ATR) 2977 (w), 2229 (w), 1724 (s), 

1368 (m), 1145 (vs), 1068 (m). HRMS (EI) calcd for C14H14NO3 [M+ -t-Bu]: 244.0974, found: 244.0984.  

 

tert-Butyl 2-(4-cyanophenyl)-3-(1,4-dioxan-2-yl)propanoate, 34 (0.065 g, 41%) 

was prepared according to General Procedure A using 4 equiv of tert-butyl 

acrylate. The diastereomeric ratio was determined to be 1.3:1 via crude 1H NMR 

analysis. The desired compound was obtained as a dense, colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.63 and 7.60 (d, J = 8.3 Hz, 2H), 7.41 and 7.39 (d, J = 

5.6 Hz, 2H), 3.84-3.78 (m, 1H), 3.77-3.73 (m, 1H), 3.72-3.68 (m, 1H), 3.66-3.54 and 3.20-3.16 (m, 3H), 

3.31-3.24 (m, 1H), 2.14-2.08 (m, 1H), 1.73 and 1.61 (ddd, J = 12.8, 9.6, 3.0 Hz, 1H), 1.46-1.43 (m, 1H), 

1.40 and 1.37 (s, 9H). 13C NMR (CDCl3, 125 MHz) d ppm 172.2, 171.8, 145.6, 144.6, 132.7, 129.2, 128.8, 

118.9, 111.5, 111.4, 82.0, 81.7, 73.6, 72.7, 71.3, 71.3, 67.1, 66.9, 66.8, 66.7, 48.4, 48.3, 35.5, 34.8, 28.2, 

28.1. FT-IR (cm-1, neat, ATR) 2975 (w), 2229 (w), 1725 (m), 1149 (vs), 1123 (s). HRMS (EI) calcd for 

C14H14NO4 [M+ -tBu]: 260.0923, found: 260.0922.  

 

tert-Butyl 2-(4-cyanophenyl)-4-ethoxypentanoate, 35 (0.099 g, 65%) was 

prepared according to General Procedure A. The diastereomeric ratio was 

determined to be 1.1:1 via crude 1H NMR analysis. The desired compound was 

obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.60 (t, J = 

7.4 Hz, 2H), 7.41 (t, J = 6.8 Hz, 2H), 3.81 (td, J = 10.2, 5.3 Hz, 1H), 3.60-3.30 (m, 

2H), 3.18-3.01 (m, 1H), 2.25-2.13 (m, 1H), 1.83 and 1.73 (ddd, J = 13.3, 9.4, 3.5, 1H), 1.39 and 1.37 (s, 

9H), 1.15 (m, 6H). 13C NMR (CDCl3, 125 MHz) d ppm 172.5, 172.4, 145.8, 145.3, 132.6, 132.6, 129.3, 

128.9, 119.1, 111.2, 111.1, 81.6, 81.4, 73.2, 72.3, 66.1, 64.3, 63.9, 49.4, 49.3, 41.2, 40.4, 28.2, 28.1, 20.2, 

19.9, 15.9, 15.8. FT-IR (cm-1, neat, ATR) 2974 (w), 2229 (w), 1725 (s), 1368 (m), 1143 (vs), 1093 (m). 

HRMS (EI) calcd for C14H16NO3 [M+ -tBu]: 246.1130, found: 246.1122.  
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tert-Butyl 2-(4-cyanophenyl)-3-(oxetan-2-yl)propanoate, 36 (0.066 g, 46%) 

was prepared according to General Procedure A using 4 equiv of tert-butyl 

acrylate. The diastereomeric ratio was determined to be 1.2:1 via crude 1H NMR 

analysis. The desired compound was obtained as a dense, colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.61 (d, J = 8.3 Hz, 2H), 7.41 and 7.39 (d, J = 8.4 Hz, 

2H), 4.83-4.77 and 4.55-4.46 (m, 2H), 4.67-4.59 (m, 1H), 3.68 (dd, J = 9.5, 5.9 Hz, 1H), 2.72-2.42 (m, 

2H), 2.37-2.33 (m, 1H), 2.11 and 2.05 (ddd, J = 14.0, 9.7, 4.4 Hz, 1H), 1.38 and 1.37 (s, 9H). 13C NMR 

(CDCl3, 125 MHz) d ppm 172.0, 171.8, 145.2, 144.5, 132.7, 132.7, 129.3, 128.8, 119.0, 111.5, 111.4, 

81.9, 81.8, 80.6, 79.7, 68.5, 48.3, 48.2, 41.7, 41.2, 28.4, 28.1, 27.7, 27.7. FT-IR (cm-1, neat, ATR) 2977 

(w), 2228 (w), 1724 (s), 1392 (m), 1144 (vs). HRMS (EI) calcd for C178H21NO3 [M+]: 287.1521, found: 

287.1526. 

 

tert-Butyl 2-(4-cyanophenyl)-3-(3,3-dimethyloxetan-2-yl)propanoate, 37 (0.110 

g, 70%) was prepared according to General Procedure A using 4 equiv of tert-butyl 

acrylate. The diastereomeric ratio was determined to be 1.8:1 via crude 1H NMR 

analysis. The desired compound was obtained as a dense, colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.63-7.60 (m, 2H), 7.40 (t, J = 8.2 Hz, 2H), 4.38 and 4.05 

(dd, J = 10.0, 3.2 Hz, 1H), 4.29 and 4.25 (d, J = 5.5 Hz, 1H), 4.13 and 4.11 (d, J = 5.5 Hz, 1H), 3.65 and 

3.62 (dd, J = 10.3, 4.6 Hz, 1H), 2.29 and 1.90 (ddd, J = 13.6, 10.4, 3.3 Hz, 1H), 2.47 and 2.00 (ddd, J = 

14.0, 10.1, 5.5 Hz, 1H), 1.37 (s, 9H), 1.25 and 1.13 (s, 3H), 1.17 (s, 3H). 13C NMR (CDCl3, 125 

MHz) d ppm 172.2, 171.8, 145.4, 144.5, 132.7, 129.3, 128.9, 119.0, 111.5, 111.4, 88.7, 87.7, 81.9, 81.8, 

81.5, 81.3, 48.3, 48.2, 38.4, 38.1, 36.3, 35.5, 28.4, 26.9, 26.8, 21.4, 21.2. FT-IR (cm-1, neat, ATR) 2968 

(w), 2228 (w), 1724 (s), 1368 (m), 1146 (vs), 967 (w). HRMS (EI) calcd for C19H26NO3 [M + H+]: 316.1913, 

found: 316.1909. 

 

tert-Butyl 2-(4-cyanophenyl)-3-(1,3-dioxolan-2-yl)propanoate, 38 (0.090 g, 

60%) was prepared according to General Procedure A using 4 equiv of tert-butyl 

acrylate. The desired compound was obtained as a dense, colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.61 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 4.83 

(dd, J = 4.7, 4.2 Hz, 1H), 3.97-3.93 (m, 2H), 3.85-3.82 (m, 2H), 3.77 (dd, J = 8.7, 

6.2 Hz, 1H), 2.51 (ddd, J = 13.9, 8.7, 4.9 Hz, 1H), 2.01 (ddd, J = 9.0, 6.0, 3.9 Hz, 1H), 1.38 (s, 9H). 13C 

NMR (CDCl3, 125 MHz) d ppm 171.8, 145.0, 132.7, 129.0, 119.0, 111.4, 102.5, 81.7, 65.4, 65.2, 48.0, 
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37.2, 28.1. FT-IR (cm-1, neat, ATR) 2977 (w), 2229 (w), 1725 (s), 1392 (w), 1367 (m), 1144 (vs), 1021 

(m). HRMS (EI) calcd for C17H21NO4 [M+]: 303.1471, found: 303.1465. 

 

tert-Butyl 2-(4-Cyanophenyl)-3-(tetrahydrothiophen-2-yl)propanoate, 39 (0.050 

g, 32%) was prepared according to General Procedure A using 4 equiv of tert-butyl 

acrylate and a 1:1 tetrahydrothiophene/TFT solvent mixture. The diastereomeric ratio 

was determined to be 1.1:1 via crude 1H NMR analysis. The desired compound was 

obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.61 (t, J = 7.8 

Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 3.67-3.61 (m, 1H), 3.33-2.90 (m, 1H), 2.90-2.80 (m, 2H), 2.45-2.1 (m, 

2H), 2.07-1.99 (m, 2H), 1.97-1.65 (m, 2H), 1.39 and 1.37 (s, 9H). 13C NMR (CDCl3, 125 MHz) d ppm 

172.1, 171.9, 145.1, 144.4, 132.7, 129.3, 128.9, 118.9, 111.5, 111.4, 82.0, 81.8, 52.4, 52.4, 47.1, 46.4, 41.9, 

41.0, 37.7, 32.6, 32.6, 30.5, 30.4, 28.4, 28.2, 28.2. FT-IR (cm-1, neat, ATR) 2936 (w), 2228 (w), 1724 (s), 

1368 (m), 1145 (s). HRMS (EI) calcd for C18H23NO2S [M+]: 317.1449, found: 317.1434. 

 

tert-Butyl 2-(4-cyanophenyl)-4-hydroxy-4-methylpentanoate, 40 (0.109 g, 75%) 

was prepared according to General Procedure A. The desired compound was 

obtained as a white amorphous solid (mp = 105-108 °C). 1H NMR (CDCl3, 500 

MHz) d ppm 7.60 (d, J = 7.8 Hz, 2H), 7.41 (d, J = 7.8 Hz, 2H), 3.79 (d, J = 9.5 Hz, 

1H), 2.51 (dd, J = 14.0, 10.3 Hz, 1H), 1.69 (d, J = 14.2 Hz, 1H), 1.59 (s, 1H) 1.37 (s, 9H), 1.26 (s, 3H), 

1.24 (s, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 173.2, 146.6, 132.7, 128.8, 119.0, 111.2, 81.8, 70.7, 48.8, 

46.7, 30.6, 29.3, 28.1. FT-IR (cm-1, neat, ATR) 3452 (br), 2974 (w), 2230 (w), 1726 (s), 1368 (s). HRMS 

(ESI) calcd for C17H23NO3 [M+H+]: 290.1756, found: 290.1742. 

 

tert-Butyl 2-(4-cyanophenyl)-4-hydroxy-4-methylhexanoate, 41 (0.145 g, 96%) 

was prepared according to General Procedure A. The diastereomeric ratio was 

determined to be 1.5:1 via crude 1H NMR analysis. The desired compound was 

obtained as a white amorphous solid (mp = 72-74 °C). 1H NMR (CDCl3, 500 

MHz) d ppm 7.61-7.58 (m, 2H), 7.41 (d, J = 8.2 Hz, 2H), 3.80-3.76 (m, 1H), 2.51-

2.42 (m, 1H), 1.68 and 1.62 (dd, J = 14.3, 3.2 Hz, 1H) 1.55-1.50 (m, 2H), 1.45 (s, 1H) 1.37 (s, 9H), 1.17 

and 1.15 (s, 3H), 0.92 and 0.88 (t, J=7.4 Hz, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 173.4 (s), 173.2 (s), 

146.8 (m), 146.7 (s), 132.7 (m), 128.8 (s), 119.0 (s), 81.7 (s), 81.7 (s), 72.9 (s), 72.7 (s), 48.6 (s), 48.4 (s), 

44.6 (s), 44.4 (s), 36.2 (s), 34.7 (s), 28.1 (s), 26.9 (s), 25.6 (s), 8.7 (s), 8.4 (s). FT-IR (cm-1, neat, ATR) 3422 

(br), 2974 (w), 2229 (w), 1725 (m), 1368 (m), 1144 (vs). HRMS (EI) calcd for C17H23NO3 [M+]: 289.1678, 

found: 289.1670. 
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tert-Butyl 2-(4-cyanophenyl)-3-(1-hydroxycyclobutyl)propanoate, 42 (0.137 g, 

91%) was prepared according to General Procedure A. The desired compound was 

obtained as a white amorphous solid (mp = 99-101 °C). 1H NMR (CDCl3, 500 

MHz) d ppm 7.60 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 3.71 (dd, J = 9.1, 

4.0 Hz, 1H), 2.55 (dd, J = 14.6, 9.1, 1H), 2.06-2.02 (m, 2H), 1.93-1.90 (m, 2H), 

1.79-1.73 (m, 1H), 1.51-1.43 (m, 3H), 1.36 (s, 9H). 13C NMR (CDCl3, 125 MHz) d ppm 173.3, 146.4, 

132.7, 128.9, 119.1, 111.2, 81.8, 75.2, 48.8, 42.8, 37.2, 35.7, 28.1, 12.5. FT-IR (cm-1, neat, ATR) 3499 

(br), 2979 (w), 2229 (w), 1724 (s), 1146 (vs). HRMS (EI) calcd for C14H14NO3 [M – t-Bu+]: 245.1052, 

found: 245.1058. 

 

tert-Butyl 2-(4-cyanophenyl)-3-(1-hydroxycyclopentyl)propanoate, 43 (0.090 

g, 57%) was prepared according to General Procedure A. The desired compound 

was obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.60 (d, 

J = 8.2 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 3.82 (dd, J = 9.4, 3.8 Hz, 1H), 2.62 (dd, 

J = 14.4, 9.4 Hz, 1H), 1.82-1.78 (m, 3 H), 1.66-1.60 (m, 3H), 1.48 (d, J = 7.1 Hz, 

1H), 1.47-1.43 (m, 2H), 1.37 (s, 9H), 1.31 (s, 1H). 13C NMR (CDCl3, 125 MHz) d ppm 173.32, 146.60, 

132.68, 128.88, 119.06, 111.17, 82.18, 81.71, 49.72, 44.76, 41.01, 39.63, 28.09, 23.85, 23.75. FT-IR (cm-

1, neat, ATR) 3507 (br), 2965 (w), 2229 (w), 1725 (s), 1146 (vs). HRMS (EI) calcd for C15H15NO2 [M – t-

BuOH+]: 241.1103, found: 241.1096.   

 

tert-Butyl 2-(4-cyanophenyl)-4-hydroxypentanoate, 44 (0.098 g, 71%) was 

prepared according to General Procedure A using 4 equiv of tert-butyl acrylate. 

The desired compound was obtained as a colorless oil at 90% purity with 10% 

benzophenone catalyst impurity. The diastereomeric ratio was determined to be 

1:1 via crude 1H NMR analysis. 1H NMR (CDCl3, 500 MHz) d ppm 7.61 (d, J = 

8.2 Hz, 2H), 7.42 (d, J = 8.2 Hz, 2H), 3.57-3.54 (m, 1H), 2.16 (ddd, J = 14.2, 9.6, 6.8 Hz, 1H), 1.85 and 

1.83 (dd, J = 8.3, 3.4 Hz, 1H), 1.46 (s, 1H), 1.37 (s, 9H), 1.20 (d, J = 6.2 Hz, 3H). 13C NMR (CDCl3, 125 

MHz) d ppm 172.8, 145.2, 132.6, 129.2, 119.0, 111.3, 81.7, 66.1, 50.0, 42.3, 28.1, 24.5. FT-IR (cm-1, neat, 

ATR) 3425 (br), 2976 (w), 2229 (w), 1724 (s), 1146 (vs). HRMS (ESI) calcd for C16H22NO3 [M + H+]: 

276.1600, found: 276.1586.   
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tert-Butyl 2-(4-cyanophenyl)-3-(5-oxopyrrolidin-2-yl)propanoate, 45 (0.112 g, 

71%) was prepared according to General Procedure A using 4 equiv of tert-butyl 

acrylate. The diastereomeric ratio was determined to be 1:1 via crude 1H NMR 

analysis. The desired compound was obtained as a dense, colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.63 (d, J = 8.4 Hz, 2H), 7.44 and 7.41 (d, J = 8.4 Hz, 2H), 

6.83 and 6.32 (br s, 1H), 3.63-3.42 (m, 2H), 2.37-2.21 (m, 4H), 1.93-1.84 (m, 1H), 1.80-1.66 (m, 1H), 1.39 

and 1.37 (s, 9H). 13C NMR (CDCl3, 125 MHz) d ppm 178.49, 178.23, 171.72, 171.60, 144.27, 144.19, 

129.05, 128.87, 118.82, 118.77, 111.82, 111.76, 82.53, 82.35, 52.64, 52.50, 49.95, 49.82, 30.26, 30.11, 

28.14, 27.79, 27.46. FT-IR (cm-1, neat, ATR) 3265 (br), 2978 (w), 2229 (w), 1722 (s), 1690 (vs), 1258 (m), 

1145 (vs). HRMS (EI) calcd for C18H22N2O3 [M+]: 315.1630, found: 315.1654. 

 

tert-Butyl 2-(4-cyanophenyl)-3-(4-oxoazetidin-2-yl)propanoate, 46 (0.056 g, 

37%) was prepared according to General Procedure A using 4 equiv of tert-butyl 

acrylate. The diastereomeric ratio was determined to be 1:1 via crude 1H NMR 

analysis. The desired compound was obtained as a dense, colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.64 (d, J = 8.2 Hz, 2H), 7.41 and 7.39 (d, J = 8.3 Hz, 2H) 

6.01 and 5.77 (br s, 1H), 3.56 (m, 2H), 3.08 and 3.02 (ddd, J=14.9, 4.9, 2.2 Hz, 1H), 2.66 and 2.52 (dd, 

J=14.9, 1.6 Hz, 1H) 2.45-2.40 (m, 1H), 2.05-1.99 (m, 1H), 1.39 and 1.38 (s, 9H). 13C NMR (CDCl3, 125 

MHz) d ppm  171.42, 171.36, 167.4, 167.3, 144.0, 132.9, 128.9, 118.7, 112.0, 111.9, 82.6, 82.5, 50.6, 50.4, 

46.51, 46.49, 44.1, 44.0, 39.1, 38.9, 28.1. FT-IR (cm-1, neat, ATR) 3320 (br), 2977 (w), 2229 (w), 1738 

(vs), 1722 (vs), 1145 (vs). HRMS (ESI) calcd for C17H21N2O3 [M+H+]: 301.1552, found: 301.1552. 

 

tert-Butyl 2-(4-cyanophenyl)-3-(2-oxooxazolidin-4-yl)propanoate, 47 (0.063 g, 

40%) was prepared according to General Procedure A using 4 equiv of tert-butyl 

acrylate. The diastereomeric ratio was determined to be 1.1:1 via crude 1H NMR 

analysis. The desired compound was obtained as a dense, colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.65 (d, J = 8.4 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 5.51 (s, 

1H), 4.50 (t, J = 8.5 Hz, 1H), 4.05 (dd, J = 8.8, 6.3 Hz, 1H), 3.94-3.87 (m, 1H), 3.61 (dd, J = 9.7, 5.4 Hz, 

1H), 2.38 (ddd, J = 14.1, 9.6, 4.8 Hz, 1H), 1.92 (ddd, J = 13.8, 7.8, 5.4 Hz, 1H), 1.39 (s, 9H). 13C NMR 

(CDCl3, 125 MHz) d ppm 171.3, 159.3 (m), 143.8, 133.0, 128.8, 118.6, 111.9, 83.0, 70.1, 50.9, 49.2, 38.9, 

28.1. FT-IR (cm-1, neat, ATR) 3311 (br), 2979 (w), 2229 (w), 1755 (vs), 1721 (vs), 1368 (m), 1149 (vs). 

HRMS (EI) calcd for C17H22N2O4 [M+H+]: 317.1501, found: 317.1498. 
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4-(1-Cyano-3-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl) 

benzonitrile, 48 (0.057 g, 35%) was prepared according to General Procedure 

A using 4 equiv of acrylonitrile. The desired compound was obtained as a dense, 

colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm  7.67 (d, J = 8.4 Hz, 2H), 7.50 

(d, J = 8.2 Hz, 2H), 3.96 (dd, J = 10.3, 3.7 Hz, 1H), 2.00 (dd, J = 13.9, 10.4 Hz, 

1H), 1.75 (dd, J = 14.0, 3.7 Hz, 1H), 1.26 (s, 12H), 1.14 (s, 3H), 1.02 (s, 3H). 13C NMR (CDCl3, 125 

MHz) d ppm 143.5 (s), 133.1 (s), 128.4 (s), 120.9 (m), 118.5 (m), 112.0 (m), 84.0 (s), 47.1 (s), 35.2 (s), 

25.4 (s), 25.1 (s), 25.1 (s), 24.9 (s). 11B NMR (CDCl3, 128.4 MHz) d ppm 33.7. FT-IR (cm-1, neat, ATR) 

2932 (w), 2230 (w), 1317 (m), 1134 (s). HRMS (EI) calcd for C19H25BN2O2 [M+]: 324.2009, found: 

324.2006. 

 

4-(1-Cyano-2-(1-methoxycyclopentyl)ethyl)benzonitrile, 49 (0.102 g, 80%) was 

prepared according to General Procedure A. The desired compound was obtained 

as a colorless oil. 1H NMR (500 MHz, CDCl3) d ppm 7.68 (d, J = 8.5 Hz, 2H), 7.49 

(d, J = 8.2 Hz, 2H), 4.01 (dd, J = 8.9, 4.2 Hz, 1H), 3.14 (s, 3H), 2.33 (dd, J = 14.6, 

9.0 Hz, 1H), 2.03 (dd, J = 14.6, 4.3 Hz, 1H), 2.03-1.97 (m, 1H), 1.87-1.80 (m, 1H), 

1.79-1.55 (m, 5H), 1.30-1.22 (m, 1H). 13C NMR (151 MHz, CDCl3) d ppm 142.8, 133.2, 128.6, 120.9, 

118.4, 112.5, 85.7, 49.8, 42.4, 36.0, 36.0, 33.2, 23.9, 23.6. FT-IR (cm-1, neat, ATR) 2953(m), 2230, 1073 

(vs), 835, 577. HRMS (EI) calcd for C16H18N2O [M+]: 254.1410, found: 254.1419. 

 

4-(2-(1-Methoxycyclopentyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)ethyl)benzonitrile, 50 (0.060 g, 34%) was prepared according to General 

Procedure A using 4 equiv of vinyl boronic acid pinacol ester and a 1:1 CPME/TFT 

solvent mixture. The desired compound was obtained as a colorless crystalline solid 

(mp = 105-108 °C). 1H NMR (CDCl3, 500 MHz) d ppm 7.52 (d, J = 8.4 Hz, 2H), 

7.35 (d, J = 8.4 Hz, 2H), 3.05 (s, 3H), 2.59 (dd, J = 9.1, 4.7 Hz, 1H), 2.32 (dd, J = 14.2, 9.1 Hz, 1H), 1.88-

1.83 (m, 1H), 1.77 (dd, J = 14.1, 4.8 Hz, 1H), 1.75-1.70 (m, 1H), 1.69-1.62 (m, 2H), 1.59- 1.54 (m, 1H), 

1.42-1.36 (m, 1H), 1.33-1.22 (m, 2H), 1.16 (s, 6H), 1.13 (s, 6H). 13C NMR (CDCl3, 125 MHz) d ppm 151.0, 

132.3, 129.3, 119.7 (m), 109.1, 87.2, 83.8, 49.6, 38.8, 36.1, 35.8, 25.1, 24.6, 24.0, 23.9. 11B NMR (CDCl3, 

128.4 MHz) d ppm 32.4. FT-IR (cm-1, neat, ATR) 2973 (m), 2227 (w), 1361 (m), 1329 (m), 1141 (vs). 

HRMS (EI) calcd for C20H27BNO2 [M – OCH3
+]: 323.2057, found: 323.2088. 
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Diethyl (1-(4-cyanophenyl)-3-hydroxy-3-methylbutyl)phosphonate, 51 (0.128 

g, 79%) was prepared according to General Procedure A using a 1:1 i-PrOH/TFT 

solvent mixture. The desired compound was obtained as a dense, colorless oil. 1H 

NMR (CDCl3, 500 MHz) d ppm 7.60 (d, J = 8.0 Hz, 2H), 7.45 (dd, J = 8.4, 2.3 Hz, 

2H), 4.10-4.02 (m, 2H), 4.00-3.93 (m, 1H), 3.93-3.85 (m, 1H), 3.45 (ddd, J = 24.1, 

8.2, 4.2 Hz, 1H), 2.37 (td, J = 15.3, 4.2 Hz, 1H), 2.23 (br s, 1H), 2.09 (ddd, J = 14.7, 11.5, 8.2 Hz, 1H), 

1.27 (t, J = 7.1 Hz, 3H), 1.22 (s, 3H), 1.17 (t, J = 7.1 Hz, 3H), 1.06 (s, 3H). 13C NMR (CDCl3, 125 

MHz) d ppm 144.4 (d, J = 7.6 Hz), 132.5 (d, J = 2.2 Hz), 130.4 (d, J = 6.5 Hz), 119.0 (d, J = 2.2 Hz), 111.2 

(d, J = 3.3 Hz), 70.7 (d, J = 10.9 Hz), 63.2 (d, J = 6.5 Hz), 62.7 (d, J = 7.6 Hz), 43.5 (d, J = 3.3 Hz), 41.1 

(d, J = 136 Hz), 31.2, 29.1, 16.6 (d, J = 6.5 Hz), 16.6 (d, J = 5.4 Hz). 31P NMR (CDCl3, 202 MHz) d ppm 

28.1. FT-IR (cm-1, neat, ATR) 3391 (br, s), 2976 (w), 2229 (w), 1607 (br), 1019 (vs). HRMS (EI) calcd 

for C14H18NO3P [M+ - EtOH]: 279.1024, found: 279.1030. 

 

4-(4-Hydroxy-4-methyl-1-morpholino-1-oxopentan-2-yl)benzonitrile, 52 

(0.073 g, 48%) was prepared according to General Procedure A using a 1:1 i-

PrOH/TFT solvent mixture. The desired compound was obtained as a dense, 

yellow oil. 1H NMR (500 MHz, CDCl3) d ppm 7.62 (d, J = 8.4 Hz, 2 H), 7.38 (d, 

J = 8.4 Hz, 2H), 4.08 (dd, J = 10.0, 2.5 Hz, 1H), 3.73-3.64 (m, 2H), 3.62-3.49 (m, 

4H), 3.35 (ddd, J = 13.2, 5.8, 2.8 Hz, 1H), 3.26-3.20 (m, 1H), 2.74 (dd, J = 14.4, 10.0 Hz, 1H), 2.10 (s, 1H), 

1.61 (dd, J = 14.3, 2.6 Hz, 1H), 1.24 (s, 3H), 1.22 (s, 3H). 13C NMR (151 MHz, CDCl3) d ppm 171.8, 

146.7, 133.2, 128.6, 118.8, 111.4, 70.3, 66.9, 66.5, 47.8, 46.5, 44.5, 43.1, 31.2, 29.0. FT-IR (cm-1, neat, 

ATR) 3435 (br, w), 2968 (w), 2926 (w), 2856 (w), 2229, 1628 (s), 1435, 1226, 1027 (s), 1027, 912, 841, 

728 (vs), 647, 573. HRMS (ESI+) calcd for C17H22N2O3 [M+H]: 303.1705, found: 303.1697. 

 

trans-4-(2-hydroxypropan-2-yl)-3-(4-(morpholinosulfonyl)phenyl) 

dihydrofuran-2(3H)-one, 53 (0.098 g, 53%) was prepared according to 

General Procedure A using a 1:1 i-PrOH/TFT solvent mixture. The 

diastereomeric ratio was determined to be >20:1 via crude 1H NMR analysis. 

The desired compound was obtained as a white solid (mp = 165-166 °C). 1H 

NMR (500 MHz, CDCl3) d ppm 7.76 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 4.52 (dd, J = 9.1, 8.4 

Hz, 1H), 4.38 (dd, J = 9.1, 8.6 Hz, 1H), 4.02 (d, J = 9.5 Hz, 1H), 3.77-3.73 (m, 4H), 3.05-2.99 (m, 4H), 

2.82 (q, J = 8.5 Hz) 1.48 (s, 1H), 1.24 (s, 3H), 1.08 (s, 3H). 13C NMR (151 MHz, CDCl3) d ppm 176.9, 

143.9, 135.0, 129.7, 128.8, 70.4, 67.9, 66.4, 54.1, 48.1, 46.2, 29.3, 28.5. FT-IR (cm-1, neat, ATR) 3516 (br, 
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w), 2979 (w), 2922 (w), 2864 (w), 2256 (w), 1767, 1165, 945, 906 (s), 724 (vs), 536. HRMS (ESI+) calcd 

for C17H23NO6S [M+H]: 369.1246, found: 369.1242. 

 

trans-4-(4-(2-Hydroxypropan-2-yl)-2-oxotetrahydro-2H-pyran-3-yl) 

benzonitrile, 54 (0.091 g, 70%) was prepared according to General Procedure A 

using a 1:1 i-PrOH/TFT solvent mixture. The diastereomeric ratio was determined 

to be >20:1 via crude 1H NMR analysis. The desired compound was obtained as a 

dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.67 (d, J = 8.4 Hz, 2H), 

7.37 (d, J = 8.4 Hz, 2H), 3.63 (d, J = 12.5 Hz, 1H), 3.52-3.47 (m, 1H), 3.38 (m, 1H), 2.64 (dt, J = 12.6, 6.9 

Hz, 1H), 1.85-1.79 (m, 1H), 1.74-1.68 (m, 1H), 1.59 (s, 3H), 1.58 (s, 1H), 1.41 (s, 3H). 13C NMR (CDCl3, 

125 MHz) d ppm 174.8, 142.1, 133.0, 129.9, 118.7, 112.2, 85.5, 60.3, 53.8, 50.5, 32.3, 28.2, 22.4. FT-IR 

(cm-1, neat, ATR) 3483 (br), 2978 (w), 2229 (w), 1755 (vs), 1264 (m). HRMS (EI) calcd for C15H17NO3 

[M+]: 259.1208, found: 259.1195. 

 

trans-4-(2-(2-Hydroxypropan-2-yl)-5-oxocyclopentyl)benzonitrile, 55 (0.090 g, 

74%) was prepared according to General Procedure A using a 1:1 i-PrOH/TFT 

solvent mixture. The diastereomeric ratio was determined to be >20:1 via crude 1H 

NMR analysis. The desired compound was obtained as a dense, pink oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.62 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.2 Hz, 2H), 3.48 

(d, J = 12.0 Hz, 1H), 2.60-2.54 (m, 2H), 2.38 (ddd, J = 18.8, 11.9, 9.3 Hz, 1H), 2.26-2.20 (m, 1H), 1.94-

1.86 (m, 1H), 1.25 (s, 1H), 1.24 (s, 3H), 1.02 (s, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 216.6, 146.1, 

132.8, 129.9, 119.0, 111.1, 71.8, 58.1, 54.3, 38.6, 29.8, 28.5, 22.6. FT-IR (cm-1, neat, ATR) 3404 (br s), 

2975 (w), 2228 (w), 1735 (vs), 1160 (m), 1113 (m). HRMS (EI) calcd for C15H17NO2 [M+]: 243.1259, 

found: 243.1259. 

 

4-(1-Cyano-3-hydroxy-2,3-dimethylbutyl)benzonitrile, 56 was prepared either 

according to General Procedure A using a 1:1 i-PrOH/TFT solvent mixture (0.103 

g, 58%) or according to General Procedure A using a 1:1 i-PrOH/TFT solvent 

mixture and 4 equiv of crotonitrile (0.160 g, 90%). The diastereomeric ratio was 

determined to be >20:1 via crude 1H NMR analysis. The desired compound was 

obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.69 (d, J = 8.4 Hz, 2H), 7.52 (d, J 

= 8.4 Hz, 2H), 4.65 (d, J = 1.3 Hz, 1H), 1.82 (qd, J = 7.1, 1.6 Hz, 1H), 1.55 (s, 1H), 1.38 (s, 3H), 1.33 (s, 

3H), 1.03 (d, J = 7.1 Hz, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 142.5, 133.0, 128.7, 119.2, 118.5, 112.1, 
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73.1, 50.8, 37.8, 30.3, 25.0, 11.4. FT-IR (cm-1, neat, ATR) 3401 (br, s), 2976 (w), 2231 (m), 1609 (w). 

HRMS (EI) calcd for C14H16N2O [M+]: 228.1263, found: 228.1253. 

 

tert-Butyl 2-(4-((((3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-

2,2-dimethyl Tetrahydrofuro[2,3-d][1,3]dioxol-6-yl)oxy)methyl)phenyl)-

4-hydroxy-4-methylpentanoate, 57 (0.145 g, 54%) was prepared according 

to General Procedure A using a 1:1 i-PrOH/TFT solvent mixture. The 

diastereomeric ratio was determined to be 1:1 via crude H NMR. The desired 

compound was obtained as a dense, colorless oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.29-7.26 (m, 4H), 

5.89 (d, J = 3.7 Hz, 1H), 4.63 (q, J = 11.8 Hz, 2H), 4.57 (d, J = 3.7 Hz, 1H), 4.36 (q, J = 6.3 Hz, 1H), 4.14 

(dd, J = 7.9, 3.1 Hz, 1H), 4.11 (dd, J = 8.5, 6.2 Hz, 1H), 4.02-3.98 (m, 2H), 3.72 (dd, J = 10.1, 3.3 Hz, 1H), 

2.49 (dd, J = 14.2, 10.1 Hz, 1H), 1.71 (ddd, J = 14.3, 3.4, 0.9 Hz, 1H) 1.51 (d, J = 1.8 Hz, 1H) 1.49 (s, 3H), 

1.43 (s, 3H), 1.37 (s, 12H), 1.31 (s, 3H), 1.25 (s, 3H), 1.24 (s, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 

174.3, 140.7, 136.6, 128.2, 128.0, 112.1, 109.3, 105.6, 82.9, 82.1, 81.6, 81.1, 72.8, 72.4, 70.9, 67.7, 48.5, 

30.7, 29.1, 28.1, 27.1, 26.5, 25.7. FT-IR (cm-1, neat, ATR) 3494 (br), 2979 (w), 1726 (m), 1370 (m), 1146 

(s), 1075 (s). HRMS (EI) calcd for C29H44O9Na [M + Na+]: 559.2883, found: 559.2880.  

 

tert-Butyl 2-(4-(((S)-2-((tert-butoxycarbonyl)amino)-4-

phenylbutanoyl)oxy)phenyl)-4-hydroxy-4-methylpentanoate, 58 (0.220 

g, 81%) was prepared according to General Procedure A using a 1:1 i-

PrOH/TFT solvent mixture. The diastereomeric ratio was determined to be 

1:1 via crude H NMR. The desired compound was obtained as a white 

amorphous solid (mp = 86-88 °C). 1H NMR (CDCl3, 500 MHz) d ppm 7.35-7.27 (m, 4H), 7.24-7.19 (m, 

3H), 7.01 (d, J = 8.5 Hz, 2H), 5.16-5.05 (m, 1H), 4.62-4.52 (m, 1H), 3.73 (dd, J = 10.2, 3.1 Hz, 1H), 2.79 

(t, J = 8.0 Hz, 2H), 2.49 (dd, J = 14.4, 10.4 Hz, 1H), 2.37-2.25 (m, 1H), 2.15-2.04 (m, 1H), 1.70 (dd, J = 

14.3, 3.2 Hz, 1H), 1.51 (s, 1H), 1.47 (s, 9H), 1.37 (s, 9H), 1.24 (d, J = 7.4 Hz, 6H). 13C NMR (CDCl3, 125 

MHz) d ppm 174.2, 171.6, 155.6, 149.6, 140.8, 139.0, 129.0, 128.9, 128.7, 126.6, 121.6, 81.3, 80.5, 70.8, 

53.8, 48.1, 47.1, 34.7, 32.0, 30.7, 29.1, 28.6, 28.1. FT-IR (cm-1, neat, ATR) 3380 (br), 2975 (w), 1761 (m), 

1706 (s), 1504 (m), 1367 (s), 1200 (s), 1140 (vs). HRMS (EI) calcd for C31H43NO7Na [M + Na+]: 564.2937, 

found: 564.2917.  

2-(4-Cyanophenyl)-3-(3-hydroxy-2,6,6-trimethylbicyclo[3.1.1]heptan-3-yl)propanoic acid, 59 (0.096 

g, 58%) was prepared according to General Procedure A with the following modification: the isolated t-
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butyl ester product was treated with HCl (2M in dioxane) at 50 °C for 4 hours 

to obtain the corresponding carboxylic acid. The diastereomeric ratio was 

determined to be 3.5:2.3:1.9:1 via NMR. The desired compound was obtained 

a white, powdered solid (mp = 93-95 ⁰C, decomp). 1H NMR (CDCl3, 500 

MHz) d ppm 7.64- 7.54 (m, 2H), 7.51-7.41 (m, 2H), 5.06 (br s, 1H), 4.15-4.05 

(m, 1H), 3.68-3.56 (m, 1H), 2.51-1.96 (m, 3H), 1.89-1.42 (m, 4H), 1.41-0.70 (m, 11H). 13C NMR (CDCl3, 

125 MHz) d ppm 178.3, 178.2, 177.9, 177.8, 145.4, 145.3, 144.8, 144.5, 132.80, 132.78, 132.5, 129.9, 

129.3, 128.9, 128.8, 118.9, 111.68, 111.64, 73.1, 72.9, 72.4, 72.2, 48.8, 48.0, 47.8, 47.6, 47.4, 46.7, 46.5, 

46.4, 45.45, 45.43, 43.1, 42.8, 41.0, 40.9, 40.75, 40.74, 40.5, 40.4, 38.7, 38.6, 38.5, 38.4, 38.3, 38.0, 37.4, 

37.0, 35.7, 34.6, 25.03, 24.97, 24.87, 22.9, 22.5, 22.2, 20.88, 20.83, 17.3, 17.2. FT-IR (cm-1, neat, ATR) 

3442 (br), 2925 (br), 2230 (w), 1710 (s). HRMS (ESI) calcd for C20H24NO3 [M-OH+]: 310.1807, found: 

310.1718. 

 

(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-

methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 4-hydroxy-4-

methyl-2-(4-(morpholinosulfonyl)phenyl)pentanoate, 60 (0.165 g, 

46%) was prepared according to GPA with the following modifications. 

The reaction was performed in 2.5 mL of iPrOH and 2.5 mL of TFT. The desired compound was obtained 

as a colorless crystalline solid (MP = 148-150 °C). The diastereomeric ratio was determined to be 1:1 by 
1H NMR. 1H NMR (CDCl3, 500 MHz) δ ppm 7.69(4) and 7.69(0) (d, J = 8.5 Hz, 2H), 7.51 (d, J=8.1 Hz, 2 

H), 5.38 - 5.30 (m, 1 H), 4.63 - 4.55 (m, 1 H), 3.90 (dd, J = 10.1, 3.0 Hz, 1 H), 3.77 - 3.71 (m, 4 H), 3.03 – 

2.96 (m, 4 H), 2.57 (ddd, J=14.2, 10.3, 2.1 Hz, 1 H), 2.35 - 2.28 (m, 1 H), 2.24 - 2.12 (m, 1 H), 2.03 – 1.90 

(m, 2 H), 1.89 - 1.77 (m, 3 H), 1.74 (dd, J=14.2, 3.1 Hz, 1 H), 1.70-1.61 (m, 1 H), 1.58 - 1.31 (m, 12 H), 

1.27 (d, J = 2.4 Hz, 3 H), 1.26 (s, 3 H), 1.18 - 1.02 (m, 8 H), 0.99 (s, 3 H), 0.93 - 0.88 (m, 4 H), 0.86 (d, 

J=2.3 Hz, 3 H), 0.85 (d, J=2.3 Hz, 3 H), 0.66 (s, 3 H) 13C NMR (CDCl3, 151 MHz) δ ppm 173.6, 146.4, 

146.3, 139.7, 139.5, 134.1, 134.1, 128.8, 128.5, 123.2, 123.1, 75.3, 75.3, 70.8, 66.4, 57.0, 56.4, 50.3, 47.9, 

47.1, 47.0, 46.2, 42.6, 40.0, 39.8, 38.1, 38.0, 37.2, 37.1, 36.8, 36.5, 36.1, 32.2, 30.7, 29.3, 28.5, 28.3, 27.8, 

27.7, 24.5, 24.1, 23.1, 22.8, 21.3, 19.6, 19.0, 12.1. FT-IR (cm-1, neat, ATR) 3508 (w, br), 2933 (m), 2866 

(m), 1728 (m), 1262 (m), 1165 (s), 1114 (m), 944 (m), 733 (vs), 578 (m), 544 (m). HRMS (EI) calcd for 

C43H67NO6S [M+]: 726.4767, found: 726.4763. 
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Dimethyl 2-(2-hydroxypropan-2-yl)-3-(4-(morpholinosulfonyl) 

phenyl)succinate, 61 (0.077 g, 36%) was prepared according to General 

Procedure A using the corresponding aryl iodide and a 1:1 i-PrOH/TFT 

solvent mixture. The desired compound was obtained a white, powdered 

solid (mp = 187 ⁰C, decomp). 1H NMR (CDCl3, 500 MHz) d ppm 7.71 (d, 

J = 8.4 Hz, 2H), 7.60 (d, J = 8.4 Hz, 2H), 4.38 (d, J = 9.9 Hz, 1H), 3.76 (s, 3H), 3.74 (t, J = 4.7 Hz, 4H), 

3.62 (s, 3H), 3.25 (d, J = 10.0 Hz, 1H), 2.99 (t, J = 4.5 Hz, 4H), 2.22 (s, 1H), 1.14 (s, 3H), 0.95 (s, 3H). 13C 

NMR (CDCl3, 125 MHz) d ppm 174.5, 173.0, 143.7, 134.9, 129.8, 128.7, 71.7, 66.4, 58.6, 53.0, 52.4, 51.0, 

46.3, 30.0, 28.5. FT-IR (cm-1, neat, ATR) 3529 (br), 2898 (w), 1732 (s), 1164 (vs), 1112 (s). HRMS (ESI) 

calcd for C19H28NO8S [M+H+]: 430.1536, found: 430.1525 

 

 trans-Methyl 2,2-dimethyl-4-(4-(morpholinosulfonyl)phenyl)-5-

oxotetrahydrofuran-3-carboxylate, 62 (0.052 g, 26%) was prepared 

according to General Procedure A using the corresponding aryl iodide 

and a 1:1 i-PrOH/TFT solvent mixture. The desired compound was 

obtained a white, powdered solid (mp = 189-191 ⁰C). 1H NMR (CDCl3, 500 MHz) d ppm 7.75 (d, J = 8.4 

Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 4.55 (d, J = 12.2 Hz, 1H), 3.77 (s, 3H), 3.74 (t, J = 4.7 Hz, 4H), 3.30 (d, 

J = 12.0 Hz, 1H), 3.02 (t, J = 4.7 Hz, 4H), 1.73 (s, 3H), 1.56 (s, 1H), 1.40 (s, 3H). 13C NMR (CDCl3, 125 

MHz) d ppm 173.5, 169.4, 141.1, 135.3, 129.8, 128.8, 82.7, 66.4, 59.9, 53.2, 49.1, 46.2, 28.8, 23.7. FT-IR 

(cm-1, neat, ATR) 2931 (w), 1770 (s), 1737 (s), 1249 (m), 1166 (vs), 1112 (vs). HRMS (ESI) calcd for 

C18H24NO7S [M+H+]: 398.1273, found: 398.1265 

 

tert-Butyl 2-(4-cyanophenyl)-4-cyclopropyl-4-hydroxypentanoate, 75 (0.060 g, 

38%) was prepared according to General Procedure A. The diastereomeric ratio was 

determined to be 1.2:1 via 1H NMR. The desired compound was obtained a colorless 

oil. 1H NMR (CDCl3, 500 MHz) d ppm 7.59 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 8.2 Hz, 

2H), 3.98 and 3.83 (dd, J = 10.2, 3.2 Hz, 1H), 2.57-2.51 (m, 1H), 1.76 and 1.71 (dd, 

J = 14.4, 3.2 Hz, 1H), 1.36 and 1.35 (s, 9H), 1.24 (br s, 1H), 1.16 and 1.15 (s, 3H), 0.92-0.80 (m, 1H), 0.50-

0.24 (m, 4H). 13C NMR (CDCl3, 125 MHz) d ppm 173.5, 173.3, 146.75, 146.72, 132.7, 128.8, 119.0, 

111.10, 111.08, 81.73, 81.69, 70.7, 70.6, 48.6, 48.5, 46.5, 45.7, 28.04, 28.03, 28.00, 26.5, 22.0, 21.0, 1.4, 

1.1, 0.8, 0.3. FT-IR (cm-1, neat, ATR) 3520 (br), 2976 (w), 2229 (w), 1724 (m), 1254 (m), 1142 (vs). 

HRMS (ESI) calcd for C19H26NO3 [M+H+]: 316.1907, found: 316.1893 
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tert-Butyl 2-(5-(tert-butoxy)-4-(4-cyanophenyl)-2-hydroxy-5-oxopentan-2-yl) 

cyclopentane-1-carboxylate, 76 (0.033 g, 15%) was prepared according to 

General Procedure A. The diastereomeric ratio was determined to be 1.5:1.2:1 via 
1H NMR. The desired compound was obtained a colorless oil. 1H NMR (CDCl3, 

500 MHz) d ppm 7.60-7.58 (m, 2H), 7.42-7.40 (m, 2H), 3.91 and 3.81 and 3.77 

(dd, J = 9.6, 3.0 Hz, 1H), 2.75 and 2.67 (q, J = 7.8 Hz, 1H), 2.54-2.33 (m, 3H), 

1.85-1.68 (m, 3H), 1.66-1.57 (m, 3H), 1.422 and 1.418 and 1.414 (s, 9H), 1.36 (s, 9H), 1.25 (br s, 1H), 1.18 

and 1.090 and 1.086 (s, 3H). 13C NMR (CDCl3, 125 MHz) d ppm 177.1, 176.9, 176.8, 173.4, 173.2, 173.1, 

147.0, 146.7, 146.6, 132.7, 132.6, 129.5, 128.9, 128.8, 128.7, 119.10, 119.06, 119.01, 111.2, 111.1, 111.0, 

81.64, 81.58, 81.46, 81.1, 81.0, 80.7, 74.0, 73.8, 73.5, 54.9, 54.0, 53.0, 48.54, 48.52, 48.1, 46.18, 46.16, 

46.10, 45.8, 45.3, 42.3, 32.0, 31.6, 31.4, 30.6, 30.0, 29.3, 29.0, 28.7, 28.3, 28.1, 26.4, 26.2, 26.0. FT-IR 

(cm-1, neat, ATR) 3379 (br), 2975 (w), 2229 (w), 1721 (m), 1624 (m), 1142 (s). HRMS (ESI) calcd for 

C26H37NO5Na [M+Na+]: 466.2569, found: 466.2573 

 

4-(1-cyano-3-cyclopropyl-3-hydroxybutyl)benzonitrile, 78 (0.035 g, 29%) was 

prepared according to General Procedure A. The diastereomeric ratio was determined 

to be 1:1 via 1H NMR. The desired compound was obtained a colorless oil. 1H NMR 

(CDCl3, 500 MHz) d ppm 7.68 (d, J = 8.1 Hz, 2H), 7.50 (dd, J = 8.3, 2.7 Hz, 1H), 

4.24 and 4.19 (dd, J = 10.2, 3.1 Hz, 1H), 2.35 and 2.31 (dd, J = 14.4, 10.0 Hz, 1H), 

1.93 (dt, J = 14.4, 2.8 Hz, 1H), 1.37 and 1.35 (br s, 1H), 1.33 and 1.20 (s, 3H), 1.06-0.87 (m, 1H), 0.60-

0.30 (m, 4H).  13C NMR (CDCl3, 125 MHz) d ppm 143.1, 142.9, 133.2, 128.5, 128.4, 121.3, 121.2, 118.4, 

112.3, 70.4, 70.3, 49.4, 49.0, 32.53, 32.51, 27.5, 27.0, 1.9, 1.1, 0.8. FT-IR (cm-1, neat, ATR) 3479 (br), 

3006 (w), 2230 (m), 1051 (m). HRMS (ESI) calcd for C15H16N2O [M +]: 240.1263, found: 240.1269 
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General Procedure for Lactonization of HAT-DCF Products  

 
 

General Procedure B: In a 20 mL reaction vial, the starting hydroxyl tert-butyl ester was dissolved in 

dioxane (3 mL). HCl in dioxane (4.0 M, 3 mL) was then added dropwise. After the addition, the reaction 

vial was then capped and heated to 50 ⁰C for 3 h. The reaction was then cooled to rt and quenched by slow 

addition of satd aq NaHCO3 (caution: vigorous gas evolution) and transferred to a separatory funnel. The 

mixture was diluted with EtOAc, and the layers were separated. The aq layer was extracted with an 

additional portion of EtOAc (10 mL), and the combined organic extracts were washed with brine, dried 

(anhyd Na2SO4), and the solvent was removed via rotary evaporation. The crude material was purified either 

by silica gel chromatography or by recrystallization using a minimal amount of MeOH.  

  

5-Methyl-3-(4-(morpholinosulfonyl)phenyl)dihydrofuran-2(3H)-one, 

S5 (0.120 g, 74%) was prepared according to General Procedure B from tert-

butyl 4-hydroxy-2-(4-(morpholinosulfonyl)phenyl)pentanoate (0.190 g, 

0.476 mmol). The diastereomeric ratio was determined to be 1:1 via crude 
1H NMR analysis. The desired compound was obtained as a dense, colorless 

oil. 1H NMR (500 MHz, CDCl3) d ppm 7.76 (d, J = 8.3 Hz, 2H), 7.51 (d, J = 8.3 Hz, 2H), 4.68 (dt, J = 

10.8, 5.6 Hz, 1H), 4.00 (dd, J = 12.7, 8.7 Hz, 1H), 3.72 (t, J = 4.4 Hz, 4H), 3.01 (t, J = 4.4 Hz, 4H), 2.84 

(ddd, J = 12.8, 8.5, 5.3 Hz, 1H), 2.04 (q, J = 12.0 Hz, 1H), 1.54 (d, J = 6.3 Hz, 3H). 13C NMR (151 MHz, 

CDCl3) d ppm 175.8, 142.1, 134.9, 129.2, 128.6, 75.5, 66.4, 47.6, 46.2, 39.7, 21.0. FT-IR (cm-1, neat, ATR) 

2978 (w), 1768 (m), 1453 (m), 1346 (s), 944 (s). HRMS (EI) calcd for C15H19NO5S [M+]: 325.0984, found: 

325.0988. 

 

4-(6-Oxo-5-oxaspiro[3.4]octan-7-yl)benzonitrile, S6 (0.061 g, 82%) was 

prepared according to General Procedure B from tert-butyl 2-(4-cyanophenyl)-3-

(1-hydroxycyclobutyl)propanoate (0.099 g, 0.328 mmol). The desired compound 

was obtained as a crystalline white solid (mp = 99-100 °C). 1H NMR (500 MHz, 
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CDCl3) d ppm 7.66 (d, J = 8.5 Hz, 2H), 7.42 (d, J = 8.2 Hz, 2H), 3.94 (dd, J = 11.8, 8.4 Hz, 1H), 2.87 (dd, 

J = 12.7, 8.4 Hz, 1H), 2.71-2.66 (m, 1H), 2.51-2.45 (m, 1H), 2.29-2.24 (m, 1H), 2.37 (t, J = 12.3 Hz, 1H), 

2.21-2.16 (m, 1H), 1.96-1.91 (m, 1H), 1.76-1.68 (m, 1H). 13C NMR (151 MHz, CDCl3) d ppm 175.2, 141.9, 

132.8, 129.2, 118.8, 111.9, 83.6, 46.4, 42.1, 34.8, 34.5, 12.6. FT-IR (cm-1, neat, ATR) 2941 (w), 2228 (w), 

1765 (vs), 1306 (m), 1137 (s). HRMS (EI) calcd for C14H13NO2 [M+]: 227.0946, found: 227.0948. 

 

4-(2-oxo-1-oxaspiro[4.4]nonan-3-yl)benzonitrile, S7 (0.061 g, 82%) was prepared 

according to General Procedure B from tert-butyl 2-(4-cyanophenyl)-3-(1-

hydroxycyclopentyl)propanoate (0.110 g, 0.349 mmol). The desired compound was 

obtained as a crystalline white solid (mp = 105-107 °C). 1H NMR (500 MHz, CDCl3) 

d ppm 7.66 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.2 Hz, 2H), 4.04 (dd, J = 12.0, 8.7 Hz, 

1H), 2.65 (dd, J = 12.8, 8.6 Hz, 1H), 2.45 (t, J = 12.4 Hz, 1H), 2.15-2.05 (m, 2H), 1.95-1.86 (m, 2H), 1.83-

1.74 (m, 4H). 13C NMR (151 MHz, CDCl3) d ppm 175.2, 141.9, 132.8, 129.2, 118.8, 111.9, 83.6, 46.4, 

42.1, 34.8, 34.5, 12.6. FT-IR (cm-1, neat, ATR) 2941 (w), 2228 (w), 1765 (vs), 1306 (m), 1137 (s). HRMS 

(ESI) calcd for C14H15N [M-CO2
+]: 197.1205, found:197.1190. 
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X-ray Structure Determination of 62 

 

 Compound 9253, C18H23NO7S, crystallizes in the triclinic space group P1
_
 with a=8.09480(10)Å, 

b=9.43630(10)Å, c=12.9539(2)Å, α=83.4470(10)°, β=71.8420(10)°, γ=89.2520(10)°, V=933.80(2)Å3, Z=2, 

and dcalc=1.413 g/cm3. X-ray intensity data were collected on a Rigaku XtaLAB Synergy-S diffractometer 

[1] equipped with an HPC area detector (HyPix-6000HE) and employing confocal multilayer optic-

monochromated Cu-Kα radiation (λ=1.54184 Å) at a temperature of 100K. Preliminary indexing was 

performed from a series of sixty 0.5° rotation frames with exposures of 0.25 seconds for θ  = ±49.017° and 

1 second for θ  = 105.75°. A total of 6594 frames (43 runs) were collected employing ω scans with a crystal 

to detector distance of 31.6 mm, rotation widths of 0.5° and exposures of 0.05 seconds for θ  = ±49.267° 

and 0.12 seconds for θ  = 105.75° and -84.25°. 

 Rotation frames were integrated using CrysAlisPro [2], producing a listing of unaveraged F2 and 

σ(F2) values. A total of 23403 reflections were measured over the ranges 7.23 ≤ 2θ ≤ 149.002°, -10 ≤ h ≤ 

10, -10 ≤ k ≤ 11, -16 ≤ l ≤ 16 yielding 3776 unique reflections (Rint = 0.0575). The intensity data were 

corrected for Lorentz and polarization effects and for absorption using SCALE3 ABSPACK [3] (minimum 

and maximum transmission 0.5544, 1.0000). The structure was solved by direct methods - ShelXT [4]. 

Refinement was by full-matrix least squares based on F2 using SHELXL-2018 [5]. All reflections were used 

during refinement. The weighting scheme used was w=1/[σ2(Fo2 )+ (0.0466P)2 + 0.4863P] where P = (Fo2 + 

2Fc2)/3. Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding 

model. Refinement converged to R1=0.0352 and wR2=0.0913 for 3622 observed reflections for which F > 

4σ(F) and R1=0.0361 and wR2=0.0921 and GOF =1.038 for all 3776 unique, non-zero reflections and 247 

O O

O
O

SO2

N

O
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variables. The maximum Δ/σ in the final cycle of least squares was 0.001 and the two most prominent 

peaks in the final difference Fourier were +0.26 and -0.49 e/Å3. 

 Table 1. lists cell information, data collection parameters, and refinement data. Final positional and 

equivalent isotropic thermal parameters are given in Tables 2. and 3. Anisotropic thermal parameters are 

in Table 4. Tables 5. and 6. list bond distances and bond angles. Figure 1. is an ORTEP representation of 

the molecule with 50% probability thermal ellipsoids displayed. 

 

Figure 1. ORTEP drawing of the title compound with 50% thermal ellipsoids. 
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Table 1.  Summary of Structure Determination of Compound 9253 
 

Empirical formula C18H23NO7S 
Formula weight 397.43 
Diffractometer Rigaku XtaLAB Synergy-S (HyPix-6000HE) 
Temperature/K 100 
Crystal system triclinic 

Space group P1
_
  

a 8.09480(10)Å 
b 9.43630(10)Å 
c 12.9539(2)Å 
α 83.4470(10)° 
β 71.8420(10)° 
γ 89.2520(10)° 
Volume 933.80(2)Å3 
Z 2 
dcalc 1.413 g/cm3 
μ 1.907 mm-1 
F(000) 420.0 
Crystal size, mm 0.26 × 0.23 × 0.06 
2θ range for data collection     7.23 - 149.002° 
Index ranges -10 ≤ h ≤ 10, -10 ≤ k ≤ 11, -16 ≤ l ≤ 16 
Reflections collected 23403 
Independent reflections 3776[R(int) = 0.0575] 
Data/restraints/parameters 3776/0/247 
Goodness-of-fit on F2 1.038 
Final R indexes [I>=2σ (I)] R1 = 0.0352, wR2 = 0.0913 
Final R indexes [all data] R1 = 0.0361, wR2 = 0.0921 
Largest diff. peak/hole 0.26/-0.49 eÅ-3 
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Table 2 . Refined Positional Parameters for Compound 9253  
Atom x y z U(eq) 
S1 0.86280(4) 0.77601(3) 0.26642(2) 0.01612(11) 
O1 0.09718(13) 0.77736(11) 0.67791(8) 0.0208(2) 
O2 0.12196(12) 0.69590(11) 0.84052(8) 0.0189(2) 
O3 0.56226(13) 0.95969(10) 0.82922(8) 0.0216(2) 
O4 0.61034(13) 0.75102(10) 0.91647(8) 0.0200(2) 
O5 0.77918(13) 0.68290(12) 0.21727(8) 0.0230(2) 
O6 0.91496(13) 0.91789(11) 0.21441(8) 0.0224(2) 
O7 1.32316(14) 0.56074(12) 0.32233(10) 0.0283(3) 
N1 1.03833(14) 0.69704(12) 0.27690(9) 0.0165(2) 
C1 0.18259(17) 0.76641(14) 0.73925(11) 0.0161(3) 
C2 0.24439(17) 0.70522(15) 0.90320(11) 0.0171(3) 
C3 0.41979(17) 0.74440(14) 0.81211(10) 0.0148(3) 
C4 0.36558(17) 0.82541(14) 0.71917(10) 0.0150(3) 
C5 0.48997(17) 0.81144(14) 0.60649(11) 0.0154(3) 
C6 0.63072(18) 0.90746(15) 0.56156(11) 0.0176(3) 
C7 0.74685(17) 0.89683(15) 0.45837(11) 0.0177(3) 
C8 0.72188(17) 0.78857(14) 0.40005(11) 0.0157(3) 
C9 0.58452(18) 0.69008(15) 0.44422(11) 0.0181(3) 
C10 0.46939(18) 0.70264(15) 0.54742(11) 0.0188(3) 
C11 0.17981(18) 0.82079(16) 0.97756(11) 0.0209(3) 
C12 0.2456(2) 0.55983(16) 0.96569(12) 0.0234(3) 
C13 0.53877(17) 0.83201(14) 0.85132(11) 0.0161(3) 
C14 0.7173(2) 0.82823(16) 0.96390(13) 0.0245(3) 
C15 1.01746(18) 0.55025(15) 0.33226(13) 0.0215(3) 
C16 1.19292(19) 0.47995(16) 0.30007(14) 0.0249(3) 
C17 1.3396(2) 0.70119(17) 0.26490(15) 0.0291(4) 
C18 1.17085(19) 0.77995(16) 0.30134(13) 0.0226(3) 
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Table 3 . Positional Parameters for Hydrogens in Compound 9253  
Atom x y z U(eq) 

H3 0.477903 0.656801 0.787852 0.018 
H4 0.357815 0.926747 0.729789 0.018 
H6 0.646789 0.979338 0.601253 0.021 
H7 0.840094 0.961249 0.428637 0.021 
H9 0.570085 0.616921 0.405166 0.022 
H10 0.377166 0.637314 0.577447 0.023 
H11a 0.181085 0.910419 0.933987 0.031 
H11b 0.254191 0.827908 1.021858 0.031 
H11c 0.063286 0.797177 1.023878 0.031 
H12a 0.134125 0.539482 1.019717 0.035 
H12b 0.333722 0.559096 1.001093 0.035 
H12c 0.269875 0.488665 0.915928 0.035 
H14a 0.808903 0.879658 0.906496 0.037 
H14b 0.766764 0.761936 1.007333 0.037 
H14c 0.646985 0.894143 1.009241 0.037 
H15a 0.934181 0.497165 0.310743 0.026 
H15b 0.974644 0.551477 0.410915 0.026 
H16a 1.182519 0.385333 0.339966 0.03 
H16b 1.228225 0.469556 0.222621 0.03 
H17a 1.371284 0.694889 0.186941 0.035 
H17b 1.431499 0.753928 0.278273 0.035 
H18a 1.138125 0.787847 0.379108 0.027 
H18b 1.183475 0.875218 0.262291 0.027 
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Table 4 . Refined Thermal Parameters (U's) for Compound 9253  
Atom U11 U22 U33 U23 U13 U12 
S1 0.01505(17) 0.01998(18) 0.01262(17) -0.00225(12) -0.00332(12) 0.00475(12) 
O1 0.0189(5) 0.0236(5) 0.0215(5) -0.0018(4) -0.0090(4) -0.0001(4) 
O2 0.0157(5) 0.0242(5) 0.0160(5) 0.0002(4) -0.0042(4) -0.0048(4) 
O3 0.0237(5) 0.0168(5) 0.0250(5) 0.0010(4) -0.0096(4) -0.0029(4) 
O4 0.0217(5) 0.0178(5) 0.0241(5) -0.0025(4) -0.0122(4) 0.0006(4) 
O5 0.0183(5) 0.0335(6) 0.0196(5) -0.0102(4) -0.0073(4) 0.0052(4) 
O6 0.0231(5) 0.0226(5) 0.0165(5) 0.0027(4) -0.0009(4) 0.0066(4) 
O7 0.0219(5) 0.0240(6) 0.0420(7) 0.0055(5) -0.0172(5) 0.0005(4) 
N1 0.0140(5) 0.0157(6) 0.0192(6) -0.0009(4) -0.0046(4) 0.0006(4) 
C1 0.0160(6) 0.0141(6) 0.0167(6) -0.0024(5) -0.0027(5) 0.0013(5) 
C2 0.0153(6) 0.0203(7) 0.0155(6) -0.0009(5) -0.0050(5) -0.0034(5) 
C3 0.0149(6) 0.0143(6) 0.0143(6) -0.0019(5) -0.0030(5) 0.0003(5) 
C4 0.0151(6) 0.0144(6) 0.0152(6) -0.0019(5) -0.0041(5) 0.0005(5) 
C5 0.0146(6) 0.0163(6) 0.0146(6) 0.0002(5) -0.0041(5) 0.0027(5) 
C6 0.0182(6) 0.0177(7) 0.0172(6) -0.0040(5) -0.0053(5) -0.0001(5) 
C7 0.0148(6) 0.0185(7) 0.0184(6) -0.0010(5) -0.0037(5) -0.0008(5) 
C8 0.0158(6) 0.0172(6) 0.0139(6) -0.0017(5) -0.0044(5) 0.0038(5) 
C9 0.0193(7) 0.0159(7) 0.0190(7) -0.0040(5) -0.0050(5) 0.0011(5) 
C10 0.0183(6) 0.0168(7) 0.0192(7) -0.0010(5) -0.0031(5) -0.0021(5) 
C11 0.0173(7) 0.0275(7) 0.0163(6) -0.0041(5) -0.0026(5) 0.0006(5) 
C12 0.0268(8) 0.0216(7) 0.0206(7) 0.0045(6) -0.0076(6) -0.0060(6) 
C13 0.0139(6) 0.0184(7) 0.0139(6) -0.0012(5) -0.0015(5) 0.0023(5) 
C14 0.0252(7) 0.0223(7) 0.0320(8) -0.0032(6) -0.0174(6) -0.0006(6) 
C15 0.0182(7) 0.0158(7) 0.0290(7) 0.0006(5) -0.0062(6) 0.0006(5) 
C16 0.0206(7) 0.0195(7) 0.0347(8) -0.0013(6) -0.0096(6) 0.0038(6) 
C17 0.0179(7) 0.0257(8) 0.0432(9) 0.0077(7) -0.0127(7) -0.0033(6) 
C18 0.0211(7) 0.0181(7) 0.0302(8) 0.0014(6) -0.0116(6) -0.0034(5) 
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Table 5 . Bond Distances in Compound 9253, Å 
          

S1-O5 1.4308(11)   S1-O6 1.4340(10)   S1-N1 1.6316(11) 
S1-C8 1.7676(13)   O1-C1 1.2008(17)   O2-C1 1.3463(16) 
O2-C2 1.4728(16)   O3-C13 1.2095(17)   O4-C13 1.3334(17) 
O4-C14 1.4521(17)   O7-C16 1.4270(18)   O7-C17 1.4302(18) 
N1-C15 1.4715(17)   N1-C18 1.4673(18)   C1-C4 1.5232(18) 
C2-C3 1.5540(18)   C2-C11 1.5170(19)   C2-C12 1.5129(19) 
C3-C4 1.5287(18)   C3-C13 1.5134(18)   C4-C5 1.5120(18) 
C5-C6 1.3968(19)   C5-C10 1.3895(19)   C6-C7 1.3877(19) 
C7-C8 1.3898(19)   C8-C9 1.3916(19)   C9-C10 1.3880(19) 
C15-C16 1.517(2)   C17-C18 1.514(2)       

 

 

Table 6 . Bond Angles in Compound 9253, ° 
          

O5-S1-O6 119.85(6)   O5-S1-N1 106.76(6)   O5-S1-C8 107.09(6) 
O6-S1-N1 106.66(6)   O6-S1-C8 108.06(6)   N1-S1-C8 107.93(6) 
C1-O2-C2 112.02(10)   C13-O4-C14 114.91(11)   C16-O7-C17 110.12(11) 
C15-N1-S1 117.09(9)   C18-N1-S1 118.96(9)   C18-N1-C15 112.37(11) 
O1-C1-O2 121.80(12)   O1-C1-C4 128.05(12)   O2-C1-C4 110.16(11) 
O2-C2-C3 102.76(10)   O2-C2-C11 106.89(11)   O2-C2-C12 107.30(11) 
C11-C2-C3 113.65(11)   C12-C2-C3 112.51(12)   C12-C2-C11 112.84(12) 
C4-C3-C2 103.81(10)   C13-C3-C2 111.83(10)   C13-C3-C4 112.82(11) 
C1-C4-C3 102.88(10)   C5-C4-C1 114.59(11)   C5-C4-C3 113.95(11) 
C6-C5-C4 119.64(12)   C10-C5-C4 121.24(12)   C10-C5-C6 119.11(12) 
C7-C6-C5 120.75(13)   C6-C7-C8 119.08(12)   C7-C8-S1 120.20(10) 
C7-C8-C9 121.08(12)   C9-C8-S1 118.71(10)   C10-C9-C8 119.02(13) 
C9-C10-C5 120.93(13)   O3-C13-O4 124.16(13)   O3-C13-C3 124.55(12) 
O4-C13-C3 111.26(11)   N1-C15-C16 108.46(11)   O7-C16-C15 111.95(12) 
O7-C17-C18 110.95(12)   N1-C18-C17 106.90(12)       

This report has been created with Olex2 [6], compiled on 2018.05.29 svn.r3508 for OlexSys. 
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HAT-DCF Control Experiments  

Using the same conditions as described in General Optimization Procedure a series of control 

experiments were performed to confirm the role of benzophenone 1 as the active HAT agent and rule out 

the action of bromide radicals in the mechanism of DCF product formation.  

Control Experiment A & B: Using General Optimization Procedure with the following 

modifications: Benzophenone 1 was omitted. Reaction irradiated with 390 nm Kessil Lamp (A) or using 

twelve 300 nm Rayonet bulb (B).  

 

Figure S2. Confirming benzophenone 1 as HAT agent 

Control Experiment C: Using General Optimization Procedure with the following modifications: 

Using 4-iodobenzonitrile and Ni(dtbppy)(NO3)2. Formation of the desired product in the absence of any 

bromide source and considering endothermic nature of iodide radical HAT indicates that halogen radicals 

do not participate in DCF product formation.  

 

Figure S3. Ruling out action of halogen radicals in DCF product formation  
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Kinetic Isotope Experiment: Using General Optimization Procedure with a 1:1 ratio of i-PrOH and i-

PrOH-d8 (7.5 equiv each). The KIE was determined by determined by the ratio of 40:40-d6 from the 

crude H NMR spectra 

 

Figure S4. Kinetic Isotope Effect using i-PrOH-d8  

 

HAT-DCF Competition Experiments  

 

General Procedure for Hydroxylation Competition Reactions: To a 4 mL reaction vial with a stir bar 

was added Ni(dtbbpy)Br2 (0.005 g, 0.01 mmol, 10 mol %), and benzophenone catalyst (0.005 g, 0.02 mmol, 

20 mol %). The vial was capped and vacuum filled under argon (x3). A sparged soln of C-H radical 

precursor/TFT (1:1, 1 mL) was added via syringe to the reaction vial followed by a 1:1 ratio of both alkenes 

(0.20 mmol each, 2 equiv each). Irradiation was performed with a Kessil® PR160 390 nm lamp at 1.0” from 

the surface of the reaction vial. The vial was cooled with two fans (Delta compact brushless DC12V fan 

and household clip fan, see image below) to maintain the temperature on the surface of the vial between 
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25-34 ⁰C (measured using Fisherbrand® traceable type-K thermometer). Reactions were carried out to ~25% 

conversion for accurate measurement of product distribution. The solvent was removed, and the reaction 

analyzed via 1H NMR using trimethoxybenzene as an internal standard.  

 

General Procedure for Hydroxylation Competition reactions: To a 4 mL reaction vial with a stir bar 

was added 4-bromobenzonitrile (0.018 g, 0.10 mmol, 1.0 equiv), K2HPO4 (0.035 g, 0.20 mmol, 2.0 equiv), 

Ni(dtbbpy)Br2 (0.005 g, 0.01 mmol, 10 mol %), and benzophenone catalyst (0.005 g, 0.02 mmol, 20 mol 

%). The vial was capped and vacuum filled under argon (x3). A sparged solution of C-H radical 

precursor/TFT (1:1, 1 mL) was added via syringe to the reaction vial followed by the alkene (0.20 mmol, 2 

equiv). Irradiation was performed with a Kessil® PR160 390 nm lamp at 1.0” from the surface of the reaction 

vial. The vial was cooled with two fans (Delta compact brushless DC12V fan and household clip fan, see 

image below) to maintain the temperature on the surface of the vial between 25-34 ⁰C (measure using 

Fisherbrand® traceable type-K thermometer). After 24 h of irradiation the reaction soln was passed through 

a short plug of Celite/silica gel. The solvent was removed, and the reaction was analyzed via 1H NMR using 

trimethoxybenzene as an internal standard.  
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Computational Details  

A. Computational Methods: All structural optimizations were performed at the (U)B3LYP6,7-D38/def2-

SVP9,10 level of theory in benzene solvent using the CPCM implicit solvent model11 with “opt=noeigen” 

keyword as implemented in Gaussian16.12 Vibrational frequencies were computed at the same level to get 

thermal corrections (at 298 K; enthalpy and free energy) and to characterize the obtained stationary points 

as transition states (one and only one imaginary frequency) or minima (zero imaginary frequencies). 

Extensive conformational search was performed for all intermediates and transition states, and only the 

lowest-energy species were shown and discussed. Intrinsic reaction coordinate (IRC) calculations were 

performed for all transition states to ensure they are connected to the corresponding intermediates. To 

compare energetics, we also carried out single-point energy calculations using (U)B3LYP-D3/def2-

TZVPP-CPCM(THF) and domain based local pair natural orbital coupled cluster method with single-, 

double-, and perturbative triple excitations and def2-TZVPP basis set along with def2-TZVPP/C13 as 

auxiliary basis set [noted as DLPNO-CCSD(T)/def2-TZVPP//(U)B3LYP-D3/def2-SVP-CPCM(benzene)] 

with ORCA (version 4.1.1).14 All structural figures were generated using CYLview.15 

Noncovalent interaction (NCI) analysis, also known as reduce density gradient (RDG) method,16 was 

performed on Multiwfn to study the presence of noncovalent interactions (H-bonding) in the Giese addition. 

Extension distance of 0 Bohr, medium quality grid (totally about 512000 points) were set by default. Further 

visualization of the color-filled RDG isosurface was realized by VMD, where RDG isosurface and color 

range were set as 0.5, and -0.035 to 0.2, respectively.17 

 

 

 

 

  



S49 
 

B. Computational Results:  

Table S6: Calculation of HAT Catalysta 

 

 

a Electronic energy values given were calculated at the (U)B3LYP-D3/def2-TZVPP-

CPCM(benzene)//(U)B3LYP-D3/def2-SVP-CPCM(benzene) level of theory. 
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Figure S6. (a) Calculation of BDE of ketyl radical and active bonds in i-PrOH. BDE was calculated at the 

(U)B3LYP-D3/def2-TZVPP//(U)B3LYP-D3/def2-SVP level of theory. (b) Divergent HAT pathways 

from i-PrOH. Electronic (in parenthesis), enthalpy (in bracket) and free energy values given were 

calculated at the (U)B3LYP-D3/def2-TZVPP-CPCM(benzene)//(U)B3LYP-D3/def2-SVP-

CPCM(benzene) level of theory. 
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Figure S7. Calculation of divergent pathways forming DCF and CC products in the cyclopentyl methyl 

ether (CPME) system. Electronic (in parenthesis), enthalpy (in bracket) and free energy values given were 

calculated at the (U)B3LYP-D3/def2-TZVPP-CPCM(benzene)//(U)B3LYP-D3/def2-SVP-
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CPCM(benzene) (black) and DLPNO-CCSD(T)/def2-TZVPP//(U)B3LYP-D3/def2-SVP-

CPCM(benzene) (blue) levels of theory. 

 

 

Figure S8. Calculation of Ni0/NiII and Ni0/NiI/NiIII/NiII pathways in the isopropyl alcohol system with 

tertiary alkyl radical. Electronic (in parenthesis), enthalpy (in bracket) and free energy values given were 

calculated at the (U)B3LYP-D3/def2-TZVPP-CPCM(benzene)//(U)B3LYP-D3/def2-SVP-

CPCM(benzene) level of theory. 
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Figure S9. Calculation of Ni0/NiII and Ni0/NiI/NiIII/NiII pathways in the isopropyl alcohol system with α-

ester radical. Electronic (in parenthesis), enthalpy (in bracket) and free energy values given were 

calculated at the (U)B3LYP-D3/def2-TZVPP-CPCM(benzene)//(U)B3LYP-D3/def2-SVP-

CPCM(benzene) level of theory. 

To examine the different behavior of varied alkyl radicals in our proposed mechanism, we also explored 

the fate of Ni(III) intermediate (Int-NiIII) with α-ester radical (presumably generated from radical addition 

to acrylate). Based on the energetics, oxidative addition of alkyl Ni(I) (via TS-OA-NiI/III) will lead to the 

desired Ni(III) intermediate. In turn, consistent with prior mechanistic model, the favored pathway is 

radical dissociation (via TS-RD-NiIII/II) to afford the singlet square planar Ni(II) intermediate and the 

corresponding α-ester radical. Note that the barrier for direct C-C bond formation via TS-RE-NiIII/I from 

the Ni(III) is much higher in energy. Finally, the square planar Ni(II) will need to undergo an isomerization 

to the tetrahedral Ni(II) to undergo productive (and energetically favored) C-C bond formation (after radical 

addition). Overall, the results presented here involving secondary α radical are consistent with our previous 

report that radical dissociation from the Ni(III) intermediate with “wrong” spatial arrangement is more 

favorable than direct reductive elimination, and the alkyl radical needs to reassociate to the tetrahedral 

Ni(II) complex prior to reductive elimination. 
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Figure S10. Comparison of divergent pathways forming α-ester radical and oxidative addition pathway 

from Ni(0) and aryl bromide. Electronic (in parenthesis), enthalpy (in bracket) and free energy values 

given were calculated at the (U)B3LYP-D3/def2-TZVPP-CPCM(benzene)//(U)B3LYP-D3/def2-SVP-

CPCM(benzene) level of theory. 

We also considered the possibility of Ni species binding to alkene to facilitate the addition of alkyl radical 

to acrylate, and the energetics were shown above. Notably, in both cases (highly dependent on relative 

concentration of each species and solvation) both pathways will lead to rapid formation of the Ni(I)-alkyl 

intermediate, which, as we have shown above, will also converge to the square planar Ni(0) and lead to the 

same C-C bond formation [after isomerization to tetrahedral Ni(II) followed by radical addition/reductive 

elimination]. Overall, although the binding of Ni center to olefin is thermodynamically favorable (barrier 

for decomplexation/association not calculated), the barrier for radical adding to the Ni(0)-bound alkene 
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for direct radical addition to alkene (red, via A-TS-D) was 8.6 kcal/mol. These results show that the un-
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alkyl radical and/or alkene, computations showed that Ni(0) will quickly undergo oxidative addition to form 

the Ni(II) complex 1C. In parallel, radical addition to (un-complexed) olefin is also favorable. Finally, even 

if radical addition to complex-olefin proceeds, it will lead to alkyl Ni(I) Ni-D which, as shown above, will 

undergo facile oxidative addition followed by radical dissociation to form a square planar Ni(II) thus all 

pathways converging to the same intermediate. After that, the square planar Ni(II) will undergo 

isomerization to the tetrahedral Ni(II) followed by productive radical addition and reductive elimination. 

 

 

 

Figure S11. Calculation of divergent pathways towards DCF and CC products from Ni(II) complex, alkyl 

radical and olefin in the THF system. Electronic (in parenthesis), enthalpy (in bracket) and free energy 

values given were calculated at the (U)B3LYP-D3/def2-TZVPP-CPCM(benzene)//(U)B3LYP-D3/def2-

SVP-CPCM(benzene) level of theory. 
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Table S7: Computed Barrier for Giese Addition and Metalation of Different Substratesa 

 

a Free energy values given were calculated at the DLPNO-CCSD(T)/def2-TZVPP//(U)B3LYP-D3/def2-

SVP-CPCM(benzene) level of theory. 

b Free energy values given were calculated at the (U)B3LYP-D3/def2-TZVPP-CPCM(benzene) 

//(U)B3LYP-D3/def2-SVP-CPCM(benzene) level of theory. 

 

Entry 1 2 3 4 5 6 7 8 9 10 11
2 equiv. of acrylate (DCF:CC)

Barrier for Giese Addition 11.1 11.7 11.6 13.6 12.3 10.3 12.4 13.8 9.0 16.3 12.5
Barrier for Metalation 11.5 / / / 12.2 12.4 / / 14.8 10.1 /

Barrier for Giese Addition 8.6 8.8 8.7 10.0 8.9 9.1 9.6 11.0 7.6 14.0 10.9
Barrier for Metalation 6.6 / / / 6.6 6.6 / / 8.1 7.1 /
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Figure S11. Calculation of divergent pathways in the α-cyclopropyl ethanol system. Electronic (in 

parenthesis), enthalpy (in bracket) and free energy values given were calculated at the (U)B3LYP-

D3/def2-TZVPP-CPCM(benzene)//(U)B3LYP-D3/def2-SVP-CPCM(benzene) (black) and DLPNO-

CCSD(T)/def2-TZVPP//(U)B3LYP-D3/def2-SVP-CPCM(benzene) (blue) levels of theory. 
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C. Coordinates and Energies:  

Figure 3 

A 

 C                 -0.34885400   -0.30409300    2.42103500 

 C                 -1.34898600   -1.41058500    2.31775600 

 H                 -2.27071900   -1.06497100    1.82498400 

 H                 -0.95670200   -2.26334300    1.73426700 

 H                 -1.63716000   -1.80807100    3.31705900 

 C                 -0.75302600    1.05727200    2.87559700 

 H                  0.05601000    1.78447000    2.69826900 

 H                 -1.65625900    1.39868600    2.34685200 

 H                 -0.97683100    1.08175600    3.96540600 

 O                  0.92231100   -0.64068800    2.82990300 

 H                  1.10713700   -1.55542100    2.57559900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.093480 (Hartree/Particle) 

 Thermal correction to Energy=                    0.099157 

 Thermal correction to Enthalpy=                  0.100102 

 Thermal correction to Gibbs Free Energy=         0.065120 

 Sum of electronic and zero-point Energies=           -193.474990 

 Sum of electronic and thermal Energies=              -193.469313 

 Sum of electronic and thermal Enthalpies=            -193.468368 

 Sum of electronic and thermal Free Energies=         -193.503350 

HF=-193.5684701 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-193.7976445 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-193.384634117296 

 
1C 

 C                 -2.95592600    0.10967300   -0.42632600 
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 C                 -2.13688800    0.26429100    0.70876400 

 C                 -2.64887800    1.00666700    1.79045300 

 C                 -3.91052300    1.59817000    1.73824700 

 C                 -4.70800300    1.45025500    0.58518800 

 C                 -4.22028600    0.69303800   -0.49938200 

 Br                -1.26704800   -2.38717900    1.63783800 

 H                 -2.04708200    1.12812900    2.69549800 

 H                 -2.59734700   -0.47942500   -1.27502500 

 H                 -4.83906400    0.56692200   -1.39115500 

 H                 -4.28835500    2.17561000    2.58552800 

 C                  2.40952500   -0.08261200    0.24464200 

 C                  2.04715200   -2.18790600    1.14231800 

 C                  3.40339900   -2.49329100    1.08749300 

 C                  4.31231700   -1.54885400    0.58607000 

 C                  3.78530600   -0.32351200    0.16105400 

 C                  1.76004900    1.17579100   -0.17759300 

 C                 -0.24589900    2.32209600   -0.37401500 

 C                  0.38986000    3.43531000   -0.90981200 

 C                  1.78068200    3.42775500   -1.09254600 

 C                  2.45723600    2.26413400   -0.71163600 

 H                  1.30550700   -2.89370100    1.52423800 

 H                  3.74711300   -3.46932200    1.43687100 

 H                  4.45419300    0.44062600   -0.23493000 

 H                 -1.32442100    2.31129700   -0.22594000 

 H                 -0.20758400    4.30740000   -1.18365100 

 H                  3.53878500    2.20772500   -0.83396300 

 N                  1.55612500   -1.01042400    0.73112600 

 N                  0.41176500    1.20570300   -0.00972200 

 Ni                -0.38343500   -0.41490900    0.74500600 

 C                  2.49815700    4.61637600   -1.66834700 

 H                  2.09710800    4.86550200   -2.66413900 
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 H                  2.34795200    5.50347000   -1.03156100 

 H                  3.57836700    4.43826000   -1.76389900 

 C                  5.78357900   -1.85043100    0.51018000 

 H                  6.17727300   -2.11258900    1.50547500 

 H                  5.96598200   -2.71778000   -0.14516300 

 H                  6.35922300   -0.99809200    0.12281700 

 C                 -6.00142600    2.06433500    0.51590700 

 N                 -7.04832700    2.56701900    0.45779000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.304972 (Hartree/Particle) 

 Thermal correction to Energy=                    0.328052 

 Thermal correction to Enthalpy=                  0.328996 

 Thermal correction to Gibbs Free Energy=         0.246282 

 Sum of electronic and zero-point Energies=          -4979.154063 

 Sum of electronic and thermal Energies=             -4979.130983 

 Sum of electronic and thermal Enthalpies=           -4979.130039 

 Sum of electronic and thermal Free Energies=        -4979.212753 

HF=-4979.4590352 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4980.9686485 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4976.621685424276 

 
3C’ 

 C                 -2.37859000    1.50062200    0.11727800 

 C                 -3.34140300    2.42253700    0.54511800 

 C                 -2.94837200    3.63106000    1.13313900 

 C                 -1.56906300    3.86075300    1.27343100 

 C                 -0.66728200    2.89904400    0.83144200 

 C                 -2.69901200    0.18879400   -0.50271600 

 C                 -3.99534400   -0.26526800   -0.77198200 
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 C                 -4.19074700   -1.52273800   -1.35783500 

 C                 -3.04685300   -2.28178000   -1.65893000 

 C                 -1.78742800   -1.76989300   -1.36538400 

 H                 -4.40262000    2.20231700    0.42724100 

 H                 -1.19870100    4.78167400    1.72861600 

 H                  0.41182900    3.03641000    0.93822400 

 H                 -4.85842500    0.35553800   -0.53037300 

 H                 -3.13627700   -3.26692200   -2.12146000 

 H                 -0.86585600   -2.31387400   -1.58809900 

 N                 -1.06018500    1.75380500    0.26205700 

 N                 -1.62493600   -0.56959000   -0.79896700 

 Br                 1.75545500   -0.46949900   -1.90342200 

 Ni                 0.17420800    0.18558200   -0.24385900 

 C                  0.45600200   -0.56122000    1.56987100 

 C                 -0.50130000   -0.47594700    2.60020000 

 C                  1.65135900   -1.24850600    1.86585700 

 C                 -0.29186900   -1.03516400    3.86122000 

 H                 -1.44828100    0.04469600    2.41973100 

 C                  1.89149800   -1.81414100    3.11930500 

 H                  2.41405200   -1.34598200    1.08690500 

 H                 -1.05178000   -0.95574600    4.64292400 

 H                  2.82759600   -2.33969700    3.32450500 

 C                  0.91555300   -1.71044600    4.13059500 

 C                 -3.95197100    4.64715600    1.60382000 

 H                 -4.98529000    4.31184300    1.43819100 

 H                 -3.82089500    4.85130000    2.67880600 

 H                 -3.80891400    5.60398200    1.07575300 

 C                 -5.56709800   -2.05198200   -1.65366600 

 H                 -5.76526800   -2.95912500   -1.05930900 

 H                 -6.34916300   -1.31421200   -1.42597800 

 H                 -5.65459000   -2.33770400   -2.71408800 
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 C                  1.14549900   -2.28764600    5.42333800 

 N                  1.32860600   -2.75409600    6.47247300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.303703 (Hartree/Particle) 

 Thermal correction to Energy=                    0.327376 

 Thermal correction to Enthalpy=                  0.328320 

 Thermal correction to Gibbs Free Energy=         0.243434 

 Sum of electronic and zero-point Energies=          -4979.151831 

 Sum of electronic and thermal Energies=             -4979.128158 

 Sum of electronic and thermal Enthalpies=           -4979.127214 

 Sum of electronic and thermal Free Energies=        -4979.212100 

HF=-4979.4555336 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4980.9616702 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4976.625103352761 

 

A-TS-B (S5-D-TS-C) 

 Ni                -0.55576900    0.11134400   -0.66804200 

 C                 -1.79112000    1.54927900   -0.84453500 

 C                 -3.52560400    3.76110200   -1.27822900 

 C                 -2.99045400    1.69566900   -0.12086800 

 C                 -1.51037800    2.52690800   -1.82208000 

 C                 -2.35286500    3.61635500   -2.04460500 

 C                 -3.84086700    2.78283100   -0.31296900 

 H                 -3.28244200    0.92662600    0.59745700 

 H                 -0.60206800    2.43993200   -2.42634900 

 H                 -2.10984000    4.35936000   -2.80811400 

 H                 -4.75921700    2.87730700    0.27150600 

 N                  1.01689900    1.25421100   -0.14580100 

 C                  3.28716400    2.56651800    0.90345200 
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 C                  0.97639900    2.55524100    0.19447600 

 C                  2.17991300    0.57911200    0.04042900 

 C                  3.31766100    1.21214700    0.55899700 

 C                  2.06852400    3.23927400    0.71176100 

 N                  0.90778400   -1.31314400   -0.64185200 

 C                  3.10874000   -3.06363100   -0.54881400 

 C                  0.76128200   -2.61748500   -0.91474100 

 C                  2.13245400   -0.85521200   -0.30215500 

 C                  3.24667700   -1.70214900   -0.26183800 

 C                  1.82027400   -3.51748100   -0.87300000 

 H                  0.02137500    3.05676600    0.04400100 

 H                  4.23486400    0.64222300    0.70697900 

 H                  1.96483000    4.29646100    0.96496700 

 H                 -0.25223900   -2.92584200   -1.18144000 

 H                  4.22889300   -1.30509300   -0.00533400 

 H                  1.63812700   -4.57002700   -1.10038800 

 Br                -2.22459600   -1.29424400   -1.63265200 

 C                 -0.51666100   -0.31058600    2.04890400 

 C                  4.28075300   -4.00568300   -0.52100200 

 H                  4.47693100   -4.40628400   -1.52937000 

 H                  5.19621300   -3.51318000   -0.16375700 

 H                  4.07139000   -4.86851800    0.13137700 

 C                  4.49340700    3.27879300    1.44896800 

 H                  5.32115100    2.58582300    1.65574600 

 H                  4.85052200    4.03371300    0.72861400 

 H                  4.24535800    3.81576500    2.37834000 

 C                 -1.45737900   -1.46582200    1.96668600 

 H                 -2.39961400   -1.17517300    1.48449500 

 H                 -1.01963600   -2.28233700    1.37581100 

 H                 -1.68292300   -1.85912700    2.98068800 

 C                 -0.95185900    0.97436100    2.67726700 
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 H                 -0.22652200    1.78438500    2.49073200 

 H                 -1.92269600    1.30206800    2.28742000 

 H                 -1.04339200    0.85803100    3.77780500 

 O                  0.76546600   -0.70676400    2.33649400 

 H                  1.30527100    0.06723800    2.54983900 

 C                 -4.39012700    4.88616000   -1.48128400 

 N                 -5.08836100    5.80186100   -1.64271700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.400782 (Hartree/Particle) 

 Thermal correction to Energy=                    0.429793 

 Thermal correction to Enthalpy=                  0.430737 

 Thermal correction to Gibbs Free Energy=         0.338090 

 Sum of electronic and zero-point Energies=          -5172.649518 

 Sum of electronic and thermal Energies=             -5172.620507 

 Sum of electronic and thermal Enthalpies=           -5172.619563 

 Sum of electronic and thermal Free Energies=        -5172.712210 

HF=-5173.0503001 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.778422 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5170.012657626478 

 

B (S5-D) 

 Ni                -0.53973700    0.14320000   -0.29890300 

 C                 -1.88953000    1.51549100   -0.49177400 

 C                 -3.72379400    3.56357400   -1.21866100 

 C                 -3.23328600    1.47720500   -0.07958100 

 C                 -1.50714400    2.58517800   -1.32464100 

 C                 -2.39460300    3.60149300   -1.67968300 

 C                 -4.13998600    2.47819400   -0.42200500 

 H                 -3.60001100    0.64030700    0.51844200 
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 H                 -0.49747400    2.61978100   -1.74199600 

 H                 -2.06658800    4.42103100   -2.32353200 

 H                 -5.17646400    2.42353800   -0.08102600 

 N                  1.23336900    1.32746300    0.03058300 

 C                  3.64254200    2.53790400    0.82940500 

 C                  1.27594400    2.62340200    0.36403600 

 C                  2.36594600    0.59850100    0.10621900 

 C                  3.58003700    1.17951100    0.49800600 

 C                  2.44427300    3.26569400    0.76206800 

 N                  0.96019200   -1.28214300   -0.37802400 

 C                  3.10903300   -3.08229200   -0.54207700 

 C                  0.74838900   -2.58130100   -0.61483100 

 C                  2.22259400   -0.84542300   -0.20695100 

 C                  3.31336200   -1.71858400   -0.30203800 

 C                  1.78159100   -3.51052100   -0.68719000 

 H                  0.32881600    3.16324900    0.31315400 

 H                  4.48221200    0.57182100    0.56619100 

 H                  2.41539700    4.32576400    1.02266600 

 H                 -0.29128600   -2.87052400   -0.77584500 

 H                  4.33028700   -1.34186100   -0.19302400 

 H                  1.54770500   -4.56160700   -0.86883100 

 Br                -1.60698700   -0.93187400   -2.28097900 

 C                 -0.80781100   -0.07217200    1.71047000 

 C                  4.25747600   -4.04570900   -0.66409700 

 H                  4.40182700   -4.33421500   -1.71900500 

 H                  5.19912700   -3.60995800   -0.30085800 

 H                  4.05735300   -4.97070000   -0.10149900 

 C                  4.93346500    3.19583700    1.23141400 

 H                  5.70424100    2.45820000    1.49640200 

 H                  5.32212200    3.80652800    0.39880200 

 H                  4.78392800    3.87340700    2.08595300 
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 C                 -1.75297300   -1.25720500    1.73277800 

 H                 -2.67537800   -1.05685700    1.17327200 

 H                 -1.27247500   -2.14368400    1.29682800 

 H                 -2.02210900   -1.50306600    2.77740900 

 C                 -1.28723200    1.14074000    2.48787900 

 H                 -0.60778700    1.99613100    2.34685000 

 H                 -2.29041500    1.46398400    2.19593900 

 H                 -1.29851400    0.88561500    3.56399100 

 O                  0.42271700   -0.50118300    2.23389400 

 H                  0.94246900    0.27743500    2.47349600 

 C                 -4.64275000    4.60764300   -1.56433300 

 N                 -5.38598300    5.45773900   -1.84148800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.402420 (Hartree/Particle) 

 Thermal correction to Energy=                    0.431649 

 Thermal correction to Enthalpy=                  0.432593 

 Thermal correction to Gibbs Free Energy=         0.337558 

 Sum of electronic and zero-point Energies=          -5172.655461 

 Sum of electronic and thermal Energies=             -5172.626233 

 Sum of electronic and thermal Enthalpies=           -5172.625288 

 Sum of electronic and thermal Free Energies=        -5172.720323 

HF=-5173.0578813 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.7825675 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5170.035403514842 

 

B-TS-F 

 Ni                -0.49974800    0.42929400   -0.78654600 

 C                 -1.80620800    1.74627300   -0.20118900 

 C                 -3.29336800    4.17242400   -0.36401100 
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 C                 -3.04530900    1.80968200   -0.88407100 

 C                 -1.37578700    2.93113500    0.44214000 

 C                 -2.08310900    4.12504600    0.35731000 

 C                 -3.76953300    2.99270200   -0.97723800 

 H                 -3.42304900    0.91280200   -1.37759500 

 H                 -0.46354100    2.91184100    1.04346100 

 H                 -1.71092900    5.02419600    0.85394500 

 H                 -4.71050900    3.01554200   -1.53175400 

 N                  1.32645000    1.53200400   -0.48416000 

 C                  3.78033600    2.80366300    0.02375600 

 C                  1.48809100    2.83779800   -0.72667600 

 C                  2.38361300    0.81458100   -0.05068100 

 C                  3.60983700    1.42919500    0.23308800 

 C                  2.68560800    3.50942100   -0.49736600 

 N                  1.06257900   -1.09597100   -0.60199700 

 C                  2.94188000   -2.93402200    0.37917300 

 C                  0.87766100   -2.41006300   -0.75914600 

 C                  2.19034900   -0.65986100   -0.01393100 

 C                  3.13901400   -1.55256100    0.50121100 

 C                  1.78540500   -3.35843200   -0.29322100 

 H                  0.61293200    3.36426800   -1.11248800 

 H                  4.45135000    0.83428600    0.58864500 

 H                  2.75931000    4.57563700   -0.72174600 

 H                 -0.03530500   -2.69124100   -1.29234900 

 H                  4.03697800   -1.18119500    0.99619400 

 H                  1.58782800   -4.42104100   -0.45101000 

 Br                -1.56672500   -0.72246400   -2.71803800 

 C                 -1.61237600    0.16568700    1.23375900 

 C                  3.92053700   -3.92486400    0.94850200 

 H                  4.10426400   -4.75006200    0.24335400 

 H                  4.88257000   -3.45434800    1.19734600 
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 H                  3.51514400   -4.37274900    1.87173500 

 C                  5.07765300    3.49556800    0.34023700 

 H                  5.91047000    2.78337100    0.42922500 

 H                  5.32984000    4.23963800   -0.43050700 

 H                  4.99428900    4.03677500    1.29827600 

 C                 -2.01385800   -1.24620700    0.84232400 

 H                 -2.75503300   -1.22886600    0.03388400 

 H                 -1.16042200   -1.84257700    0.51146500 

 H                 -2.45455800   -1.75224600    1.72054800 

 C                 -2.70702900    0.78499300    2.09856600 

 H                 -2.47454200    1.81292400    2.40895400 

 H                 -3.67347500    0.79792600    1.57902400 

 H                 -2.80100000    0.15935000    3.00372200 

 O                 -0.39201500    0.16435700    1.91072000 

 H                 -0.28097600    1.01594600    2.35579700 

 C                 -4.03160100    5.39505300   -0.45883700 

 N                 -4.62915000    6.39029400   -0.53203700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.402216 (Hartree/Particle) 

 Thermal correction to Energy=                    0.430969 

 Thermal correction to Enthalpy=                  0.431913 

 Thermal correction to Gibbs Free Energy=         0.338221 

 Sum of electronic and zero-point Energies=          -5172.635878 

 Sum of electronic and thermal Energies=             -5172.607125 

 Sum of electronic and thermal Enthalpies=           -5172.606181 

 Sum of electronic and thermal Free Energies=        -5172.699873 

HF=-5173.038094 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.764352 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5170.017704334534 
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A-TS-B’ 

 C                  2.98893100    1.34924900    1.15585900 

 C                  3.89562200    0.16500700    1.10395800 

 H                  3.78175600   -0.37815200    0.15132600 

 H                  3.67156700   -0.53393600    1.92151300 

 C                 -2.13315900    1.34589100   -0.24784600 

 C                 -2.89578500    2.49224600    0.00414600 

 C                 -2.25813600    3.70787200    0.29031300 

 C                 -0.85178300    3.71954200    0.31713000 

 C                 -0.15537900    2.54462500    0.05885800 

 C                 -2.68298900    0.00058000   -0.55559000 

 C                 -4.04525900   -0.30660600   -0.57434500 

 C                 -4.47204000   -1.61236700   -0.86130100 

 C                 -3.48009600   -2.57234500   -1.10889300 

 C                 -2.13833300   -2.19775800   -1.06975300 

 H                 -3.98513600    2.44788900   -0.02194000 

 H                 -0.30342700    4.63700900    0.54033900 

 H                  0.92945000    2.43186400    0.06932800 

 H                 -4.78396800    0.46627100   -0.35777800 

 H                 -3.74511100   -3.60884400   -1.32591000 

 H                 -1.33919600   -2.92301900   -1.24393300 

 N                 -0.78899500    1.39736900   -0.21395300 

 N                 -1.75014400   -0.94738200   -0.80895300 

 Br                 1.94465100    0.01515200   -2.22812700 

 Ni                 0.20017100   -0.32488800   -0.57645800 

 C                  0.52471300   -1.11495900    1.19842900 

 C                  0.05513600   -0.55320900    2.40191500 

 C                  1.22812500   -2.33331500    1.29526000 

 C                  0.28507600   -1.15041400    3.64069700 

 H                 -0.49706200    0.39189100    2.37488600 
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 C                  1.46479900   -2.96044800    2.51925100 

 H                  1.62410700   -2.80097400    0.38688500 

 H                 -0.07859100   -0.68695300    4.56138900 

 H                  2.01705200   -3.90239000    2.56722600 

 C                  0.99594500   -2.36705500    3.70834000 

 C                 -3.04179000    4.96685300    0.54290500 

 H                 -2.65305700    5.50236600    1.42294800 

 H                 -2.94771900    5.65149400   -0.31699400 

 H                 -4.11034100    4.76211500    0.69899700 

 C                 -5.93734600   -1.94407200   -0.92874800 

 H                 -6.11510900   -3.02702100   -0.87200000 

 H                 -6.49861800   -1.45069200   -0.12001100 

 H                 -6.35850300   -1.58162300   -1.88224200 

 H                  4.96155400    0.46885800    1.19113000 

 C                  2.64081500    2.00083400    2.44848600 

 H                  3.47886400    2.61616400    2.84337700 

 H                  1.77546300    2.67472600    2.33582500 

 H                  2.39572800    1.24243300    3.20665700 

 C                  1.23591300   -2.99424700    4.97494600 

 N                  1.42811700   -3.50222900    6.00314200 

 O                  3.01361000    2.21523000    0.08944400 

 H                  3.01575200    1.68454200   -0.73601800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.398693 (Hartree/Particle) 

 Thermal correction to Energy=                    0.428802 

 Thermal correction to Enthalpy=                  0.429746 

 Thermal correction to Gibbs Free Energy=         0.331039 

 Sum of electronic and zero-point Energies=          -5172.648928 

 Sum of electronic and thermal Energies=             -5172.618819 

 Sum of electronic and thermal Enthalpies=           -5172.617875 

 Sum of electronic and thermal Free Energies=        -5172.716582 
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HF=-5173.0476208 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.7754139 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5170.007622406840 

 

B’ 

 C                  2.38674300    0.70319400    0.21121900 

 C                  3.35545300   -0.42764700   -0.11548000 

 H                  3.20845300   -0.80570000   -1.13638900 

 H                  3.23919800   -1.25898700    0.59294500 

 C                 -1.99146500    1.46062900    0.04714600 

 C                 -2.90524200    2.48686700    0.31567100 

 C                 -2.45592600    3.79392600    0.53932000 

 C                 -1.07286100    4.01612800    0.45816100 

 C                 -0.21877000    2.94952400    0.19237900 

 C                 -2.39651700    0.06499500   -0.25955000 

 C                 -3.72553800   -0.37917900   -0.29414300 

 C                 -4.01434300   -1.70610700   -0.63304500 

 C                 -2.92872400   -2.54534000   -0.93561900 

 C                 -1.63596100   -2.03672400   -0.87505900 

 H                 -3.97429100    2.27592200    0.34317400 

 H                 -0.65707100    5.01646300    0.59607400 

 H                  0.86053300    3.07916000    0.09458400 

 H                 -4.54228200    0.30378000   -0.05995400 

 H                 -3.08917300   -3.58888400   -1.21457300 

 H                 -0.76438800   -2.65488700   -1.10359000 

 N                 -0.66256500    1.69914300    0.01425400 

 N                 -1.38203800   -0.76961800   -0.54100500 

 Br                 0.92337300   -0.08088200   -2.71017700 

 Ni                 0.53512800    0.00117200   -0.22717700 
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 C                  0.45905700   -0.80188300    1.52849300 

 C                 -0.14547600   -0.18165400    2.63438700 

 C                  0.84289500   -2.14830000    1.65834700 

 C                 -0.35644900   -0.86736300    3.82982800 

 H                 -0.45580200    0.86438500    2.56876200 

 C                  0.64252000   -2.85514400    2.84513300 

 H                  1.30717500   -2.66859400    0.81446600 

 H                 -0.82635500   -0.36792500    4.68048500 

 H                  0.94871100   -3.90068200    2.92723600 

 C                  0.03849500   -2.21562100    3.94494800 

 C                 -3.40760200    4.91475200    0.85544500 

 H                 -3.18254200    5.80547900    0.24853800 

 H                 -4.45383800    4.62620500    0.68124900 

 H                 -3.30817000    5.21165900    1.91314600 

 C                 -5.42632100   -2.22253100   -0.68340200 

 H                 -5.68140400   -2.54834900   -1.70518000 

 H                 -5.54241300   -3.10053900   -0.02785600 

 H                 -6.15431000   -1.45966100   -0.37361400 

 H                  4.38924400   -0.04403700   -0.03232800 

 C                  2.59197600    1.25423400    1.60942500 

 H                  1.77703000    1.92713700    1.91108000 

 H                  2.66194100    0.45075000    2.35193000 

 H                  3.53233800    1.83384900    1.61855600 

 C                 -0.17757000   -2.93020200    5.16936700 

 N                 -0.35608100   -3.50890500    6.16155900 

 O                  2.50144500    1.78331100   -0.67087800 

 H                  2.32528000    1.45009900   -1.57491700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.402717 (Hartree/Particle) 

 Thermal correction to Energy=                    0.431707 

 Thermal correction to Enthalpy=                  0.432652 
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 Thermal correction to Gibbs Free Energy=         0.338878 

 Sum of electronic and zero-point Energies=          -5172.675440 

 Sum of electronic and thermal Energies=             -5172.646450 

 Sum of electronic and thermal Enthalpies=           -5172.645506 

 Sum of electronic and thermal Free Energies=        -5172.739279 

HF=-5173.078157 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.8017283 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5170.066193230873 

 

B’-TS-F 

 C                  2.38670900    0.62068800    0.61004300 

 C                  3.54727900   -0.35327200    0.59961900 

 H                  3.46910500   -1.05652300   -0.24087400 

 H                  3.60548100   -0.91929500    1.53784600 

 C                 -2.03298500    1.56226300    0.00323700 

 C                 -2.93779900    2.60456000    0.24000300 

 C                 -2.48072800    3.92171700    0.36640200 

 C                 -1.09952400    4.13626700    0.22738400 

 C                 -0.25628100    3.05362800   -0.00066700 

 C                 -2.43950400    0.15026700   -0.20824000 

 C                 -3.73766600   -0.33518600   -0.00723600 

 C                 -4.02925400   -1.68184500   -0.25641800 

 C                 -2.97779300   -2.49403400   -0.71402400 

 C                 -1.71022100   -1.94652900   -0.88242900 

 H                 -4.00619800    2.39755400    0.30757100 

 H                 -0.68034400    5.14271300    0.29194800 

 H                  0.82071600    3.17646600   -0.12819000 

 H                 -4.52480000    0.32800500    0.35307500 

 H                 -3.14376100   -3.55116900   -0.93255400 
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 H                 -0.85913700   -2.53832600   -1.22891600 

 N                 -0.70505200    1.79390600   -0.08862800 

 N                 -1.44939200   -0.65879000   -0.63325400 

 Br                 1.53185100   -1.12280800   -2.33537800 

 Ni                 0.43989300    0.09191700   -0.41321200 

 C                  0.80828000   -0.70564100    1.29300300 

 C                  0.07899900   -0.24575600    2.40997800 

 C                  1.13670700   -2.07760500    1.24253400 

 C                 -0.34338700   -1.11456900    3.41079200 

 H                 -0.19099000    0.80942600    2.48279000 

 C                  0.72196700   -2.95928700    2.23623500 

 H                  1.69409000   -2.46019900    0.38567200 

 H                 -0.92714000   -0.74011200    4.25493200 

 H                  0.96818600   -4.02130000    2.16566500 

 C                 -0.02788200   -2.48757500    3.33399800 

 C                 -3.42045600    5.06580700    0.63160000 

 H                 -3.27870200    5.86859100   -0.10939700 

 H                 -4.47226400    4.74807100    0.60446900 

 H                 -3.22017800    5.50496000    1.62309100 

 C                 -5.40430500   -2.24957800   -0.03281800 

 H                 -5.75549900   -2.78858800   -0.92706800 

 H                 -5.38898500   -2.97715000    0.79570600 

 H                 -6.13659700   -1.46754600    0.21297000 

 H                  4.47761700    0.22910600    0.47775800 

 C                  2.41085200    1.55853900    1.79662600 

 H                  1.51104900    2.18513100    1.84770100 

 H                  2.50265700    1.00550200    2.73924400 

 H                  3.28247900    2.22666700    1.68705700 

 C                 -0.46879800   -3.38911200    4.35521000 

 N                 -0.83239400   -4.12012200    5.18355100 

 O                  2.39423500    1.43004100   -0.55286500 
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 H                  2.55336300    0.85634100   -1.33297200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.402217 (Hartree/Particle) 

 Thermal correction to Energy=                    0.430521 

 Thermal correction to Enthalpy=                  0.431465 

 Thermal correction to Gibbs Free Energy=         0.340026 

 Sum of electronic and zero-point Energies=          -5172.658902 

 Sum of electronic and thermal Energies=             -5172.630598 

 Sum of electronic and thermal Enthalpies=           -5172.629654 

 Sum of electronic and thermal Free Energies=        -5172.721092 

HF=-5173.0611185 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.7834431 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5170.043291122486 

 

F 

 Ni                 0.03233200    0.43854100    2.37428500 

 N                 -1.22126000    1.78636300    1.65716700 

 C                 -3.08993200    3.51217600    0.47448000 

 C                 -1.33869800    3.05450100    2.07732800 

 C                 -2.01496700    1.34333100    0.65331600 

 C                 -2.95563600    2.18666900    0.04718600 

 C                 -2.25041200    3.94265100    1.51982100 

 N                 -0.80929600   -0.67550200    1.02859700 

 C                 -2.18037800   -2.10025600   -0.98309100 

 C                 -0.52169200   -1.96671700    0.77263900 

 C                 -1.78065500   -0.06979900    0.29130000 

 C                 -2.47261900   -0.75995300   -0.71144700 

 C                 -1.17123500   -2.70378900   -0.20696300 

 H                 -0.66675100    3.34215500    2.89064500 
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 H                 -3.58725100    1.81351900   -0.76020500 

 H                 -2.30912000    4.96637900    1.89621600 

 H                  0.26453700   -2.40752300    1.39043500 

 H                 -3.24687500   -0.25040300   -1.28692400 

 H                 -0.89392800   -3.74807000   -0.36793400 

 Br                 1.49136000    0.93260300    4.10225800 

 C                 -2.90219000   -2.87460900   -2.05208300 

 H                 -3.40461600   -3.75765400   -1.62370700 

 H                 -3.65984200   -2.26160000   -2.56082000 

 H                 -2.19413500   -3.24668000   -2.81103300 

 C                 -4.08696300    4.45090600   -0.14941500 

 H                 -4.78921700    4.83376100    0.60920100 

 H                 -3.57776800    5.32645800   -0.58479300 

 H                 -4.66998300    3.96224700   -0.94298400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.214556 (Hartree/Particle) 

 Thermal correction to Energy=                    0.230691 

 Thermal correction to Enthalpy=                  0.231635 

 Thermal correction to Gibbs Free Energy=         0.166314 

 Sum of electronic and zero-point Energies=          -4655.572211 

 Sum of electronic and thermal Energies=             -4655.556076 

 Sum of electronic and thermal Enthalpies=           -4655.555132 

 Sum of electronic and thermal Free Energies=        -4655.620454 

HF=-4655.7867678 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4656.9522739 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4653.326579669174 

 

PCC 

 C                  2.70923800    0.39927000    0.99986900 
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 C                  3.93420400    0.05349200    1.86226900 

 H                  4.06477600   -1.03876500    1.93328200 

 H                  3.85321900    0.45149500    2.88392100 

 C                  1.43025200   -0.25891200    1.54269000 

 C                  1.10037700   -0.19972500    2.90825600 

 C                  0.53801300   -0.89784100    0.66794300 

 C                 -0.07537700   -0.76882300    3.39083100 

 H                  1.76625700    0.30142300    3.61321700 

 C                 -0.64220800   -1.47412700    1.13544100 

 H                  0.77643600   -0.93458700   -0.39540200 

 H                 -0.31620800   -0.71615400    4.45432500 

 H                 -1.32494200   -1.96888900    0.44184900 

 C                 -0.95785800   -1.41586000    2.50467400 

 H                  4.83185100    0.48483400    1.39487300 

 C                  2.50148000    1.91783200    0.92721600 

 H                  1.65675700    2.14866400    0.26145800 

 H                  2.28862300    2.33404700    1.92251400 

 H                  3.40720800    2.39554100    0.52342700 

 C                 -2.16986800   -2.00841000    2.99530400 

 N                 -3.15035900   -2.48775900    3.39302700 

 O                  2.95621600   -0.00865700   -0.34387300 

 H                  3.20609800   -0.94372600   -0.33704900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.187559 (Hartree/Particle) 

 Thermal correction to Energy=                    0.198839 

 Thermal correction to Enthalpy=                  0.199783 

 Thermal correction to Gibbs Free Energy=         0.150394 

 Sum of electronic and zero-point Energies=           -517.113576 

 Sum of electronic and thermal Energies=              -517.102296 

 Sum of electronic and thermal Enthalpies=            -517.101352 

 Sum of electronic and thermal Free Energies=         -517.150741 
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HF=-517.3011351 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-517.8827394 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-516.759587569435 

 

A-TS-D (TS-63) 

 C                 -5.29864800    4.47809000   -2.64546400 

 H                 -4.37043400    4.51790100   -3.23613700 

 H                 -6.07303400    3.95061100   -3.22141700 

 H                 -5.64149600    5.52312100   -2.49662400 

 C                 -5.05294000    3.81090100   -1.33374600 

 C                 -4.15335400    1.54636200   -1.93582000 

 H                 -4.78375400    1.28849100   -1.08513500 

 H                 -4.59097800    1.45335500   -2.93203300 

 C                 -2.80977200    1.68071300   -1.76741500 

 C                 -6.20629200    3.36278900   -0.48879600 

 H                 -5.86124100    2.75290300    0.36173800 

 H                 -6.74359500    4.23903900   -0.07110900 

 H                 -6.92872200    2.77487900   -1.07484400 

 H                 -2.12015700    1.76093200   -2.61051100 

 O                 -3.95767200    4.27882400   -0.69469300 

 H                 -3.74230100    3.68159800    0.05129100 

 C                 -2.24554600    1.81650100   -0.42738700 

 O                 -2.88928500    2.05960800    0.59315300 

 O                 -0.90763400    1.68088700   -0.40680700 

 C                 -0.26575200    1.85981600    0.85607800 

 H                 -0.61984300    1.11616700    1.58663700 

 H                  0.80865800    1.73143400    0.67535900 

 H                 -0.46638300    2.86480300    1.25938900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 
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 Zero-point correction=                           0.190823 (Hartree/Particle) 

 Thermal correction to Energy=                    0.203080 

 Thermal correction to Enthalpy=                  0.204024 

 Thermal correction to Gibbs Free Energy=         0.151878 

 Sum of electronic and zero-point Energies=           -499.644195 

 Sum of electronic and thermal Energies=              -499.631938 

 Sum of electronic and thermal Enthalpies=            -499.630994 

 Sum of electronic and thermal Free Energies=         -499.683140 

HF=-499.8350179 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-500.4155434 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-499.377669396735 

 

D 

 C                 -4.85466700    4.27729600   -2.51015400 

 H                 -3.78425300    4.34185400   -2.75760900 

 H                 -5.39640200    3.85583700   -3.37070800 

 H                 -5.22314700    5.29858800   -2.32880300 

 C                 -5.06056500    3.43035300   -1.25283400 

 C                 -4.48262500    1.98324000   -1.45586100 

 H                 -4.79380100    1.38835300   -0.57980500 

 H                 -4.95524300    1.54803800   -2.34946100 

 C                 -3.00479700    1.92521200   -1.56641200 

 C                 -6.55103500    3.32184800   -0.90480500 

 H                 -6.68461400    2.75744300    0.03183800 

 H                 -6.96916300    4.32955600   -0.75846600 

 H                 -7.12136900    2.81600900   -1.70032000 

 H                 -2.49319800    1.91162500   -2.53103500 

 O                 -4.37016900    4.10035100   -0.20741800 

 H                 -4.10723900    3.45198800    0.46675800 
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 C                 -2.19420300    1.95338000   -0.36259300 

 O                 -2.64721900    2.05350600    0.77373600 

 O                 -0.87528300    1.85907600   -0.61376900 

 C                 -0.00887400    1.89935900    0.52119100 

 H                 -0.22233700    1.06481000    1.20722600 

 H                  1.01292600    1.81849500    0.13080000 

 H                 -0.13289900    2.84350800    1.07421400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.194060 (Hartree/Particle) 

 Thermal correction to Energy=                    0.205834 

 Thermal correction to Enthalpy=                  0.206778 

 Thermal correction to Gibbs Free Energy=         0.156072 

 Sum of electronic and zero-point Energies=           -499.673876 

 Sum of electronic and thermal Energies=              -499.662102 

 Sum of electronic and thermal Enthalpies=            -499.661158 

 Sum of electronic and thermal Free Energies=         -499.711864 

HF=-499.8679363 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-500.4463221 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-499.419444581568 

 

D-TS-E 

 Ni                -5.17269000   -0.00342200    0.57017900 

 C                 -6.29694000    0.43277300   -1.00340000 

 C                 -5.79314000    0.51345400   -2.31689000 

 C                 -7.68804100    0.59782400   -0.84330800 

 C                 -6.61748100    0.75177800   -3.41838600 

 H                 -4.72038900    0.39073700   -2.49540500 

 C                 -8.53579800    0.83979700   -1.92419900 

 H                 -8.11570300    0.54213300    0.16181000 
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 C                 -8.00279300    0.91946400   -3.22646600 

 H                 -6.20019800    0.81300500   -4.42665300 

 H                 -9.60992000    0.97166400   -1.77182200 

 Br                -6.41506400   -0.24019600    2.63053800 

 C                 -2.66309400   -0.86777200   -0.61580500 

 C                 -1.41726300   -0.84000400   -1.25282400 

 C                 -0.79422200    0.38259800   -1.53378300 

 C                 -1.48162900    1.55026400   -1.16745500 

 C                 -2.71987700    1.45377400   -0.53964900 

 C                 -3.40746100   -2.11870100   -0.31786400 

 C                 -2.93202000   -3.40495600   -0.59975200 

 C                 -3.71831400   -4.52550500   -0.30314200 

 C                 -4.97636500   -4.29628700    0.27876900 

 C                 -5.38421700   -2.99247900    0.53924900 

 H                 -0.92812500   -1.77015000   -1.54241300 

 H                 -1.06217300    2.53658500   -1.37657700 

 H                 -3.29523800    2.34597300   -0.28006200 

 H                 -1.94896400   -3.54300300   -1.05011800 

 H                 -5.63501400   -5.12951900    0.53233100 

 H                 -6.34357600   -2.76186200    1.00846300 

 N                 -3.28854600    0.27411700   -0.25432800 

 N                 -4.61747000   -1.93655200    0.24586600 

 C                 -3.24206300   -5.92354500   -0.58663400 

 C                  0.55344000    0.45145700   -2.19696400 

 H                  1.30880500    0.82472900   -1.48514900 

 H                  0.88407700   -0.53146700   -2.56073800 

 H                  0.53764500    1.15388200   -3.04492900 

 H                 -2.26415900   -5.93076600   -1.08815700 

 H                 -3.96443400   -6.45788800   -1.22440100 

 H                 -3.15448500   -6.49759900    0.35028400 

 C                 -8.86068600    1.17663500   -4.34656300 
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 N                 -9.55429900    1.38864200   -5.25517900 

 C                 -5.07716500    4.81609700    4.21480500 

 H                 -6.08036000    4.94111500    3.77998100 

 H                 -5.14121700    4.11770600    5.06307800 

 H                 -4.74391800    5.79641200    4.58877400 

 C                 -4.09690700    4.31323800    3.15315600 

 C                 -4.57961800    2.94966600    2.55670700 

 H                 -3.76462500    2.57020700    1.91725900 

 H                 -4.71369700    2.22680800    3.37319700 

 C                 -5.82855700    3.03017300    1.75755000 

 C                 -2.69653000    4.12017400    3.75015900 

 H                 -1.98826900    3.80854800    2.96553700 

 H                 -2.33998900    5.07188500    4.17322600 

 H                 -2.69325800    3.35731500    4.54505900 

 H                 -6.79624000    2.77946500    2.19099900 

 O                 -4.04956000    5.31850100    2.14618900 

 H                 -3.86652700    4.90274500    1.28800300 

 C                 -5.80210300    3.53948900    0.40160400 

 O                 -4.77350800    3.86197500   -0.19926600 

 O                 -7.01676900    3.62768400   -0.15211000 

 C                 -7.07256400    4.02434700   -1.52413300 

 H                 -6.53316600    3.29896900   -2.15053700 

 H                 -8.13428600    4.03510100   -1.79516500 

 H                 -6.62741200    5.02174400   -1.65965800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.499525 (Hartree/Particle) 

 Thermal correction to Energy=                    0.535878 

 Thermal correction to Enthalpy=                  0.536822 

 Thermal correction to Gibbs Free Energy=         0.424795 

 Sum of electronic and zero-point Energies=          -5478.849419 

 Sum of electronic and thermal Energies=             -5478.813066 
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 Sum of electronic and thermal Enthalpies=           -5478.812122 

 Sum of electronic and thermal Free Energies=        -5478.924148 

HF=-5479.3489435 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5481.4261926 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-xxx 

 

E 

 Ni                 0.93891600    0.64738100    0.74815900 

 C                  1.47948700    1.61152400   -0.82384500 

 C                  2.08877500    3.23118300   -3.02694200 

 C                  2.20213600    2.79773200   -0.64176900 

 C                  1.06910500    1.23092700   -2.10664200 

 C                  1.36679700    2.03517300   -3.20748900 

 C                  2.50491700    3.60955000   -1.73483200 

 H                  2.53174700    3.08190100    0.36073000 

 H                  0.52821300    0.29450900   -2.25361800 

 H                  1.04729700    1.74031000   -4.20958600 

 H                  3.06926500    4.53436600   -1.59582300 

 N                 -1.01959400    1.61297800    0.73911400 

 C                 -3.51130200    2.88463200    0.65466100 

 C                 -1.14303400    2.89171900    1.11171900 

 C                 -2.09916100    0.93308600    0.31068100 

 C                 -3.35857100    1.54887700    0.26539900 

 C                 -2.36012500    3.56349000    1.08270300 

 N                 -0.59003300   -0.88974300   -0.16892400 

 C                 -2.65255200   -2.61684700   -0.97311300 

 C                 -0.31566200   -2.11694700   -0.62734400 

 C                 -1.87110400   -0.47269600   -0.13065400 

 C                 -2.91921200   -1.31910100   -0.51908600 
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 C                 -1.30719900   -3.00629700   -1.03641000 

 H                 -0.22656800    3.37351500    1.45819900 

 H                 -4.22951700    0.99593400   -0.08497300 

 H                 -2.40764400    4.60918600    1.39368000 

 H                  0.74400000   -2.37174100   -0.70146100 

 H                 -3.95246600   -0.97627700   -0.47120100 

 H                 -1.02555300   -3.99492100   -1.40522900 

 Br                 1.54088600    1.71351800    2.95517200 

 C                 -3.75791700   -3.55805400   -1.36604300 

 H                 -3.91346500   -4.31117500   -0.57494700 

 H                 -4.71012000   -3.03086200   -1.52075900 

 H                 -3.50345700   -4.10506800   -2.28676600 

 C                 -4.84935000    3.57066100    0.62436500 

 H                 -5.62424700    2.94159000    0.16416600 

 H                 -5.17361300    3.82180300    1.64789900 

 H                 -4.78968200    4.51782700    0.06517600 

 C                  2.40347500    4.05678900   -4.15716500 

 N                  2.65735500    4.72369300   -5.07439500 

 C                  4.73156100   -1.34884900    2.81419200 

 H                  5.06343000   -0.48854200    2.21584900 

 H                  4.23018300   -0.97379000    3.71841600 

 H                  5.62550800   -1.91900400    3.10986600 

 C                  3.79618600   -2.24208600    1.99961200 

 C                  2.49508800   -1.48733400    1.59303700 

 H                  1.81370000   -2.21464000    1.12648300 

 H                  2.01120300   -1.13773700    2.51693800 

 C                  2.72256900   -0.31879100    0.64511100 

 C                  3.41112600   -3.49404600    2.79945000 

 H                  2.76929500   -4.15640800    2.19516300 

 H                  4.31742300   -4.05398100    3.07648400 

 H                  2.86343100   -3.23173200    3.71831300 
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 H                  3.41559700    0.43140000    1.03839400 

 O                  4.54171700   -2.62247200    0.84121700 

 H                  3.93891800   -3.04587500    0.21283400 

 C                  3.12884100   -0.73440000   -0.72478100 

 O                  2.70905400   -1.71676700   -1.32067000 

 O                  4.02122800    0.10069800   -1.27173100 

 C                  4.40792700   -0.16483900   -2.61996000 

 H                  3.53329000   -0.11987100   -3.28675500 

 H                  5.12753400    0.61719400   -2.89079500 

 H                  4.87120000   -1.15950300   -2.70567400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.502514 (Hartree/Particle) 

 Thermal correction to Energy=                    0.538833 

 Thermal correction to Enthalpy=                  0.539778 

 Thermal correction to Gibbs Free Energy=         0.428923 

 Sum of electronic and zero-point Energies=          -5478.866556 

 Sum of electronic and thermal Energies=             -5478.830236 

 Sum of electronic and thermal Enthalpies=           -5478.829292 

 Sum of electronic and thermal Free Energies=        -5478.940147 

HF=-5479.3690699 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5481.4411026 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5476.087074516803 

 

E-TS-F 

 Ni                 0.71969800    0.61065600    0.87543900 

 C                  1.73951700    1.24597200   -0.62907300 

 C                  1.94568900    3.10151600   -2.74781900 

 C                  2.36850800    2.49522400   -0.43417800 

 C                  1.26690800    0.92206200   -1.91984800 



S86 
 

 C                  1.35396400    1.83895300   -2.96100000 

 C                  2.45650200    3.41694900   -1.47101800 

 H                  2.75798100    2.74458200    0.55444300 

 H                  0.83683300   -0.06048000   -2.10821500 

 H                  0.96527200    1.58226700   -3.94889100 

 H                  2.92440200    4.38874600   -1.29927800 

 N                 -1.12511600    1.62228000    0.82829100 

 C                 -3.59418800    2.93351800    0.67491100 

 C                 -1.24563300    2.89298300    1.23028700 

 C                 -2.19872700    0.97156600    0.34247200 

 C                 -3.44678100    1.60434200    0.26047700 

 C                 -2.45136100    3.58338900    1.16695100 

 N                 -0.67742000   -0.84821900   -0.08944900 

 C                 -2.69556000   -2.53453300   -1.07957700 

 C                 -0.38248300   -2.06017000   -0.57705800 

 C                 -1.95830000   -0.42435500   -0.12058900 

 C                 -2.98331300   -1.25052300   -0.60058400 

 C                 -1.34970800   -2.92891300   -1.07574700 

 H                 -0.33608200    3.34725700    1.63011000 

 H                 -4.31118500    1.07184700   -0.13555600 

 H                 -2.49825000    4.62134400    1.50327600 

 H                  0.67717900   -2.32313500   -0.60889600 

 H                 -4.01492300   -0.89909100   -0.60837000 

 H                 -1.04879600   -3.90399800   -1.46454100 

 Br                 1.52483800    1.67421000    3.01653700 

 C                 -3.77981700   -3.45503100   -1.56808400 

 H                 -4.02889300   -4.19375800   -0.78714900 

 H                 -4.70024700   -2.90752900   -1.81677100 

 H                 -3.45307500   -4.01895100   -2.45486300 

 C                 -4.91753600    3.64475700    0.60137100 

 H                 -5.69989200    3.01389900    0.15648800 
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 H                 -5.24858500    3.94741600    1.60833100 

 H                 -4.83045600    4.56546700    0.00228000 

 C                  2.03693800    4.04560100   -3.82032300 

 N                  2.10817900    4.81104800   -4.69285500 

 C                  4.74689200   -1.08749200    2.63762000 

 H                  5.14073900   -0.32265400    1.95313400 

 H                  4.21230500   -0.58189300    3.45483900 

 H                  5.60475200   -1.63951700    3.05061900 

 C                  3.82124600   -2.04931500    1.89247800 

 C                  2.52586700   -1.33620800    1.39947200 

 H                  1.86606300   -2.09801000    0.96372100 

 H                  2.02907400   -0.94244000    2.29679800 

 C                  2.80747700   -0.22925500    0.37067100 

 C                  3.41405900   -3.21846600    2.79959500 

 H                  2.76529500   -3.92526900    2.25573500 

 H                  4.31136400   -3.76192000    3.13238700 

 H                  2.86588300   -2.86546500    3.68699800 

 H                  3.52037300    0.49737900    0.76263800 

 O                  4.58619200   -2.53963900    0.78839500 

 H                  4.00786400   -3.07834400    0.22928000 

 C                  3.27604300   -0.81520200   -0.92132700 

 O                  2.78404200   -1.79812000   -1.45160200 

 O                  4.27624000   -0.11964600   -1.46951800 

 C                  4.74244000   -0.56749200   -2.74353100 

 H                  3.92805400   -0.54009300   -3.48381000 

 H                  5.54389800    0.12168100   -3.03541500 

 H                  5.12778700   -1.59623200   -2.67610900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.502906 (Hartree/Particle) 

 Thermal correction to Energy=                    0.538491 

 Thermal correction to Enthalpy=                  0.539435 
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 Thermal correction to Gibbs Free Energy=         0.430304 

 Sum of electronic and zero-point Energies=          -5478.851012 

 Sum of electronic and thermal Energies=             -5478.815426 

 Sum of electronic and thermal Enthalpies=           -5478.814482 

 Sum of electronic and thermal Free Energies=        -5478.923613 

HF=-5479.3539175 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5481.4269675 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5476.071812475649 

 

PDCF 

 C                  2.05188800    0.54394800   -1.09543900 

 C                 -0.10936800    1.90701400   -2.27980000 

 C                  1.77546500    1.87781900   -0.75740300 

 C                  1.23050700   -0.09987100   -2.03715400 

 C                  0.16129300    0.56956200   -2.62719600 

 C                  0.70766800    2.55949800   -1.33815500 

 H                  2.40589400    2.39156500   -0.02744700 

 H                  1.44325600   -1.13332700   -2.31647600 

 H                 -0.46867700    0.06160200   -3.35987200 

 H                  0.50339200    3.59708600   -1.06744100 

 C                 -1.21078500    2.60183800   -2.88432200 

 N                 -2.10214400    3.16376300   -3.37305700 

 C                  4.35302300   -0.85016600    2.46664300 

 H                  4.85900200   -0.04663700    1.91161900 

 H                  3.58847800   -0.40367200    3.11987100 

 H                  5.10806700   -1.34606000    3.09486800 

 C                  3.72954400   -1.86902200    1.51092800 

 C                  2.65596400   -1.22501700    0.60169500 

 H                  2.13976900   -2.01829700    0.03589000 
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 H                  1.89542400   -0.74000000    1.23328600 

 C                  3.19405600   -0.19537300   -0.41170100 

 C                  3.09767500   -3.02393400    2.29976100 

 H                  2.69097800   -3.78487200    1.61340600 

 H                  3.85662200   -3.50415400    2.93572000 

 H                  2.27447400   -2.66982500    2.94001900 

 H                  3.81854700    0.54684300    0.10147600 

 O                  4.82013300   -2.36124300    0.72459600 

 H                  4.46957200   -2.97869300    0.06590000 

 C                  4.06544800   -0.87688700   -1.45997500 

 O                  3.79114200   -1.92575600   -2.00420900 

 O                  5.14832300   -0.15364500   -1.75129300 

 C                  6.04263300   -0.70632300   -2.72465300 

 H                  5.52225200   -0.87958600   -3.67838400 

 H                  6.84615900    0.02842700   -2.85358500 

 H                  6.45264200   -1.66215800   -2.36468900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.287863 (Hartree/Particle) 

 Thermal correction to Energy=                    0.306029 

 Thermal correction to Enthalpy=                  0.306973 

 Thermal correction to Gibbs Free Energy=         0.240327 

 Sum of electronic and zero-point Energies=           -823.310603 

 Sum of electronic and thermal Energies=              -823.292437 

 Sum of electronic and thermal Enthalpies=            -823.291493 

 Sum of electronic and thermal Free Energies=         -823.358139 

HF=-823.5984659 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-824.5282222 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-822.791861407660 
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Figure 4 

TS-64 

 C                 -6.46057100    3.02123900   -0.76422500 

 H                 -6.92347500    2.37005500   -1.52701000 

 H                 -6.27959000    2.41538700    0.13520800 

 H                 -7.20412000    3.80251900   -0.50159500 

 C                 -5.18962200    3.63290300   -1.26064400 

 C                 -3.93267700    1.52560100   -1.82284000 

 H                 -4.51481600    1.07218700   -1.01840200 

 H                 -4.39208200    1.60383100   -2.80948600 

 C                 -2.60637100    1.74747500   -1.64607100 

 C                 -4.20743100    4.23056300   -0.31435700 

 H                 -3.25197700    4.42150700   -0.82775000 

 H                 -4.57513400    5.19764100    0.08466700 

 H                 -4.01705700    3.55055200    0.52730200 

 H                 -1.96399000    2.10888000   -2.45213300 

 O                 -5.24072600    4.28922600   -2.45659700 

 H                 -5.96954900    3.94127100   -2.99006900 

 C                 -1.99566300    1.58148100   -0.32170200 

 O                 -2.58212200    1.28119900    0.70371500 

 O                 -0.66315200    1.81873900   -0.35207500 

 C                  0.02586800    1.69975600    0.89024800 

 H                 -0.06877800    0.68146500    1.29949000 

 H                  1.07935200    1.92699200    0.68331700 

 H                 -0.37544500    2.40683500    1.63372200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.190348 (Hartree/Particle) 

 Thermal correction to Energy=                    0.203037 

 Thermal correction to Enthalpy=                  0.203981 

 Thermal correction to Gibbs Free Energy=         0.149969 

 Sum of electronic and zero-point Energies=           -499.639122 
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 Sum of electronic and thermal Energies=              -499.626433 

 Sum of electronic and thermal Enthalpies=            -499.625489 

 Sum of electronic and thermal Free Energies=         -499.679500 

HF=-499.8294698 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-500.4124648 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-499.373944293896 

 

TS-65 

 C                 -4.41977400    1.03922300   -1.92214300 

 H                 -5.19891000    1.17846700   -1.17137400 

 H                 -4.68321200    0.49299100   -2.82987000 

 C                 -3.11872700    1.26127800   -1.59065200 

 H                 -2.29743400    1.01577300   -2.26749300 

 C                 -2.77168100    1.95687800   -0.35020600 

 O                 -3.55647600    2.36944900    0.48710200 

 O                 -1.43123700    2.11825300   -0.22563000 

 C                 -0.98811000    2.80803000    0.93973900 

 H                 -1.29405200    2.27740700    1.85542300 

 H                  0.10680900    2.85132100    0.87729600 

 H                 -1.40584200    3.82680900    0.97890200 

 C                 -5.17943700    3.21875900   -2.78816800 

 O                 -4.00306200    3.89341900   -2.85746100 

 C                 -5.87611700    2.80747400   -4.05003700 

 H                 -5.22507800    2.25211000   -4.74115700 

 H                 -6.73615000    2.16683900   -3.80710100 

 H                 -6.26468700    3.69183800   -4.59795500 

 C                 -5.98764200    3.67582100   -1.61561300 

 H                 -5.36551300    3.68778400   -0.70890300 

 H                 -6.37558200    4.70046500   -1.78685600 



S92 
 

 H                 -6.84916700    3.01294000   -1.44807200 

 C                 -3.13660400    3.68281900   -3.95690800 

 H                 -2.20410100    4.21681700   -3.72983500 

 H                 -2.90873800    2.61233800   -4.09318000 

 H                 -3.55930100    4.08262100   -4.89520000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.218766 (Hartree/Particle) 

 Thermal correction to Energy=                    0.232620 

 Thermal correction to Enthalpy=                  0.233565 

 Thermal correction to Gibbs Free Energy=         0.177051 

 Sum of electronic and zero-point Energies=           -538.885574 

 Sum of electronic and thermal Energies=              -538.871719 

 Sum of electronic and thermal Enthalpies=            -538.870775 

 Sum of electronic and thermal Free Energies=         -538.927289 

HF=-539.1043395 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-539.7275358 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-538.595815110508 

 

TS-66 

 C                 -5.01673100    3.83797500   -1.39894700 

 C                 -4.18450000    1.51998100   -1.87956300 

 H                 -4.80744600    1.33556900   -1.00353000 

 H                 -4.64325300    1.38543500   -2.86133000 

 C                 -2.83568400    1.62606300   -1.73795500 

 H                 -2.15752200    1.64361500   -2.59382500 

 O                 -3.95760100    4.28557000   -0.70302000 

 H                 -3.75325800    3.65697000    0.02263700 

 C                 -2.24722500    1.80877600   -0.41319800 

 O                 -2.87011500    2.11888200    0.60210400 
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 O                 -0.91553800    1.63188400   -0.40259500 

 C                 -0.25047600    1.84892100    0.84287700 

 H                 -0.61222900    1.14620200    1.60923300 

 H                  0.81747000    1.68549800    0.65284600 

 H                 -0.42091600    2.87501300    1.20437200 

 H                 -5.84958900    3.40206400   -0.83052100 

 C                 -5.29148600    4.55027700   -2.67428000 

 H                 -6.08933400    4.04849600   -3.24139900 

 H                 -5.60985000    5.59736700   -2.49286200 

 H                 -4.38042500    4.59338200   -3.29431300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.163039 (Hartree/Particle) 

 Thermal correction to Energy=                    0.173909 

 Thermal correction to Enthalpy=                  0.174854 

 Thermal correction to Gibbs Free Energy=         0.125648 

 Sum of electronic and zero-point Energies=           -460.374268 

 Sum of electronic and thermal Energies=              -460.363398 

 Sum of electronic and thermal Enthalpies=            -460.362454 

 Sum of electronic and thermal Free Energies=         -460.411660 

HF=-460.5373076 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-461.0753566 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-460.129152905038 

 

int-66 

 C                 -5.02845100    3.33652200   -1.52134400 

 C                 -4.48859000    1.87337500   -1.59963800 

 H                 -4.86558700    1.34320600   -0.70754100 

 H                 -4.92587000    1.39517200   -2.48967400 

 C                 -3.00744500    1.76900800   -1.62474900 



S94 
 

 H                 -2.44720100    1.65636000   -2.55530500 

 O                 -4.46341400    4.05345400   -0.44435600 

 H                 -4.18906300    3.43056900    0.24955700 

 C                 -2.26009500    1.87822800   -0.38534500 

 O                 -2.76953400    2.09618300    0.71046800 

 O                 -0.93526200    1.71565200   -0.55123300 

 C                 -0.12961500    1.82655900    0.62356600 

 H                 -0.41026300    1.06180100    1.36450300 

 H                  0.90774000    1.67907000    0.29945200 

 H                 -0.24825800    2.81862000    1.08638400 

 H                 -6.12688500    3.24007800   -1.38655900 

 C                 -4.76726100    4.12822800   -2.79666700 

 H                 -5.25492600    3.65935900   -3.66557500 

 H                 -5.16015100    5.15022200   -2.68407900 

 H                 -3.68487100    4.20037700   -2.98909500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.166671 (Hartree/Particle) 

 Thermal correction to Energy=                    0.177107 

 Thermal correction to Enthalpy=                  0.178051 

 Thermal correction to Gibbs Free Energy=         0.130080 

 Sum of electronic and zero-point Energies=           -460.407719 

 Sum of electronic and thermal Energies=              -460.397283 

 Sum of electronic and thermal Enthalpies=            -460.396338 

 Sum of electronic and thermal Free Energies=         -460.444309 

HF=-460.5743894 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-461.1098148 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-460.173329643468 
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 Ni                 0.93579600    0.64878600    0.75148400 

 C                  1.47364200    1.61194300   -0.82214900 

 C                  2.08036800    3.23042700   -3.02662900 

 C                  2.19414600    2.79955900   -0.64101400 

 C                  1.06407000    1.22926400   -2.10454000 

 C                  1.36053100    2.03298600   -3.20611500 

 C                  2.49562700    3.61083000   -1.73484500 

 H                  2.52320300    3.08527400    0.36122800 

 H                  0.52480200    0.29180300   -2.25075500 

 H                  1.04168300    1.73657000   -4.20795600 

 H                  3.05831800    4.53677000   -1.59664400 

 N                 -1.02266400    1.61444600    0.74032500 

 C                 -3.51398300    2.88650100    0.65085300 

 C                 -1.14674300    2.89304400    1.11322400 

 C                 -2.10137900    0.93486900    0.30920600 

 C                 -3.36058000    1.55088100    0.26140800 

 C                 -2.36366900    3.56498300    1.08180900 

 N                 -0.59166300   -0.88888000   -0.16487500 

 C                 -2.65198900   -2.61406900   -0.97858700 

 C                 -0.31628300   -2.11627200   -0.62205300 

 C                 -1.87257700   -0.47081900   -0.13192200 

 C                 -2.91959300   -1.31623200   -0.52531400 

 C                 -1.30672700   -3.00473900   -1.03571900 

 H                 -0.23098200    3.37460100    1.46188800 

 H                 -4.23086900    0.99816400   -0.09093100 

 H                 -2.41172700    4.61053600    1.39317600 

 H                  0.74340600   -2.37205700   -0.69165100 

 H                 -3.95275700   -0.97252000   -0.48214200 

 H                 -1.02428400   -3.99354800   -1.40341200 

 Br                 1.53584100    1.71342400    2.95756100 

 C                 -3.75643500   -3.55407300   -1.37690900 
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 H                 -3.91860100   -4.30521400   -0.58525100 

 H                 -4.70663500   -3.02544600   -1.53891400 

 H                 -3.49696300   -4.10346000   -2.29479800 

 C                 -4.85180400    3.57281900    0.61769300 

 H                 -5.62611400    2.94349000    0.15686800 

 H                 -5.17764900    3.82518500    1.64041400 

 H                 -4.79093000    4.51936200    0.05756700 

 C                  2.39382400    4.05545600   -4.15763300 

 N                  2.64670900    4.72186200   -5.07548800 

 C                  4.76554000   -1.36407000    2.81228100 

 H                  5.11973800   -0.50203500    2.22698800 

 H                  4.27074400   -0.99011600    3.72100800 

 H                  5.64490700   -1.95889700    3.10256500 

 C                  3.81424900   -2.21772500    1.98576700 

 C                  2.50628400   -1.48369100    1.59849500 

 H                  1.82345600   -2.21589700    1.14119400 

 H                  2.03166200   -1.13687500    2.52870500 

 C                  2.72063000   -0.31306200    0.64665400 

 H                  3.41367200    0.43921000    1.03698300 

 O                  4.53782300   -2.65850300    0.84485200 

 H                  3.91677900   -3.04935500    0.21383100 

 C                  3.12690200   -0.73090000   -0.72270800 

 O                  2.71066200   -1.71764300   -1.31420600 

 O                  4.01625700    0.10472900   -1.27329900 

 C                  4.40312800   -0.16445000   -2.62093800 

 H                  3.52809800   -0.12327900   -3.28743900 

 H                  5.12103100    0.61819800   -2.89442700 

 H                  4.86827600   -1.15848100   -2.70346500 

 H                  3.50547700   -3.08968400    2.60034200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.475108 (Hartree/Particle) 



S97 
 

 Thermal correction to Energy=                    0.510067 

 Thermal correction to Enthalpy=                  0.511011 

 Thermal correction to Gibbs Free Energy=         0.402761 

 Sum of electronic and zero-point Energies=          -5439.600097 

 Sum of electronic and thermal Energies=             -5439.565138 

 Sum of electronic and thermal Enthalpies=           -5439.564194 

 Sum of electronic and thermal Free Energies=        -5439.672444 

HF=-5440.0752046 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5442.1042535 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5436.840624039104 

 

TS-68 

 C                 -4.96009400    3.88440000   -1.36011300 

 C                 -4.15591100    1.53580100   -1.92534800 

 H                 -4.85255800    1.20798400   -1.15199200 

 H                 -4.52833500    1.57780500   -2.95058000 

 C                 -2.82548000    1.66230500   -1.67198000 

 H                 -2.11654900    1.91564300   -2.46561300 

 O                 -3.82802000    4.39264400   -0.82447200 

 H                 -3.65082300    3.99256900    0.03986600 

 H                 -5.72827700    3.52143000   -0.66572700 

 C                 -5.34450400    4.45758300   -2.67514600 

 H                 -6.17732000    3.89217500   -3.11879400 

 H                 -5.66294900    5.51607700   -2.58256300 

 H                 -4.48819000    4.43769900   -3.36990800 

 C                 -2.30982200    1.63035000   -0.34683400 

 N                 -1.91148900    1.64066600    0.74887700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.118086 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.126919 

 Thermal correction to Enthalpy=                  0.127863 

 Thermal correction to Gibbs Free Energy=         0.083183 

 Sum of electronic and zero-point Energies=           -324.872392 

 Sum of electronic and thermal Energies=              -324.863559 

 Sum of electronic and thermal Enthalpies=            -324.862615 

 Sum of electronic and thermal Free Energies=         -324.907295 

HF=-324.9904775 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-325.371597 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-324.672953593238 

 

int-68 

 C                 -5.00892800    3.46880700   -1.40901100 

 C                 -4.52195200    1.99718900   -1.55654100 

 H                 -4.76133600    1.47202600   -0.61468500 

 H                 -5.10210700    1.51351000   -2.35789300 

 C                 -3.05924900    1.87413900   -1.84616700 

 H                 -2.70419700    1.73321500   -2.87127200 

 O                 -4.31169100    4.13826700   -0.37634400 

 H                 -4.46266100    3.67713300    0.46008600 

 H                 -6.09282400    3.41356100   -1.17847100 

 C                 -4.82000700    4.28663400   -2.67813200 

 H                 -5.35223000    3.82921900   -3.52605100 

 H                 -5.20684200    5.30516000   -2.52626400 

 H                 -3.75043400    4.36274400   -2.92941000 

 C                 -2.09232000    2.02811200   -0.85447900 

 N                 -1.28354600    2.13041500   -0.01069200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.121851 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.129989 

 Thermal correction to Enthalpy=                  0.130933 

 Thermal correction to Gibbs Free Energy=         0.088525 

 Sum of electronic and zero-point Energies=           -324.910041 

 Sum of electronic and thermal Energies=              -324.901903 

 Sum of electronic and thermal Enthalpies=            -324.900959 

 Sum of electronic and thermal Free Energies=         -324.943367 

HF=-325.0318921 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-325.4094553 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-324.719263036445 

 

68 

 Ni                -4.80731500    1.26436800    0.38636200 

 C                 -6.03042800    1.19105200   -1.08686800 

 C                 -5.59377500    1.00605700   -2.40135600 

 C                 -7.39650800    1.16016400   -0.78638600 

 C                 -6.51674900    0.76378200   -3.41886100 

 H                 -4.53028800    1.06407600   -2.64244700 

 C                 -8.33001000    0.92201500   -1.79719200 

 H                 -7.73200700    1.31828500    0.24179100 

 C                 -7.89303300    0.71608800   -3.12009500 

 H                 -6.17892100    0.61463800   -4.44672100 

 H                 -9.39740000    0.89658300   -1.56709000 

 Br                -5.89130600    1.21298500    2.66725000 

 C                 -2.54309700   -0.32791900   -0.60766100 

 C                 -1.30458500   -0.70305600   -1.14056300 

 C                 -0.37101000    0.26919700   -1.51936200 

 C                 -0.74068300    1.61019500   -1.33942500 

 C                 -1.98918800    1.91176500   -0.80573000 
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 C                 -3.57968600   -1.30631700   -0.19590800 

 C                 -3.44758900   -2.69148200   -0.35323500 

 C                 -4.48366000   -3.54885900    0.03538400 

 C                 -5.63557900   -2.95706100    0.57744200 

 C                 -5.69986200   -1.57529300    0.71149100 

 H                 -1.05674900   -1.75714600   -1.26253700 

 H                 -0.06477400    2.42212300   -1.61495600 

 H                 -2.29665600    2.94833900   -0.67884500 

 H                 -2.54043700   -3.11135000   -0.78703900 

 H                 -6.48391100   -3.56761300    0.89309800 

 H                 -6.57307200   -1.07721900    1.13527700 

 N                 -2.87333900    0.97278200   -0.44348000 

 N                 -4.69514000   -0.77259600    0.33926700 

 C                 -4.37438800   -5.04105600   -0.11074600 

 C                  0.96278400   -0.09772200   -2.10700700 

 H                  1.14895900   -1.17976400   -2.06089000 

 H                  1.01214000    0.21497200   -3.16329700 

 H                  1.77801600    0.42230000   -1.57982500 

 H                 -4.32434800   -5.51853400    0.88204700 

 H                 -3.47959700   -5.33472600   -0.67722900 

 H                 -5.26184100   -5.44944600   -0.61923300 

 C                 -8.84594800    0.46046100   -4.16211300 

 N                 -9.61617800    0.24772700   -5.00573400 

 C                 -3.92726300    5.38753600    3.32350800 

 H                 -3.78484800    4.54142200    4.01665500 

 H                 -2.93435200    5.74689000    3.00704700 

 H                 -4.43613400    6.19595700    3.86970000 

 C                 -4.77379500    4.95036300    2.12832500 

 C                 -4.06713900    3.83006400    1.33257000 

 H                 -3.13107500    4.22817700    0.91197300 

 H                 -3.77553300    3.04626200    2.05043400 
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 C                 -4.97332800    3.24691500    0.22814900 

 H                 -6.02766500    3.44557500    0.46216300 

 O                 -6.07873700    4.57868900    2.53054200 

 H                 -6.05263500    3.66515200    2.87220400 

 C                 -4.65897900    3.75783800   -1.08173500 

 N                 -4.34244200    4.14184700   -2.13375200 

 H                 -4.91154800    5.81300400    1.45118800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.430716 (Hartree/Particle) 

 Thermal correction to Energy=                    0.462750 

 Thermal correction to Enthalpy=                  0.463694 

 Thermal correction to Gibbs Free Energy=         0.362477 

 Sum of electronic and zero-point Energies=          -5304.105355 

 Sum of electronic and thermal Energies=             -5304.073321 

 Sum of electronic and thermal Enthalpies=           -5304.072377 

 Sum of electronic and thermal Free Energies=        -5304.173594 

HF=-5304.5360709 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5306.4092282 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5301.397993088009 

 

Figure 5 

TS-70 

 C                 -6.39911300    3.59024400   -1.75341300 

 H                 -6.25527400    3.14500300   -2.74987200 

 H                 -7.07874300    2.95375100   -1.16813200 

 H                 -6.89540400    4.57205900   -1.89779600 

 C                 -5.08873500    3.75476900   -1.06032800 

 C                 -4.27580800    1.38781300   -0.96658200 

 H                 -4.20059900    1.53203400    0.11225400 
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 H                 -5.20678400    0.96704500   -1.35068200 

 C                 -3.17473700    1.45635600   -1.76765300 

 C                 -5.03298100    4.09521500    0.39559800 

 H                 -4.01409400    3.97155300    0.80039800 

 H                 -5.32997000    5.15073100    0.56515200 

 H                 -5.71486400    3.45792100    0.97783100 

 H                 -3.23164100    1.21592900   -2.83319700 

 O                 -4.13516100    4.28782500   -1.86542300 

 H                 -3.30381600    4.39603900   -1.37862900 

 C                 -1.94780300    2.00508400   -1.30629700 

 N                 -0.96215000    2.49585600   -0.92111300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.146050 (Hartree/Particle) 

 Thermal correction to Energy=                    0.156161 

 Thermal correction to Enthalpy=                  0.157106 

 Thermal correction to Gibbs Free Energy=         0.109390 

 Sum of electronic and zero-point Energies=           -364.142477 

 Sum of electronic and thermal Energies=              -364.132365 

 Sum of electronic and thermal Enthalpies=            -364.131421 

 Sum of electronic and thermal Free Energies=         -364.179137 

HF=-364.2885268 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-364.7123084 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-363.921552742328 

 

Radical (from iPr2O) 

 C                 -5.45954100    3.55773900   -2.92762700 

 O                 -4.49130500    4.52611700   -3.02439500 

 C                 -5.70484100    2.90497900   -4.24901900 

 H                 -4.75207600    2.66754500   -4.74852800 
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 H                 -6.28559200    1.97685600   -4.13104800 

 H                 -6.27653500    3.56643200   -4.93677000 

 C                 -3.96711600    5.15969500   -1.84929000 

 H                 -4.13539100    4.50137200   -0.97782300 

 C                 -6.60305200    3.73504100   -1.97469400 

 H                 -6.28153100    3.98958300   -0.95288000 

 H                 -7.29540100    4.54090700   -2.30680100 

 H                 -7.19121400    2.80643700   -1.91698800 

 C                 -2.46607000    5.30820400   -2.06738300 

 H                 -1.99097700    5.79444800   -1.20111300 

 H                 -2.00014400    4.32273600   -2.21808500 

 H                 -2.27289400    5.92187500   -2.96190400 

 C                 -4.66073200    6.50103800   -1.62397000 

 H                 -4.51974300    7.14786700   -2.50470700 

 H                 -5.74077200    6.37170400   -1.46335000 

 H                 -4.23966300    7.01363300   -0.74447200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.177749 (Hartree/Particle) 

 Thermal correction to Energy=                    0.187254 

 Thermal correction to Enthalpy=                  0.188198 

 Thermal correction to Gibbs Free Energy=         0.143440 

 Sum of electronic and zero-point Energies=           -311.250032 

 Sum of electronic and thermal Energies=              -311.240527 

 Sum of electronic and thermal Enthalpies=            -311.239583 

 Sum of electronic and thermal Free Energies=         -311.284340 

HF=-311.4277804 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-311.7837789 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-311.094799922802 

 



S104 
 

TS-71 

 C                 -4.84130600    1.50111200   -1.61002600 

 H                 -5.35918100    1.88270900   -0.72807800 

 H                 -5.42066400    0.91355800   -2.32306900 

 C                 -3.47909400    1.45329900   -1.60710200 

 H                 -2.91324700    0.97850400   -2.41155700 

 C                 -2.71462000    2.09424200   -0.53951600 

 O                 -3.17628100    2.70944700    0.40872200 

 O                 -1.37655900    1.95283700   -0.72259100 

 C                 -0.54045600    2.56171300    0.25775100 

 H                 -0.75748900    2.16916000    1.26348600 

 H                  0.49283300    2.32531800   -0.02641100 

 H                 -0.68684500    3.65357500    0.27456200 

 C                 -5.54227500    3.48130200   -2.84498200 

 O                 -4.43732700    4.25362100   -2.93834800 

 C                 -5.85234500    2.85099400   -4.16757900 

 H                 -4.94741400    2.39481500   -4.59720200 

 H                 -6.63480100    2.08407100   -4.07366000 

 H                 -6.21154900    3.61685000   -4.88374400 

 C                 -3.93845800    5.04082400   -1.83537100 

 H                 -4.15472200    4.51094700   -0.89375000 

 C                 -6.68580900    3.87611600   -1.95758200 

 H                 -6.36252100    4.16613100   -0.94802200 

 H                 -7.24746600    4.72827100   -2.39184800 

 H                 -7.38813200    3.03523300   -1.86137800 

 C                 -2.42910800    5.11630600   -2.02493900 

 H                 -1.96970500    5.67733300   -1.19695100 

 H                 -1.98561600    4.11222400   -2.05577000 

 H                 -2.18917300    5.62891300   -2.97020400 

 C                 -4.58072400    6.42593300   -1.83713200 

 H                 -4.39502500    6.92644900   -2.80086900 
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 H                 -5.66632300    6.38033600   -1.67573800 

 H                 -4.14487500    7.04344000   -1.03618500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.275442 (Hartree/Particle) 

 Thermal correction to Energy=                    0.291632 

 Thermal correction to Enthalpy=                  0.292577 

 Thermal correction to Gibbs Free Energy=         0.231745 

 Sum of electronic and zero-point Energies=           -617.418252 

 Sum of electronic and thermal Energies=              -617.402062 

 Sum of electronic and thermal Enthalpies=            -617.401117 

 Sum of electronic and thermal Free Energies=         -617.461949 

HF=-617.6936939 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-618.4021595 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-617.086919544197 

 

TS-72 

 C                 -4.73982000    1.42483000   -1.74173700 

 H                 -5.48651300    1.56994500   -0.95942900 

 H                 -5.05208800    0.88531500   -2.63627600 

 C                 -3.40770900    1.57509000   -1.47443700 

 H                 -2.65123400    1.31932200   -2.22228100 

 C                 -5.55985300    3.48193000   -2.83690300 

 O                 -4.45071400    4.24306300   -2.97043000 

 C                 -5.97042200    2.90585000   -4.15657400 

 H                 -5.09570400    2.50850800   -4.69346300 

 H                 -6.71315900    2.10441500   -4.02988100 

 H                 -6.42508200    3.68942500   -4.79564100 

 C                 -3.90524600    5.03272800   -1.89153500 

 H                 -4.10881000    4.52522600   -0.93455100 
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 C                 -6.63539700    3.84936600   -1.85777900 

 H                 -6.24482900    4.08539800   -0.85775700 

 H                 -7.20909800    4.72987500   -2.21223000 

 H                 -7.34730800    3.01697400   -1.75787500 

 C                 -2.40116200    5.07661000   -2.11894100 

 H                 -1.91027400    5.64385900   -1.31413800 

 H                 -1.98178100    4.06141300   -2.13324700 

 H                 -2.17621800    5.56220100   -3.08182700 

 C                 -4.52909900    6.42584600   -1.89169900 

 H                 -4.36222500    6.91261900   -2.86568000 

 H                 -5.61088400    6.39281700   -1.70236800 

 H                 -4.06576900    7.04630400   -1.10888000 

 C                 -2.93046700    2.14301300   -0.26366400 

 N                 -2.54581500    2.63384700    0.72187300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.230620 (Hartree/Particle) 

 Thermal correction to Energy=                    0.244512 

 Thermal correction to Enthalpy=                  0.245456 

 Thermal correction to Gibbs Free Energy=         0.189480 

 Sum of electronic and zero-point Energies=           -481.917932 

 Sum of electronic and thermal Energies=              -481.904039 

 Sum of electronic and thermal Enthalpies=            -481.903095 

 Sum of electronic and thermal Free Energies=         -481.959071 

HF=-482.1485515 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-482.7001059 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-481.632858900733 

 

Figure 6 
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 C                  0.29689400    1.96215900   -2.78830600 

 C                  1.02936400    2.57413200   -3.91210600 

 C                  0.89668000    2.03552200   -5.31905800 

 C                  0.28780900    3.37065400   -4.99307000 

 H                  2.01166700    2.96613200   -3.62929100 

 H                  0.21630100    1.19108900   -5.45838800 

 H                  1.79583100    2.00875900   -5.94183600 

 H                 -0.80058800    3.41959900   -4.89873100 

 H                  0.76185600    4.27742000   -5.38106000 

 C                  0.37426500    2.53802000   -1.41152700 

 H                 -0.27929700    3.43069400   -1.29207400 

 H                  0.06203700    1.80548700   -0.64489500 

 H                  1.40248500    2.85059600   -1.17369200 

 O                 -0.89220200    1.37500500   -3.16222700 

 H                 -1.35635500    1.06082100   -2.37500400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.128188 (Hartree/Particle) 

 Thermal correction to Energy=                    0.135296 

 Thermal correction to Enthalpy=                  0.136240 

 Thermal correction to Gibbs Free Energy=         0.096901 

 Sum of electronic and zero-point Energies=           -270.775382 

 Sum of electronic and thermal Energies=              -270.768274 

 Sum of electronic and thermal Enthalpies=            -270.767330 

 Sum of electronic and thermal Free Energies=         -270.806669 

HF=-270.9035695 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-271.2139238 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-270.625455129203 

 

TS-78 
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 C                 -4.23590100    1.32771300   -2.02494800 

 H                 -4.90496400    1.31391600   -1.16574300 

 H                 -4.67361400    1.08302800   -2.99532400 

 C                 -2.88109000    1.32769700   -1.85359700 

 H                 -2.19227800    1.13041100   -2.67817100 

 C                 -2.28941500    1.67900700   -0.57013300 

 O                 -2.86939600    2.26119900    0.35086600 

 O                 -0.99408400    1.33533700   -0.47103300 

 C                 -0.32202600    1.70037800    0.73512400 

 H                 -0.78241500    1.20867100    1.60593300 

 H                  0.71727900    1.36900900    0.61906100 

 H                 -0.35990900    2.78977500    0.89181200 

 C                 -5.00552300    3.67165700   -1.69612600 

 C                 -6.28836400    3.71661200   -2.42314500 

 C                 -7.48797400    2.94547700   -1.91413400 

 C                 -7.48767400    4.44037500   -1.80386800 

 H                 -6.18107700    3.80775900   -3.50781000 

 H                 -7.34266700    2.37539400   -0.99270000 

 H                 -8.13667300    2.47206200   -2.65655900 

 H                 -7.33173200    4.87458400   -0.81293700 

 H                 -8.12633100    5.02251200   -2.47440600 

 C                 -3.82181900    4.41261600   -2.23321300 

 H                 -3.91619300    5.49332800   -2.00736700 

 H                 -2.88566300    4.06150700   -1.77331300 

 H                 -3.73915500    4.29497900   -3.32333400 

 O                 -5.12695500    3.55945700   -0.35555400 

 H                 -4.27913000    3.21284300    0.02361200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.225654 (Hartree/Particle) 

 Thermal correction to Energy=                    0.239167 

 Thermal correction to Enthalpy=                  0.240111 
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 Thermal correction to Gibbs Free Energy=         0.184895 

 Sum of electronic and zero-point Energies=           -576.948629 

 Sum of electronic and thermal Energies=              -576.935117 

 Sum of electronic and thermal Enthalpies=            -576.934172 

 Sum of electronic and thermal Free Energies=         -576.989388 

HF=-577.1742834 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.835512 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.621558226388 
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 C                 -4.34114700    1.90320200   -2.04030700 

 H                 -4.95304800    1.24269000   -1.39861300 

 H                 -4.56064800    1.63812700   -3.08454800 

 C                 -2.89567800    1.65945100   -1.78919500 

 H                 -2.23750300    1.33885000   -2.60007000 

 C                 -2.28002900    1.81646100   -0.48605500 

 O                 -2.83025500    2.29298800    0.50559500 

 O                 -1.00511800    1.39239500   -0.45896900 

 C                 -0.31277900    1.52900300    0.78413600 

 H                 -0.81333800    0.95038000    1.57589800 

 H                  0.70004600    1.14447400    0.61398900 

 H                 -0.27461300    2.58434000    1.09572400 

 C                 -4.88993700    3.35493300   -1.77089700 

 C                 -6.25948100    3.45829600   -2.44038200 

 C                 -7.48155100    2.88851800   -1.77106100 

 C                 -7.30856800    4.38486600   -1.88496500 

 H                 -6.21096100    3.37520700   -3.53157500 

 H                 -7.33728700    2.45381100   -0.77847100 

 H                 -8.23411900    2.39464500   -2.39272100 
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 H                 -7.05450500    4.92440300   -0.96959600 

 H                 -7.93704300    4.93431000   -2.59190900 

 C                 -3.94495600    4.41693300   -2.35222400 

 H                 -4.38944700    5.41402700   -2.21642000 

 H                 -2.97635400    4.39886900   -1.82845300 

 H                 -3.76230200    4.25407500   -3.42666500 

 O                 -5.07418500    3.56973200   -0.38784800 

 H                 -4.29833900    3.20911500    0.08639600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.228512 (Hartree/Particle) 

 Thermal correction to Energy=                    0.241757 

 Thermal correction to Enthalpy=                  0.242701 

 Thermal correction to Gibbs Free Energy=         0.187790 

 Sum of electronic and zero-point Energies=           -576.974674 

 Sum of electronic and thermal Energies=              -576.961428 

 Sum of electronic and thermal Enthalpies=            -576.960484 

 Sum of electronic and thermal Free Energies=         -577.015395 

HF=-577.2031851 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8611919 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.659393983904 

 

TS-79 

 C                  0.24729100    2.04013100   -2.77286300 

 C                  1.06885100    2.46300200   -3.81464600 

 C                  0.85850700    2.11238100   -5.25040800 

 C                  0.27691000    3.47998700   -5.24504400 

 H                  1.98947300    2.98311700   -3.54426700 

 H                  0.14859700    1.29285300   -5.41633400 

 H                  1.77423800    1.97430000   -5.84059100 



S111 
 

 H                 -0.79048500    3.61560400   -5.06555400 

 H                  0.87893500    4.34953600   -5.51480100 

 C                  0.35917400    2.50502000   -1.35773900 

 H                 -0.46646700    3.19526200   -1.08814200 

 H                  0.31300800    1.65832500   -0.64714300 

 H                  1.30660500    3.03600400   -1.18835900 

 O                 -0.86305900    1.30264000   -3.10739900 

 H                 -1.38502900    1.12442500   -2.31477500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.125566 (Hartree/Particle) 

 Thermal correction to Energy=                    0.132815 

 Thermal correction to Enthalpy=                  0.133759 

 Thermal correction to Gibbs Free Energy=         0.094330 

 Sum of electronic and zero-point Energies=           -270.761884 

 Sum of electronic and thermal Energies=              -270.754635 

 Sum of electronic and thermal Enthalpies=            -270.753691 

 Sum of electronic and thermal Free Energies=         -270.793120 

HF=-270.8874499 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-271.2006897 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-270.608807117228 
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 C                  0.19421500    2.09126800   -2.65316600 

 C                  0.99145200    2.56349300   -3.62814900 

 C                  0.76673000    2.33789100   -5.10968200 

 C                  0.30300200    3.58853900   -5.79300800 

 H                  1.83206800    3.19754000   -3.33493700 

 H                  0.01777800    1.53661600   -5.23156500 

 H                  1.70300400    1.98073300   -5.57377200 
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 H                 -0.69865900    3.97603100   -5.58336200 

 H                  1.00338700    4.24556300   -6.31693100 

 C                  0.39901700    2.34227400   -1.18716700 

 H                 -0.47988900    2.85142900   -0.75221900 

 H                  0.52758300    1.39003300   -0.64115300 

 H                  1.28477200    2.96512600   -1.00406200 

 O                 -0.89450300    1.32292500   -2.97584700 

 H                 -1.32360900    1.00962500   -2.16984700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.125566 (Hartree/Particle) 

 Thermal correction to Energy=                    0.132815 

 Thermal correction to Enthalpy=                  0.133759 

 Thermal correction to Gibbs Free Energy=         0.094330 

 Sum of electronic and zero-point Energies=           -270.761884 

 Sum of electronic and thermal Energies=              -270.754635 

 Sum of electronic and thermal Enthalpies=            -270.753691 

 Sum of electronic and thermal Free Energies=         -270.793120 

HF=-270.8874499 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-271.217969 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-270.627498300399 

 

TS-80 

 C                 -4.22627600    2.16338900   -1.20934500 

 H                 -3.94003800    3.00584700   -0.57953400 

 H                 -5.28531400    2.01021600   -1.42109000 

 C                 -3.33313300    1.17809300   -1.49999900 

 H                 -3.64003500    0.29179400   -2.06508200 

 C                 -1.95406600    1.23447000   -1.14659500 

 N                 -0.82477500    1.23885200   -0.86243600 
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 C                 -2.57597700    5.51658600   -0.59007600 

 C                 -3.06029800    5.64186400   -1.83749100 

 C                 -2.98062800    4.56780700   -2.89100700 

 C                 -4.24002000    3.77869400   -3.07992900 

 H                 -3.56257000    6.57806400   -2.09468200 

 H                 -2.14762800    3.87650800   -2.66890600 

 H                 -2.71315700    5.03470300   -3.86374800 

 H                 -5.20265200    4.22353300   -2.80885200 

 H                 -4.26269800    3.00130700   -3.84942800 

 C                 -2.63739600    6.57604600    0.47056300 

 H                 -3.19846800    6.21451500    1.35029300 

 H                 -1.62161600    6.83875600    0.81746100 

 H                 -3.11965400    7.49040800    0.09983700 

 O                 -1.99779300    4.33172800   -0.21682800 

 H                 -1.55503100    4.41813100    0.63722300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.178577 (Hartree/Particle) 

 Thermal correction to Energy=                    0.190946 

 Thermal correction to Enthalpy=                  0.191890 

 Thermal correction to Gibbs Free Energy=         0.138346 

 Sum of electronic and zero-point Energies=           -441.442181 

 Sum of electronic and thermal Energies=              -441.429812 

 Sum of electronic and thermal Enthalpies=            -441.428868 

 Sum of electronic and thermal Free Energies=         -441.482412 

HF=-441.6207579 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-442.1294273 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-441.162609989374 
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 C                 -4.44948600    2.56708600   -1.75548800 

 H                 -4.71776000    3.19125300   -0.89023800 

 H                 -5.28478600    1.86480000   -1.93123900 

 C                 -3.22294800    1.76845700   -1.43848600 

 H                 -2.89024800    0.98877500   -2.13213200 

 C                 -2.43080200    2.00786400   -0.32076300 

 N                 -1.77072100    2.24206500    0.62213600 

 C                 -2.27474100    5.37782400   -0.73467400 

 C                 -3.21861800    5.34350300   -1.69248700 

 C                 -3.15172200    4.48565200   -2.92432000 

 C                 -4.30128100    3.46159300   -3.00954800 

 H                 -4.11832800    5.94845800   -1.54084300 

 H                 -2.18524900    3.95884300   -2.94111100 

 H                 -3.18695100    5.10969200   -3.83609800 

 H                 -5.26259500    3.98505200   -3.15434300 

 H                 -4.15548500    2.82579300   -3.90003400 

 C                 -2.38825500    6.13145900    0.55855200 

 H                 -2.32673000    5.42871600    1.40962800 

 H                 -1.55329700    6.84426900    0.66759900 

 H                 -3.33918900    6.67687200    0.63259300 

 O                 -1.09050100    4.71222400   -0.92025800 

 H                 -0.83153100    4.27666000   -0.09249600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.183672 (Hartree/Particle) 

 Thermal correction to Energy=                    0.195078 

 Thermal correction to Enthalpy=                  0.196023 

 Thermal correction to Gibbs Free Energy=         0.145728 

 Sum of electronic and zero-point Energies=           -441.494736 

 Sum of electronic and thermal Energies=              -441.483330 

 Sum of electronic and thermal Enthalpies=            -441.482386 

 Sum of electronic and thermal Free Energies=         -441.532680 
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HF=-441.6784082 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-442.1810323 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-441.221614305262 

 

TS-81 

 C                 -4.14460700    1.23404800   -2.16346300 

 H                 -4.96948200    1.17870300   -1.45386100 

 H                 -4.38119500    1.11072500   -3.22246900 

 C                 -2.85282400    1.29339800   -1.75149200 

 H                 -2.02274700    1.28648800   -2.46410900 

 C                 -4.98326100    3.72312800   -1.75760600 

 C                 -6.30928600    3.70984700   -2.39479200 

 C                 -7.45673300    2.92927600   -1.78836500 

 C                 -7.49470900    4.42840300   -1.73968800 

 H                 -6.26810900    3.75812400   -3.48687800 

 H                 -7.25123600    2.40154200   -0.85314100 

 H                 -8.13173200    2.40856100   -2.47349000 

 H                 -7.29983700    4.90885300   -0.77717800 

 H                 -8.18793900    4.96299100   -2.39553600 

 C                 -3.83565700    4.47257700   -2.34237900 

 H                 -3.84573400    5.53646500   -2.02858000 

 H                 -2.87178200    4.04349300   -2.01428700 

 H                 -3.86416000    4.44248000   -3.44125700 

 O                 -5.01796100    3.56792500   -0.40398800 

 H                 -4.12293400    3.58556600   -0.03250000 

 C                 -2.51460800    1.50672400   -0.38417000 

 N                 -2.25775500    1.73284600    0.73021800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.180508 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.192155 

 Thermal correction to Enthalpy=                  0.193099 

 Thermal correction to Gibbs Free Energy=         0.141926 

 Sum of electronic and zero-point Energies=           -441.444513 

 Sum of electronic and thermal Energies=              -441.432866 

 Sum of electronic and thermal Enthalpies=            -441.431922 

 Sum of electronic and thermal Free Energies=         -441.483095 

HF=-441.6250213 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-442.1304755 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-441.166010613767 
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 C                 -4.30087700    1.87956300   -2.16188800 

 H                 -5.01109200    1.17572000   -1.69793700 

 H                 -4.32993000    1.72812700   -3.25101600 

 C                 -2.91627400    1.61828900   -1.66611200 

 H                 -2.06851100    1.61549600   -2.35777700 

 C                 -4.84682600    3.31451600   -1.83572400 

 C                 -6.25679400    3.42145900   -2.40834300 

 C                 -7.44408000    2.91203000   -1.63550300 

 C                 -7.24529200    4.39727900   -1.82734900 

 H                 -6.28101100    3.28569800   -3.49471200 

 H                 -7.25038100    2.51248700   -0.63679600 

 H                 -8.24474500    2.41193800   -2.18787700 

 H                 -6.91940500    4.96891900   -0.95481800 

 H                 -7.90624200    4.93309600   -2.51459400 

 C                 -3.95085000    4.40376500   -2.43382000 

 H                 -4.37153700    5.39404200   -2.20529500 

 H                 -2.93117400    4.35175800   -2.01708500 
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 H                 -3.87559600    4.29899300   -3.52722600 

 O                 -4.94901300    3.46843800   -0.42777400 

 H                 -4.07461700    3.64752800   -0.05800200 

 C                 -2.62002500    1.45580000   -0.31331800 

 N                 -2.37161500    1.32302100    0.82605300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.183580 (Hartree/Particle) 

 Thermal correction to Energy=                    0.194597 

 Thermal correction to Enthalpy=                  0.195542 

 Thermal correction to Gibbs Free Energy=         0.146166 

 Sum of electronic and zero-point Energies=           -441.476039 

 Sum of electronic and thermal Energies=              -441.465022 

 Sum of electronic and thermal Enthalpies=            -441.464078 

 Sum of electronic and thermal Free Energies=         -441.513454 

HF=-441.6596195 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-442.160472 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-441.206058893034 

 

TS-82 

 C                 -4.13285900    1.49839100   -2.19707200 

 H                 -4.99186800    1.49802400   -1.52276600 

 H                 -4.22121000    0.95131900   -3.13628500 

 C                 -2.91525100    1.89237600   -1.73980200 

 H                 -2.02551100    1.84708500   -2.36845800 

 C                 -2.27648800    5.27234500   -2.27836400 

 C                 -3.49474600    5.22675300   -2.84243300 

 C                 -3.95076700    4.21722500   -3.85815800 

 C                 -5.10137700    3.37016900   -3.40288300 

 H                 -4.22088600    5.98753900   -2.53934500 
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 H                 -3.10248300    3.58082800   -4.16274400 

 H                 -4.26104000    4.74535300   -4.78643600 

 H                 -5.71654100    3.70915000   -2.56422200 

 H                 -5.59810800    2.72615000   -4.13534900 

 C                 -1.85385900    6.28870600   -1.25542700 

 H                 -1.51062100    5.79242800   -0.33215000 

 H                 -1.00159500    6.87815600   -1.63449100 

 H                 -2.67305700    6.97213300   -0.99265900 

 O                 -1.29324800    4.39266700   -2.66384300 

 H                 -0.91224400    3.99763700   -1.86042000 

 C                 -2.76834400    2.48345600   -0.40475800 

 O                 -3.62925000    2.57655900    0.44423100 

 O                 -1.49320800    2.93134400   -0.19194400 

 C                 -1.21274100    3.41473300    1.12481200 

 H                 -1.31264700    2.60357700    1.86234800 

 H                 -0.17949000    3.78248800    1.10444000 

 H                 -1.90319000    4.22435900    1.40390200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.223812 (Hartree/Particle) 

 Thermal correction to Energy=                    0.238100 

 Thermal correction to Enthalpy=                  0.239044 

 Thermal correction to Gibbs Free Energy=         0.182274 

 Sum of electronic and zero-point Energies=           -576.942781 

 Sum of electronic and thermal Energies=              -576.928493 

 Sum of electronic and thermal Enthalpies=            -576.927549 

 Sum of electronic and thermal Free Energies=         -576.984318 

HF=-577.1665925 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8312694 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.617229776715 
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82 

 C                 -3.89899200    1.86065900   -2.59106100 

 H                 -4.46394900    1.05772600   -2.08200000 

 H                 -3.49885100    1.44153500   -3.52807600 

 C                 -2.76666100    2.28574800   -1.72207300 

 H                 -1.75950800    2.38850700   -2.12788300 

 C                 -2.07849100    5.13664000   -2.65237200 

 C                 -3.41903500    5.00992200   -2.61808700 

 C                 -4.25695600    4.22234300   -3.58416300 

 C                 -4.90699500    2.98807900   -2.93052500 

 H                 -3.93804800    5.47853300   -1.77722700 

 H                 -3.64933900    3.91256900   -4.44971800 

 H                 -5.06447200    4.86689400   -3.97678100 

 H                 -5.41881300    3.28849000   -2.00143700 

 H                 -5.67738700    2.57130800   -3.60155600 

 C                 -1.26622100    5.84305100   -1.60896400 

 H                 -0.64132500    5.11201200   -1.06710500 

 H                 -0.59872900    6.59549500   -2.06551600 

 H                 -1.90866300    6.34747200   -0.87511100 

 O                 -1.36553900    4.53336500   -3.65313600 

 H                 -0.42509900    4.72446200   -3.54518300 

 C                 -2.98485200    2.67551900   -0.34728000 

 O                 -4.05468300    2.63713800    0.24261400 

 O                 -1.84424100    3.12710300    0.24560600 

 C                 -1.97843900    3.58132800    1.58866400 

 H                 -2.34865900    2.77801400    2.24518500 

 H                 -0.97876600    3.90080400    1.90991000 

 H                 -2.68291700    4.42653500    1.65119600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.228144 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.242309 

 Thermal correction to Enthalpy=                  0.243254 

 Thermal correction to Gibbs Free Energy=         0.186069 

 Sum of electronic and zero-point Energies=           -576.989435 

 Sum of electronic and thermal Energies=              -576.975269 

 Sum of electronic and thermal Enthalpies=            -576.974325 

 Sum of electronic and thermal Free Energies=         -577.031509 

HF=-577.2175786 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8789909 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.669748077964 

 

Table S6 

Ground state (singlet spin state) a 

 C                 -6.41504500    0.74026100   -0.39513100 

 C                 -6.76753900    1.93998400   -1.02693500 

 C                 -5.94140400    3.05711500   -0.91162600 

 C                 -4.73837100    2.98392700   -0.18616500 

 C                 -4.39544800    1.77801800    0.45042800 

 C                 -5.23430700    0.66438200    0.35036300 

 H                 -7.06528400   -0.13423300   -0.47979900 

 H                 -7.69247200    2.00266700   -1.60561100 

 H                 -6.21063100    4.00571600   -1.38040600 

 H                 -3.48347200    1.71486700    1.04668300 

 H                 -4.96564300   -0.26475000    0.85895200 

 C                 -3.92045100    4.23690400   -0.05462600 

 O                 -4.46676800    5.32883900   -0.10526900 

 C                 -2.43335600    4.15238200    0.13924000 

 C                 -1.65201300    3.11137900   -0.39260700 

 C                 -1.79683400    5.21111500    0.81216700 
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 C                 -0.26253800    3.12422200   -0.24071000 

 H                 -2.12674500    2.30086400   -0.94841500 

 C                 -0.41278200    5.21283600    0.98000900 

 H                 -2.41067800    6.02728800    1.19838800 

 C                  0.35768900    4.16810900    0.45304900 

 H                  0.33755700    2.31724200   -0.66826400 

 H                  0.07069600    6.03217900    1.51780200 

 H                  1.44346200    4.17180400    0.57874300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.191845 (Hartree/Particle) 

 Thermal correction to Energy=                    0.202489 

 Thermal correction to Enthalpy=                  0.203433 

 Thermal correction to Gibbs Free Energy=         0.154325 

 Sum of electronic and zero-point Energies=           -576.049627 

 Sum of electronic and thermal Energies=              -576.038983 

 Sum of electronic and thermal Enthalpies=            -576.038039 

 Sum of electronic and thermal Free Energies=         -576.087147 

HF=-576.2414719 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.8727891 

 

Triplet spin state a 

 C                 -6.68733300    1.08108100   -0.63480500 

 C                 -5.80015500    1.76945000   -1.48029600 

 C                 -4.77717600    2.54963300   -0.95331000 

 C                 -4.58877300    2.63449700    0.45235900 

 C                 -5.50596600    1.94866800    1.29779300 

 C                 -6.53526600    1.18521200    0.75434500 

 H                 -7.49246500    0.47632200   -1.05837700 

 H                 -5.92202600    1.70603700   -2.56475800 

 H                 -4.12503900    3.11367300   -1.62184100 



S122 
 

 H                 -5.37512600    2.00676600    2.37977300 

 H                 -7.22158500    0.65545100    1.42005800 

 C                 -3.54530400    3.45156200    1.04081200 

 O                 -3.78471900    3.88884200    2.26502500 

 C                 -2.27477000    3.85335100    0.46979700 

 C                 -1.61706100    3.08099400   -0.52534300 

 C                 -1.61792300    5.01608500    0.96367000 

 C                 -0.39022500    3.48930000   -1.03601300 

 H                 -2.07049000    2.15345300   -0.87810200 

 C                 -0.38161500    5.40168000    0.45348200 

 H                 -2.10992300    5.61803700    1.72966700 

 C                  0.23880700    4.65022400   -0.55362200 

 H                  0.09482300    2.88921600   -1.81034100 

 H                  0.10063300    6.30476800    0.83654700 

 H                  1.20629900    4.95881100   -0.95626300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.188417 (Hartree/Particle) 

 Thermal correction to Energy=                    0.199452 

 Thermal correction to Enthalpy=                  0.200396 

 Thermal correction to Gibbs Free Energy=         0.149624 

 Sum of electronic and zero-point Energies=           -575.949841 

 Sum of electronic and thermal Energies=              -575.938806 

 Sum of electronic and thermal Enthalpies=            -575.937862 

 Sum of electronic and thermal Free Energies=         -575.988634 

HF=-576.1382581 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.7686266 

 

Ground state (singlet spin state) b 

 C                 -6.40993400    0.75049400   -0.39711900 

 C                 -6.77635800    1.94871400   -1.02360300 
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 C                 -5.94439600    3.05827800   -0.90258100 

 C                 -4.73608700    2.98240100   -0.18662600 

 C                 -4.39378500    1.77195700    0.44065100 

 C                 -5.22784700    0.65690600    0.34394900 

 H                 -7.70604500    2.00243800   -1.59211100 

 H                 -6.22027600    4.00758900   -1.36560500 

 H                 -3.48133900    1.69897200    1.03470900 

 H                 -4.96936900   -0.27934600    0.84072000 

 C                 -3.91913200    4.23429900   -0.05462800 

 O                 -4.46535000    5.32604500   -0.10553300 

 C                 -2.43352500    4.14966400    0.13988700 

 C                 -1.64850800    3.10716500   -0.38235600 

 C                 -1.79564300    5.21345700    0.80305500 

 C                 -0.26065600    3.11509300   -0.23353300 

 H                 -2.11571100    2.29057400   -0.93526200 

 C                 -0.41435700    5.22476500    0.97584100 

 H                 -2.40583500    6.03492400    1.18326700 

 C                  0.34639300    4.17028400    0.45447400 

 H                  0.35076700    2.31291700   -0.64924500 

 H                  0.07945800    6.04177500    1.50410100 

 Cl                -7.45034600   -0.64590600   -0.53705900 

 Cl                 2.08126800    4.17829800    0.65990000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.172552 (Hartree/Particle) 

 Thermal correction to Energy=                    0.185634 

 Thermal correction to Enthalpy=                  0.186578 

 Thermal correction to Gibbs Free Energy=         0.130700 

 Sum of electronic and zero-point Energies=          -1495.005168 

 Sum of electronic and thermal Energies=             -1494.992085 

 Sum of electronic and thermal Enthalpies=           -1494.991141 

 Sum of electronic and thermal Free Energies=        -1495.047020 
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HF=-1495.1777197 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-1496.1274472 

 

Triplet spin state b 

 C                 -6.49351100    0.76503700   -0.42066000 

 C                 -6.85045200    2.01184200   -0.95281200 

 C                 -5.97634100    3.08487800   -0.83449400 

 C                 -4.71760500    2.93832700   -0.18463900 

 C                 -4.40114400    1.67248400    0.37992500 

 C                 -5.26770900    0.59699500    0.24752100 

 H                 -7.80569800    2.12764600   -1.46761300 

 H                 -6.24152400    4.05047400   -1.26777900 

 H                 -3.47432100    1.54323800    0.94073700 

 H                 -5.01385500   -0.37508300    0.67366200 

 C                 -3.84426400    4.08456200   -0.04771100 

 O                 -4.43438500    5.26400100   -0.10273900 

 C                 -2.40935400    4.10849800    0.14178000 

 C                 -1.56688300    3.05830400   -0.31487700 

 C                 -1.79519200    5.24981400    0.73202500 

 C                 -0.19246800    3.11842400   -0.13454100 

 H                 -1.99899800    2.19914500   -0.82997100 

 C                 -0.41768800    5.31637600    0.89789000 

 H                 -2.42360800    6.07022400    1.08194600 

 C                  0.38404500    4.24752200    0.47377600 

 H                  0.44769200    2.30376000   -0.47731100 

 H                  0.04393800    6.18677100    1.36717000 

 Cl                -7.58192100   -0.59075800   -0.57701100 

 Cl                 2.11463400    4.31927300    0.69102000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.169215 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.182706 

 Thermal correction to Enthalpy=                  0.183650 

 Thermal correction to Gibbs Free Energy=         0.126100 

 Sum of electronic and zero-point Energies=          -1494.906267 

 Sum of electronic and thermal Energies=             -1494.892777 

 Sum of electronic and thermal Enthalpies=           -1494.891832 

 Sum of electronic and thermal Free Energies=        -1494.949382 

HF=-1495.0754822 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-1496.0243305 

 

Ground state (singlet spin state) c 

 C                 -6.47226800    0.82135200   -0.44610000 

 C                 -6.82461200    2.04477700   -1.04642700 

 C                 -5.98444800    3.14754500   -0.90325900 

 C                 -4.77429800    3.06519900   -0.19505000 

 C                 -4.44031200    1.83572100    0.40927300 

 C                 -5.27672100    0.73244200    0.29189400 

 H                 -7.74681400    2.14565800   -1.61825600 

 H                 -6.26004000    4.10568000   -1.34863400 

 H                 -3.52941900    1.74802300    1.00387100 

 H                 -5.03211300   -0.21871900    0.76873300 

 C                 -3.95858900    4.31145700   -0.04667500 

 O                 -4.50433600    5.40793500   -0.09771700 

 C                 -2.47920300    4.22416900    0.16377400 

 C                 -1.67942200    3.17461500   -0.33338700 

 C                 -1.84038700    5.29061800    0.81755100 

 C                 -0.30028400    3.18710300   -0.16495400 

 H                 -2.13748900    2.35181100   -0.88486700 

 C                 -0.46032900    5.30838800    1.01146800 

 H                 -2.45349400    6.11885800    1.17874700 
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 C                  0.32335800    4.24808700    0.51861700 

 H                  0.32711900    2.38539400   -0.55933600 

 H                 -0.00499500    6.14638900    1.53880000 

 C                 -8.43608500   -0.29676600   -1.22947200 

 H                 -8.85207300   -1.30936900   -1.14691600 

 H                 -9.15351400    0.42337100   -0.79812100 

 H                 -8.28453200   -0.05592400   -2.29648100 

 C                  2.37051200    5.19956900    1.30841500 

 H                  3.43100900    4.91655100    1.28638600 

 H                  2.24642500    6.17041200    0.79708800 

 H                  2.04799800    5.30455600    2.35936000 

 O                 -7.21221000   -0.30651700   -0.51651100 

 O                  1.66568100    4.16550400    0.64565200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.256811 (Hartree/Particle) 

 Thermal correction to Energy=                    0.272536 

 Thermal correction to Enthalpy=                  0.273480 

 Thermal correction to Gibbs Free Energy=         0.212710 

 Sum of electronic and zero-point Energies=           -804.874852 

 Sum of electronic and thermal Energies=              -804.859127 

 Sum of electronic and thermal Enthalpies=            -804.858183 

 Sum of electronic and thermal Free Energies=         -804.918953 

HF=-805.131663 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-806.0286281 

 

Triplet spin state c 

 C                 -6.53261800    0.79871900   -0.49176200 

 C                 -6.86455900    2.06127400   -1.01688000 

 C                 -5.98319100    3.12844900   -0.87208100 

 C                 -4.73460000    2.98057600   -0.20497600 
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 C                 -4.43944300    1.70348800    0.35551900 

 C                 -5.30708200    0.63933200    0.19832800 

 H                 -7.80161100    2.21712100   -1.55177600 

 H                 -6.23778200    4.10059800   -1.29687900 

 H                 -3.52192400    1.56471100    0.92989300 

 H                 -5.07718200   -0.34283400    0.61701300 

 C                 -3.86618700    4.12575500   -0.03775000 

 O                 -4.45406900    5.30685000   -0.09240800 

 C                 -2.43614200    4.14235400    0.18183000 

 C                 -1.57658400    3.09912600   -0.27101900 

 C                 -1.82475200    5.27497100    0.78948800 

 C                 -0.21114800    3.16293900   -0.06735100 

 H                 -1.99874200    2.24252400   -0.79923100 

 C                 -0.44818700    5.34700800    0.98050700 

 H                 -2.46086800    6.09284500    1.13119800 

 C                  0.37628100    4.28584700    0.56316500 

 H                  0.44767300    2.35921300   -0.40318500 

 H                 -0.02632500    6.22654900    1.46722600 

 C                 -8.56333300   -0.22420000   -1.23004000 

 H                 -9.01018100   -1.22547900   -1.17397200 

 H                 -9.23224800    0.49800700   -0.72903400 

 H                 -8.45799400    0.06387800   -2.29118000 

 C                  2.38966600    5.34442400    1.29872200 

 H                  3.45895500    5.09542900    1.30005400 

 H                  2.23612900    6.27309100    0.72077300 

 H                  2.05811800    5.51263900    2.33887700 

 O                 -7.30683300   -0.30703700   -0.58448500 

 O                  1.72088100    4.24571800    0.70888400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.253160 (Hartree/Particle) 

 Thermal correction to Energy=                    0.269371 
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 Thermal correction to Enthalpy=                  0.270315 

 Thermal correction to Gibbs Free Energy=         0.207609 

 Sum of electronic and zero-point Energies=           -804.774067 

 Sum of electronic and thermal Energies=              -804.757856 

 Sum of electronic and thermal Enthalpies=            -804.756912 

 Sum of electronic and thermal Free Energies=         -804.819619 

HF=-805.0272277 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-805.9231245 

 

Ground state (singlet spin state) d 

 C                 -6.36973300    0.71620600   -0.44952600 

 C                 -6.70318400    1.90811700   -1.10698200 

 C                 -5.90328500    3.03529600   -0.93978200 

 C                 -4.74804700    2.98087900   -0.14111800 

 C                 -4.42713500    1.78259600    0.51687000 

 C                 -5.23770500    0.65540600    0.36883500 

 H                 -7.58676500    1.94791800   -1.74670500 

 H                 -6.16028000    3.97729600   -1.42749400 

 H                 -3.55177200    1.73168300    1.16627600 

 H                 -4.98839100   -0.27257200    0.88598800 

 C                 -3.96008800    4.25259800    0.04651600 

 O                 -4.55574000    5.32088400    0.05390000 

 C                 -2.48052200    4.19888500    0.22250300 

 C                 -1.67438200    3.14273700   -0.25268100 

 C                 -1.84661300    5.29816300    0.82730300 

 C                 -0.29364000    3.18227000   -0.11189000 

 H                 -2.12831700    2.29239200   -0.76418300 

 C                 -0.46458800    5.34380500    0.99143200 

 H                 -2.46638100    6.12734500    1.17447400 

 C                  0.32626500    4.27778600    0.52018100 
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 H                  0.33877400    2.37603500   -0.48826400 

 H                 -0.01198000    6.20643500    1.47973400 

 C                  2.37378800    5.28808300    1.23364000 

 H                  3.43717200    5.01823900    1.19841100 

 H                  2.22441100    6.23742600    0.69028200 

 H                  2.07124900    5.42469700    2.28659600 

 O                  1.66949900    4.22056800    0.62241400 

 C                 -7.27266100   -0.48442300   -0.58215800 

 F                 -8.28731800   -0.43858000    0.30513400 

 F                 -7.82882500   -0.55874900   -1.80534600 

 F                 -6.61515700   -1.63778100   -0.36545200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.229078 (Hartree/Particle) 

 Thermal correction to Energy=                    0.245918 

 Thermal correction to Enthalpy=                  0.246862 

 Thermal correction to Gibbs Free Energy=         0.181595 

 Sum of electronic and zero-point Energies=          -1027.249523 

 Sum of electronic and thermal Energies=             -1027.232683 

 Sum of electronic and thermal Enthalpies=           -1027.231739 

 Sum of electronic and thermal Free Energies=        -1027.297006 

HF=-1027.478601 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-1028.6485529 

 

Triplet spin state d 

 C                 -6.46329800    0.72174200   -0.40521700 

 C                 -6.84735600    1.96660700   -0.93335000 

 C                 -5.98723100    3.05237500   -0.87016500 

 C                 -4.69793800    2.93147800   -0.27332500 

 C                 -4.33558700    1.66833500    0.27631600 

 C                 -5.20115100    0.58769000    0.20256600 
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 H                 -7.82498000    2.07265000   -1.40797800 

 H                 -6.28391400    4.01228400   -1.29698300 

 H                 -3.37508700    1.54933200    0.78039600 

 H                 -4.90447900   -0.37522600    0.62343500 

 C                 -3.84106500    4.07782000   -0.19999300 

 O                 -4.27166800    5.27651900   -0.50809200 

 C                 -2.40541000    4.11703600    0.07986100 

 C                 -1.50661000    3.12832300   -0.41262100 

 C                 -1.85539500    5.23667000    0.76493500 

 C                 -0.15490600    3.21423000   -0.15057100 

 H                 -1.89295500    2.29330600   -0.99897500 

 C                 -0.49296500    5.33598500    1.01410700 

 H                 -2.53016300    6.01705200    1.11842900 

 C                  0.37436400    4.31880200    0.56727800 

 H                  0.54085300    2.44821300   -0.49869800 

 H                 -0.11268200    6.19625600    1.56428500 

 C                  2.33315100    5.37802600    1.44279500 

 H                  3.40439800    5.14224400    1.46568900 

 H                  2.18153400    6.33386500    0.91305500 

 H                  1.95922100    5.47181300    2.47664300 

 O                  1.70242800    4.30344200    0.76108000 

 C                 -7.41461000   -0.43667600   -0.42244700 

 F                 -8.16549500   -0.49945900    0.70273000 

 F                 -8.28062600   -0.36968600   -1.45338900 

 F                 -6.77173000   -1.61940400   -0.51288900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.225979 (Hartree/Particle) 

 Thermal correction to Energy=                    0.243161 

 Thermal correction to Enthalpy=                  0.244105 

 Thermal correction to Gibbs Free Energy=         0.177183 

 Sum of electronic and zero-point Energies=          -1027.153230 
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 Sum of electronic and thermal Energies=             -1027.136049 

 Sum of electronic and thermal Enthalpies=           -1027.135104 

 Sum of electronic and thermal Free Energies=        -1027.202026 

HF=-1027.3792093 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-1028.5490008 

 

Ground state (singlet spin state) e 

 C                 -6.37817800    0.70790500   -0.45755100 

 C                 -6.70535700    1.90809700   -1.11977100 

 C                 -5.90320900    3.03087700   -0.94621600 

 C                 -4.75282900    2.97468100   -0.14052600 

 C                 -4.43808400    1.77757400    0.52399100 

 C                 -5.24534400    0.65087000    0.37474000 

 H                 -7.58875500    1.95159400   -1.75934400 

 H                 -6.15697300    3.97403800   -1.43325000 

 H                 -3.56879300    1.72900300    1.18162400 

 H                 -5.00402400   -0.27401000    0.90160400 

 C                 -3.96480600    4.24694500    0.05182600 

 O                 -4.56439900    5.31278200    0.06339500 

 C                 -2.48633100    4.19298000    0.22617600 

 C                 -1.68167900    3.13321700   -0.24412500 

 C                 -1.85085300    5.29518500    0.82451500 

 C                 -0.30096900    3.17228500   -0.10506700 

 H                 -2.13625900    2.28037000   -0.75093800 

 C                 -0.46881200    5.34054300    0.98643000 

 H                 -2.46946600    6.12662100    1.16828500 

 C                  0.32063900    4.27112500    0.51996500 

 H                  0.33038500    2.36348900   -0.47760800 

 H                 -0.01477700    6.20543400    1.46930300 

 C                  2.37034500    5.28401300    1.22418900 
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 H                  3.43306400    5.01185900    1.18925100 

 H                  2.22172400    6.22982900    0.67469900 

 H                  2.06919900    5.42754100    2.27651800 

 O                  1.66337000    4.21350000    0.62048900 

 C                 -7.20399100   -0.45514800   -0.62647100 

 N                 -7.87079500   -1.39587200   -0.76366200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.222942 (Hartree/Particle) 

 Thermal correction to Energy=                    0.237961 

 Thermal correction to Enthalpy=                  0.238906 

 Thermal correction to Gibbs Free Energy=         0.179384 

 Sum of electronic and zero-point Energies=           -782.638276 

 Sum of electronic and thermal Energies=              -782.623257 

 Sum of electronic and thermal Enthalpies=            -782.622313 

 Sum of electronic and thermal Free Energies=         -782.681834 

HF=-782.8612185 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-783.7305667 

 

Triplet spin state e 

 C                 -6.48944900    0.72644100   -0.32952700 

 C                 -6.88372400    1.98041700   -0.85985000 

 C                 -6.02109700    3.05959400   -0.82715600 

 C                 -4.71205500    2.94032500   -0.26662100 

 C                 -4.33565700    1.67880300    0.28454500 

 C                 -5.19979400    0.60030800    0.24693700 

 H                 -7.87627400    2.08748600   -1.30265500 

 H                 -6.32892200    4.01878600   -1.24788200 

 H                 -3.36162400    1.56395700    0.76318300 

 H                 -4.89484300   -0.35706500    0.67455100 

 C                 -3.85478600    4.07958100   -0.22800000 
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 O                 -4.26237800    5.27463400   -0.55898200 

 C                 -2.41359000    4.11656000    0.05216900 

 C                 -1.51666700    3.14551600   -0.47294900 

 C                 -1.86888600    5.21704200    0.76831200 

 C                 -0.16472600    3.22583900   -0.20973700 

 H                 -1.90463900    2.32697100   -1.08124200 

 C                 -0.50739500    5.31133100    1.02163200 

 H                 -2.54604000    5.98618000    1.14151500 

 C                  0.36147600    4.30931800    0.54227800 

 H                  0.53277400    2.47214000   -0.58020500 

 H                 -0.12799100    6.15503900    1.59724100 

 C                  2.31909900    5.34396100    1.45104000 

 H                  3.38989800    5.10626900    1.46554600 

 H                  2.16735900    6.31561000    0.95151800 

 H                  1.94477800    5.40328800    2.48702000 

 O                  1.68724700    4.29132500    0.73449500 

 C                 -7.37754100   -0.39002600   -0.36701300 

 N                 -8.10051000   -1.30230600   -0.39769300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.220092 (Hartree/Particle) 

 Thermal correction to Energy=                    0.235412 

 Thermal correction to Enthalpy=                  0.236357 

 Thermal correction to Gibbs Free Energy=         0.175398 

 Sum of electronic and zero-point Energies=           -782.544829 

 Sum of electronic and thermal Energies=              -782.529509 

 Sum of electronic and thermal Enthalpies=            -782.528564 

 Sum of electronic and thermal Free Energies=         -782.589523 

HF=-782.764921 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-783.6342397 
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Ground state (singlet spin state) f 

 C                 -3.93849200    4.29236600   -0.05712700 

 O                 -4.54386100    5.35215500    0.02536700 

 C                 -2.46573700    4.22105400    0.14073300 

 C                 -1.65770000    3.17987400   -0.36428300 

 C                 -1.83762400    5.28414700    0.81371600 

 C                 -0.28105500    3.19831600   -0.18753800 

 H                 -2.10294800    2.36012400   -0.93051900 

 C                 -0.46022300    5.30822600    1.01223900 

 H                 -2.45915600    6.10057400    1.18688100 

 C                  0.33259700    4.25702900    0.51048500 

 H                  0.35314900    2.40413000   -0.58560500 

 H                 -0.01179300    6.14200800    1.55174200 

 C                  2.37099100    5.21117700    1.32139100 

 H                  3.43201300    4.93126000    1.29844900 

 H                  2.24408500    6.18663900    0.82049900 

 H                  2.04395500    5.30004700    2.37200100 

 O                  1.67110900    4.18152600    0.64260800 

 C                 -6.27628300    0.92250000   -0.87055700 

 N                 -5.23259700    0.72107900   -0.06423700 

 C                 -4.45799300    1.77999600    0.18605800 

 C                 -4.71876200    3.04398400   -0.36207100 

 C                 -5.86728100    3.13346200   -1.16606300 

 N                 -6.63850700    2.08085400   -1.43265100 

 H                 -3.61227100    1.62631300    0.86510000 

 H                 -6.90537600    0.05114900   -1.08980200 

 H                 -6.14833800    4.09938500   -1.59985600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.200738 (Hartree/Particle) 

 Thermal correction to Energy=                    0.213754 

 Thermal correction to Enthalpy=                  0.214698 
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 Thermal correction to Gibbs Free Energy=         0.159912 

 Sum of electronic and zero-point Energies=           -722.528850 

 Sum of electronic and thermal Energies=              -722.515834 

 Sum of electronic and thermal Enthalpies=            -722.514890 

 Sum of electronic and thermal Free Energies=         -722.569676 

HF=-722.7295878 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-723.5354141 

 

Triplet spin state f 

 C                 -6.55336400    0.79577100   -0.47006000 

 C                 -6.81553500    2.06487200   -1.02509500 

 C                 -5.96614900    3.12650800   -0.74525900 

 C                 -4.81802500    2.96083700    0.08024200 

 C                 -4.60171700    1.68598600    0.67679700 

 C                 -5.43284900    0.62441800    0.38558300 

 H                 -7.66972300    2.22412000   -1.68260600 

 H                 -6.15962600    4.10693500   -1.18171100 

 H                 -3.76983600    1.54655300    1.36888700 

 H                 -5.26105200   -0.36519900    0.81348100 

 C                 -3.97590300    4.11854000    0.37986100 

 O                 -4.70875500    5.19381900    0.52561900 

 C                 -8.45753900   -0.22805100   -1.49553100 

 H                 -8.89168700   -1.23551300   -1.50417100 

 H                 -9.19330900    0.48288300   -1.08284700 

 H                 -8.20418400    0.06797700   -2.52774500 

 O                 -7.29642600   -0.30106500   -0.68011200 

 C                  0.09573600    4.26359700    1.09064400 

 N                 -0.37197800    3.14687100    0.51145100 

 C                 -1.67485200    3.08582000    0.27426300 

 C                 -2.56700000    4.13627900    0.62834000 
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 C                 -1.93824100    5.27626200    1.20816500 

 N                 -0.63420200    5.33312700    1.43623700 

 H                 -2.04776100    2.18717800   -0.23029800 

 H                  1.17254500    4.30795500    1.28893100 

 H                 -2.54616100    6.14437600    1.48885400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.197459 (Hartree/Particle) 

 Thermal correction to Energy=                    0.210789 

 Thermal correction to Enthalpy=                  0.211733 

 Thermal correction to Gibbs Free Energy=         0.155477 

 Sum of electronic and zero-point Energies=           -722.432443 

 Sum of electronic and thermal Energies=              -722.419113 

 Sum of electronic and thermal Enthalpies=            -722.418169 

 Sum of electronic and thermal Free Energies=         -722.474425 

HF=-722.629902 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-723.4350388 

 

Ground state (singlet spin state) g 

 C                 -6.14508100    0.70098300   -0.27630300 

 C                 -6.84689500    1.91961000   -0.34611500 

 C                 -6.15039300    3.11852400   -0.27671600 

 C                 -4.74898600    3.12975700   -0.13723400 

 C                 -4.06626700    1.90057000   -0.06945800 

 C                 -4.76134500    0.68442100   -0.13861900 

 H                 -6.68934900   -0.24503000   -0.33061400 

 H                 -7.93361800    1.91852100   -0.45435000 

 H                 -6.65835200    4.08370800   -0.32741300 

 H                 -4.19756700   -0.24831800   -0.08273400 

 C                 -4.00427100    4.40564300   -0.06321300 

 O                 -4.55178800    5.50035500   -0.11688300 
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 C                 -2.54098400    4.24495400    0.08133300 

 C                 -1.96662700    2.96104300    0.13814700 

 C                 -1.69593200    5.36850100    0.16505200 

 C                 -0.58064100    2.79606300    0.27505200 

 C                 -0.32285400    5.21499600    0.30080200 

 H                 -2.16385700    6.35394600    0.11900400 

 C                  0.23171200    3.92194400    0.35541300 

 H                 -0.17211600    1.78489800    0.31536300 

 H                  0.32634500    6.09082400    0.36516400 

 H                  1.31198600    3.79656500    0.46214500 

 O                 -2.71401900    1.82608400    0.06450300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.175253 (Hartree/Particle) 

 Thermal correction to Energy=                    0.185366 

 Thermal correction to Enthalpy=                  0.186310 

 Thermal correction to Gibbs Free Energy=         0.139261 

 Sum of electronic and zero-point Energies=           -650.045704 

 Sum of electronic and thermal Energies=              -650.035591 

 Sum of electronic and thermal Enthalpies=            -650.034647 

 Sum of electronic and thermal Free Energies=         -650.081696 

HF=-650.220957 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-650.9336767 

 

Triplet spin state g 

 C                 -6.14896900    0.68282100   -0.26596200 

 C                 -6.83761700    1.91032900   -0.34905500 

 C                 -6.15983800    3.12589600   -0.28021300 

 C                 -4.75376500    3.15658700   -0.14252700 

 C                 -4.07872200    1.89616900   -0.06328700 

 C                 -4.75839400    0.67974600   -0.12474200 
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 H                 -6.69522100   -0.26075100   -0.31595200 

 H                 -7.92293600    1.90904100   -0.47822000 

 H                 -6.68989000    4.07709300   -0.34249400 

 H                 -4.18415200   -0.24557700   -0.05364600 

 C                 -3.98830300    4.37336200   -0.06160500 

 O                 -4.56931100    5.53446500   -0.11828300 

 C                 -2.55988000    4.26527000    0.08427700 

 C                 -1.95533500    2.96817100    0.13101100 

 C                 -1.69669800    5.38088000    0.16835600 

 C                 -0.57802400    2.79032300    0.26069200 

 C                 -0.32144600    5.20272500    0.30557300 

 H                 -2.14076500    6.37651300    0.13470700 

 C                  0.24886000    3.91400700    0.34620600 

 H                 -0.18087200    1.77409900    0.28501500 

 H                  0.32602000    6.07907400    0.39151900 

 H                  1.32856500    3.79141700    0.44833000 

 O                 -2.72420900    1.84690400    0.06262600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.170183 (Hartree/Particle) 

 Thermal correction to Energy=                    0.180807 

 Thermal correction to Enthalpy=                  0.181751 

 Thermal correction to Gibbs Free Energy=         0.132896 

 Sum of electronic and zero-point Energies=           -649.937724 

 Sum of electronic and thermal Energies=              -649.927099 

 Sum of electronic and thermal Enthalpies=            -649.926155 

 Sum of electronic and thermal Free Energies=         -649.975010 

HF=-650.1079061 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-650.8218954 

 

Ground state (singlet spin state) h 
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 C                 -6.40239700    0.72412600   -0.30295700 

 C                 -6.95639800    2.01459000   -0.35600300 

 C                 -6.12236900    3.11990200   -0.27320000 

 C                 -4.72405300    2.98067000   -0.13628400 

 C                 -4.18081500    1.67844900   -0.08387800 

 C                 -5.02994900    0.55555400   -0.16830100 

 H                 -7.04833100   -0.15497000   -0.36726200 

 H                 -8.03554500    2.14575700   -0.46167700 

 H                 -6.52046100    4.13513900   -0.31124200 

 H                 -4.60301300   -0.44982000   -0.12721300 

 C                 -3.91666900    4.22985600   -0.05679400 

 O                 -4.46480500    5.32616000   -0.11219000 

 C                 -2.43753000    4.13541700    0.09109800 

 C                 -1.72165500    2.92037400    0.16090500 

 C                 -1.71462400    5.34592300    0.16527400 

 C                 -0.31836300    2.93507500    0.30102900 

 C                 -0.33444000    5.35888900    0.30344700 

 H                 -2.28791100    6.27266700    0.10937400 

 C                  0.36567300    4.14225100    0.37138500 

 H                  0.23003100    1.99105800    0.35422100 

 H                  0.20449200    6.30725200    0.35904800 

 H                  1.45303400    4.13853200    0.48009400 

 S                 -2.46573100    1.32917100    0.08426400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.171959 (Hartree/Particle) 

 Thermal correction to Energy=                    0.182738 

 Thermal correction to Enthalpy=                  0.183682 

 Thermal correction to Gibbs Free Energy=         0.134723 

 Sum of electronic and zero-point Energies=           -972.963681 

 Sum of electronic and thermal Energies=              -972.952902 

 Sum of electronic and thermal Enthalpies=            -972.951958 
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 Sum of electronic and thermal Free Energies=         -973.000917 

HF=-973.1356404 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-973.900182 

 

Triplet spin state h 

 C                 -6.40141200    0.69985000   -0.30380300 

 C                 -6.94109800    2.00232800   -0.35538900 

 C                 -6.12793100    3.12672800   -0.27372600 

 C                 -4.72164400    3.01721500   -0.13527800 

 C                 -4.19524000    1.68075900   -0.08459100 

 C                 -5.02369600    0.54729300   -0.16779900 

 H                 -7.04902000   -0.17603800   -0.36895600 

 H                 -8.02151100    2.13186600   -0.46184600 

 H                 -6.54575700    4.13285900   -0.31346000 

 H                 -4.58027300   -0.45111800   -0.12515700 

 C                 -3.91237300    4.22083200   -0.05439600 

 O                 -4.48686100    5.36968600   -0.11061800 

 C                 -2.46820600    4.15513500    0.08882500 

 C                 -1.71498000    2.93324600    0.16239500 

 C                 -1.71673200    5.35440100    0.16470600 

 C                 -0.31544800    2.92507200    0.30151500 

 C                 -0.33361500    5.33928700    0.30237100 

 H                 -2.27102100    6.29157500    0.11053300 

 C                  0.38459100    4.12705000    0.37253800 

 H                  0.21764600    1.97195600    0.35336100 

 H                  0.20747100    6.28777300    0.35729300 

 H                  1.47047800    4.12670900    0.48060000 

 S                 -2.48519600    1.36755700    0.08401900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.168039 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.179202 

 Thermal correction to Enthalpy=                  0.180146 

 Thermal correction to Gibbs Free Energy=         0.129454 

 Sum of electronic and zero-point Energies=           -972.866280 

 Sum of electronic and thermal Energies=              -972.855117 

 Sum of electronic and thermal Enthalpies=            -972.854173 

 Sum of electronic and thermal Free Energies=         -972.904865 

HF=-973.0343192 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-973.8012367 

 

Ground state (singlet spin state) i 

 C                 -6.20235900    0.70444900   -0.28324100 

 C                 -6.87376200    1.94168500   -0.34980600 

 C                 -6.14197200    3.11776400   -0.27595400 

 C                 -4.74037000    3.09466900   -0.13547200 

 C                 -4.07405700    1.84590700   -0.06915100 

 C                 -4.82261400    0.65025400   -0.14498200 

 H                 -6.77071300   -0.22738000   -0.34097800 

 H                 -7.96005700    1.97025400   -0.45871900 

 H                 -6.62247300    4.09706700   -0.32389900 

 H                 -4.30689400   -0.31240900   -0.09455300 

 C                 -3.98298900    4.36331400   -0.05945100 

 O                 -4.53259300    5.46210900   -0.11272100 

 C                 -2.51778500    4.21723200    0.08467100 

 C                 -1.91783500    2.93490100    0.14430700 

 C                 -1.70011700    5.36166700    0.16446000 

 C                 -0.51603700    2.82576300    0.28150400 

 C                 -0.32405200    5.25066500    0.29950200 

 H                 -2.19591500    6.33325900    0.11543300 

 C                  0.26374500    3.97118800    0.35746100 
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 H                 -0.05408900    1.83593500    0.32668200 

 H                  0.30118200    6.14401400    0.36048500 

 H                  1.34724900    3.87397400    0.46344400 

 N                 -2.70441900    1.80721800    0.06793800 

 H                 -2.25200100    0.90129100    0.11513600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.188299 (Hartree/Particle) 

 Thermal correction to Energy=                    0.198560 

 Thermal correction to Enthalpy=                  0.199504 

 Thermal correction to Gibbs Free Energy=         0.152298 

 Sum of electronic and zero-point Energies=           -630.201710 

 Sum of electronic and thermal Energies=              -630.191449 

 Sum of electronic and thermal Enthalpies=            -630.190505 

 Sum of electronic and thermal Free Energies=         -630.237711 

HF=-630.3900092 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-631.075555 

 

Triplet spin state i 

 C                 -6.20290300    0.67734000   -0.28209900 

 C                 -6.85976100    1.91796900   -0.34701600 

 C                 -6.15227400    3.12374400   -0.27585500 

 C                 -4.75039600    3.12972800   -0.13578900 

 C                 -4.09329600    1.85372200   -0.07051800 

 C                 -4.80947000    0.64828300   -0.14288700 

 H                 -6.76747400   -0.25472100   -0.33925700 

 H                 -7.94747800    1.94314400   -0.45565500 

 H                 -6.65979300    4.08758300   -0.32645100 

 H                 -4.27186200   -0.30232600   -0.09066200 

 C                 -3.98120100    4.36020400   -0.05865100 

 O                 -4.55170000    5.50019100   -0.11377200 
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 C                 -2.53931200    4.24704700    0.08233300 

 C                 -1.91148600    2.95620100    0.14411000 

 C                 -1.69873200    5.37466800    0.16437500 

 C                 -0.52102800    2.81551200    0.27883500 

 C                 -0.31329600    5.22682100    0.29911800 

 H                 -2.16658800    6.35862900    0.11901200 

 C                  0.28655600    3.95728100    0.35714000 

 H                 -0.08158100    1.81518500    0.32102900 

 H                  0.31513200    6.11951100    0.36031600 

 H                  1.36812100    3.85738800    0.46192900 

 N                 -2.72202900    1.84440000    0.06645000 

 H                 -2.26715500    0.93441200    0.11457200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.184337 (Hartree/Particle) 

 Thermal correction to Energy=                    0.194877 

 Thermal correction to Enthalpy=                  0.195822 

 Thermal correction to Gibbs Free Energy=         0.147198 

 Sum of electronic and zero-point Energies=           -630.105784 

 Sum of electronic and thermal Energies=              -630.095244 

 Sum of electronic and thermal Enthalpies=            -630.094299 

 Sum of electronic and thermal Free Energies=         -630.142923 

HF=-630.2901209 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-630.9779687 

 

Ground state (singlet spin state) j 

 C                 -6.27789000    0.70964500   -0.28931100 

 C                 -6.90451800    1.96229400   -0.35118500 

 C                 -6.14353700    3.12882700   -0.27560500 

 C                 -4.75009100    3.05579600   -0.13756600 

 C                 -4.11931400    1.79476800   -0.07501700 
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 C                 -4.89227300    0.62742800   -0.15183500 

 H                 -6.87485900   -0.20358300   -0.34880100 

 H                 -7.99001400    2.02564600   -0.45881300 

 H                 -6.60885900    4.11504600   -0.32168300 

 H                 -4.38223800   -0.33619700   -0.10143400 

 C                 -3.96306300    4.32340900   -0.06019600 

 O                 -4.50889500    5.41492500   -0.11481700 

 C                 -2.48123100    4.20172500    0.08674900 

 C                 -1.85043100    2.94070900    0.14930100 

 C                 -1.70827400    5.36906000    0.16364100 

 C                 -0.45699000    2.86767000    0.28741500 

 C                 -0.32266900    5.28686900    0.30120300 

 H                 -2.21832800    6.33267700    0.11323100 

 C                  0.30396300    4.03422200    0.36307900 

 H                  0.00835000    1.88146300    0.33349100 

 H                  0.27429200    6.20009800    0.36075900 

 H                  1.38945300    3.97087200    0.47077500 

 C                 -2.63746200    1.67309500    0.07184200 

 O                 -2.09161700    0.58158100    0.12633600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.181184 (Hartree/Particle) 

 Thermal correction to Energy=                    0.192175 

 Thermal correction to Enthalpy=                  0.193120 

 Thermal correction to Gibbs Free Energy=         0.143846 

 Sum of electronic and zero-point Energies=           -688.125973 

 Sum of electronic and thermal Energies=              -688.114981 

 Sum of electronic and thermal Enthalpies=            -688.114037 

 Sum of electronic and thermal Free Energies=         -688.163310 

HF=-688.3071564 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-689.0601208 
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Triplet spin state j 

 C                 -6.26266100    0.70848600   -0.28579600 

 C                 -6.89521300    1.96792100   -0.34771300 

 C                 -6.13562300    3.12853500   -0.27292100 

 C                 -4.73619000    3.07223300   -0.13546200 

 C                 -4.10250600    1.80122100   -0.07333200 

 C                 -4.88699500    0.62069700   -0.15058000 

 H                 -6.85917400   -0.20520000   -0.34460700 

 H                 -7.98066700    2.02916300   -0.45429100 

 H                 -6.59573800    4.11779400   -0.31802600 

 H                 -4.39491400   -0.35316900   -0.10237600 

 C                 -3.96890000    4.33476400   -0.06034400 

 O                 -4.52020000    5.43682400   -0.11470900 

 C                 -2.50278900    4.20041600    0.08388100 

 C                 -1.86549400    2.93125400    0.14670300 

 C                 -1.71309700    5.36263000    0.16195900 

 C                 -0.45462700    2.85980300    0.28598500 

 C                 -0.33300100    5.28299800    0.29824600 

 H                 -2.22887700    6.32375300    0.11117800 

 C                  0.29573100    4.02165600    0.36023600 

 H                  0.02974400    1.88206100    0.33385600 

 H                  0.26548600    6.19493400    0.35742200 

 H                  1.38132600    3.95776100    0.46751600 

 C                 -2.66668100    1.73203400    0.06769800 

 O                 -2.08542900    0.57035500    0.12436200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.177538 (Hartree/Particle) 

 Thermal correction to Energy=                    0.188835 

 Thermal correction to Enthalpy=                  0.189779 

 Thermal correction to Gibbs Free Energy=         0.139145 
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 Sum of electronic and zero-point Energies=           -688.035692 

 Sum of electronic and thermal Energies=              -688.024395 

 Sum of electronic and thermal Enthalpies=            -688.023451 

 Sum of electronic and thermal Free Energies=         -688.074085 

HF=-688.2132297 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-688.9665519 

 

Ground state (singlet spin state) k 

 C                 -0.79208700   -0.86019300   -4.72006100 

 C                  0.62785700   -0.36669800   -4.81880200 

 C                  0.75551500    0.80712200   -5.79576500 

 C                 -1.82310500   -0.02565800   -4.24212200 

 C                  0.33981200    2.15994800   -5.25597700 

 C                 -0.67932200    2.38286600   -4.29487700 

 H                  1.00419000   -0.06023300   -3.82719300 

 H                  0.17037500    0.58001400   -6.70609200 

 H                  1.27310200   -1.19026400   -5.15870400 

 H                  1.80256900    0.88618900   -6.12680500 

 C                 -1.61901200    1.36082600   -3.68963500 

 O                 -2.33321500    1.69950500   -2.75523700 

 C                 -3.44776800   -1.81049900   -4.60149900 

 C                 -2.42624200   -2.63947800   -5.07651600 

 C                 -1.11411900   -2.16452300   -5.12562700 

 C                 -3.13975000   -0.52109000   -4.17377000 

 H                 -4.47833600   -2.17086900   -4.55773300 

 H                 -2.64997000   -3.65707400   -5.40695800 

 H                 -0.31565500   -2.81890000   -5.48603500 

 H                 -3.91848600    0.13086700   -3.77452800 

 C                  1.04910600    3.27400300   -5.74272600 

 C                  0.78793600    4.57175700   -5.30911100 
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 C                 -0.20202300    4.78916400   -4.34528700 

 C                 -0.91492500    3.70430400   -3.85053200 

 H                  1.84022300    3.10765000   -6.47911900 

 H                  1.36276200    5.40860300   -5.71415900 

 H                 -0.41631900    5.79796300   -3.98448300 

 H                 -1.69462400    3.85198300   -3.10280200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.227768 (Hartree/Particle) 

 Thermal correction to Energy=                    0.239431 

 Thermal correction to Enthalpy=                  0.240375 

 Thermal correction to Gibbs Free Energy=         0.189355 

 Sum of electronic and zero-point Energies=           -653.388563 

 Sum of electronic and thermal Energies=              -653.376900 

 Sum of electronic and thermal Enthalpies=            -653.375955 

 Sum of electronic and thermal Free Energies=         -653.426976 

HF=-653.616331 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-654.3263673 

 

Triplet spin state k 

 C                 -0.81160800   -0.83219800   -4.75934700 

 C                  0.56520300   -0.28159200   -5.02455900 

 C                  0.55918800    0.88508800   -6.03708400 

 C                 -1.91176600    0.02030500   -4.43246800 

 C                  0.31513500    2.22136500   -5.38621400 

 C                 -0.77236700    2.42851800   -4.48153200 

 H                  1.02836500    0.06640000   -4.08368900 

 H                 -0.20897400    0.68517000   -6.80569700 

 H                  1.20290500   -1.09516600   -5.40133600 

 H                  1.52376300    0.92172800   -6.56505500 

 C                 -1.80569400    1.44893100   -4.19793100 
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 O                 -2.87498500    1.96848200   -3.60036200 

 C                 -3.38787500   -1.94590100   -4.36127300 

 C                 -2.30658800   -2.77571200   -4.67630300 

 C                 -1.04317600   -2.20348900   -4.88510800 

 C                 -3.19771500   -0.57367900   -4.25260900 

 H                 -4.38574500   -2.36746700   -4.21678500 

 H                 -2.44234400   -3.85507100   -4.77621800 

 H                 -0.20388300   -2.84901300   -5.15949100 

 H                 -4.05176500    0.07323100   -4.04462600 

 C                  1.19783400    3.27706100   -5.62277200 

 C                  1.04035500    4.53750500   -5.02775500 

 C                 -0.01905000    4.74458600   -4.13802700 

 C                 -0.90188600    3.70790800   -3.86076700 

 H                  2.04279500    3.10682100   -6.29616200 

 H                  1.74927500    5.33919700   -5.24718500 

 H                 -0.14748800    5.71160200   -3.64536200 

 H                 -1.70341600    3.86267700   -3.13643800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.224311 (Hartree/Particle) 

 Thermal correction to Energy=                    0.236348 

 Thermal correction to Enthalpy=                  0.237293 

 Thermal correction to Gibbs Free Energy=         0.184438 

 Sum of electronic and zero-point Energies=           -653.292286 

 Sum of electronic and thermal Energies=              -653.280249 

 Sum of electronic and thermal Enthalpies=            -653.279305 

 Sum of electronic and thermal Free Energies=         -653.332159 

HF=-653.5165974 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-654.2261988 

 

Figure S5 
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Ketyl radical III 

 C                 -6.65213500    1.07656500   -0.61916200 

 C                 -5.77121700    1.75229200   -1.47594200 

 C                 -4.75450000    2.55301000   -0.96465700 

 C                 -4.57704300    2.70291800    0.43634900 

 C                 -5.48476200    2.01533100    1.28706300 

 C                 -6.50139900    1.21840600    0.76509600 

 H                 -7.44855400    0.45001700   -1.02746900 

 H                 -5.89123300    1.66536100   -2.55911900 

 H                 -4.10992400    3.10621000   -1.64885700 

 H                 -5.35664200    2.07518400    2.37123300 

 H                 -7.17444400    0.69013500    1.44570100 

 C                 -3.56680500    3.56973400    1.00989500 

 C                 -2.28152500    3.91167100    0.45183200 

 C                 -1.65075800    3.13222200   -0.55533600 

 C                 -1.57232000    5.03787600    0.95160100 

 C                 -0.40142100    3.48591600   -1.05628600 

 H                 -2.13293100    2.22341300   -0.91737100 

 C                 -0.32363200    5.38092100    0.44320800 

 H                 -2.02941900    5.63907000    1.73812700 

 C                  0.27087600    4.61509300   -0.56905200 

 H                  0.06295200    2.86444500   -1.82666000 

 H                  0.19493800    6.25876700    0.83820400 

 H                  1.25154700    4.88832800   -0.96602700 

 O                 -3.82269000    4.11925100    2.23339200 

 H                 -4.77791300    4.11793200    2.38885400 

UB3LYP-D3/def2-SVP 

 Zero-point correction=                           0.202063 (Hartree/Particle) 

 Thermal correction to Energy=                    0.213118 

 Thermal correction to Enthalpy=                  0.214062 

 Thermal correction to Gibbs Free Energy=         0.164012 
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 Sum of electronic and zero-point Energies=           -576.607153 

 Sum of electronic and thermal Energies=              -576.596099 

 Sum of electronic and thermal Enthalpies=            -576.595155 

 Sum of electronic and thermal Free Energies=         -576.645204 

HF=-576.8092164 

UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP 

HF=-577.4419177 

 

Triplet Ketone 

 C                 -6.67425200    1.11124700   -0.62304800 

 C                 -5.78099900    1.78175800   -1.47558800 

 C                 -4.75680400    2.56546300   -0.95729700 

 C                 -4.57348700    2.67258700    0.44731000 

 C                 -5.49723300    2.00512200    1.29960600 

 C                 -6.52728100    1.23772400    0.76439600 

 H                 -7.48046600    0.50315800   -1.03990100 

 H                 -5.89952200    1.70195300   -2.55946200 

 H                 -4.09968900    3.11739000   -1.63116300 

 H                 -5.36962200    2.08162600    2.38082000 

 H                 -7.21890000    0.72200900    1.43577500 

 C                 -3.52813600    3.49314200    1.02668300 

 C                 -2.25354400    3.87758000    0.45290800 

 C                 -1.59726900    3.08443900   -0.52600900 

 C                 -1.59235100    5.04514600    0.92706400 

 C                 -0.36729900    3.47693400   -1.04069300 

 H                 -2.05479000    2.15221300   -0.86089100 

 C                 -0.35330700    5.41518000    0.41306100 

 H                 -2.08420400    5.66198300    1.68122500 

 C                  0.26584200    4.64300900   -0.57841600 

 H                  0.11738600    2.85976700   -1.80186900 

 H                  0.13264400    6.32268500    0.78094100 
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 H                  1.23591300    4.93958100   -0.98403500 

 O                 -3.76975600    3.95229400    2.24182700 

UB3LYP-D3/def2-SVP 

 Zero-point correction=                           0.188518 (Hartree/Particle) 

 Thermal correction to Energy=                    0.199528 

 Thermal correction to Enthalpy=                  0.200472 

 Thermal correction to Gibbs Free Energy=         0.149814 

 Sum of electronic and zero-point Energies=           -575.947506 

 Sum of electronic and thermal Energies=              -575.936496 

 Sum of electronic and thermal Enthalpies=            -575.935552 

 Sum of electronic and thermal Free Energies=         -575.986210 

HF=-576.136024 

UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP 

HF=-576.7662586 

 

H radical 

 H                  1.82744000    0.40918200    0.01606800 

UB3LYP-D3/def2-SVP 

 Zero-point correction=                           0.000000 (Hartree/Particle) 

 Thermal correction to Energy=                    0.001416 

 Thermal correction to Enthalpy=                  0.002360 

 Thermal correction to Gibbs Free Energy=        -0.010654 

 Sum of electronic and zero-point Energies=             -0.501259 

 Sum of electronic and thermal Energies=                -0.499843 

 Sum of electronic and thermal Enthalpies=              -0.498898 

 Sum of electronic and thermal Free Energies=           -0.511913 

HF=-0.5012589 

UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP 

HF=-0.5021542 

 

i-PrOH 
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 C                 -0.30959400   -0.28470100    2.24521800 

 C                 -1.37426700   -1.37894600    2.32997900 

 H                 -2.29918700   -1.08237500    1.80931000 

 H                 -1.01641000   -2.31485200    1.86730200 

 H                 -1.61551100   -1.59003300    3.38442900 

 C                 -0.76842900    1.02205600    2.87743600 

 H                  0.03081300    1.77579500    2.81383300 

 H                 -1.66562100    1.41295300    2.37297200 

 H                 -1.00250200    0.86215900    3.94243000 

 O                  0.87667800   -0.66916000    2.92753300 

 H                  1.19031100   -1.49900000    2.54576800 

 H                 -0.08768000   -0.09365200    1.17233200 

UB3LYP-D3/def2-SVP 

 Zero-point correction=                           0.107626 (Hartree/Particle) 

 Thermal correction to Energy=                    0.112993 

 Thermal correction to Enthalpy=                  0.113937 

 Thermal correction to Gibbs Free Energy=         0.080328 

 Sum of electronic and zero-point Energies=           -194.113419 

 Sum of electronic and thermal Energies=              -194.108052 

 Sum of electronic and thermal Enthalpies=            -194.107108 

 Sum of electronic and thermal Free Energies=         -194.140717 

HF=-194.2210453 

UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP 

HF=-194.4528413 

 

i-PrO• radical 

 C                 -5.13058700    7.55985900    2.88656500 

 H                 -5.81784400    8.41401000    2.63935000 

 C                 -5.77313200    6.77285300    4.04052900 

 H                 -5.13077100    5.91902800    4.31035800 

 H                 -5.89933800    7.40383700    4.93426300 
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 H                 -6.75423600    6.38234700    3.73297100 

 C                 -3.76037400    8.16076900    3.24052200 

 H                 -3.05238300    7.35227800    3.48455000 

 H                 -3.36006700    8.72248400    2.38384900 

 H                 -3.82991300    8.83111200    4.11151900 

 O                 -5.11915900    6.86616100    1.71190100 

UB3LYP-D3/def2-SVP 

 Zero-point correction=                           0.093445 (Hartree/Particle) 

 Thermal correction to Energy=                    0.098592 

 Thermal correction to Enthalpy=                  0.099536 

 Thermal correction to Gibbs Free Energy=         0.065606 

 Sum of electronic and zero-point Energies=           -193.456335 

 Sum of electronic and thermal Energies=              -193.451188 

 Sum of electronic and thermal Enthalpies=            -193.450244 

 Sum of electronic and thermal Free Energies=         -193.484174 

HF=-193.5497804 

UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP 

HF=-193.7778365 

 

α-hydroxyl alkyl radical 

 C                 -0.34939700   -0.30481200    2.42508900 

 C                 -1.34963600   -1.41110900    2.31994400 

 H                 -2.26954800   -1.06696100    1.82264000 

 H                 -0.95658300   -2.26440500    1.73667100 

 H                 -1.64256600   -1.80981600    3.31766900 

 C                 -0.75292500    1.05718400    2.87638100 

 H                  0.05892300    1.78058100    2.69844500 

 H                 -1.65414700    1.39928400    2.34443800 

 H                 -0.97782800    1.08488700    3.96574000 

 O                  0.91965300   -0.64143600    2.83655700 

 H                  1.11097600   -1.54838400    2.56315200 
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UB3LYP-D3/def2-SVP 

 Zero-point correction=                           0.093595 (Hartree/Particle) 

 Thermal correction to Energy=                    0.099271 

 Thermal correction to Enthalpy=                  0.100216 

 Thermal correction to Gibbs Free Energy=         0.065236 

 Sum of electronic and zero-point Energies=           -193.472582 

 Sum of electronic and thermal Energies=              -193.466906 

 Sum of electronic and thermal Enthalpies=            -193.465962 

 Sum of electronic and thermal Free Energies=         -193.500942 

HF=-193.5661776 

UB3LYP-D3/def2-TZVPP//UB3LYP-D3/def2-SVP 

HF=-193.7952184 

 
3II 

 C                 -6.68733300    1.08108100   -0.63480500 

 C                 -5.80015500    1.76945000   -1.48029600 

 C                 -4.77717600    2.54963300   -0.95331000 

 C                 -4.58877300    2.63449700    0.45235900 

 C                 -5.50596600    1.94866800    1.29779300 

 C                 -6.53526600    1.18521200    0.75434500 

 H                 -7.49246500    0.47632200   -1.05837700 

 H                 -5.92202600    1.70603700   -2.56475800 

 H                 -4.12503900    3.11367300   -1.62184100 

 H                 -5.37512600    2.00676600    2.37977300 

 H                 -7.22158500    0.65545100    1.42005800 

 C                 -3.54530400    3.45156200    1.04081200 

 O                 -3.78471900    3.88884200    2.26502500 

 C                 -2.27477000    3.85335100    0.46979700 

 C                 -1.61706100    3.08099400   -0.52534300 

 C                 -1.61792300    5.01608500    0.96367000 

 C                 -0.39022500    3.48930000   -1.03601300 
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 H                 -2.07049000    2.15345300   -0.87810200 

 C                 -0.38161500    5.40168000    0.45348200 

 H                 -2.10992300    5.61803700    1.72966700 

 C                  0.23880700    4.65022400   -0.55362200 

 H                  0.09482300    2.88921600   -1.81034100 

 H                  0.10063300    6.30476800    0.83654700 

 H                  1.20629900    4.95881100   -0.95626300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.188417 (Hartree/Particle) 

 Thermal correction to Energy=                    0.199452 

 Thermal correction to Enthalpy=                  0.200396 

 Thermal correction to Gibbs Free Energy=         0.149624 

 Sum of electronic and zero-point Energies=           -575.949841 

 Sum of electronic and thermal Energies=              -575.938806 

 Sum of electronic and thermal Enthalpies=            -575.937862 

 Sum of electronic and thermal Free Energies=         -575.988634 

HF=-576.1382581 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.7686266 

 
3II-TS-IIICH 

 C                 -6.40711800    2.44799600   -1.53908900 

 C                 -5.31390000    3.16043300   -2.06077400 

 C                 -4.23898800    3.50813100   -1.24969300 

 C                 -4.21397500    3.13011900    0.12026200 

 C                 -5.33451100    2.42203200    0.63868500 

 C                 -6.40744100    2.08658900   -0.18481000 

 H                 -5.31204300    3.46124100   -3.11163400 

 H                 -3.41924400    4.09888600   -1.66156700 

 H                 -5.33603300    2.13181300    1.69038200 

 H                 -7.25435900    1.53784400    0.23471300 
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 C                 -3.13395400    3.51181000    1.00530600 

 C                 -1.75565600    3.80086600    0.65661400 

 C                 -1.12245900    3.22351600   -0.47750900 

 C                 -0.97880300    4.63709500    1.50842900 

 C                  0.20314700    3.51991700   -0.77082500 

 H                 -1.67797100    2.53137100   -1.11224200 

 C                  0.35256800    4.91151600    1.20970100 

 H                 -1.45211300    5.08204200    2.38502600 

 C                  0.95251400    4.36470200    0.06735200 

 H                  0.66996500    3.07702500   -1.65448600 

 H                  0.92829000    5.56763500    1.86763900 

 O                 -3.40392200    3.60374700    2.29847900 

 C                 -5.81692500    5.48377000    2.23607100 

 H                 -5.10958100    4.65585000    2.49891800 

 C                 -5.06818400    6.43692200    1.30659100 

 H                 -5.71405200    7.28802800    1.03478800 

 H                 -4.15629300    6.82133000    1.78954800 

 H                 -4.76617500    5.92226400    0.38044700 

 C                 -6.26417700    6.14073500    3.53340700 

 H                 -6.94816300    6.97818800    3.31741400 

 H                 -6.79866300    5.41464500    4.16458400 

 H                 -5.40005500    6.52791900    4.09415500 

 O                 -6.96719100    4.93888100    1.61912800 

 H                 -6.69787400    4.49865000    0.79994600 

 H                  1.99620700    4.58599500   -0.16760700 

 H                 -7.25094100    2.18563300   -2.18103500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.296734 (Hartree/Particle) 

 Thermal correction to Energy=                    0.314065 

 Thermal correction to Enthalpy=                  0.315009 

 Thermal correction to Gibbs Free Energy=         0.249122 
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 Sum of electronic and zero-point Energies=           -770.077952 

 Sum of electronic and thermal Energies=              -770.060621 

 Sum of electronic and thermal Enthalpies=            -770.059677 

 Sum of electronic and thermal Free Energies=         -770.125563 

HF=-770.3746855 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-771.2324942 

 

III 

 C                 -6.64857200    1.07193100   -0.62088900 

 C                 -5.76941300    1.75096200   -1.47722400 

 C                 -4.75580400    2.55556400   -0.96426900 

 C                 -4.58022900    2.70538600    0.43709400 

 C                 -5.48680100    2.01581700    1.28733800 

 C                 -6.50012400    1.21496000    0.76406700 

 H                 -7.44236400    0.44249800   -1.02990100 

 H                 -5.88753500    1.66348700   -2.56049600 

 H                 -4.11275200    3.10961500   -1.64919000 

 H                 -5.36493400    2.08041700    2.37169800 

 H                 -7.17309500    0.68612500    1.44417600 

 C                 -3.56948500    3.57256400    1.01134400 

 C                 -2.28395300    3.91302200    0.45150000 

 C                 -1.65403100    3.13374400   -0.55720600 

 C                 -1.57169900    5.03811000    0.95160000 

 C                 -0.40332500    3.48522100   -1.05746100 

 H                 -2.13783800    2.22737200   -0.92293900 

 C                 -0.32156300    5.37916800    0.44401800 

 H                 -2.02709800    5.64215100    1.73703000 

 C                  0.27222200    4.61254700   -0.56875100 

 H                  0.05909000    2.86373200   -1.82895700 

 H                  0.19813300    6.25607000    0.83962100 
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 H                  1.25357800    4.88395000   -0.96520400 

 O                 -3.81953400    4.11957700    2.23624600 

 H                 -4.77382500    4.12608300    2.40137100 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.201941 (Hartree/Particle) 

 Thermal correction to Energy=                    0.213014 

 Thermal correction to Enthalpy=                  0.213958 

 Thermal correction to Gibbs Free Energy=         0.163854 

 Sum of electronic and zero-point Energies=           -576.610737 

 Sum of electronic and thermal Energies=              -576.599665 

 Sum of electronic and thermal Enthalpies=            -576.598720 

 Sum of electronic and thermal Free Energies=         -576.648824 

HF=-576.8126784 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.4453796 

 

IV 

 C                 -0.34885400   -0.30409300    2.42103500 

 C                 -1.34898600   -1.41058500    2.31775600 

 H                 -2.27071900   -1.06497100    1.82498400 

 H                 -0.95670200   -2.26334300    1.73426700 

 H                 -1.63716000   -1.80807100    3.31705900 

 C                 -0.75302600    1.05727200    2.87559700 

 H                  0.05601000    1.78447000    2.69826900 

 H                 -1.65625900    1.39868600    2.34685200 

 H                 -0.97683100    1.08175600    3.96540600 

 O                  0.92231100   -0.64068800    2.82990300 

 H                  1.10713700   -1.55542100    2.57559900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.093480 (Hartree/Particle) 

 Thermal correction to Energy=                    0.099157 
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 Thermal correction to Enthalpy=                  0.100102 

 Thermal correction to Gibbs Free Energy=         0.065120 

 Sum of electronic and zero-point Energies=           -193.474990 

 Sum of electronic and thermal Energies=              -193.469313 

 Sum of electronic and thermal Enthalpies=            -193.468368 

 Sum of electronic and thermal Free Energies=         -193.503350 

HF=-193.5684701 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-193.7976445 

 
3II-TS-IIIOH 

 C                 -6.42184900    1.69666000   -0.48325500 

 C                 -5.39409300    2.08682700   -1.35311100 

 C                 -4.36466000    2.91332000   -0.90895100 

 C                 -4.31945900    3.36394300    0.44023000 

 C                 -5.38704900    2.98103400    1.29886500 

 C                 -6.41029100    2.15789700    0.84328400 

 H                 -7.22984000    1.05182400   -0.83674000 

 H                 -5.40664900    1.75829000   -2.39569900 

 H                 -3.60075200    3.24596600   -1.61311700 

 H                 -5.38689700    3.33929600    2.32869800 

 H                 -7.20970000    1.86400100    1.52871400 

 C                 -3.27964500    4.24749000    0.94119100 

 C                 -1.92077300    4.34960800    0.44334600 

 C                 -1.27735400    3.30228400   -0.26959000 

 C                 -1.16143700    5.51931800    0.72548600 

 C                  0.03252500    3.44424800   -0.71752400 

 H                 -1.80442600    2.36329900   -0.44481600 

 C                  0.14943200    5.64850400    0.27583100 

 H                 -1.63102500    6.32322200    1.29424000 

 C                  0.75647200    4.61839800   -0.45614200 
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 H                  0.50451500    2.62366900   -1.26453400 

 H                  0.70624600    6.56370400    0.49445900 

 H                  1.78537200    4.72208900   -0.80884700 

 O                 -3.58127100    5.03997600    1.97501200 

 C                 -5.82345800    6.33122500    0.30111400 

 H                 -5.70888200    5.32457000   -0.17788300 

 C                 -7.27931700    6.75411000    0.07629200 

 H                 -7.46015500    7.73611700    0.54102900 

 H                 -7.48861500    6.82889800   -1.00103700 

 H                 -7.96365300    6.01973700    0.52503600 

 C                 -4.78883800    7.27107400   -0.31958500 

 H                 -4.87602200    8.27525900    0.12559500 

 H                 -3.76854600    6.89924800   -0.14379200 

 H                 -4.94358600    7.35375800   -1.40601800 

 O                 -5.62183800    6.13564500    1.66154600 

 H                 -4.57557400    5.73782500    1.88181100 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.291414 (Hartree/Particle) 

 Thermal correction to Energy=                    0.308593 

 Thermal correction to Enthalpy=                  0.309538 

 Thermal correction to Gibbs Free Energy=         0.243963 

 Sum of electronic and zero-point Energies=           -770.076278 

 Sum of electronic and thermal Energies=              -770.059098 

 Sum of electronic and thermal Enthalpies=            -770.058154 

 Sum of electronic and thermal Free Energies=         -770.123728 

HF=-770.3676917 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-771.2216196 

 

IVOH 

 C                 -5.12962200    7.55885800    2.88721800 
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 H                 -5.81701600    8.41403300    2.64138500 

 C                 -5.77265300    6.77188600    4.04015100 

 H                 -5.12976700    5.91877900    4.31111100 

 H                 -5.89843800    7.40517900    4.93187100 

 H                 -6.75500100    6.38307800    3.73385400 

 C                 -3.76005700    8.15982100    3.24016700 

 H                 -3.05222000    7.35177100    3.48634200 

 H                 -3.36017900    8.72295700    2.38406700 

 H                 -3.83276500    8.83080300    4.10996600 

 O                 -5.12008600    6.86757200    1.71024400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.093336 (Hartree/Particle) 

 Thermal correction to Energy=                    0.098478 

 Thermal correction to Enthalpy=                  0.099423 

 Thermal correction to Gibbs Free Energy=         0.065502 

 Sum of electronic and zero-point Energies=           -193.458356 

 Sum of electronic and thermal Energies=              -193.453213 

 Sum of electronic and thermal Enthalpies=            -193.452269 

 Sum of electronic and thermal Free Energies=         -193.486189 

HF=-193.5516914 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-193.7800433 

 

Figure S6 

1 

 C                 -1.07437600   -2.81445400   -5.07040200 

 C                  0.40516500   -2.64218800   -5.47606500 

 C                  0.80125100   -1.31441400   -4.81681900 

 C                 -0.41379400   -0.42353700   -5.08433800 

 C                 -1.62250300   -1.37110900   -4.87497000 

 H                 -1.64686000   -3.38602300   -5.81684200 



S162 
 

 H                 -1.14156300   -3.37443000   -4.12330000 

 H                  0.48867800   -2.53338200   -6.56915300 

 H                  1.03875200   -3.48989100   -5.17241900 

 H                  0.92233900   -1.44554700   -3.72749500 

 H                  1.72397100   -0.86631400   -5.21516300 

 H                 -0.45320900    0.45580800   -4.41125200 

 H                 -2.04119100   -1.23692900   -3.86516200 

 H                 -2.42660500   -1.12689800   -5.58513500 

 O                 -0.30946900    0.02283800   -6.43221800 

 C                 -1.18615900    1.06155700   -6.78300400 

 H                 -1.03139900    1.96350200   -6.15523100 

 H                 -0.98772700    1.32848000   -7.83205000 

 H                 -2.25302600    0.77343000   -6.69788200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.172366 (Hartree/Particle) 

 Thermal correction to Energy=                    0.179853 

 Thermal correction to Enthalpy=                  0.180797 

 Thermal correction to Gibbs Free Energy=         0.139975 

 Sum of electronic and zero-point Energies=           -310.690566 

 Sum of electronic and thermal Energies=              -310.683079 

 Sum of electronic and thermal Enthalpies=            -310.682135 

 Sum of electronic and thermal Free Energies=         -310.722957 

HF=-310.8629322 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-311.2154922 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-310.540565261743 

 

1-TS-2 

 C                 -7.11444500    3.56213900   -0.72452600 

 C                 -6.19945400    4.64490000   -0.71232800 
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 C                 -4.97689800    4.52826500   -0.07682600 

 C                 -4.59880400    3.32450200    0.59141600 

 C                 -5.53065300    2.24234000    0.56420100 

 C                 -6.74971300    2.35458600   -0.07859200 

 H                 -6.47535500    5.58572000   -1.19290600 

 H                 -4.31210800    5.39269900   -0.04580100 

 H                 -5.25603100    1.30236800    1.04490300 

 H                 -7.43854400    1.50733900   -0.09560900 

 C                 -3.37146900    3.20087700    1.32490100 

 C                 -2.15556900    3.96926600    1.07983600 

 C                 -1.79327200    4.45400800   -0.20575000 

 C                 -1.24585800    4.18962300    2.14333700 

 C                 -0.61875300    5.15964800   -0.39705600 

 H                 -2.43976100    4.25231800   -1.06139000 

 C                 -0.06032400    4.89462100    1.95726600 

 H                 -1.49928100    3.80724400    3.13302600 

 C                  0.26321200    5.39479400    0.68183000 

 H                 -0.33852700    5.53583300   -1.38303500 

 H                  0.60124600    5.05678000    2.80806700 

 O                 -3.24204800    2.30005700    2.29357400 

 H                 -4.42261400    2.26885800    3.15114500 

 C                 -8.38125900    3.68929700   -1.36870100 

 N                 -9.41609200    3.79502600   -1.89204400 

 O                  1.37935400    6.09432900    0.39056000 

 C                  2.32983500    6.35368900    1.40891900 

 H                  3.14247400    6.92187300    0.93815700 

 H                  1.89522000    6.95561800    2.22622400 

 H                  2.73930900    5.41873600    1.82987300 

 C                 -6.96125700    6.36809400    2.70824100 

 C                 -6.32103600    7.08822600    3.92327600 

 C                 -5.44047700    6.02104400    4.62758700 
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 C                 -5.52087400    4.77612900    3.73553800 

 C                 -6.89260800    4.87607700    3.05423000 

 H                 -7.98516600    6.70780600    2.49257700 

 H                 -6.36441500    6.54899900    1.79906600 

 H                 -7.09813400    7.45575000    4.61105700 

 H                 -5.73773500    7.96690500    3.60942300 

 H                 -4.40123500    6.34477900    4.78522100 

 H                 -5.85146800    5.75090600    5.61318500 

 H                 -4.73491000    4.80552400    2.95948900 

 H                 -6.99695900    4.22744200    2.17324700 

 H                 -7.67056500    4.60004600    3.78780000 

 O                 -5.30440500    3.60618300    4.52782300 

 C                 -5.36500200    2.39852900    3.88701300 

 H                 -6.23594300    2.27247100    3.22044800 

 H                 -5.27383300    1.58665400    4.62289300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.391099 (Hartree/Particle) 

 Thermal correction to Energy=                    0.414518 

 Thermal correction to Enthalpy=                  0.415463 

 Thermal correction to Gibbs Free Energy=         0.334072 

 Sum of electronic and zero-point Energies=          -1093.245207 

 Sum of electronic and thermal Energies=             -1093.221788 

 Sum of electronic and thermal Enthalpies=           -1093.220844 

 Sum of electronic and thermal Free Energies=        -1093.302234 

HF=-1093.6363062 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-1094.8530292 

 

1-TS-8 

 C                 -6.32119800    1.63833200   -1.35192700 

 C                 -5.11813300    2.05398200   -1.97692300 
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 C                 -4.15255600    2.73818400   -1.26111900 

 C                 -4.33767000    3.03940500    0.12055900 

 C                 -5.55133700    2.61092600    0.73644000 

 C                 -6.51641900    1.92901700    0.01975800 

 H                 -4.96416000    1.84463000   -3.03752100 

 H                 -3.25420600    3.08355100   -1.77549200 

 H                 -5.71057900    2.82641000    1.79273100 

 H                 -7.43929000    1.61549400    0.51147000 

 C                 -3.39366200    3.81432100    0.87060600 

 C                 -1.97724800    4.01064700    0.57438200 

 C                 -1.17186800    2.99534200   -0.01478100 

 C                 -1.33759200    5.21363800    0.98300900 

 C                  0.17113200    3.20831800   -0.24993300 

 H                 -1.62170800    2.03747000   -0.28047800 

 C                  0.01683900    5.42648100    0.76208200 

 H                 -1.93845000    5.98879400    1.45985800 

 C                  0.78750200    4.42745300    0.13363600 

 H                  0.79364200    2.44430500   -0.71977600 

 H                  0.46546200    6.37125600    1.06796600 

 O                 -3.73651300    4.38605600    2.00227000 

 H                 -5.47502800    5.24154700    1.66247700 

 C                 -7.32130400    0.94461600   -2.09795000 

 N                 -8.13643200    0.38008300   -2.70819800 

 O                  2.09855700    4.52814100   -0.13831200 

 C                  2.81311100    5.69705300    0.23520000 

 H                  3.85194100    5.53742100   -0.07960800 

 H                  2.41305300    6.59161700   -0.27205900 

 H                  2.78336600    5.85458400    1.32684900 

 C                 -5.75623100    7.56162700    3.31476500 

 C                 -5.86469200    6.23459900    4.11628500 

 C                 -6.84221000    5.37169100    3.31019600 
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 C                 -6.47023600    5.71017900    1.87045300 

 C                 -6.27121500    7.24199200    1.88574400 

 H                 -6.37069500    8.35120300    3.77459600 

 H                 -4.72122600    7.93593900    3.30358400 

 H                 -6.18380700    6.38870500    5.15799000 

 H                 -4.88488100    5.73158600    4.14246100 

 H                 -6.76877100    4.29465200    3.52534800 

 H                 -7.88951600    5.67886000    3.47959200 

 H                 -5.59010700    7.59013900    1.09513500 

 H                 -7.25476000    7.70662300    1.70264400 

 O                 -7.42234900    5.21568900    0.97006600 

 C                 -7.15301600    5.45959900   -0.39350100 

 H                 -6.15440000    5.08308400   -0.68397300 

 H                 -7.91100900    4.92231600   -0.98092100 

 H                 -7.20743200    6.53625500   -0.64151000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.393080 (Hartree/Particle) 

 Thermal correction to Energy=                    0.417175 

 Thermal correction to Enthalpy=                  0.418120 

 Thermal correction to Gibbs Free Energy=         0.334082 

 Sum of electronic and zero-point Energies=          -1093.245652 

 Sum of electronic and thermal Energies=             -1093.221557 

 Sum of electronic and thermal Enthalpies=           -1093.220613 

 Sum of electronic and thermal Free Energies=        -1093.304650 

HF=-1093.6387328 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-1094.8563468 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-1092.474197175937 

 

2-p 
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 C                 -1.09466100   -2.78296700   -4.96691000 

 C                  0.36354200   -2.67937100   -5.47188800 

 C                  0.86207900   -1.34947100   -4.88786500 

 C                 -0.34327200   -0.42713500   -5.05907800 

 C                 -1.54960300   -1.31933200   -4.69645200 

 H                 -1.74454500   -3.29486500   -5.69255500 

 H                 -1.13670900   -3.37020900   -4.03561900 

 H                  0.37909000   -2.61149400   -6.57118300 

 H                  0.98384900   -3.54114500   -5.18188300 

 H                  1.07891700   -1.45358700   -3.81092900 

 H                  1.75904600   -0.94562000   -5.38088200 

 H                 -0.28607700    0.48723000   -4.44233100 

 H                 -1.80546600   -1.17319400   -3.63534900 

 H                 -2.43419900   -1.02581000   -5.28105700 

 O                 -0.37795200   -0.04242800   -6.44217700 

 C                 -1.21178600    0.96582600   -6.78217600 

 H                 -2.01529100    1.25021400   -6.09325500 

 H                 -1.31744100    1.11486600   -7.85881700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.158523 (Hartree/Particle) 

 Thermal correction to Energy=                    0.166124 

 Thermal correction to Enthalpy=                  0.167068 

 Thermal correction to Gibbs Free Energy=         0.125576 

 Sum of electronic and zero-point Energies=           -310.044064 

 Sum of electronic and thermal Energies=              -310.036463 

 Sum of electronic and thermal Enthalpies=            -310.035519 

 Sum of electronic and thermal Free Energies=         -310.077010 

HF=-310.2025867 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-310.5538272 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 
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HF=-309.878042729023 

 

8-t 

 C                 -1.08419300   -2.74749900   -4.78575200 

 C                  0.39928700   -2.87111300   -5.18486300 

 C                  0.91116900   -1.41319000   -5.24041400 

 C                 -0.33940000   -0.61098500   -5.47573400 

 C                 -1.55994900   -1.49086200   -5.53757900 

 H                 -1.67355400   -3.64525900   -5.02828600 

 H                 -1.16903800   -2.57972700   -3.69820800 

 H                  0.46678700   -3.32175300   -6.18992000 

 H                  0.97753800   -3.51179600   -4.50125600 

 H                  1.41298400   -1.12388700   -4.29551800 

 H                  1.65212100   -1.24631600   -6.04395900 

 H                 -2.46912500   -1.04235200   -5.10119900 

 H                 -1.81082000   -1.74497000   -6.59242900 

 O                 -0.20535100    0.54868400   -6.17879900 

 C                 -1.36058900    1.35130700   -6.32565000 

 H                 -1.77531400    1.64573500   -5.34373700 

 H                 -2.15294000    0.83701500   -6.89902900 

 H                 -1.06073600    2.25583700   -6.87341900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.158871 (Hartree/Particle) 

 Thermal correction to Energy=                    0.166431 

 Thermal correction to Enthalpy=                  0.167375 

 Thermal correction to Gibbs Free Energy=         0.126491 

 Sum of electronic and zero-point Energies=           -310.048458 

 Sum of electronic and thermal Energies=              -310.040898 

 Sum of electronic and thermal Enthalpies=            -310.039954 

 Sum of electronic and thermal Free Energies=         -310.080838 

HF=-310.2073291 
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UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-310.5578877 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-309.880088701526 

 

2-TS-3 

 C                 -1.55081400    1.52052900   -0.33976900 

 C                 -2.53334200    2.49591300   -0.13285100 

 C                 -2.18397900    3.74352600    0.40298600 

 C                 -0.82985800    3.96371000    0.71151400 

 C                  0.09219200    2.95058000    0.47924300 

 C                 -1.80483200    0.15631900   -0.87045700 

 C                 -3.05268000   -0.30757300   -1.30105700 

 C                 -3.18729100   -1.61763100   -1.77935200 

 C                 -2.03302200   -2.41894100   -1.80626300 

 C                 -0.82305500   -1.89407300   -1.36377800 

 H                 -3.57550800    2.28765800   -0.37741700 

 H                 -0.49632300    4.91576000    1.12874400 

 H                  1.15798400    3.03112200    0.68171400 

 H                 -3.92351300    0.34807200   -1.27012000 

 H                 -2.07547900   -3.44681500   -2.17245200 

 H                  0.10527000   -2.47151100   -1.37287700 

 N                 -0.26187100    1.76718500   -0.03499400 

 N                 -0.71756700   -0.64212200   -0.90727800 

 Br                 2.83696100   -0.73735200   -1.36686800 

 Ni                 0.98661000    0.15606200   -0.13648300 

 C                  0.93688500   -0.38460900    1.77134600 

 C                 -0.09361300   -0.02392500    2.66206000 

 C                  1.96273800   -1.20605300    2.28577500 

 C                 -0.11184200   -0.44468000    3.99260400 

 H                 -0.91596100    0.61035800    2.31431000 
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 C                  1.97287200   -1.63999800    3.61178700 

 H                  2.77905700   -1.51080400    1.62369100 

 H                 -0.92398400   -0.14911000    4.66191600 

 H                  2.78167800   -2.27327400    3.98530500 

 C                  0.92926900   -1.25962900    4.47997200 

 C                 -3.21355100    4.81101900    0.65367400 

 H                 -4.20667700    4.51958600    0.28413600 

 H                 -3.29524200    5.01915100    1.73330000 

 H                 -2.92226700    5.75507200    0.16617800 

 C                 -4.51168100   -2.15744100   -2.24505800 

 H                 -4.82972600   -2.99825900   -1.60691100 

 H                 -5.29920100   -1.39121900   -2.22190400 

 H                 -4.43349600   -2.54640800   -3.27294600 

 C                  0.92427300   -1.69836500    5.84514200 

 N                  0.91768300   -2.05328000    6.95242200 

 C                  2.36219900    4.37015900   -1.76127700 

 C                  2.62958500    5.43873400   -0.67836600 

 C                  4.04045300    5.10070800   -0.17445800 

 C                  4.04126800    3.57380200   -0.12338700 

 C                  3.23409500    3.14492500   -1.36719800 

 H                  1.29386700    4.11736800   -1.84144500 

 H                  2.67000600    4.75078800   -2.74828500 

 H                  1.91364500    5.33296400    0.15314800 

 H                  2.53966700    6.46862000   -1.05640400 

 H                  4.79775900    5.42869000   -0.90644200 

 H                  4.29430500    5.54254300    0.80073800 

 H                  5.05564000    3.13927000   -0.10437100 

 H                  3.92548300    2.86941900   -2.17779000 

 H                  2.65487700    2.23561400   -1.15363000 

 O                  3.38277100    3.19925200    1.10435500 

 C                  3.34058800    1.88131200    1.39739800 
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 H                  2.87515500    1.62725800    2.34639700 

 H                  3.89959700    1.16263200    0.79140600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.463636 (Hartree/Particle) 

 Thermal correction to Energy=                    0.495852 

 Thermal correction to Enthalpy=                  0.496796 

 Thermal correction to Gibbs Free Energy=         0.392317 

 Sum of electronic and zero-point Energies=          -5289.218415 

 Sum of electronic and thermal Energies=             -5289.186199 

 Sum of electronic and thermal Enthalpies=           -5289.185255 

 Sum of electronic and thermal Free Energies=        -5289.289734 

HF=-5289.6820518 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5291.5331462 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5286.500967659608 

 

3-NiIII 

 C                 -2.15600500    1.68384200    0.16901800 

 C                 -3.10824200    2.58737400    0.65618900 

 C                 -2.72789400    3.87855800    1.04122900 

 C                 -1.36812500    4.20380000    0.92515100 

 C                 -0.47289800    3.25616400    0.43685600 

 C                 -2.48663100    0.29683700   -0.24723400 

 C                 -3.76854300   -0.26104900   -0.15296100 

 C                 -3.99080600   -1.58478600   -0.54997500 

 C                 -2.88716200   -2.30237800   -1.03883200 

 C                 -1.64370800   -1.68364200   -1.11162600 

 H                 -4.15387100    2.29107300    0.73910400 

 H                 -1.00068000    5.18946800    1.21859500 

 H                  0.59555100    3.46573800    0.37287100 
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 H                 -4.59981800    0.32832900    0.23391200 

 H                 -2.99377400   -3.33961100   -1.36358900 

 H                 -0.76212200   -2.19580300   -1.50280700 

 N                 -0.85390800    2.02790300    0.06011200 

 N                 -1.45121100   -0.41740900   -0.72632400 

 Br                 1.11502000   -0.46576900   -2.83031300 

 Ni                 0.40708700    0.48764100   -0.65881600 

 C                  0.91427700   -0.45008800    0.94036300 

 C                  0.54272900   -0.01275300    2.22070400 

 C                  1.58776500   -1.67644200    0.81824700 

 C                  0.82735900   -0.77294700    3.35465500 

 H                  0.03751600    0.94869900    2.34101900 

 C                  1.88551900   -2.45090400    1.94064300 

 H                  1.89247700   -2.02141600   -0.17433100 

 H                  0.53573400   -0.42164500    4.34739000 

 H                  2.41609500   -3.40034700    1.83593900 

 C                  1.50571800   -2.00165600    3.22157700 

 C                 -3.72981000    4.88118100    1.54358100 

 H                 -4.68923400    4.40946000    1.79916800 

 H                 -3.34901000    5.40942500    2.43125000 

 H                 -3.92256400    5.64496000    0.77123000 

 C                 -5.35014500   -2.22252500   -0.46064200 

 H                 -5.31638000   -3.11642800    0.18313600 

 H                 -6.10287900   -1.53218000   -0.05468400 

 H                 -5.68675800   -2.55643200   -1.45561000 

 C                  1.80887800   -2.78606500    4.38323500 

 N                  2.05355800   -3.41971000    5.32665800 

 C                  4.75554000    3.62586400    1.51208400 

 C                  4.02082100    3.67918600    2.87241600 

 C                  3.10075000    2.42396200    2.89946500 

 C                  3.32840100    1.69826600    1.56523600 
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 C                  4.73575700    2.13672600    1.14048800 

 H                  4.18729500    4.18797900    0.75376000 

 H                  5.76953800    4.05236600    1.55075000 

 H                  3.45568800    4.61556900    2.99734800 

 H                  4.74672100    3.63639500    3.70021800 

 H                  3.36811700    1.75165000    3.72867700 

 H                  2.03428000    2.66529200    3.01153500 

 H                  3.22006400    0.60681700    1.64984400 

 H                  5.47791000    1.57541100    1.73481500 

 H                  4.93599800    1.93222300    0.07736800 

 O                  2.36071000    2.19167300    0.62608300 

 C                  2.13175100    1.42906700   -0.50302700 

 H                  2.94228800    0.72157900   -0.73344000 

 H                  1.95296700    2.10384900   -1.36032100 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.466990 (Hartree/Particle) 

 Thermal correction to Energy=                    0.498696 

 Thermal correction to Enthalpy=                  0.499640 

 Thermal correction to Gibbs Free Energy=         0.395346 

 Sum of electronic and zero-point Energies=          -5289.245585 

 Sum of electronic and thermal Energies=             -5289.213879 

 Sum of electronic and thermal Enthalpies=           -5289.212934 

 Sum of electronic and thermal Free Energies=        -5289.317229 

HF=-5289.7125743 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5291.5601546 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5286.556091820541 

 

3-TS-5 

 C                 -1.98080600    1.65923900    0.28274100 
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 C                 -2.89469600    2.61165400    0.75023300 

 C                 -2.44839900    3.86061400    1.19839800 

 C                 -1.06522100    4.09621900    1.15992300 

 C                 -0.21203900    3.10356700    0.68697500 

 C                 -2.38024100    0.31560200   -0.21181300 

 C                 -3.68963800   -0.17944100   -0.16082800 

 C                 -3.97509100   -1.46255700   -0.64340200 

 C                 -2.90533600   -2.20319200   -1.17221900 

 C                 -1.62974900   -1.64830600   -1.19356500 

 H                 -3.96164600    2.38838800    0.76225200 

 H                 -0.64916200    5.04686600    1.50048400 

 H                  0.87018300    3.24316600    0.67902600 

 H                 -4.49271500    0.42538100    0.26091200 

 H                 -3.06348300   -3.20937200   -1.56653700 

 H                 -0.76827400   -2.17733600   -1.60871700 

 N                 -0.65453300    1.91433000    0.25503200 

 N                 -1.37619600   -0.42188600   -0.72323700 

 Br                 1.44849800   -0.61537400   -2.61441900 

 Ni                 0.51237300    0.34018500   -0.50955200 

 C                  1.18003200   -0.58244500    1.02384300 

 C                  0.71055000   -0.22014200    2.30047400 

 C                  1.63428400   -1.90266400    0.82597900 

 C                  0.63611700   -1.15067300    3.33214700 

 H                  0.41181100    0.81331200    2.48247900 

 C                  1.57163000   -2.84243800    1.85107300 

 H                  2.02516200   -2.18455800   -0.15463100 

 H                  0.25120100   -0.85882000    4.31200000 

 H                  1.91541700   -3.86529000    1.68090100 

 C                  1.06289700   -2.47784700    3.11600600 

 C                 -3.40346300    4.91246100    1.69192600 

 H                 -4.42951300    4.52754400    1.77720100 
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 H                 -3.09043000    5.29436400    2.67657200 

 H                 -3.41660900    5.77270400    1.00218800 

 C                 -5.36540600   -2.03545600   -0.59946300 

 H                 -5.38546500   -2.95508400    0.00787500 

 H                 -6.08944600   -1.32594600   -0.17469300 

 H                 -5.70319700   -2.31208200   -1.61137200 

 C                  0.98830100   -3.44072100    4.17376000 

 N                  0.92494300   -4.22064000    5.03406200 

 C                  4.86024600    3.40328800    1.95757100 

 C                  3.83497200    3.72407600    3.08563900 

 C                  3.18931800    2.36710000    3.46431200 

 C                  3.46356600    1.45516500    2.27057800 

 C                  4.87731000    1.86532300    1.84343200 

 H                  4.52138000    3.83851600    1.00521300 

 H                  5.86035400    3.81435000    2.16182300 

 H                  3.07220900    4.43105800    2.72482900 

 H                  4.31354200    4.19471500    3.95809600 

 H                  3.68053500    1.93345300    4.34981400 

 H                  2.11295400    2.43260900    3.68030200 

 H                  3.36914100    0.38371600    2.51115300 

 H                  5.59725900    1.42246000    2.55206400 

 H                  5.13835200    1.49911400    0.83868600 

 O                  2.51615000    1.79735400    1.24752200 

 C                  2.38158000    0.91637400    0.19161500 

 H                  3.22451000    0.22758200    0.05386900 

 H                  2.26241200    1.50250500   -0.74023600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.466489 (Hartree/Particle) 

 Thermal correction to Energy=                    0.497612 

 Thermal correction to Enthalpy=                  0.498556 

 Thermal correction to Gibbs Free Energy=         0.396971 
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 Sum of electronic and zero-point Energies=          -5289.236738 

 Sum of electronic and thermal Energies=             -5289.205616 

 Sum of electronic and thermal Enthalpies=           -5289.204672 

 Sum of electronic and thermal Free Energies=        -5289.306257 

HF=-5289.7032278 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5291.5511818 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5286.544615891514 

 

5-p 

 C                  1.02189900    0.33713300    0.19588000 

 C                 -0.00211400    0.85933400    0.99974600 

 C                  0.95771600   -1.00741900   -0.20005800 

 C                 -1.07105800    0.06106100    1.40091400 

 H                  0.05363500    1.90331500    1.31319100 

 C                 -0.10820200   -1.81684400    0.18693600 

 H                  1.75515600   -1.42941100   -0.81806000 

 H                 -1.86313100    0.47378300    2.02881800 

 H                 -0.15026000   -2.86225700   -0.12472300 

 C                 -1.13246800   -1.28559900    0.99422700 

 C                 -2.23034200   -2.11459000    1.40471800 

 N                 -3.11871500   -2.78534600    1.73673000 

 C                  4.99525900    3.48211700    1.51139800 

 C                  4.19227700    4.08633900    2.67761600 

 C                  2.86958700    3.27363900    2.71512800 

 C                  3.07802200    2.05904500    1.78268200 

 C                  4.59807700    2.00178900    1.55570900 

 H                  4.65827300    3.91447100    0.55471700 

 H                  6.08010600    3.65048800    1.59392500 

 H                  4.02303900    5.16803700    2.56501700 



S177 
 

 H                  4.74926600    3.94506400    3.61885900 

 H                  2.61982100    2.94690000    3.73572700 

 H                  2.01395100    3.85380100    2.33949600 

 H                  2.68076100    1.12433600    2.21693000 

 H                  5.07354700    1.50337300    2.41881100 

 H                  4.87273500    1.43166100    0.65470200 

 O                  2.39130200    2.33835300    0.55410800 

 C                  2.16204800    1.22554300   -0.27339500 

 H                  3.07398500    0.61224700   -0.40796000 

 H                  1.90796100    1.62898900   -1.26932800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.252982 (Hartree/Particle) 

 Thermal correction to Energy=                    0.266401 

 Thermal correction to Enthalpy=                  0.267345 

 Thermal correction to Gibbs Free Energy=         0.210324 

 Sum of electronic and zero-point Energies=           -633.688727 

 Sum of electronic and thermal Energies=              -633.675308 

 Sum of electronic and thermal Enthalpies=            -633.674364 

 Sum of electronic and thermal Free Energies=         -633.731385 

HF=-633.9417087 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-634.6448457 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-633.255193089977 

 

2-TS-4 

 C                 -5.45596100    1.51515200   -0.16937200 

 H                 -5.57323900    2.38423100    0.48018500 

 H                 -6.29692500    0.82325100   -0.24121300 

 C                 -4.23247600    1.18409300   -0.65478200 

 H                 -4.06207800    0.26441200   -1.21921000 
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 C                 -3.08714700    2.08583700   -0.48621600 

 O                 -3.11584500    3.19520700    0.02072800 

 O                 -1.94908000    1.54757400   -0.97987300 

 C                 -0.77342900    2.34754300   -0.87195800 

 H                 -0.54097200    2.56808000    0.18188700 

 H                  0.03945300    1.76538900   -1.32401900 

 H                 -0.89671700    3.30412800   -1.40414600 

 C                 -6.53907600    7.25987000   -1.86803200 

 C                 -7.24237700    7.03213500   -0.51090700 

 C                 -6.28079100    6.10444300    0.24544200 

 C                 -5.82060100    5.12753500   -0.83285300 

 C                 -5.64168000    6.00724900   -2.08761900 

 H                 -7.25914500    7.40870600   -2.68686300 

 H                 -5.91566000    8.16742800   -1.82569000 

 H                 -8.19823600    6.50563700   -0.66349700 

 H                 -7.45929100    7.96784600    0.02669000 

 H                 -5.40210400    6.66481300    0.60772600 

 H                 -6.73068000    5.58462500    1.10457000 

 H                 -4.91393000    4.56475400   -0.56074400 

 H                 -4.58134400    6.28733500   -2.18393200 

 H                 -5.90327700    5.44401700   -2.99602600 

 O                 -6.90287000    4.18072400   -1.01498300 

 C                 -6.64308800    3.08660800   -1.74106600 

 H                 -5.80693700    3.10091500   -2.44815100 

 H                 -7.52390100    2.47746000   -1.95766400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.255574 (Hartree/Particle) 

 Thermal correction to Energy=                    0.270260 

 Thermal correction to Enthalpy=                  0.271204 

 Thermal correction to Gibbs Free Energy=         0.210363 

 Sum of electronic and zero-point Energies=           -616.207306 



S179 
 

 Sum of electronic and thermal Energies=              -616.192620 

 Sum of electronic and thermal Enthalpies=            -616.191676 

 Sum of electronic and thermal Free Energies=         -616.252517 

HF=-616.46288 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-617.1675969 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-615.865960028599 

 

4-E 

 C                 -5.00876600    2.21248300   -0.04435200 

 H                 -4.56198600    2.84622800    0.74067200 

 H                 -5.89715600    1.71530200    0.37274100 

 C                 -4.00360400    1.22283000   -0.50109000 

 H                 -4.27450700    0.19131200   -0.73818700 

 C                 -2.62975300    1.63931500   -0.72321200 

 O                 -2.21454200    2.77642100   -0.55234900 

 O                 -1.84264100    0.62581700   -1.15032400 

 C                 -0.47581500    0.95227800   -1.39635600 

 H                  0.01059500    1.32769500   -0.48206200 

 H                  0.00809100    0.02569100   -1.72937300 

 H                 -0.38986100    1.72696900   -2.17483300 

 C                 -6.84266700    7.01077900   -1.62774500 

 C                 -7.83369600    6.60091300   -0.50298700 

 C                 -6.94667200    6.01157700    0.60788100 

 C                 -5.83663200    5.30673700   -0.17006900 

 C                 -5.49627100    6.31861600   -1.27882000 

 H                 -7.21463900    6.69577900   -2.61438000 

 H                 -6.71636500    8.10377200   -1.67413800 

 H                 -8.51267300    5.81610100   -0.86954500 

 H                 -8.45574500    7.43846600   -0.15211800 



S180 
 

 H                 -6.49838300    6.81277700    1.21946800 

 H                 -7.47550800    5.32105700    1.28200200 

 H                 -4.96010000    5.06145200    0.45734100 

 H                 -4.77120200    7.04758700   -0.88195100 

 H                 -5.01879000    5.83115900   -2.14211900 

 O                 -6.40023100    4.11091300   -0.71439400 

 C                 -5.47639200    3.16099600   -1.18341700 

 H                 -4.58769200    3.63859300   -1.63413000 

 H                 -5.97838600    2.57307900   -1.96855700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.259309 (Hartree/Particle) 

 Thermal correction to Energy=                    0.273656 

 Thermal correction to Enthalpy=                  0.274601 

 Thermal correction to Gibbs Free Energy=         0.213876 

 Sum of electronic and zero-point Energies=           -616.242902 

 Sum of electronic and thermal Energies=              -616.228554 

 Sum of electronic and thermal Enthalpies=            -616.227610 

 Sum of electronic and thermal Free Energies=         -616.288334 

HF=-616.5022106 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-617.2035479 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-615.909977375188 

 

4-TS-6 

 Ni                -5.16858100    0.66612900    0.36112800 

 C                 -6.18537800    0.94585700   -1.31385400 

 C                 -5.59406900    0.91289800   -2.59205600 

 C                 -7.58563100    1.09867400   -1.26124400 

 C                 -6.34539800    1.03153100   -3.76286700 

 H                 -4.51033600    0.79479000   -2.68582400 



S181 
 

 C                 -8.36133400    1.22373900   -2.41362300 

 H                 -8.07913100    1.12737200   -0.28534700 

 C                 -7.74229600    1.19164800   -3.67945700 

 H                 -5.86180900    1.00612600   -4.74265900 

 H                 -9.44477700    1.34958200   -2.34572700 

 Br                -6.50030700    0.61267300    2.38255600 

 C                 -2.59150100   -0.37243400   -0.53349500 

 C                 -1.28520000   -0.43644700   -1.03119800 

 C                 -0.60119000    0.73685200   -1.37550700 

 C                 -1.29171600    1.94855900   -1.22125600 

 C                 -2.59148500    1.94265700   -0.72344700 

 C                 -3.39975800   -1.56930900   -0.18439200 

 C                 -2.94787300   -2.88855200   -0.30988500 

 C                 -3.79439300   -3.95549500    0.01656800 

 C                 -5.08678700   -3.63961900    0.46794000 

 C                 -5.46847300   -2.30683900    0.57715800 

 H                 -0.79333100   -1.40079000   -1.15958700 

 H                 -0.82780600    2.89882200   -1.49281900 

 H                 -3.16641900    2.86752600   -0.63271000 

 H                 -1.93761300   -3.09385100   -0.66413600 

 H                 -5.79309600   -4.42780400    0.73679600 

 H                 -6.45391300   -2.00864000    0.94243700 

 N                 -3.21820200    0.81298600   -0.36754600 

 N                 -4.64426500   -1.30331600    0.25688600 

 C                 -3.34668700   -5.38629400   -0.10268100 

 C                  0.81414400    0.70621500   -1.88201300 

 H                  1.50524700    1.05375600   -1.09539500 

 H                  1.12199100   -0.30637400   -2.17890900 

 H                  0.94038300    1.38061700   -2.74283700 

 H                 -3.35451000   -5.87548000    0.88517500 

 H                 -2.33279900   -5.46696000   -0.51896800 



S182 
 

 H                 -4.03477200   -5.95559900   -0.74801300 

 C                 -8.52492500    1.32916400   -4.87324600 

 N                 -9.15708800    1.44455400   -5.84213600 

 C                 -4.62545600    3.73338000    1.91776900 

 H                 -3.78829500    3.20867300    1.43075000 

 H                 -4.84247800    3.19831400    2.85211400 

 C                 -5.80649300    3.69783200    1.01771200 

 H                 -6.79927500    3.45807900    1.39784300 

 C                 -5.68798800    4.12043200   -0.36689700 

 O                 -4.62641300    4.38512600   -0.92714600 

 O                 -6.87546800    4.19499700   -0.98878900 

 C                 -6.84920300    4.49134300   -2.38538800 

 H                 -6.26948600    3.72893100   -2.92597600 

 H                 -7.89250500    4.47483000   -2.72117000 

 H                 -6.40065400    5.48020500   -2.56762100 

 C                 -1.00434100    6.60304200    1.22502800 

 C                 -0.33858400    6.57953100    2.63304200 

 C                 -0.59550500    5.15783500    3.19379900 

 C                 -1.78139500    4.63092000    2.38356200 

 C                 -1.47368400    5.15743200    0.97385500 

 H                 -1.87394800    7.27847700    1.22685800 

 H                 -0.32402300    6.96063300    0.43707900 

 H                 -0.79150100    7.34010400    3.28613600 

 H                  0.73868800    6.80156700    2.58470000 

 H                  0.27249200    4.50169700    3.01859800 

 H                 -0.81599500    5.14309700    4.27141900 

 H                 -1.85526900    3.52705800    2.41396100 

 H                 -0.65252600    4.54477400    0.56457500 

 H                 -2.31598000    5.07679800    0.27108900 

 O                 -2.94873500    5.21253100    2.96609300 

 C                 -4.14698400    5.17259900    2.22686400 



S183 
 

 H                 -4.05675800    5.73320200    1.27938500 

 H                 -4.90018000    5.68601800    2.84405800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.565454 (Hartree/Particle) 

 Thermal correction to Energy=                    0.604067 

 Thermal correction to Enthalpy=                  0.605011 

 Thermal correction to Gibbs Free Energy=         0.485994 

 Sum of electronic and zero-point Energies=          -5595.419741 

 Sum of electronic and thermal Energies=             -5595.381128 

 Sum of electronic and thermal Enthalpies=           -5595.380184 

 Sum of electronic and thermal Free Energies=        -5595.499201 

HF=-5595.9851949 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5598.1840201 

 

6-NiIII 

 Ni                -4.95841400    1.02748800    0.29690100 

 C                 -6.17901800    0.94010300   -1.17703800 

 C                 -5.75947400    0.91302700   -2.51109600 

 C                 -7.53470800    0.77166000   -0.86825800 

 C                 -6.68447400    0.71397500   -3.53741100 

 H                 -4.70750400    1.06458500   -2.76000100 

 C                 -8.46909000    0.57132300   -1.88371900 

 H                 -7.86050300    0.80793300    0.17466900 

 C                 -8.04796400    0.54246400   -3.22865400 

 H                 -6.35805300    0.69445700   -4.57972400 

 H                 -9.52714800    0.44343500   -1.64414500 

 Br                -5.90516700    0.78098700    2.59982100 

 C                 -2.56649700   -0.37555700   -0.74220000 

 C                 -1.29153800   -0.64859000   -1.25071900 

 C                 -0.48654800    0.38795700   -1.73924100 



S184 
 

 C                 -1.03199100    1.67901700   -1.71477900 

 C                 -2.30457500    1.88194800   -1.18698400 

 C                 -3.49580600   -1.43506300   -0.27810200 

 C                 -3.21254000   -2.80528400   -0.35283900 

 C                 -4.16873700   -3.74663900    0.04382800 

 C                 -5.39963300   -3.25403700    0.50619400 

 C                 -5.60906400   -1.88185700    0.57069000 

 H                 -0.91828200   -1.67218400   -1.27566900 

 H                 -0.47503600    2.53154300   -2.10904100 

 H                 -2.76954600    2.86935300   -1.19852300 

 H                 -2.24964800   -3.14773500   -0.73105400 

 H                 -6.19368800   -3.93473500    0.81976300 

 H                 -6.54100500   -1.45863700    0.94732800 

 N                 -3.04968400    0.88549800   -0.68737900 

 N                 -4.67775900   -0.99686200    0.19415600 

 C                 -3.89836800   -5.22455600   -0.01471800 

 C                  0.90077300    0.13234000   -2.25900300 

 H                  1.05762600   -0.92764200   -2.50495500 

 H                  1.10729300    0.73819200   -3.15425700 

 H                  1.64689700    0.41506400   -1.49683100 

 H                 -3.86443700   -5.64716200    1.00322100 

 H                 -2.94357000   -5.44883700   -0.51066800 

 H                 -4.70455200   -5.74777700   -0.55284100 

 C                 -9.00335100    0.34486900   -4.28020000 

 N                 -9.77623700    0.18544700   -5.13340200 

 C                 -4.17234700    3.54669400    1.20994500 

 H                 -3.20829100    3.45946500    0.69165400 

 H                 -4.09754000    2.96718400    2.13997300 

 C                 -5.30296100    3.00648500    0.34349500 

 H                 -6.27308000    3.06297600    0.85135000 

 C                 -5.39649800    3.66952200   -0.98587400 



S185 
 

 O                 -4.45086400    4.03168100   -1.66871000 

 O                 -6.66730000    3.85356300   -1.38263300 

 C                 -6.86102900    4.37793300   -2.69588000 

 H                 -6.42912700    3.69981800   -3.44779300 

 H                 -7.94603300    4.45223500   -2.83827500 

 H                 -6.39125200    5.36796100   -2.79960200 

 C                 -2.08591300    8.32290800    2.44128800 

 C                 -1.34472500    7.35372000    3.40538400 

 C                 -1.00728700    6.12120100    2.54690500 

 C                 -2.19864700    6.02171300    1.59483300 

 C                 -2.42631800    7.48590000    1.17845600 

 H                 -2.99558000    8.72411100    2.91289800 

 H                 -1.45980400    9.18975000    2.17785400 

 H                 -2.01900200    7.04678300    4.21902000 

 H                 -0.45408900    7.80618700    3.86777200 

 H                 -0.09156100    6.29270900    1.95582100 

 H                 -0.87264000    5.19702700    3.12888900 

 H                 -1.99987700    5.36558300    0.72680900 

 H                 -1.74165500    7.73000900    0.34954200 

 H                 -3.44952700    7.65019400    0.80825400 

 O                 -3.29978600    5.52055100    2.34955300 

 C                 -4.38074100    5.02338300    1.58937300 

 H                 -4.53877100    5.63107800    0.67810400 

 H                 -5.28709300    5.11904400    2.20933400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.567850 (Hartree/Particle) 

 Thermal correction to Energy=                    0.606460 

 Thermal correction to Enthalpy=                  0.607404 

 Thermal correction to Gibbs Free Energy=         0.487516 

 Sum of electronic and zero-point Energies=          -5595.438640 

 Sum of electronic and thermal Energies=             -5595.400030 



S186 
 

 Sum of electronic and thermal Enthalpies=           -5595.399086 

 Sum of electronic and thermal Free Energies=        -5595.518974 

HF=-5596.0064898 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5598.2017761 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5592.585545900476 

 

6-TS-7 

 Ni                -5.15189000    0.69847000    0.14339900 

 C                 -6.32841700    0.79110300   -1.37597400 

 C                 -5.77006400    0.57592600   -2.65486600 

 C                 -7.64500400    0.34499000   -1.13242200 

 C                 -6.47245500   -0.11983700   -3.63192300 

 H                 -4.77949100    0.96435000   -2.88685400 

 C                 -8.35174000   -0.35387200   -2.10433800 

 H                 -8.09375500    0.52755100   -0.15458400 

 C                 -7.77179600   -0.60017900   -3.36642400 

 H                 -6.01856000   -0.29582200   -4.60959600 

 H                 -9.36085500   -0.71373300   -1.89208300 

 Br                -6.52552600    0.74716200    2.27274000 

 C                 -2.61680800   -0.56211100   -0.65527400 

 C                 -1.29915500   -0.75292300   -1.08973800 

 C                 -0.58469400    0.29966500   -1.67334600 

 C                 -1.25937600    1.52098600   -1.81896300 

 C                 -2.56623900    1.64373400   -1.35720900 

 C                 -3.45111300   -1.65556700   -0.09247500 

 C                 -3.03955000   -2.99321500   -0.02900500 

 C                 -3.90782100   -3.97419600    0.46454500 

 C                 -5.18133300   -3.55330200    0.87952900 

 C                 -5.51964800   -2.20651600    0.80018100 



S187 
 

 H                 -0.82140700   -1.72628200   -0.97891300 

 H                 -0.77616400    2.37640700   -2.29564400 

 H                 -3.12397700    2.56981300   -1.50424200 

 H                 -2.04688700   -3.28246800   -0.37392400 

 H                 -5.90855200   -4.26995000    1.26711900 

 H                 -6.48772200   -1.82950400    1.13667100 

 N                 -3.22738600    0.63822900   -0.76515600 

 N                 -4.67403000   -1.28221300    0.32884000 

 C                 -3.50157300   -5.41959900    0.55510500 

 C                  0.84116100    0.13641600   -2.12179000 

 H                  1.52105900    0.64189400   -1.41512200 

 H                  1.13574400   -0.92128500   -2.17545800 

 H                  1.00060100    0.59779800   -3.10853500 

 H                 -2.52339000   -5.60195200    0.08816500 

 H                 -4.24796800   -6.06643200    0.06730500 

 H                 -3.44275300   -5.73576200    1.60986500 

 C                 -8.49572500   -1.31807400   -4.37169600 

 N                 -9.08106800   -1.90212400   -5.18933000 

 C                 -4.94051100    3.18906800    0.43210100 

 H                 -4.14243100    3.63868400   -0.16964100 

 H                 -4.44596000    2.48484000    1.12711700 

 C                 -6.00377900    2.57597200   -0.51078300 

 H                 -6.99739600    2.63404800   -0.05696600 

 C                 -5.99785700    3.28733600   -1.83032200 

 O                 -4.99823100    3.63807500   -2.42874100 

 O                 -7.23478300    3.47892500   -2.30612900 

 C                 -7.33628700    4.02828000   -3.62223900 

 H                 -6.85583900    3.35977900   -4.35339500 

 H                 -8.40843900    4.11454600   -3.83543000 

 H                 -6.85357500    5.01578600   -3.67456500 

 C                 -4.52068600    7.72421100    3.07925400 



S188 
 

 C                 -3.00070300    7.50565500    3.21535100 

 C                 -2.67353500    6.32367000    2.25982000 

 C                 -3.96879500    6.03233600    1.47165800 

 C                 -4.80350500    7.31463000    1.62879800 

 H                 -5.06195000    7.03925200    3.75180600 

 H                 -4.83646700    8.75168800    3.31754500 

 H                 -2.69391000    7.30825100    4.25383600 

 H                 -2.46503000    8.41335500    2.89113600 

 H                 -1.85155700    6.57694200    1.57297000 

 H                 -2.38266700    5.41026900    2.79860700 

 H                 -3.76667200    5.79217200    0.41151500 

 H                 -4.42701500    8.08315700    0.93025200 

 H                 -5.86932300    7.15439400    1.40365400 

 O                 -4.62085100    4.92888300    2.10236800 

 C                 -5.58617000    4.26236000    1.31961200 

 H                 -6.16193500    4.97175500    0.69325100 

 H                 -6.29267300    3.77197200    2.00683500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.567385 (Hartree/Particle) 

 Thermal correction to Energy=                    0.605264 

 Thermal correction to Enthalpy=                  0.606208 

 Thermal correction to Gibbs Free Energy=         0.489032 

 Sum of electronic and zero-point Energies=          -5595.421864 

 Sum of electronic and thermal Energies=             -5595.383986 

 Sum of electronic and thermal Enthalpies=           -5595.383042 

 Sum of electronic and thermal Free Energies=        -5595.500218 

HF=-5595.9892496 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5598.184924 

 

7-p 



S189 
 

 C                 -5.36514900    1.58989600    0.30362900 

 C                 -4.40423700    0.96895000   -0.51293700 

 C                 -6.27953000    0.78847500    1.00283800 

 C                 -4.35477400   -0.41761500   -0.62923600 

 H                 -3.69279100    1.58307300   -1.06954700 

 C                 -6.24089800   -0.60093400    0.89778100 

 H                 -7.03304100    1.25779800    1.63990400 

 C                 -5.27503100   -1.21436600    0.07893200 

 H                 -3.60621700   -0.89034900   -1.26776500 

 H                 -6.95707400   -1.21518100    1.44673900 

 C                 -5.22980000   -2.64482600   -0.03598800 

 N                 -5.19330200   -3.80198200   -0.12913400 

 C                 -4.17023900    3.61379800    1.24502200 

 H                 -3.25952800    3.42056800    0.65757400 

 H                 -4.08138700    3.04348100    2.18263700 

 C                 -5.38556800    3.10494100    0.45377200 

 H                 -6.31519500    3.38503700    0.97224200 

 C                 -5.43607100    3.73007900   -0.93761800 

 O                 -4.46638800    4.07969900   -1.57124300 

 O                 -6.69022600    3.80224500   -1.39762400 

 C                 -6.85610700    4.30112500   -2.73114100 

 H                 -6.32381200    3.66179600   -3.45156600 

 H                 -7.93404900    4.28647300   -2.93089500 

 H                 -6.46450000    5.32619500   -2.81306500 

 C                 -1.71557300    8.29185900    2.19220500 

 C                 -0.98767100    7.29664700    3.13820300 

 C                 -0.77166200    6.03211700    2.28827400 

 C                 -2.02600800    5.98007300    1.41748000 

 C                 -2.20529400    7.44625700    0.98435100 

 H                 -2.55455500    8.78317900    2.70773900 

 H                 -1.04052000    9.09433300    1.85589100 



S190 
 

 H                 -1.63813500    7.04540100    3.98968000 

 H                 -0.04911600    7.70089900    3.54715500 

 H                  0.11068900    6.14325000    1.63549400 

 H                 -0.64675300    5.11286900    2.88013300 

 H                 -1.92301100    5.29788900    0.55359600 

 H                 -1.58057500    7.63262400    0.09562300 

 H                 -3.24516200    7.66066100    0.69454000 

 O                 -3.10143600    5.55213700    2.25568400 

 C                 -4.25492800    5.10527200    1.57837000 

 H                 -4.42836800    5.69137300    0.65606000 

 H                 -5.11586300    5.28945700    2.24392100 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.352803 (Hartree/Particle) 

 Thermal correction to Energy=                    0.373610 

 Thermal correction to Enthalpy=                  0.374554 

 Thermal correction to Gibbs Free Energy=         0.297408 

 Sum of electronic and zero-point Energies=           -939.879399 

 Sum of electronic and thermal Energies=              -939.858592 

 Sum of electronic and thermal Enthalpies=            -939.857648 

 Sum of electronic and thermal Free Energies=         -939.934795 

HF=-940.2322024 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-941.2855468 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-939.282471940178 

 

8-TS-9 

 C                 -5.05595800    1.65760700   -0.36457600 

 H                 -5.10928300    2.32132500    0.50047300 

 H                 -5.97531800    1.16237000   -0.67993800 

 C                 -3.83408400    1.21250800   -0.77675100 



S191 
 

 H                 -3.72377000    0.44986900   -1.55118400 

 C                 -2.60190300    1.77773300   -0.22441200 

 O                 -2.52632500    2.64171500    0.63411800 

 O                 -1.50051200    1.22142800   -0.78668300 

 C                 -0.24386400    1.70199700   -0.31685000 

 H                 -0.12979400    1.52324200    0.76417500 

 H                  0.52597000    1.15203400   -0.87307800 

 H                 -0.14136500    2.78401100   -0.49756100 

 C                 -4.37828100    5.07376100   -0.86235100 

 C                 -5.80231300    5.49000800   -0.44051300 

 C                 -6.69038500    4.25952400   -0.74673600 

 C                 -5.88301700    3.45995300   -1.74135600 

 C                 -4.60686000    4.17902900   -2.09106500 

 H                 -3.72875000    5.93508900   -1.08047400 

 H                 -3.89120900    4.48354800   -0.07134900 

 H                 -6.13433000    6.34253600   -1.05650900 

 H                 -5.85922000    5.80829800    0.61138300 

 H                 -6.91745300    3.67365900    0.16176000 

 H                 -7.66544300    4.53031700   -1.18738400 

 H                 -3.76470400    3.50122900   -2.30794100 

 H                 -4.77343000    4.79548500   -2.99904800 

 O                 -6.60540000    2.76673600   -2.65046700 

 C                 -5.90658300    2.09840300   -3.68981300 

 H                 -5.18797400    1.37066800   -3.27887100 

 H                 -5.36266700    2.80749600   -4.33658500 

 H                 -6.65854500    1.56947700   -4.29024700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.256251 (Hartree/Particle) 

 Thermal correction to Energy=                    0.270699 

 Thermal correction to Enthalpy=                  0.271644 

 Thermal correction to Gibbs Free Energy=         0.213502 



S192 
 

 Sum of electronic and zero-point Energies=           -616.215569 

 Sum of electronic and thermal Energies=              -616.201121 

 Sum of electronic and thermal Enthalpies=            -616.200177 

 Sum of electronic and thermal Free Energies=         -616.258318 

HF=-616.4718201 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-617.1755658 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-615.871806437968 

 

9-E 

 C                 -5.17530200    2.29310100   -0.37436500 

 H                 -4.92201000    2.92031900    0.49510600 

 H                 -6.04828300    1.67420100   -0.11787800 

 C                 -4.01957200    1.42152700   -0.68128500 

 H                 -4.16075200    0.41208500   -1.07297300 

 C                 -2.65786500    1.86288900   -0.44639000 

 O                 -2.33919100    2.94756400    0.02047900 

 O                 -1.74700000    0.92846200   -0.80884500 

 C                 -0.37769800    1.27733900   -0.61525300 

 H                 -0.16905200    1.48285800    0.44669000 

 H                  0.21168900    0.41737600   -0.95708800 

 H                 -0.11348100    2.17456100   -1.19734300 

 C                 -4.61112000    5.33947200   -0.81751800 

 C                 -6.04773900    5.30708200   -0.21425100 

 C                 -6.78244700    4.16609200   -0.94915700 

 C                 -5.67324900    3.25921600   -1.51721300 

 C                 -4.61405100    4.29459400   -1.94632300 

 H                 -4.33298000    6.33699700   -1.18984000 

 H                 -3.86218400    5.05548200   -0.06444900 

 H                 -6.57464200    6.26447400   -0.34463700 



S193 
 

 H                 -6.00955400    5.11984700    0.87045400 

 H                 -7.49318600    3.61406400   -0.31516000 

 H                 -7.34483300    4.54906300   -1.81500300 

 H                 -3.62024500    3.86401600   -2.12968200 

 H                 -4.96698400    4.74442500   -2.88960600 

 O                 -6.22565900    2.49678100   -2.57663500 

 C                 -5.34596900    1.98734700   -3.55128500 

 H                 -4.50704700    1.41492400   -3.11157400 

 H                 -4.91153600    2.78068700   -4.18732400 

 H                 -5.92882900    1.30921200   -4.19248300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.259201 (Hartree/Particle) 

 Thermal correction to Energy=                    0.273278 

 Thermal correction to Enthalpy=                  0.274223 

 Thermal correction to Gibbs Free Energy=         0.217384 

 Sum of electronic and zero-point Energies=           -616.242975 

 Sum of electronic and thermal Energies=              -616.228898 

 Sum of electronic and thermal Enthalpies=            -616.227953 

 Sum of electronic and thermal Free Energies=         -616.284792 

HF=-616.502176 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-617.2017578 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-615.908986194114 

 

9-TS-11 

 Ni                -5.34392600    0.60469500    0.37472200 

 C                 -6.41506800    0.78774600   -1.28061800 

 C                 -5.85742500    0.71606200   -2.57242500 

 C                 -7.81698600    0.90958300   -1.19641000 

 C                 -6.64195400    0.76735800   -3.72622000 



S194 
 

 H                 -4.77376300    0.62074800   -2.69047400 

 C                 -8.62578400    0.96690400   -2.33133900 

 H                 -8.28516200    0.96744300   -0.20947100 

 C                 -8.04001000    0.89579000   -3.61133000 

 H                 -6.18383500    0.71277000   -4.71701100 

 H                 -9.70993900    1.06908300   -2.23902800 

 Br                -6.64348600    0.57549400    2.41951400 

 C                 -2.74400800   -0.37999500   -0.51632700 

 C                 -1.43838100   -0.41691000   -1.01889400 

 C                 -0.80366500    0.76395700   -1.42566800 

 C                 -1.54263100    1.95315900   -1.32980200 

 C                 -2.83937900    1.92015800   -0.82512000 

 C                 -3.50185100   -1.58865100   -0.10094200 

 C                 -3.00195300   -2.89443500   -0.17391000 

 C                 -3.80301300   -3.97627600    0.21265100 

 C                 -5.10043900   -3.68843000    0.66814000 

 C                 -5.53078800   -2.36711500    0.72319000 

 H                 -0.90835700   -1.36601000   -1.10069500 

 H                 -1.11840000    2.90621600   -1.65262100 

 H                 -3.45346800    2.82354400   -0.78151900 

 H                 -1.98972700   -3.07758500   -0.53466800 

 H                 -5.77311100   -4.48930100    0.98201600 

 H                 -6.52184900   -2.08975100    1.08952700 

 N                 -3.41724100    0.78592600   -0.40621700 

 N                 -4.74961100   -1.34887800    0.34635300 

 C                 -3.30221100   -5.39314900    0.15277100 

 C                  0.60961700    0.76504700   -1.93891200 

 H                  0.96419500   -0.24989600   -2.16774200 

 H                  0.69952800    1.38327500   -2.84540300 

 H                  1.28658700    1.19934500   -1.18385200 

 H                 -3.25828700   -5.82814600    1.16484500 



S195 
 

 H                 -2.29948200   -5.45674000   -0.29255400 

 H                 -3.98692500   -6.02275100   -0.43762200 

 C                 -8.85757900    0.96245900   -4.78758500 

 N                 -9.51876200    1.02003900   -5.74219600 

 C                 -4.79950400    3.73716500    1.81725100 

 H                 -3.92723000    3.37715500    1.25147600 

 H                 -4.94102400    3.06596100    2.67512900 

 C                 -6.00254900    3.65831800    0.95531300 

 H                 -6.96084400    3.35850700    1.37861900 

 C                 -5.97860800    4.00888900   -0.45192900 

 O                 -4.96572700    4.25109300   -1.10361100 

 O                 -7.21065500    4.04259300   -0.99029400 

 C                 -7.28543800    4.26205600   -2.39910200 

 H                 -6.73611800    3.47624500   -2.93780800 

 H                 -8.34940000    4.21960200   -2.65949900 

 H                 -6.86222600    5.24294300   -2.66595500 

 C                 -2.64067900    5.80388600    0.85956400 

 C                 -1.97982800    5.04832700    2.05207700 

 C                 -3.05964100    4.98557700    3.15130300 

 C                 -4.40385800    5.13806100    2.41258400 

 C                 -4.04950400    6.19177200    1.34281400 

 H                 -2.06249700    6.68767000    0.55015200 

 H                 -2.72296800    5.15191900   -0.02241600 

 H                 -1.07146700    5.55344000    2.41392000 

 H                 -1.66988800    4.03613900    1.74565500 

 H                 -3.01890400    4.07167700    3.76329200 

 H                 -2.97887400    5.84447500    3.83577900 

 H                 -4.77540000    6.25782800    0.52188900 

 H                 -4.02773200    7.16922100    1.85339100 

 O                 -5.37525300    5.55716400    3.35342800 

 C                 -6.54959600    6.15821900    2.86030200 



S196 
 

 H                 -7.06383600    5.53283600    2.10590600 

 H                 -6.35985400    7.14712700    2.40284700 

 H                 -7.22850200    6.29454400    3.71515200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.564791 (Hartree/Particle) 

 Thermal correction to Energy=                    0.603366 

 Thermal correction to Enthalpy=                  0.604311 

 Thermal correction to Gibbs Free Energy=         0.487290 

 Sum of electronic and zero-point Energies=          -5595.419726 

 Sum of electronic and thermal Energies=             -5595.381150 

 Sum of electronic and thermal Enthalpies=           -5595.380206 

 Sum of electronic and thermal Free Energies=        -5595.497227 

HF=-5595.9845168 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5598.1818225 

 

11-NiIII 

 Ni                -5.08930900    1.07561400    0.45185900 

 C                 -6.23015100    1.10087000   -1.08607200 

 C                 -5.73172100    1.11865200   -2.39252200 

 C                 -7.60558200    0.95975100   -0.86399100 

 C                 -6.59866500    0.98943600   -3.47887100 

 H                 -4.66280000    1.25206600   -2.56960200 

 C                 -8.48286100    0.82991100   -1.94030800 

 H                 -7.99127000    0.96078000    0.15898600 

 C                 -7.98240000    0.84462300   -3.25794900 

 H                 -6.21144900    1.00394900   -4.50023500 

 H                 -9.55645700    0.72349800   -1.76924000 

 Br                -6.14384200    0.66320300    2.68218400 

 C                 -2.63785100   -0.32921400   -0.44922000 

 C                 -1.31863000   -0.60652100   -0.82523700 



S197 
 

 C                 -0.44799300    0.43277100   -1.17582900 

 C                 -0.97360500    1.73205200   -1.15749200 

 C                 -2.29360100    1.93778000   -0.76478500 

 C                 -3.62923000   -1.38936000   -0.14175600 

 C                 -3.36658900   -2.76031000   -0.26516400 

 C                 -4.37718000   -3.69708800   -0.02223600 

 C                 -5.63968300   -3.19926500    0.33857300 

 C                 -5.82683000   -1.82783300    0.45995700 

 H                 -0.96104800   -1.63564700   -0.85291300 

 H                 -0.36433700    2.58916800   -1.45178200 

 H                 -2.74306500    2.93146100   -0.78882700 

 H                 -2.37679200   -3.10583800   -0.56252400 

 H                 -6.47536100   -3.87553900    0.52952700 

 H                 -6.78462400   -1.40268400    0.76209400 

 N                 -3.10508700    0.93806900   -0.39079500 

 N                 -4.84421100   -0.94807500    0.23156300 

 C                 -4.13090800   -5.17613800   -0.13445900 

 C                  0.98453200    0.17121200   -1.54921500 

 H                  1.15464000   -0.88352600   -1.80837600 

 H                  1.29422300    0.79917800   -2.39836900 

 H                  1.64655800    0.42140600   -0.70271000 

 H                 -4.19036200   -5.64888000    0.86008800 

 H                 -3.14187800   -5.39749500   -0.55959500 

 H                 -4.89850200   -5.65379100   -0.76350700 

 C                 -8.87810500    0.71885400   -4.37135200 

 N                 -9.60250600    0.61755900   -5.27447600 

 C                 -4.30642800    3.51516500    1.55324600 

 H                 -3.35595400    3.50751400    1.00824200 

 H                 -4.20642100    2.79956400    2.38206000 

 C                 -5.41082200    3.06373300    0.60310900 

 H                 -6.41258800    3.10532600    1.03713300 



S198 
 

 C                 -5.40843000    3.75441500   -0.71294000 

 O                 -4.42108200    4.03957300   -1.37259700 

 O                 -6.65020100    4.05553000   -1.13642400 

 C                 -6.76308200    4.62336800   -2.44163700 

 H                 -6.33697800    3.94394900   -3.19512100 

 H                 -7.83609800    4.76054400   -2.62269600 

 H                 -6.23931700    5.59003800   -2.49609800 

 C                 -3.63501700    6.54122100    0.56414700 

 C                 -2.42413300    6.00159900    1.37997900 

 C                 -3.02996000    5.39460900    2.65460100 

 C                 -4.43727200    4.91508100    2.24661700 

 C                 -4.89720400    6.06778300    1.31957500 

 H                 -3.61732600    7.63911700    0.48434900 

 H                 -3.62086800    6.14219900   -0.45902500 

 H                 -1.68438000    6.78336500    1.61053700 

 H                 -1.88990100    5.22998200    0.80151600 

 H                 -2.42594200    4.58642400    3.09650800 

 H                 -3.17105600    6.16423700    3.43036100 

 H                 -5.72829200    5.80367500    0.65102400 

 H                 -5.26797200    6.86193200    1.98749800 

 O                 -5.19464200    4.84186000    3.44520900 

 C                 -6.56149300    4.50054000    3.35614500 

 H                 -6.71151400    3.42624200    3.15250200 

 H                 -7.09592300    5.09003700    2.58716600 

 H                 -7.01330700    4.72890700    4.33397200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.567945 (Hartree/Particle) 

 Thermal correction to Energy=                    0.606123 

 Thermal correction to Enthalpy=                  0.607068 

 Thermal correction to Gibbs Free Energy=         0.493115 

 Sum of electronic and zero-point Energies=          -5595.438606 



S199 
 

 Sum of electronic and thermal Energies=             -5595.400427 

 Sum of electronic and thermal Enthalpies=           -5595.399483 

 Sum of electronic and thermal Free Energies=        -5595.513435 

HF=-5596.0065505 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5598.1985432 

 

11-TS-12 

 Ni                -4.99023200    0.49010200    0.35554300 

 C                 -6.25996800    0.85726200   -1.02652300 

 C                 -5.79500200    0.71450400   -2.35350300 

 C                 -7.58768900    0.47321900   -0.73414100 

 C                 -6.59755700    0.14095500   -3.33215700 

 H                 -4.79582600    1.05830200   -2.61642700 

 C                 -8.39409300   -0.10141600   -1.70900800 

 H                 -7.96292500    0.59680100    0.28290600 

 C                 -7.90749000   -0.28077800   -3.02141500 

 H                 -6.21390200    0.01438600   -4.34692500 

 H                 -9.40973800   -0.41660300   -1.46003400 

 Br                -6.15509300    0.26505700    2.56439300 

 C                 -2.58370300   -0.79434300   -0.75487400 

 C                 -1.29222000   -1.00127900   -1.25609700 

 C                 -0.52083000    0.07826500   -1.70096400 

 C                 -1.11645300    1.34725800   -1.64708300 

 C                 -2.40028000    1.48193200   -1.12841000 

 C                 -3.47638900   -1.90789800   -0.34021900 

 C                 -3.16316200   -3.26256700   -0.51311600 

 C                 -4.08816400   -4.24960300   -0.15214900 

 C                 -5.31424000   -3.81747800    0.37834600 

 C                 -5.55264300   -2.45608700    0.53541000 

 H                 -0.87950700   -2.00884600   -1.30460100 



S200 
 

 H                 -0.58982900    2.23173600   -2.01164600 

 H                 -2.90034100    2.45124700   -1.12586200 

 H                 -2.20585400   -3.55840000   -0.94216900 

 H                 -6.08116200   -4.53722500    0.67235800 

 H                 -6.47874100   -2.07400800    0.97004300 

 N                 -3.11378500    0.44599200   -0.66217600 

 N                 -4.65460800   -1.52798000    0.18614300 

 C                 -3.78920600   -5.71416500   -0.32033300 

 C                  0.88185900   -0.10445900   -2.21038000 

 H                  1.03870500    0.45686500   -3.14447300 

 H                  1.60557000    0.28616000   -1.47492500 

 H                  1.11974000   -1.16235000   -2.39023700 

 H                 -4.58285700   -6.20990700   -0.90177200 

 H                 -3.75020500   -6.21374400    0.66175600 

 H                 -2.82908800   -5.88189300   -0.82855700 

 C                 -8.73416800   -0.87227300   -4.02909300 

 N                 -9.40318700   -1.35423500   -4.84931700 

 C                 -4.71419700    3.04273000    0.94153500 

 H                 -3.73120600    3.07182400    0.46234600 

 H                 -4.64656000    2.37835200    1.81242900 

 C                 -5.79415600    2.53804100   -0.03736700 

 H                 -6.76876500    2.59804000    0.44796900 

 C                 -5.76016600    3.32341100   -1.30851600 

 O                 -4.74990900    3.58148600   -1.93619800 

 O                 -6.98114100    3.71106200   -1.70799200 

 C                 -7.05729500    4.38544200   -2.96722500 

 H                 -6.68860900    3.73278200   -3.77314900 

 H                 -8.11642800    4.62189000   -3.12351600 

 H                 -6.45572200    5.30702200   -2.95355200 

 C                 -3.47903200    5.82391000    0.26900000 

 C                 -2.72025100    5.34758100    1.54482200 



S201 
 

 C                 -3.80993600    4.79612300    2.48926600 

 C                 -5.00445600    4.44339900    1.57421600 

 C                 -4.96855000    5.63824100    0.59590800 

 H                 -3.24846000    6.86690600    0.00422700 

 H                 -3.21367300    5.20748100   -0.60287500 

 H                 -2.15652600    6.16450700    2.02018600 

 H                 -1.98367000    4.56840700    1.29182700 

 H                 -3.48023200    3.93912700    3.09586600 

 H                 -4.16422200    5.57263100    3.18504500 

 H                 -5.60201800    5.52818600   -0.29313000 

 H                 -5.34431200    6.51648000    1.14550400 

 O                 -6.18024000    4.34903500    2.36766000 

 C                 -7.40147000    4.84135700    1.86043300 

 H                 -7.60881100    4.51366200    0.82663900 

 H                 -7.45591000    5.94618100    1.88324700 

 H                 -8.19696900    4.44616300    2.51004800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.567151 (Hartree/Particle) 

 Thermal correction to Energy=                    0.605067 

 Thermal correction to Enthalpy=                  0.606011 

 Thermal correction to Gibbs Free Energy=         0.491438 

 Sum of electronic and zero-point Energies=          -5595.417217 

 Sum of electronic and thermal Energies=             -5595.379302 

 Sum of electronic and thermal Enthalpies=           -5595.378357 

 Sum of electronic and thermal Free Energies=        -5595.492930 

HF=-5595.9843682 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5598.1780991 

 

12-p 

 C                 -5.37398500    1.60452200    0.24931100 



S202 
 

 C                 -4.32837700    1.02707400   -0.49144500 

 C                 -6.36563100    0.76935300    0.78605200 

 C                 -4.27140700   -0.34989000   -0.69024000 

 H                 -3.55907900    1.66887400   -0.92517600 

 C                 -6.32010700   -0.61091000    0.59696500 

 H                 -7.18664000    1.20491700    1.36064100 

 C                 -5.26878000   -1.18080500   -0.14417400 

 H                 -3.45676600   -0.78901100   -1.26909300 

 H                 -7.09689300   -1.25098700    1.01934600 

 C                 -5.21532600   -2.60140200   -0.34554900 

 N                 -5.17223700   -3.75059800   -0.50840300 

 C                 -4.25917900    3.52850500    1.44737300 

 H                 -3.34272900    3.54123200    0.83967700 

 H                 -4.11450300    2.75120200    2.21286300 

 C                 -5.41183800    3.10492100    0.50839200 

 H                 -6.38772000    3.34507500    0.94437200 

 C                 -5.32895300    3.83120500   -0.82931500 

 O                 -4.30061700    4.07577900   -1.41881500 

 O                 -6.54356100    4.14127400   -1.29910100 

 C                 -6.59066000    4.78925200   -2.57740900 

 H                 -6.10088900    4.17022100   -3.34365100 

 H                 -7.65321400    4.92214400   -2.81252400 

 H                 -6.08422600    5.76517300   -2.53243000 

 C                 -3.85860100    6.66829400    0.58855200 

 C                 -2.54828800    6.13825700    1.23677400 

 C                 -2.99205500    5.43151100    2.52499900 

 C                 -4.39290600    4.87255600    2.21184600 

 C                 -5.01666400    6.03635700    1.39817600 

 H                 -3.91714600    7.76676400    0.62626000 

 H                 -3.90703400    6.38046100   -0.47081000 

 H                 -1.81753400    6.93649100    1.43587400 



S203 
 

 H                 -2.05627500    5.42408500    0.55737200 

 H                 -2.29759500    4.64867500    2.86839400 

 H                 -3.11425500    6.15158900    3.35005200 

 H                 -5.87231200    5.74691500    0.77122500 

 H                 -5.40165700    6.75175200    2.14189600 

 O                 -5.03490600    4.68405000    3.47308200 

 C                 -6.35170300    4.19260100    3.48600300 

 H                 -6.41260500    3.12242600    3.20777900 

 H                 -7.02898300    4.76369400    2.82177100 

 H                 -6.72504100    4.28941700    4.51678700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.352979 (Hartree/Particle) 

 Thermal correction to Energy=                    0.373378 

 Thermal correction to Enthalpy=                  0.374322 

 Thermal correction to Gibbs Free Energy=         0.302359 

 Sum of electronic and zero-point Energies=           -939.876772 

 Sum of electronic and thermal Energies=              -939.856373 

 Sum of electronic and thermal Enthalpies=            -939.855429 

 Sum of electronic and thermal Free Energies=         -939.927392 

HF=-940.2297509 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-941.2811298 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-939.279919150347 

 

10-NiIII 

 C                 -2.10150800    1.64941300    0.26099100 

 C                 -3.08908500    2.61834000    0.47808200 

 C                 -2.74570700    3.88827600    0.95623900 

 C                 -1.38819600    4.12025400    1.21871200 

 C                 -0.45812000    3.11276200    0.97693200 



S204 
 

 C                 -2.41314300    0.27398200   -0.20479100 

 C                 -3.71780300   -0.22092900   -0.34338200 

 C                 -3.92866800   -1.54481500   -0.74430400 

 C                 -2.79013000   -2.32911700   -0.98961800 

 C                 -1.52630300   -1.76844600   -0.84049100 

 H                 -4.13486000    2.38994300    0.27290800 

 H                 -1.04903400    5.08024900    1.61386500 

 H                  0.59916500    3.24725900    1.20262100 

 H                 -4.57598900    0.41524000   -0.12736600 

 H                 -2.88497900   -3.37316100   -1.29565100 

 H                 -0.61541500   -2.33687700   -1.03615200 

 N                 -0.79536300    1.90855500    0.49371300 

 N                 -1.34444700   -0.49818600   -0.46332400 

 Br                 1.35107600   -0.69018800   -2.27747500 

 Ni                 0.56145400    0.32246600   -0.09943700 

 C                  0.76620800   -0.80599900    1.44038400 

 C                  0.10862000   -0.50364100    2.64348500 

 C                  1.41234400   -2.04630800    1.32280800 

 C                  0.09244100   -1.40659500    3.70600400 

 H                 -0.39057700    0.46239700    2.75764400 

 C                  1.41136100   -2.96335700    2.37524000 

 H                  1.91942800   -2.29927200    0.38776200 

 H                 -0.42194200   -1.16077000    4.63821000 

 H                  1.91907600   -3.92555200    2.27373000 

 C                  0.74878200   -2.64802600    3.57846200 

 C                 -3.77951300    4.96002500    1.16556900 

 H                 -4.79692300    4.54539000    1.20614200 

 H                 -3.58858100    5.51982300    2.09381200 

 H                 -3.74471300    5.68666500    0.33596300 

 C                 -5.31159100   -2.11240800   -0.91171600 

 H                 -5.41832700   -3.05397100   -0.35002100 



S205 
 

 H                 -6.08754000   -1.41263300   -0.57047100 

 H                 -5.50361900   -2.34724900   -1.97187900 

 C                  0.73917000   -3.58263700    4.66614000 

 N                  0.72928400   -4.33863000    5.54921000 

 C                  3.74103300    2.00389200   -1.44133400 

 C                  4.58084000    1.28395800   -0.37488600 

 C                  3.55556500    0.33272600    0.26166500 

 C                  2.29850500    1.19982200    0.39355700 

 C                  2.37675200    2.24799200   -0.75959600 

 H                  4.19768400    2.93790600   -1.80439600 

 H                  3.59931600    1.33469000   -2.30349900 

 H                  4.95126100    2.00441800    0.37645700 

 H                  5.45423900    0.75757000   -0.79133600 

 H                  3.34363800   -0.48523900   -0.43783500 

 H                  3.87466500   -0.12076700    1.20754400 

 H                  1.55286100    2.18911800   -1.48754600 

 H                  2.33464300    3.24499600   -0.29772200 

 O                  2.20467100    1.92112200    1.59353700 

 C                  2.79352800    1.44788700    2.78829200 

 H                  3.89098900    1.57435100    2.77561500 

 H                  2.55515700    0.39322600    2.98912700 

 H                  2.38003600    2.06017500    3.60292900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.467264 (Hartree/Particle) 

 Thermal correction to Energy=                    0.498858 

 Thermal correction to Enthalpy=                  0.499802 

 Thermal correction to Gibbs Free Energy=         0.400013 

 Sum of electronic and zero-point Energies=          -5289.240829 

 Sum of electronic and thermal Energies=             -5289.209234 

 Sum of electronic and thermal Enthalpies=           -5289.208290 

 Sum of electronic and thermal Free Energies=        -5289.308080 



S206 
 

HF=-5289.7080926 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5291.5529724 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5286.551105933105 

 

10-TS-13 

 C                 -2.07560700    1.56251000    0.29180000 

 C                 -3.04376600    2.54435200    0.53901500 

 C                 -2.68303100    3.76980100    1.11034900 

 C                 -1.32955700    3.94362000    1.43615500 

 C                 -0.42009100    2.92814700    1.15634300 

 C                 -2.40482500    0.22107000   -0.25455500 

 C                 -3.71524900   -0.23841300   -0.44478900 

 C                 -3.94435900   -1.53672000   -0.91424900 

 C                 -2.81643500   -2.33106400   -1.17581300 

 C                 -1.54424200   -1.80674100   -0.97285800 

 H                 -4.08783700    2.35912900    0.28654200 

 H                 -0.98021900    4.86286800    1.91119700 

 H                  0.62880400    3.02174700    1.43708100 

 H                 -4.56490100    0.40466500   -0.21511300 

 H                 -2.92608700   -3.35563200   -1.53794200 

 H                 -0.63895900   -2.38032800   -1.18280000 

 N                 -0.77123500    1.77102200    0.57706200 

 N                 -1.34347200   -0.56046300   -0.52710100 

 Br                 1.63664100   -0.99459100   -2.01231800 

 Ni                 0.51735100    0.18847400   -0.05191900 

 C                  0.96885700   -0.73073200    1.57040100 

 C                  0.22939900   -0.37941000    2.71950200 

 C                  1.35174800   -2.08116500    1.42093000 

 C                 -0.16048300   -1.33273100    3.65315100 



S207 
 

 H                 -0.03489200    0.66598200    2.87967700 

 C                  0.97640800   -3.04494500    2.35266400 

 H                  1.91588300   -2.38144900    0.53711300 

 H                 -0.75083400   -1.04084100    4.52477700 

 H                  1.26763000   -4.08791600    2.20862900 

 C                  0.20842600   -2.68350500    3.47916700 

 C                 -3.69332400    4.85626600    1.35643300 

 H                 -4.72313100    4.47262500    1.32491700 

 H                 -3.52649000    5.33986000    2.33110300 

 H                 -3.60217000    5.64076700    0.58590800 

 C                 -5.33455600   -2.07040600   -1.12784500 

 H                 -5.49712800   -2.98075900   -0.52835700 

 H                 -6.10410600   -1.33446800   -0.85506300 

 H                 -5.48306200   -2.35087500   -2.18346300 

 C                 -0.19076100   -3.67156400    4.43537900 

 N                 -0.51811400   -4.47244400    5.21268400 

 C                  3.89156700    1.59073200   -0.70739000 

 C                  4.67535100    0.87167900    0.39888100 

 C                  3.62696200   -0.10499600    0.94353500 

 C                  2.35395100    0.73637100    1.05362600 

 C                  2.47168900    1.77158200   -0.12984600 

 H                  4.33463100    2.55241100   -1.00839200 

 H                  3.83735100    0.94394700   -1.59554400 

 H                  4.98807500    1.58284400    1.18346600 

 H                  5.57931600    0.36281800    0.02953100 

 H                  3.44395400   -0.87731400    0.18456000 

 H                  3.89816100   -0.61182800    1.87775200 

 H                  1.72233000    1.70039300   -0.93910200 

 H                  2.35044200    2.76370800    0.32156300 

 O                  2.25176400    1.53114300    2.20862000 

 C                  2.84762400    1.11450300    3.42315800 



S208 
 

 H                  3.94774500    1.20275200    3.38608500 

 H                  2.57937400    0.08219400    3.69777000 

 H                  2.46761100    1.79099500    4.20199300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.467154 (Hartree/Particle) 

 Thermal correction to Energy=                    0.497834 

 Thermal correction to Enthalpy=                  0.498778 

 Thermal correction to Gibbs Free Energy=         0.401853 

 Sum of electronic and zero-point Energies=          -5289.226602 

 Sum of electronic and thermal Energies=             -5289.195922 

 Sum of electronic and thermal Enthalpies=           -5289.194978 

 Sum of electronic and thermal Free Energies=        -5289.291903 

HF=-5289.693756 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5291.5383976 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5286.534882413162 

 

13-p 

 C                  1.20128900    0.13500800   -0.22879400 

 C                 -0.03709700    0.54712200    0.29595600 

 C                  1.25112000   -1.06420500   -0.95596400 

 C                 -1.19137900   -0.20406900    0.09855800 

 H                 -0.07992500    1.47048400    0.87565200 

 C                  0.10320900   -1.82933900   -1.16258700 

 H                  2.19518900   -1.41905500   -1.37056300 

 H                 -2.14508400    0.13047400    0.51145800 

 H                  0.15907100   -2.76129500   -1.72835900 

 C                 -1.12950900   -1.40373100   -0.63696600 

 C                 -2.31389200   -2.18791800   -0.84446500 

 N                 -3.27243300   -2.82216800   -1.01258100 



S209 
 

 C                  3.90061800    2.75524200   -0.94598100 

 C                  4.73670100    1.62647500   -0.27846200 

 C                  3.80294200    0.40664500   -0.25407400 

 C                  2.41567000    1.03633300   -0.02028700 

 C                  2.45069900    2.21615400   -1.01532200 

 H                  3.94970300    3.67964900   -0.35259600 

 H                  4.27573000    2.99979300   -1.95158100 

 H                  4.99808400    1.90943000    0.75221600 

 H                  5.67797300    1.41759000   -0.80858100 

 H                  3.81029400   -0.08953800   -1.23649600 

 H                  4.07109400   -0.35405300    0.49382000 

 H                  2.21312100    1.83586200   -2.02077400 

 H                  1.68646300    2.96059200   -0.74870300 

 O                  2.34653800    1.66131300    1.26797900 

 C                  2.54149300    0.83385600    2.39470400 

 H                  3.59533000    0.51941500    2.50978400 

 H                  1.90868000   -0.07291600    2.36641800 

 H                  2.26176600    1.42430400    3.27965900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.252314 (Hartree/Particle) 

 Thermal correction to Energy=                    0.266028 

 Thermal correction to Enthalpy=                  0.266972 

 Thermal correction to Gibbs Free Energy=         0.210948 

 Sum of electronic and zero-point Energies=           -633.687992 

 Sum of electronic and thermal Energies=              -633.674278 

 Sum of electronic and thermal Enthalpies=            -633.673334 

 Sum of electronic and thermal Free Energies=         -633.729358 

HF=-633.940306 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-634.6429569 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 



S210 
 

HF=-633.256640685927 

 

Figure S7 

S5-A 

 C                 -2.46340100   -0.59251200   -0.48881700 

 C                 -2.51467900    0.82711600   -0.88588300 

 C                 -3.10075600    1.76044400    0.05367700 

 C                 -3.54466800    1.35600500    1.28396400 

 C                 -3.52900400   -0.03883600    1.65417300 

 C                 -3.02981100   -0.97811300    0.76314000 

 Br                -2.95641800    1.26230500   -2.81649000 

 H                 -3.16957600    2.81335900   -0.23118800 

 H                 -2.39939600   -1.36867200   -1.26147000 

 H                 -3.08878800   -2.04076200    1.01553000 

 H                 -3.93261400    2.08888700    1.99473000 

 C                  1.94835900    0.23185200    0.18919500 

 C                  0.81124500   -1.62530900    0.99833800 

 C                  1.96154500   -2.12594200    1.59944600 

 C                  3.16825800   -1.41484500    1.49069000 

 C                  3.14022700   -0.21429900    0.76904400 

 C                  1.80742400    1.49028100   -0.58463600 

 C                  0.30708200    2.84583600   -1.73072600 

 C                  1.30814500    3.75771000   -2.05005300 

 C                  2.62468500    3.52935900   -1.61669600 

 C                  2.85917700    2.36553200   -0.87287800 

 H                 -0.14561100   -2.14702700    1.06781900 

 H                  1.91548900   -3.06663300    2.15248800 

 H                  4.05302800    0.37369200    0.66674300 

 H                 -0.72418200    2.98269100   -2.06425600 

 H                  1.06003700    4.64422600   -2.63793700 

 H                  3.86795900    2.14477900   -0.52189800 



S211 
 

 N                  0.79932200   -0.47695000    0.30601300 

 N                  0.54470700    1.73923500   -1.01040900 

 Ni                -0.75568200    0.38985400   -0.50029700 

 C                  3.72801800    4.49755900   -1.94583200 

 H                  3.83151700    4.61288500   -3.03712300 

 H                  3.50215100    5.49648600   -1.53814600 

 H                  4.69584600    4.17063100   -1.54011900 

 C                  4.42998600   -1.92890300    2.12839900 

 H                  4.29014700   -2.06395500    3.21323500 

 H                  4.69960800   -2.91453500    1.71478900 

 H                  5.27698600   -1.24624200    1.97149300 

 C                 -4.03352100   -0.44771000    2.92663100 

 N                 -4.44077600   -0.77435500    3.96751500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.302883 (Hartree/Particle) 

 Thermal correction to Energy=                    0.325980 

 Thermal correction to Enthalpy=                  0.326925 

 Thermal correction to Gibbs Free Energy=         0.245137 

 Sum of electronic and zero-point Energies=          -4979.097238 

 Sum of electronic and thermal Energies=             -4979.074141 

 Sum of electronic and thermal Enthalpies=           -4979.073196 

 Sum of electronic and thermal Free Energies=        -4979.154984 

HF=-4979.400121 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4980.9091328 

 
3A 

 C                 -2.71387700   -0.43424100    1.31146300 

 C                 -2.43585700   -0.79537200   -0.05354700 

 C                 -2.82870900    0.09390700   -1.10464600 

 C                 -3.40038100    1.30954400   -0.81013100 



S212 
 

 C                 -3.64630200    1.69231300    0.54921000 

 C                 -3.30119700    0.81865300    1.58459800 

 Br                -2.26840200   -2.69109000   -0.49282200 

 H                 -2.65872700   -0.20188000   -2.14093600 

 H                 -2.64663800   -1.17983000    2.10853000 

 H                 -3.51314300    1.09117000    2.62038000 

 H                 -3.66793000    1.99531500   -1.61583300 

 C                  2.10150300   -0.07428300    0.21473200 

 C                  1.46419000   -2.29973600    0.63026900 

 C                  2.74222800   -2.77034100    0.40474600 

 C                  3.77337800   -1.84599400    0.06358500 

 C                  3.42825700   -0.50690700   -0.02910700 

 C                  1.63991700    1.29222600    0.13817500 

 C                 -0.21732200    2.71510100    0.32439700 

 C                  0.54223000    3.83891500    0.06278200 

 C                  1.93798000    3.69381800   -0.18088900 

 C                  2.46323500    2.41188000   -0.13440200 

 H                  0.64474400   -2.97967800    0.88133100 

 H                  2.95299000   -3.83865100    0.48590400 

 H                  4.18976100    0.22600800   -0.30134900 

 H                 -1.28866000    2.79718200    0.51702200 

 H                  0.06918700    4.82291100    0.04820600 

 H                  3.53056000    2.26236300   -0.30643000 

 N                  1.13172300   -0.99458300    0.55492300 

 N                  0.28826500    1.46602400    0.36077700 

 Ni                -0.65749000   -0.23577400    0.72070600 

 C                  2.78773500    4.90121600   -0.46885600 

 H                  3.84161900    4.63283800   -0.63317600 

 H                  2.42427200    5.43266100   -1.36503000 

 H                  2.74235900    5.62219100    0.36528900 

 C                  5.17345200   -2.33442500   -0.18961800 



S213 
 

 H                  5.85676100   -1.51069800   -0.44304100 

 H                  5.57528000   -2.85392500    0.69724000 

 H                  5.19226400   -3.06372500   -1.01768800 

 C                 -4.22373000    2.96575500    0.84234300 

 N                 -4.68186500    4.01017200    1.07359800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.301656 (Hartree/Particle) 

 Thermal correction to Energy=                    0.324727 

 Thermal correction to Enthalpy=                  0.325671 

 Thermal correction to Gibbs Free Energy=         0.245423 

 Sum of electronic and zero-point Energies=          -4979.079636 

 Sum of electronic and thermal Energies=             -4979.056565 

 Sum of electronic and thermal Enthalpies=           -4979.055621 

 Sum of electronic and thermal Free Energies=        -4979.135869 

HF=-4979.3812918 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4980.8866644 

 

S5-A-TS-C 

 C                 -2.64005700   -0.54508300    0.15987300 

 C                 -2.29019200    0.75567100   -0.29228400 

 C                 -3.03674500    1.87421800    0.13316500 

 C                 -4.03812000    1.70730900    1.07432900 

 C                 -4.34524400    0.41582900    1.58952000 

 C                 -3.64653200   -0.70731800    1.12416600 

 Br                -2.19408500    0.67428600   -2.96577300 

 H                 -2.79943300    2.87214300   -0.24269700 

 H                 -2.23422700   -1.44115600   -0.32870800 

 H                 -3.92598800   -1.70436200    1.47272300 

 H                 -4.59029000    2.57303200    1.44751800 

 C                  2.18068600    0.11610100    0.19256200 



S214 
 

 C                  1.23348000   -1.86669800    0.95086700 

 C                  2.46122000   -2.33584300    1.40388900 

 C                  3.60871500   -1.53980900    1.24690200 

 C                  3.44444100   -0.29324200    0.62970800 

 C                  1.89849600    1.40471500   -0.48240100 

 C                  0.23006700    2.70366800   -1.45306400 

 C                  1.14736900    3.69025600   -1.80162000 

 C                  2.50361700    3.53349500   -1.47555900 

 C                  2.86866000    2.35571700   -0.80975100 

 H                  0.32090900   -2.45633200    1.06412500 

 H                  2.52167200   -3.31644600    1.88056000 

 H                  4.30784100    0.35863600    0.49408100 

 H                 -0.82278100    2.76080100   -1.73573400 

 H                  0.80033800    4.57709800   -2.33600400 

 H                  3.91451200    2.18143500   -0.55509000 

 N                  1.09237100   -0.67214600    0.35792000 

 N                  0.59349200    1.59481800   -0.79388300 

 Ni                -0.58869800    0.18753700   -0.20968300 

 C                  3.51702500    4.58574400   -1.83227300 

 H                  3.43813000    4.85901200   -2.89636000 

 H                  3.33849000    5.50443000   -1.24917900 

 H                  4.54492200    4.25003200   -1.63403900 

 C                  4.95512900   -2.02592800    1.70735100 

 H                  4.88771800   -2.49304600    2.70198500 

 H                  5.33574800   -2.79718000    1.01601500 

 H                  5.69381500   -1.21345500    1.74756200 

 C                 -5.38236900    0.26264800    2.56457900 

 N                 -6.21893900    0.14093800    3.36340200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.302888 (Hartree/Particle) 

 Thermal correction to Energy=                    0.325633 



S215 
 

 Thermal correction to Enthalpy=                  0.326577 

 Thermal correction to Gibbs Free Energy=         0.244763 

 Sum of electronic and zero-point Energies=          -4979.085645 

 Sum of electronic and thermal Energies=             -4979.062900 

 Sum of electronic and thermal Enthalpies=           -4979.061956 

 Sum of electronic and thermal Free Energies=        -4979.143770 

HF=-4979.3885333 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4980.9004576 

 
3S5-A-TS-C’ 

 C                 -2.82043500    0.01708900    1.44451400 

 C                 -2.38693800   -0.48829200    0.17546900 

 C                 -2.82760900    0.16355300   -1.01788400 

 C                 -3.51573100    1.35272400   -0.93641100 

 C                 -3.86064500    1.91834300    0.33156100 

 C                 -3.52045500    1.22315600    1.50995500 

 Br                -2.28606100   -2.63359700    0.10026700 

 H                 -2.55984800   -0.25921100   -1.98830400 

 H                 -2.66887300   -0.56540000    2.35717500 

 H                 -3.81604800    1.62668000    2.48121100 

 H                 -3.79204100    1.88625600   -1.84884100 

 C                  2.18779100   -0.16513000    0.22972100 

 C                  1.60430300   -2.40497800    0.56986800 

 C                  2.88877400   -2.83635700    0.28594800 

 C                  3.88344800   -1.88795600   -0.05519800 

 C                  3.50577800   -0.54704900   -0.08121200 

 C                  1.69793100    1.21571600    0.23774400 

 C                 -0.15737600    2.58062000    0.63007700 

 C                  0.55207200    3.72717300    0.31054600 

 C                  1.90987300    3.62008800   -0.07300000 



S216 
 

 C                  2.46765600    2.34345800   -0.10465900 

 H                  0.80344700   -3.10771500    0.81459200 

 H                  3.12287900   -3.90244600    0.32147100 

 H                  4.24283100    0.21364300   -0.34245000 

 H                 -1.21033100    2.62283900    0.91857500 

 H                  0.05722200    4.69964800    0.35344900 

 H                  3.50968900    2.21957200   -0.40292500 

 N                  1.24900000   -1.10622300    0.54922900 

 N                  0.38903000    1.35295100    0.59992200 

 Ni                -0.55753700   -0.37583000    0.78292800 

 C                  2.70167800    4.84681000   -0.43482000 

 H                  3.73901000    4.60195000   -0.70463000 

 H                  2.23865500    5.37260300   -1.28654100 

 H                  2.72249100    5.56033700    0.40575200 

 C                  5.28470400   -2.33022100   -0.37654500 

 H                  5.93923500   -1.47976700   -0.61562700 

 H                  5.72668000   -2.87753100    0.47288300 

 H                  5.28926200   -3.02081600   -1.23651700 

 C                 -4.54928200    3.16435600    0.39945800 

 N                 -5.09906700    4.19048200    0.45195300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.301013 (Hartree/Particle) 

 Thermal correction to Energy=                    0.323919 

 Thermal correction to Enthalpy=                  0.324863 

 Thermal correction to Gibbs Free Energy=         0.243852 

 Sum of electronic and zero-point Energies=          -4979.076134 

 Sum of electronic and thermal Energies=             -4979.053228 

 Sum of electronic and thermal Enthalpies=           -4979.052283 

 Sum of electronic and thermal Free Energies=        -4979.133294 

HF=-4979.3771464 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 



S217 
 

HF=-4980.8842376 

 

S5-B 

 Ni                -0.76352600    0.14588400   -0.13676500 

 C                 -2.52743400    0.94611100   -0.63052600 

 C                 -1.49878000    3.18418500   -2.06579200 

 C                 -2.81927200    2.29887600   -0.20954100 

 C                 -1.81433700    0.76698900   -1.88669000 

 C                 -1.30418100    1.89541500   -2.56195500 

 C                 -2.30132800    3.37006400   -0.88439200 

 H                 -3.44544500    2.45142400    0.67086100 

 H                 -1.88302700   -0.17930600   -2.43062200 

 H                 -0.76380900    1.75186800   -3.50056700 

 H                 -2.49134200    4.38446500   -0.52685400 

 N                  0.76694000    1.48985100    0.07053400 

 C                  3.06951600    3.01014800    0.60893100 

 C                  0.67071700    2.74877600    0.51330500 

 C                  1.99387000    0.94716800   -0.09041500 

 C                  3.15569400    1.68576300    0.16746600 

 C                  1.78150100    3.53900700    0.78887100 

 N                  0.78370900   -0.99097300   -0.77429500 

 C                  3.08411500   -2.54456600   -1.17654400 

 C                  0.68722900   -2.26247700   -1.18763500 

 C                  2.00363600   -0.46066300   -0.54723700 

 C                  3.16729300   -1.21817700   -0.74301000 

 C                  1.79779700   -3.06789500   -1.40304800 

 H                 -0.34089200    3.12875800    0.65249800 

 H                  4.13669100    1.23176500    0.02545200 

 H                  1.64011100    4.56254500    1.14248700 

 H                 -0.32684800   -2.63906700   -1.34766600 

 H                  4.14633200   -0.77755400   -0.55354400 



S218 
 

 H                  1.66422000   -4.09644100   -1.74514100 

 Br                -4.01948800   -0.32966100   -0.29770400 

 C                 -0.84454100   -0.39474500    1.79703400 

 C                  4.30997000   -3.39095300   -1.38760100 

 H                  4.32333000   -3.81321600   -2.40541100 

 H                  5.23540600   -2.81695000   -1.23822200 

 H                  4.31731600   -4.24239300   -0.68694800 

 C                  4.29517800    3.84199000    0.87194500 

 H                  5.21520200    3.24173700    0.82919100 

 H                  4.37894800    4.64883700    0.12462300 

 H                  4.23846200    4.32445100    1.86056700 

 C                 -1.36566200   -1.82222700    1.89057200 

 H                 -2.39693000   -1.90650800    1.51692300 

 H                 -0.72659200   -2.51088500    1.31393000 

 H                 -1.36143300   -2.17861400    2.94542400 

 C                 -1.66260600    0.57254800    2.63262400 

 H                 -1.28739000    1.60349300    2.52461000 

 H                 -2.72202200    0.55954700    2.33421700 

 H                 -1.61331100    0.31276300    3.71390900 

 C                 -0.92827100    4.31140300   -2.72855000 

 N                 -0.45595000    5.23606300   -3.25636900 

 O                  0.52566700   -0.36789500    2.23298200 

 H                  0.55362700   -0.69580400    3.14805900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.399318 (Hartree/Particle) 

 Thermal correction to Energy=                    0.428577 

 Thermal correction to Enthalpy=                  0.429521 

 Thermal correction to Gibbs Free Energy=         0.336571 

 Sum of electronic and zero-point Energies=          -5172.611482 

 Sum of electronic and thermal Energies=             -5172.582223 

 Sum of electronic and thermal Enthalpies=           -5172.581279 



S219 
 

 Sum of electronic and thermal Free Energies=        -5172.674229 

HF=-5173.0107998 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.735179 

 

S5-B-TS-D 

 Ni                -0.69767400    0.07356700   -0.23701200 

 C                 -2.22105800    1.15602500   -0.76263800 

 C                 -1.95762100    3.76236900   -1.84844000 

 C                 -2.83276100    2.27489200   -0.12043500 

 C                 -1.62863800    1.36085100   -2.05393100 

 C                 -1.45559600    2.65020900   -2.55098600 

 C                 -2.68060700    3.54400800   -0.63900300 

 H                 -3.38854100    2.12822600    0.80498200 

 H                 -1.34229000    0.50981600   -2.67766200 

 H                 -0.95534200    2.79767700   -3.51092600 

 H                 -3.10512400    4.39999100   -0.10909900 

 N                  0.88466400    1.39224900   -0.10100900 

 C                  3.18834900    2.90469800    0.39875000 

 C                  0.79057000    2.68618300    0.21856900 

 C                  2.09805400    0.81060000   -0.16657300 

 C                  3.26603400    1.54552300    0.07383900 

 C                  1.90701000    3.47612600    0.47222900 

 N                  0.86276300   -1.15578700   -0.74762500 

 C                  3.13791100   -2.78060600   -0.93971500 

 C                  0.75224500   -2.44906900   -1.07939400 

 C                  2.08425000   -0.63378300   -0.50801800 

 C                  3.23530200   -1.42827400   -0.59433100 

 C                  1.85210600   -3.29078200   -1.19187600 

 H                 -0.22060000    3.09308400    0.27098800 

 H                  4.24276300    1.06520400    0.01019000 



S220 
 

 H                  1.77735000    4.53061400    0.72501900 

 H                 -0.26408600   -2.81141600   -1.25612300 

 H                  4.21573000   -0.99756600   -0.39008800 

 H                  1.70926800   -4.33669600   -1.47163300 

 Br                -3.44547900   -0.68401700   -0.81897200 

 C                 -0.85336600   -0.36719700    1.72500400 

 C                  4.35108400   -3.66485300   -1.03528900 

 H                  4.40542300   -4.14637000   -2.02501200 

 H                  5.28200600   -3.10434400   -0.87026200 

 H                  4.29893700   -4.47355300   -0.28769400 

 C                  4.41928600    3.73056900    0.65672500 

 H                  5.33636900    3.12613700    0.61247500 

 H                  4.50419800    4.54050400   -0.08642900 

 H                  4.36639900    4.20945500    1.64778000 

 C                 -1.26193000   -1.82644300    1.87408300 

 H                 -2.27346900   -2.00746700    1.48515000 

 H                 -0.55988000   -2.49150000    1.34795200 

 H                 -1.25217200   -2.12228000    2.94636500 

 C                 -1.76836900    0.55942600    2.49756500 

 H                 -1.47624500    1.61256100    2.36107700 

 H                 -2.81351900    0.44038100    2.17490200 

 H                 -1.72614200    0.33716500    3.58593500 

 C                 -1.77582700    5.08413300   -2.35351700 

 N                 -1.61553100    6.16530900   -2.75586900 

 O                  0.49756800   -0.20629400    2.18094000 

 H                  0.54288600   -0.52223200    3.09911300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.398889 (Hartree/Particle) 

 Thermal correction to Energy=                    0.427891 

 Thermal correction to Enthalpy=                  0.428835 

 Thermal correction to Gibbs Free Energy=         0.335984 



S221 
 

 Sum of electronic and zero-point Energies=          -5172.604623 

 Sum of electronic and thermal Energies=             -5172.575622 

 Sum of electronic and thermal Enthalpies=           -5172.574678 

 Sum of electronic and thermal Free Energies=        -5172.667529 

HF=-5173.0035128 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.7280516 

 

S5-D 

 Ni                -0.69767400    0.07356700   -0.23701200 

 C                 -2.22105800    1.15602500   -0.76263800 

 C                 -1.95762100    3.76236900   -1.84844000 

 C                 -2.83276100    2.27489200   -0.12043500 

 C                 -1.62863800    1.36085100   -2.05393100 

 C                 -1.45559600    2.65020900   -2.55098600 

 C                 -2.68060700    3.54400800   -0.63900300 

 H                 -3.38854100    2.12822600    0.80498200 

 H                 -1.34229000    0.50981600   -2.67766200 

 H                 -0.95534200    2.79767700   -3.51092600 

 H                 -3.10512400    4.39999100   -0.10909900 

 N                  0.88466400    1.39224900   -0.10100900 

 C                  3.18834900    2.90469800    0.39875000 

 C                  0.79057000    2.68618300    0.21856900 

 C                  2.09805400    0.81060000   -0.16657300 

 C                  3.26603400    1.54552300    0.07383900 

 C                  1.90701000    3.47612600    0.47222900 

 N                  0.86276300   -1.15578700   -0.74762500 

 C                  3.13791100   -2.78060600   -0.93971500 

 C                  0.75224500   -2.44906900   -1.07939400 

 C                  2.08425000   -0.63378300   -0.50801800 

 C                  3.23530200   -1.42827400   -0.59433100 



S222 
 

 C                  1.85210600   -3.29078200   -1.19187600 

 H                 -0.22060000    3.09308400    0.27098800 

 H                  4.24276300    1.06520400    0.01019000 

 H                  1.77735000    4.53061400    0.72501900 

 H                 -0.26408600   -2.81141600   -1.25612300 

 H                  4.21573000   -0.99756600   -0.39008800 

 H                  1.70926800   -4.33669600   -1.47163300 

 Br                -3.44547900   -0.68401700   -0.81897200 

 C                 -0.85336600   -0.36719700    1.72500400 

 C                  4.35108400   -3.66485300   -1.03528900 

 H                  4.40542300   -4.14637000   -2.02501200 

 H                  5.28200600   -3.10434400   -0.87026200 

 H                  4.29893700   -4.47355300   -0.28769400 

 C                  4.41928600    3.73056900    0.65672500 

 H                  5.33636900    3.12613700    0.61247500 

 H                  4.50419800    4.54050400   -0.08642900 

 H                  4.36639900    4.20945500    1.64778000 

 C                 -1.26193000   -1.82644300    1.87408300 

 H                 -2.27346900   -2.00746700    1.48515000 

 H                 -0.55988000   -2.49150000    1.34795200 

 H                 -1.25217200   -2.12228000    2.94636500 

 C                 -1.76836900    0.55942600    2.49756500 

 H                 -1.47624500    1.61256100    2.36107700 

 H                 -2.81351900    0.44038100    2.17490200 

 H                 -1.72614200    0.33716500    3.58593500 

 C                 -1.77582700    5.08413300   -2.35351700 

 N                 -1.61553100    6.16530900   -2.75586900 

 O                  0.49756800   -0.20629400    2.18094000 

 H                  0.54288600   -0.52223200    3.09911300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.398889 (Hartree/Particle) 



S223 
 

 Thermal correction to Energy=                    0.427891 

 Thermal correction to Enthalpy=                  0.428835 

 Thermal correction to Gibbs Free Energy=         0.335984 

 Sum of electronic and zero-point Energies=          -5172.604623 

 Sum of electronic and thermal Energies=             -5172.575622 

 Sum of electronic and thermal Enthalpies=           -5172.574678 

 Sum of electronic and thermal Free Energies=        -5172.667529 

HF=-5173.0035128 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5174.7280516 

 

Figure S8 

Int-NiI 

 C                 -6.33087500    3.78361200   -1.30672900 

 H                 -7.00907400    3.13414300   -1.88335300 

 H                 -6.54427000    3.65378100   -0.23378100 

 H                 -6.54448200    4.82784600   -1.58486400 

 C                 -4.87361500    3.44701900   -1.63741900 

 C                 -4.63237500    1.92409400   -1.42097700 

 H                 -5.15499000    1.61226700   -0.50121600 

 H                 -5.16244400    1.42609700   -2.25339100 

 C                 -3.18771100    1.41650000   -1.31918600 

 C                 -3.92525000    4.29522200   -0.77638400 

 H                 -2.87932600    4.12854000   -1.07434100 

 H                 -4.15161400    5.36415200   -0.91545000 

 H                 -4.01786400    4.05013500    0.29483200 

 H                 -2.71947000    1.60725700   -0.34172600 

 O                 -4.70501100    3.78341400   -3.01230900 

 H                 -3.95083200    3.25868900   -3.35085500 

 C                 -2.29208500    1.75007800   -2.40023200 

 O                 -2.58764000    2.12421300   -3.54116600 



S224 
 

 O                 -0.96180600    1.60853900   -2.07341700 

 C                 -0.03307600    1.81961000   -3.12748000 

 H                 -0.13381200    2.82809300   -3.55843200 

 H                  0.96717000    1.69835800   -2.68880400 

 H                 -0.17363300    1.08752700   -3.94027000 

 Ni                -3.31418300   -0.59086500   -1.54117800 

 N                 -4.21275100   -2.31221700   -1.79327600 

 C                 -5.31918100   -4.88028900   -2.12743500 

 C                 -5.53006500   -2.47500200   -2.00921400 

 C                 -3.42184900   -3.41377800   -1.73751600 

 C                 -3.94992800   -4.69958400   -1.90043400 

 C                 -6.11670500   -3.72249100   -2.17953600 

 N                 -1.71540200   -1.79827500   -1.37934300 

 C                  0.33990000   -3.69768400   -1.15118600 

 C                 -0.45158200   -1.41173700   -1.15303800 

 C                 -1.99107700   -3.11742300   -1.49455400 

 C                 -0.98500800   -4.08514300   -1.38545000 

 C                  0.59555300   -2.32029900   -1.03383700 

 H                 -6.12316000   -1.55773700   -2.04433700 

 H                 -3.29335600   -5.56927100   -1.85181500 

 H                 -7.19278300   -3.79332900   -2.35323900 

 H                 -0.30177800   -0.33196200   -1.08292100 

 H                 -1.22771600   -5.14428800   -1.48128900 

 H                  1.60869100   -1.95515200   -0.85048600 

 C                  1.45204400   -4.70425000   -1.03171500 

 H                  1.08280600   -5.73620300   -1.11603400 

 H                  2.20709600   -4.54325400   -1.81875800 

 H                  1.97040100   -4.59981700   -0.06466900 

 C                 -5.92324200   -6.24570500   -2.31186200 

 H                 -6.39612700   -6.33113200   -3.30418900 

 H                 -5.17143300   -7.04242300   -2.22024800 



S225 
 

 H                 -6.71271100   -6.42788100   -1.56441900 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.410115 (Hartree/Particle) 

 Thermal correction to Energy=                    0.437143 

 Thermal correction to Enthalpy=                  0.438087 

 Thermal correction to Gibbs Free Energy=         0.347981 

 Sum of electronic and zero-point Energies=          -2581.365154 

 Sum of electronic and thermal Energies=             -2581.338126 

 Sum of electronic and thermal Enthalpies=           -2581.337181 

 Sum of electronic and thermal Free Energies=        -2581.427287 

HF=-2581.7752684 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-2583.192744 

 

TS-OA-NiI/III 

 Ni                -0.70329500   -0.05368700   -0.07394300 

 C                 -1.59198100    1.24801500   -1.29034100 

 C                 -0.74108800    3.85771100   -1.84056800 

 C                 -2.13598800    2.32761300   -0.56022600 

 C                 -0.73827200    1.49168100   -2.39303400 

 C                 -0.29127600    2.78148200   -2.63889600 

 C                 -1.68315600    3.61450900   -0.81390200 

 H                 -2.82863800    2.13875800    0.25725900 

 H                 -0.38572200    0.65577200   -2.99749400 

 H                  0.41773900    2.96668900   -3.44853700 

 H                 -2.04570800    4.44391700   -0.20294900 

 N                  1.07934900    0.93514400    0.19641700 

 C                  3.58753500    2.16905500    0.38214500 

 C                  1.20239100    2.14411600    0.75248500 

 C                  2.17237100    0.31664700   -0.29534800 

 C                  3.43801000    0.90737300   -0.20924400 



S226 
 

 C                  2.42693800    2.79481600    0.86255600 

 N                  0.60521300   -1.29666000   -1.12158100 

 C                  2.59218800   -3.06419500   -2.01800700 

 C                  0.27647600   -2.45058600   -1.71759900 

 C                  1.91042500   -0.98891800   -0.95527100 

 C                  2.91994600   -1.85447300   -1.39395500 

 C                  1.22702000   -3.35390700   -2.18009800 

 H                  0.27747200    2.60298100    1.10071400 

 H                  4.31205700    0.39923500   -0.61736500 

 H                  2.47201400    3.78563100    1.31898300 

 H                 -0.79406100   -2.64036500   -1.82735300 

 H                  3.96807500   -1.59585500   -1.24170300 

 H                  0.90482700   -4.27991200   -2.66110400 

 Br                -2.83053900   -0.48554800   -1.49535800 

 C                  3.64842600   -4.02653600   -2.48676200 

 H                  4.66036400   -3.61276300   -2.37481400 

 H                  3.59515700   -4.96484900   -1.91012000 

 H                  3.49359100   -4.29094000   -3.54497100 

 C                  4.93274600    2.83024700    0.50493800 

 H                  4.88628900    3.88062900    0.17783700 

 H                  5.25974400    2.83431800    1.55836000 

 H                  5.70052800    2.31182800   -0.08671000 

 C                 -0.25073800    5.18044100   -2.07272400 

 N                  0.15945300    6.25405400   -2.25355200 

 C                 -2.69559500   -1.67454000    4.18156800 

 H                 -2.75787900   -0.57918400    4.26449300 

 H                 -3.53371600   -2.01643800    3.55206900 

 H                 -2.81485100   -2.09849400    5.19097400 

 C                 -1.33930200   -2.09714400    3.59812000 

 C                 -1.15856500   -1.57615100    2.13909300 

 H                 -0.07984900   -1.71013700    1.92955100 
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 H                 -1.69181400   -2.26091400    1.45802900 

 C                 -1.61226800   -0.15256400    1.80116400 

 C                 -1.21014100   -3.62311600    3.60805100 

 H                 -0.26279700   -3.92613400    3.13375400 

 H                 -1.20098300   -3.98862500    4.64697400 

 H                 -2.04372200   -4.10409600    3.07232300 

 H                 -2.69232200   -0.06053200    1.63368000 

 O                 -0.28415900   -1.61725700    4.42569400 

 H                 -0.11070700   -0.68887500    4.16956800 

 C                 -1.11222900    0.91759100    2.62523500 

 O                 -0.11480100    0.90366500    3.35614500 

 O                 -1.83564900    2.07691700    2.51045600 

 C                 -1.43349000    3.16368100    3.33486900 

 H                 -0.41115700    3.50015900    3.09817500 

 H                 -2.14471000    3.97760700    3.14080500 

 H                 -1.45820700    2.88698000    4.40079100 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.499946 (Hartree/Particle) 

 Thermal correction to Energy=                    0.535671 

 Thermal correction to Enthalpy=                  0.536616 

 Thermal correction to Gibbs Free Energy=         0.426376 

 Sum of electronic and zero-point Energies=          -5478.831364 

 Sum of electronic and thermal Energies=             -5478.795638 

 Sum of electronic and thermal Enthalpies=           -5478.794694 

 Sum of electronic and thermal Free Energies=        -5478.904934 

HF=-5479.3313099 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5481.404544 

 

Int-NiIII 

 Ni                -0.47554500    0.22648600   -0.79759300 
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 C                 -1.47757100    1.86254500   -0.92937900 

 C                 -2.43704600    4.46038100   -1.48527500 

 C                 -2.06326000    2.63744600    0.07894400 

 C                 -1.38413800    2.40446700   -2.22572600 

 C                 -1.84856600    3.68843200   -2.50605200 

 C                 -2.54305100    3.92213800   -0.19092000 

 H                 -2.11777000    2.27757100    1.10459200 

 H                 -0.94668300    1.82103000   -3.03855800 

 H                 -1.76440700    4.09416600   -3.51654100 

 H                 -2.99164200    4.51573700    0.60874400 

 N                  1.31699600    1.27873200   -0.45612900 

 C                  3.76498200    2.38931800    0.36478400 

 C                  1.45174900    2.60241600   -0.29316000 

 C                  2.38252900    0.48103100   -0.22399700 

 C                  3.61034900    1.00977500    0.19016400 

 C                  2.64569900    3.19394800    0.10231000 

 N                  0.90175100   -1.29007900   -0.85006700 

 C                  2.87641000   -3.27397800   -0.62031900 

 C                  0.62958600   -2.56697700   -1.15291400 

 C                  2.15252200   -0.96179000   -0.46212900 

 C                  3.15203100   -1.93156100   -0.33565300 

 C                  1.57778600   -3.57871800   -1.05414900 

 H                  0.56442400    3.20522600   -0.48338000 

 H                  4.45381700    0.34763100    0.38297400 

 H                  2.69598500    4.27904300    0.21206600 

 H                 -0.39032400   -2.76187600   -1.49004800 

 H                  4.15425300   -1.64720900   -0.01649800 

 H                  1.29745400   -4.60206100   -1.31154700 

 Br                -2.06664500   -0.86607100   -2.29672000 

 C                  3.91636200   -4.34645200   -0.45496900 

 H                  4.92967100   -3.92734300   -0.37848400 
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 H                  3.71834800   -4.92263800    0.46485500 

 H                  3.88926100   -5.05791800   -1.29436100 

 C                  5.05937400    2.98554700    0.84221000 

 H                  5.29394400    3.91246500    0.29718300 

 H                  4.98064300    3.24888600    1.91084400 

 H                  5.89943000    2.28571000    0.72957200 

 C                 -2.91599900    5.78422800   -1.76198100 

 N                 -3.29837300    6.85865100   -1.98475800 

 C                 -2.72898500   -1.24540300    3.42041500 

 H                 -2.14761500   -0.34243800    3.66216300 

 H                 -3.62968400   -0.93421700    2.86668300 

 H                 -3.04071700   -1.70634300    4.37036400 

 C                 -1.88588900   -2.24334600    2.61257100 

 C                 -1.49181600   -1.69029200    1.20891300 

 H                 -0.66152500   -2.32815000    0.88341900 

 H                 -2.31892800   -1.85645800    0.50474100 

 C                 -1.12194400   -0.21915900    1.13273100 

 C                 -2.65381600   -3.55461800    2.42571800 

 H                 -2.07441700   -4.24763000    1.79560400 

 H                 -2.81155100   -4.03399700    3.40448400 

 H                 -3.63323100   -3.38302000    1.95323900 

 H                 -1.99776200    0.41716000    1.26422500 

 O                 -0.71316800   -2.58782000    3.35321300 

 H                 -0.01917000   -1.93916800    3.14510000 

 C                 -0.01129000    0.21482100    1.98537900 

 O                  0.91599200   -0.49340600    2.37040300 

 O                 -0.06317500    1.52457000    2.31583500 

 C                  0.99993600    2.02227600    3.12769300 

 H                  1.97320400    1.87486100    2.63683900 

 H                  0.80476100    3.09318000    3.26319200 

 H                  1.01942400    1.51133000    4.10248500 
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UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.503286 (Hartree/Particle) 

 Thermal correction to Energy=                    0.538985 

 Thermal correction to Enthalpy=                  0.539929 

 Thermal correction to Gibbs Free Energy=         0.432391 

 Sum of electronic and zero-point Energies=          -5478.863057 

 Sum of electronic and thermal Energies=             -5478.827358 

 Sum of electronic and thermal Enthalpies=           -5478.826414 

 Sum of electronic and thermal Free Energies=        -5478.933952 

HF=-5479.3663432 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5481.4389015 

 

TS-RD-NiIII/II 

 Ni                -0.68079000    0.38993000   -0.72548200 

 C                 -1.50599000    2.07991500   -1.04050200 

 C                 -2.37015300    4.68221300   -1.71497600 

 C                 -2.13460000    2.89259000   -0.08630400 

 C                 -1.33356100    2.58278000   -2.34447900 

 C                 -1.74866200    3.86904000   -2.68372400 

 C                 -2.56389200    4.18081700   -0.41452600 

 H                 -2.25970300    2.54875200    0.93916700 

 H                 -0.87232000    1.95871200   -3.11437100 

 H                 -1.60186900    4.24722900   -3.69788000 

 H                 -3.04595200    4.80604300    0.34054900 

 N                  1.10288600    1.21458300   -0.18913900 

 C                  3.59738900    2.12021100    0.73787700 

 C                  1.36109800    2.52651800   -0.07576200 

 C                  2.06992900    0.32550400    0.14482000 

 C                  3.31539400    0.75614900    0.61136200 

 C                  2.58257700    3.01617800    0.36974100 
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 N                  0.50316100   -1.31546900   -0.59323700 

 C                  2.18796800   -3.47725600   -0.01251800 

 C                  0.13301800   -2.56600300   -0.88520900 

 C                  1.72234200   -1.09891500   -0.05473700 

 C                  2.57908800   -2.15817000    0.24813000 

 C                  0.94361100   -3.66545500   -0.62419300 

 H                  0.55152400    3.20159300   -0.34954500 

 H                  4.07701700    0.02422400    0.87827500 

 H                  2.73331400    4.09537300    0.43572000 

 H                 -0.85387800   -2.67123800   -1.34192700 

 H                  3.54929800   -1.96767500    0.70660700 

 H                  0.58694500   -4.66656000   -0.87392000 

 Br                -2.53485600   -0.59891400   -1.80399500 

 C                  3.04416500   -4.63930600    0.40074700 

 H                  4.11238400   -4.37777400    0.41805300 

 H                  2.75837800   -4.94534400    1.42210300 

 H                  2.89870500   -5.50747200   -0.25855700 

 C                  4.91490200    2.60793900    1.27161700 

 H                  5.25260200    3.50870500    0.73734800 

 H                  4.81038900    2.88063600    2.33581100 

 H                  5.69612800    1.83801000    1.19905000 

 C                 -2.79808500    6.00948300   -2.05062400 

 N                 -3.14015100    7.08682100   -2.32103000 

 C                 -1.36308300   -2.16472200    4.10571200 

 H                 -0.95470100   -1.17031700    4.33479500 

 H                 -2.43529400   -2.16717500    4.35910000 

 H                 -0.84915900   -2.89502600    4.75007100 

 C                 -1.13653800   -2.53486600    2.62899700 

 C                 -1.86793500   -1.55048300    1.67749600 

 H                 -1.81887500   -1.97214300    0.66383600 

 H                 -2.94324000   -1.58752100    1.92681800 
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 C                 -1.49358200   -0.08212600    1.61603400 

 C                 -1.67533300   -3.94434900    2.36234500 

 H                 -1.49054200   -4.22850100    1.31495300 

 H                 -1.15500900   -4.66715400    3.00941700 

 H                 -2.75631000   -4.00912600    2.55917300 

 H                 -2.33806300    0.58343000    1.43869800 

 O                  0.25633500   -2.60295000    2.34527100 

 H                  0.61032000   -1.70355800    2.50794500 

 C                 -0.40704200    0.54086100    2.33043700 

 O                  0.62989600    0.01008500    2.74659600 

 O                 -0.59791100    1.87404100    2.51595900 

 C                  0.39874800    2.56929300    3.25827000 

 H                  1.39586000    2.43619000    2.81477200 

 H                  0.11396800    3.62886000    3.23341700 

 H                  0.43169600    2.21164400    4.29978600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.501335 (Hartree/Particle) 

 Thermal correction to Energy=                    0.536611 

 Thermal correction to Enthalpy=                  0.537555 

 Thermal correction to Gibbs Free Energy=         0.431860 

 Sum of electronic and zero-point Energies=          -5478.861120 

 Sum of electronic and thermal Energies=             -5478.825845 

 Sum of electronic and thermal Enthalpies=           -5478.824900 

 Sum of electronic and thermal Free Energies=        -5478.930595 

HF=-5479.3624551 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5481.4335244 

 

TS-RE-NiIII/I 

 Ni                -0.47941900    0.55153000   -1.20022800 

 C                 -1.91851100    1.88670100   -0.80308100 
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 C                 -3.33018600    4.26147000   -1.44437700 

 C                 -1.56539900    3.12673900   -0.22469600 

 C                 -3.04628900    1.85710400   -1.65625500 

 C                 -3.73198700    3.02041600   -1.98324800 

 C                 -2.23838600    4.29885300   -0.55443400 

 H                 -0.77106700    3.15997100    0.51827700 

 H                 -3.34965500    0.91577100   -2.11374300 

 H                 -4.57863900    2.97701400   -2.67166300 

 H                 -1.93192300    5.24843600   -0.11014700 

 N                  1.38087300    1.44203200   -0.56620900 

 C                  3.89340300    2.41492100    0.22950600 

 C                  1.66933800    2.74719600   -0.64252900 

 C                  2.33383900    0.58391400   -0.14005000 

 C                  3.58958100    1.04973400    0.27346800 

 C                  2.89731500    3.27493200   -0.25905800 

 N                  0.82099100   -1.14947800   -0.79272200 

 C                  2.40147600   -3.21210300    0.24287900 

 C                  0.44365300   -2.42199000   -0.92542900 

 C                  1.98354300   -0.86162900   -0.18314000 

 C                  2.79668800   -1.87152200    0.34320000 

 C                  1.19615200   -3.47941100   -0.42194400 

 H                  0.87663200    3.39067300   -1.02824700 

 H                  4.34723200    0.34498600    0.61548900 

 H                  3.07437800    4.34910000   -0.34428700 

 H                 -0.49108100   -2.59008000   -1.46293200 

 H                  3.73262700   -1.62649700    0.84552600 

 H                  0.83436000   -4.50286800   -0.53862100 

 Br                -1.05501500   -0.25635600   -3.44652000 

 C                  3.22576900   -4.32561400    0.82945000 

 H                  3.41049700   -5.11291700    0.08161000 

 H                  4.19462200   -3.96655900    1.20469200 
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 H                  2.68734300   -4.79817700    1.66775800 

 C                  5.22892600    2.94631900    0.67112900 

 H                  5.91232700    2.14075200    0.97397200 

 H                  5.70521500    3.52129200   -0.13919100 

 H                  5.10643900    3.63470700    1.52343900 

 C                 -4.03086300    5.46384100   -1.78142500 

 N                 -4.59834500    6.44219900   -2.05137200 

 C                 -3.47639500   -1.49528700    2.43927600 

 H                 -2.68932500   -0.93282400    2.96342900 

 H                 -4.35478500   -0.83924800    2.32765700 

 H                 -3.75430800   -2.34772500    3.07782400 

 C                 -2.98279800   -2.00867900    1.07764700 

 C                 -2.68340300   -0.84340500    0.09077800 

 H                 -2.19031500   -1.30060800   -0.77852300 

 H                 -3.64352500   -0.46635200   -0.28984300 

 C                 -1.92792000    0.39091700    0.59199600 

 C                 -4.04334800   -2.90924300    0.43715500 

 H                 -3.71054400   -3.23752900   -0.55976200 

 H                 -4.18621500   -3.80425800    1.06146300 

 H                 -5.00835200   -2.39018800    0.33471900 

 H                 -2.61308600    1.08842400    1.07739500 

 O                 -1.83799500   -2.83738600    1.23897300 

 H                 -1.10544500   -2.25988500    1.52667800 

 C                 -0.76935600    0.25531700    1.52551100 

 O                 -0.20767000   -0.77348600    1.87285600 

 O                 -0.41025700    1.44483400    2.04260800 

 C                  0.67828400    1.44607900    2.96975200 

 H                  1.60069900    1.08869200    2.48875200 

 H                  0.79946500    2.48734300    3.29134700 

 H                  0.45638200    0.80037200    3.83209400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 
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 Zero-point correction=                           0.503556 (Hartree/Particle) 

 Thermal correction to Energy=                    0.538728 

 Thermal correction to Enthalpy=                  0.539672 

 Thermal correction to Gibbs Free Energy=         0.432440 

 Sum of electronic and zero-point Energies=          -5478.848752 

 Sum of electronic and thermal Energies=             -5478.813581 

 Sum of electronic and thermal Enthalpies=           -5478.812637 

 Sum of electronic and thermal Free Energies=        -5478.919869 

HF=-5479.3523084 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5481.4219747 

 

Figure S9 

Ni-ArBr 

 C                 -2.46340100   -0.59251200   -0.48881700 

 C                 -2.51467900    0.82711600   -0.88588300 

 C                 -3.10075600    1.76044400    0.05367700 

 C                 -3.54466800    1.35600500    1.28396400 

 C                 -3.52900400   -0.03883600    1.65417300 

 C                 -3.02981100   -0.97811300    0.76314000 

 Br                -2.95641800    1.26230500   -2.81649000 

 H                 -3.16957600    2.81335900   -0.23118800 

 H                 -2.39939600   -1.36867200   -1.26147000 

 H                 -3.08878800   -2.04076200    1.01553000 

 H                 -3.93261400    2.08888700    1.99473000 

 C                  1.94835900    0.23185200    0.18919500 

 C                  0.81124500   -1.62530900    0.99833800 

 C                  1.96154500   -2.12594200    1.59944600 

 C                  3.16825800   -1.41484500    1.49069000 

 C                  3.14022700   -0.21429900    0.76904400 

 C                  1.80742400    1.49028100   -0.58463600 
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 C                  0.30708200    2.84583600   -1.73072600 

 C                  1.30814500    3.75771000   -2.05005300 

 C                  2.62468500    3.52935900   -1.61669600 

 C                  2.85917700    2.36553200   -0.87287800 

 H                 -0.14561100   -2.14702700    1.06781900 

 H                  1.91548900   -3.06663300    2.15248800 

 H                  4.05302800    0.37369200    0.66674300 

 H                 -0.72418200    2.98269100   -2.06425600 

 H                  1.06003700    4.64422600   -2.63793700 

 H                  3.86795900    2.14477900   -0.52189800 

 N                  0.79932200   -0.47695000    0.30601300 

 N                  0.54470700    1.73923500   -1.01040900 

 Ni                -0.75568200    0.38985400   -0.50029700 

 C                  3.72801800    4.49755900   -1.94583200 

 H                  3.83151700    4.61288500   -3.03712300 

 H                  3.50215100    5.49648600   -1.53814600 

 H                  4.69584600    4.17063100   -1.54011900 

 C                  4.42998600   -1.92890300    2.12839900 

 H                  4.29014700   -2.06395500    3.21323500 

 H                  4.69960800   -2.91453500    1.71478900 

 H                  5.27698600   -1.24624200    1.97149300 

 C                 -4.03352100   -0.44771000    2.92663100 

 N                 -4.44077600   -0.77435500    3.96751500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.302883 (Hartree/Particle) 

 Thermal correction to Energy=                    0.325980 

 Thermal correction to Enthalpy=                  0.326925 

 Thermal correction to Gibbs Free Energy=         0.245137 

 Sum of electronic and zero-point Energies=          -4979.097238 

 Sum of electronic and thermal Energies=             -4979.074141 

 Sum of electronic and thermal Enthalpies=           -4979.073196 
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 Sum of electronic and thermal Free Energies=        -4979.154984 

HF=-4979.400121 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-4980.9091328 

 

Ni(0)-ole 

 C                 -4.22144400    1.12899900   -1.31466100 

 H                 -4.92838800    1.28005800   -0.48500100 

 H                 -4.61875300    1.47634800   -2.28094000 

 C                 -2.81528300    1.37016400   -1.05517900 

 H                 -2.44452300    1.56769200   -0.04108700 

 C                 -1.92179500    1.80769100   -2.12535100 

 O                 -2.19803500    2.02061600   -3.29347500 

 O                 -0.62290700    1.92152600   -1.68116000 

 C                  0.33721500    2.27820800   -2.66722700 

 H                  0.08704200    3.24090300   -3.14088800 

 H                  1.30300600    2.35574300   -2.14946100 

 H                  0.39774800    1.51623400   -3.46211200 

 Ni                -3.22251800   -0.50937000   -1.37915000 

 N                 -4.23304200   -2.15723200   -1.65247500 

 C                 -5.46642900   -4.66975800   -1.96218900 

 C                 -5.56549100   -2.25926100   -1.79008200 

 C                 -3.48761300   -3.29313700   -1.66742000 

 C                 -4.07874600   -4.55204500   -1.81859700 

 C                 -6.21372100   -3.47958600   -1.94604100 

 N                 -1.69790800   -1.75505900   -1.36567800 

 C                  0.29612100   -3.73609800   -1.38624900 

 C                 -0.40300700   -1.42424000   -1.23229900 

 C                 -2.03141900   -3.06087100   -1.51573100 

 C                 -1.05761300   -4.06546200   -1.52780900 

 C                  0.61280600   -2.37474400   -1.23782700 
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 H                 -6.11386200   -1.31569000   -1.77241000 

 H                 -3.45836000   -5.44923400   -1.82491700 

 H                 -7.30035700   -3.50169900   -2.05533200 

 H                 -0.19855000   -0.35570100   -1.12634400 

 H                 -1.34831800   -5.10971400   -1.65010000 

 H                  1.65082900   -2.05316000   -1.12608600 

 C                  1.37440500   -4.78571000   -1.39583600 

 H                  0.96042900   -5.79824200   -1.50484400 

 H                  2.08015500   -4.61097600   -2.22455800 

 H                  1.96086400   -4.75080400   -0.46315000 

 C                 -6.13931900   -6.00565500   -2.12525400 

 H                 -6.71937500   -6.03844900   -3.06197300 

 H                 -5.41366600   -6.83124700   -2.14011200 

 H                 -6.84997600   -6.18653800   -1.30198300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.310043 (Hartree/Particle) 

 Thermal correction to Energy=                    0.331310 

 Thermal correction to Enthalpy=                  0.332254 

 Thermal correction to Gibbs Free Energy=         0.256705 

 Sum of electronic and zero-point Energies=          -2387.828530 

 Sum of electronic and thermal Energies=             -2387.807263 

 Sum of electronic and thermal Enthalpies=           -2387.806319 

 Sum of electronic and thermal Free Energies=        -2387.881867 

HF=-2388.1385729 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-2389.33305 

 

A-Ni-TS-D 

 C                 -6.54572400    3.30099200   -1.59621800 

 H                 -6.99543400    2.39288400   -2.03223200 

 H                 -6.72923800    3.30162600   -0.51108700 



S239 
 

 H                 -7.08359200    4.16925400   -2.03289100 

 C                 -5.08352100    3.36169900   -1.90220200 

 C                 -4.24860500    1.23957600   -1.21062700 

 H                 -4.93599700    1.16818500   -0.36481100 

 H                 -4.66666800    1.15311200   -2.21348000 

 C                 -2.82244600    1.39937400   -1.00136700 

 C                 -4.21847600    4.30265100   -1.12098600 

 H                 -3.14948400    4.08262500   -1.27167700 

 H                 -4.38412300    5.35170900   -1.44425300 

 H                 -4.43043700    4.23809100   -0.04277900 

 H                 -2.42990900    1.54388000    0.01120600 

 O                 -4.82983100    3.26712200   -3.24395300 

 H                 -3.88677300    2.99244100   -3.35166000 

 C                 -1.97234800    1.86453400   -2.06591300 

 O                 -2.31615500    2.24616200   -3.19349100 

 O                 -0.64080200    1.85011200   -1.73937500 

 C                  0.25745800    2.29566400   -2.74798900 

 H                  0.01518500    3.31839200   -3.07763500 

 H                  1.26044100    2.27345700   -2.30067300 

 H                  0.22704600    1.63735500   -3.63164400 

 Ni                -3.14894300   -0.50883100   -1.42138200 

 N                 -4.18947800   -2.14218100   -1.63269000 

 C                 -5.45251500   -4.63335100   -1.99423400 

 C                 -5.52446200   -2.22710500   -1.76233000 

 C                 -3.45593200   -3.28463100   -1.68559500 

 C                 -4.06302700   -4.53368100   -1.86322700 

 C                 -6.18791600   -3.43490900   -1.94037800 

 N                 -1.64058600   -1.76174400   -1.49852400 

 C                  0.31439200   -3.77778500   -1.34656700 

 C                 -0.34016300   -1.44749600   -1.37509300 

 C                 -1.99883600   -3.06937600   -1.54666300 



S240 
 

 C                 -1.04424400   -4.09079900   -1.46791700 

 C                  0.65700500   -2.41376100   -1.30296300 

 H                 -6.06444700   -1.27867900   -1.71604600 

 H                 -3.45109300   -5.43573000   -1.90854600 

 H                 -7.27602700   -3.44335500   -2.03652000 

 H                 -0.11976000   -0.37765400   -1.33606500 

 H                 -1.35672700   -5.13578000   -1.49570100 

 H                  1.70081700   -2.10468900   -1.21061300 

 C                  1.37176700   -4.84490100   -1.25736900 

 H                  0.94500900   -5.85386000   -1.34994700 

 H                  2.12650800   -4.71471400   -2.05012200 

 H                  1.90570700   -4.78506400   -0.29442400 

 C                 -6.14167500   -5.95640500   -2.19088600 

 H                 -6.69325600   -5.97069200   -3.14545000 

 H                 -5.42892200   -6.79336900   -2.19387700 

 H                 -6.88019300   -6.13475800   -1.39206000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.404731 (Hartree/Particle) 

 Thermal correction to Energy=                    0.432230 

 Thermal correction to Enthalpy=                  0.433174 

 Thermal correction to Gibbs Free Energy=         0.343645 

 Sum of electronic and zero-point Energies=          -2581.306020 

 Sum of electronic and thermal Energies=             -2581.278521 

 Sum of electronic and thermal Enthalpies=           -2581.277577 

 Sum of electronic and thermal Free Energies=        -2581.367106 

HF=-2581.7107507 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-2583.1288357 

 

Aryl bromide 

 C                 -2.58328000   -0.56943900   -0.52231500 



S241 
 

 C                 -2.59004200    0.79107000   -0.85270000 

 C                 -3.06887200    1.75169900    0.04499000 

 C                 -3.54695300    1.34604200    1.28973600 

 C                 -3.54670800   -0.01811600    1.63692200 

 C                 -3.06174900   -0.97272800    0.72288500 

 Br                -1.93644300    1.34339500   -2.55297200 

 H                 -3.06794900    2.80828200   -0.22623400 

 H                 -2.20587100   -1.30691800   -1.23201000 

 H                 -3.06042900   -2.03105300    0.98991900 

 H                 -3.92251800    2.08799500    1.99667200 

 C                 -4.03961900   -0.43474900    2.91931100 

 N                 -4.43826100   -0.77190400    3.95658100 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.089176 (Hartree/Particle) 

 Thermal correction to Energy=                    0.096652 

 Thermal correction to Enthalpy=                  0.097596 

 Thermal correction to Gibbs Free Energy=         0.055610 

 Sum of electronic and zero-point Energies=          -2897.446746 

 Sum of electronic and thermal Energies=             -2897.439270 

 Sum of electronic and thermal Enthalpies=           -2897.438325 

 Sum of electronic and thermal Free Energies=        -2897.480312 

HF=-2897.5359214 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-2898.2072775 

 

Figure S10 

ATHF 

 C                 -0.46538100   -4.57313000    1.28576000 

 O                 -0.76317900   -3.23490900    1.29172500 

 C                 -1.26398900   -5.31883800    2.31915800 

 H                  0.54298100   -4.81325500    0.94149200 



S242 
 

 C                 -1.94341900   -3.03990500    2.08162700 

 C                 -1.90664500   -4.16404800    3.12075900 

 H                 -0.64700400   -5.98512800    2.94556900 

 H                 -2.04467900   -5.95610000    1.85777500 

 H                 -1.90791800   -2.02594600    2.50599600 

 H                 -2.83728000   -3.11954400    1.43349300 

 H                 -1.25467300   -3.87509900    3.96070400 

 H                 -2.90132900   -4.40360600    3.52383200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.102514 (Hartree/Particle) 

 Thermal correction to Energy=                    0.107359 

 Thermal correction to Enthalpy=                  0.108303 

 Thermal correction to Gibbs Free Energy=         0.074371 

 Sum of electronic and zero-point Energies=           -231.529057 

 Sum of electronic and thermal Energies=              -231.524212 

 Sum of electronic and thermal Enthalpies=            -231.523267 

 Sum of electronic and thermal Free Energies=         -231.557199 

HF=-231.6315705 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-231.8968378 

 

A-TS-B’THF 

 C                 -2.35127400    1.57579800    0.13470500 

 C                 -3.36690000    2.44464100    0.54996200 

 C                 -3.04715400    3.69247000    1.09956100 

 C                 -1.68515400    4.01617600    1.20806900 

 C                 -0.72291400    3.10565300    0.78134500 

 C                 -2.60038300    0.23684600   -0.45945600 

 C                 -3.87154400   -0.31002700   -0.67136800 

 C                 -4.00249000   -1.58493200   -1.23684100 

 C                 -2.82140600   -2.26573300   -1.57743600 
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 C                 -1.59030900   -1.66351100   -1.33963600 

 H                 -4.41289400    2.15456400    0.44895200 

 H                 -1.36998800    4.97433600    1.62674600 

 H                  0.34773600    3.31723700    0.85693400 

 H                 -4.76557000    0.25049800   -0.39741700 

 H                 -2.85949200   -3.26069800   -2.02586300 

 H                 -0.64281400   -2.14675900   -1.59124800 

 N                 -1.04952500    1.91576900    0.25770000 

 N                 -1.48903900   -0.44717800   -0.79425200 

 Br                 1.82365200   -0.31289400   -1.90965800 

 Ni                 0.26869200    0.40178400   -0.21185900 

 C                  0.47047400   -0.45812700    1.56347300 

 C                 -0.21048000   -0.05202000    2.72909700 

 C                  1.28210100   -1.60712800    1.67027900 

 C                 -0.08482000   -0.73161000    3.94129600 

 H                 -0.85782400    0.83044200    2.69955100 

 C                  1.42628700   -2.30800800    2.86840100 

 H                  1.82207000   -1.95949600    0.78566100 

 H                 -0.61923900   -0.39049800    4.83171100 

 H                  2.06532500   -3.19299700    2.92404400 

 C                  0.74135300   -1.87098800    4.01990400 

 C                 -4.10988600    4.65239700    1.55865700 

 H                 -5.12140200    4.25188500    1.40307900 

 H                 -3.98794700    4.88006800    2.63009900 

 H                 -4.02767500    5.60844300    1.01653500 

 C                 -5.34959000   -2.21385300   -1.46516800 

 H                 -5.47327100   -3.09864000   -0.81885300 

 H                 -6.17094700   -1.51584700   -1.25046700 

 H                 -5.44780100   -2.56031200   -2.50617700 

 C                  0.87870600   -2.57927700    5.25907500 

 N                  0.98748200   -3.15253900    6.26483300 



S244 
 

 C                  2.75026900    2.00133200    1.67264100 

 H                  2.02199400    1.77464200    2.45071900 

 C                  4.31144100    1.96661400   -0.09317200 

 C                  3.14687000    2.91395300   -0.38912200 

 H                  5.18851700    2.53413700    0.25684500 

 H                  4.59623800    1.38523200   -0.98114800 

 H                  3.44728000    3.91031300   -0.74490100 

 H                  2.44639500    2.45908000   -1.11098800 

 O                  2.45626100    3.07404300    0.86829700 

 C                  3.74583800    1.08379800    1.03915200 

 H                  4.52212800    0.73803900    1.74283700 

 H                  3.25978300    0.18251800    0.62185000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.407387 (Hartree/Particle) 

 Thermal correction to Energy=                    0.437069 

 Thermal correction to Enthalpy=                  0.438013 

 Thermal correction to Gibbs Free Energy=         0.340081 

 Sum of electronic and zero-point Energies=          -5210.702801 

 Sum of electronic and thermal Energies=             -5210.673120 

 Sum of electronic and thermal Enthalpies=           -5210.672175 

 Sum of electronic and thermal Free Energies=        -5210.770108 

HF=-5211.1101884 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5212.8744598 

 

B’THF 

 C                 -2.23868400    1.72194100    0.28388800 

 C                 -3.31599900    2.53499900    0.65882600 

 C                 -3.09441300    3.83943700    1.11490100 

 C                 -1.76333100    4.28153600    1.15962300 

 C                 -0.74008000    3.41922200    0.77802300 



S245 
 

 C                 -2.40498300    0.34403300   -0.24544900 

 C                 -3.64402900   -0.30068100   -0.35606300 

 C                 -3.71859500   -1.59885600   -0.87439500 

 C                 -2.51363100   -2.20043700   -1.27013700 

 C                 -1.31873600   -1.50178500   -1.12986600 

 H                 -4.33682700    2.15973300    0.58886900 

 H                 -1.51998800    5.29501900    1.48565400 

 H                  0.30245600    3.74090400    0.77839500 

 H                 -4.55773300    0.20040400   -0.03647400 

 H                 -2.50232400   -3.21103000   -1.68413200 

 H                 -0.35829000   -1.92696800   -1.43004600 

 N                 -0.96552900    2.16430900    0.36442900 

 N                 -1.26671100   -0.26144200   -0.63271000 

 Br                 1.78541600   -0.24290100   -1.99171700 

 Ni                 0.51256100    0.68560200   -0.05895800 

 C                  0.57728400   -0.38459400    1.54282300 

 C                 -0.06467600   -0.00853400    2.73274000 

 C                  1.17786700   -1.65264200    1.47689400 

 C                 -0.12720700   -0.87273700    3.82654600 

 H                 -0.52838100    0.97925600    2.81266300 

 C                  1.12912700   -2.53065600    2.55993100 

 H                  1.69021000   -1.95420300    0.55887500 

 H                 -0.63475700   -0.57089800    4.74592800 

 H                  1.59833900   -3.51544100    2.49724000 

 C                  0.47027100   -2.14625400    3.74551600 

 C                 -4.22577600    4.73292900    1.54286200 

 H                 -5.20580800    4.30518100    1.28858500 

 H                 -4.19505000    4.89110800    2.63396000 

 H                 -4.14242800    5.72487800    1.07178800 

 C                 -5.02769100   -2.32862000   -1.00173400 

 H                 -5.01962300   -3.24477400   -0.38882100 



S246 
 

 H                 -5.87719000   -1.70837600   -0.68285800 

 H                 -5.19775400   -2.64178600   -2.04448700 

 C                  0.40877700   -3.04298300    4.86307800 

 N                  0.35554900   -3.76911900    5.76931500 

 C                  1.98398800    1.67541500    0.78592400 

 H                  1.56747200    2.06170600    1.72985100 

 C                  4.29887800    2.04357200    0.26431000 

 C                  3.38474900    2.70551900   -0.76591200 

 H                  4.63997400    2.78835700    1.00221400 

 H                  5.18604000    1.58244200   -0.19407700 

 H                  3.65444500    3.74285500   -1.01413200 

 H                  3.31590500    2.10967200   -1.69067800 

 O                  2.09778600    2.73829200   -0.12453100 

 C                  3.35618300    1.01654900    0.91985200 

 H                  3.59938900    0.80377600    1.97082300 

 H                  3.37871700    0.06871000    0.36583200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.411204 (Hartree/Particle) 

 Thermal correction to Energy=                    0.440054 

 Thermal correction to Enthalpy=                  0.440998 

 Thermal correction to Gibbs Free Energy=         0.346230 

 Sum of electronic and zero-point Energies=          -5210.730737 

 Sum of electronic and thermal Energies=             -5210.701887 

 Sum of electronic and thermal Enthalpies=           -5210.700943 

 Sum of electronic and thermal Free Energies=        -5210.795712 

HF=-5211.1419416 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5212.9026238 

 

B’-TS-FTHF 

 C                 -2.39459400    1.61380000    0.17291300 



S247 
 

 C                 -3.41615400    2.48809100    0.56669500 

 C                 -3.11018900    3.78148100    1.00465000 

 C                 -1.75467000    4.14842200    1.01740500 

 C                 -0.79114500    3.23008100    0.61279200 

 C                 -2.63939100    0.23248800   -0.31468900 

 C                 -3.89983100   -0.37886300   -0.32645100 

 C                 -4.04233500   -1.68771500   -0.80195500 

 C                 -2.88166100   -2.33399600   -1.25757300 

 C                 -1.66118700   -1.66767800   -1.21428900 

 H                 -4.45763100    2.16850600    0.52661300 

 H                 -1.44839900    5.14634400    1.33881900 

 H                  0.27248000    3.47639600    0.59595300 

 H                 -4.77572800    0.15603100    0.04145600 

 H                 -2.92561400   -3.35503400   -1.64302300 

 H                 -0.73182100   -2.12652700   -1.56114600 

 N                 -1.09852700    1.98954200    0.20882700 

 N                 -1.54351200   -0.41602400   -0.75555300 

 Br                 1.55523800   -0.60466800   -2.18638600 

 Ni                 0.25709900    0.48319900   -0.33993900 

 C                  0.65459900   -0.39517500    1.33152700 

 C                 -0.10168500   -0.08099300    2.48245400 

 C                  1.14664600   -1.71283600    1.20777400 

 C                 -0.41305800   -1.04508000    3.43426800 

 H                 -0.46686400    0.93917100    2.62301300 

 C                  0.84686700   -2.68626000    2.15592100 

 H                  1.73956100   -1.97882200    0.33124700 

 H                 -1.01997800   -0.78405500    4.30421200 

 H                  1.21886100   -3.70550600    2.02912300 

 C                  0.05502700   -2.36680500    3.27867700 

 C                 -4.17851700    4.74528700    1.44320200 

 H                 -4.04061300    5.01787700    2.50249700 



S248 
 

 H                 -4.12242100    5.67968300    0.86184000 

 H                 -5.18643000    4.32316500    1.32532300 

 C                 -5.37521300   -2.38516700   -0.81884800 

 H                 -6.19047800   -1.72145100   -0.49778400 

 H                 -5.60736400   -2.75828000   -1.82926200 

 H                 -5.36050900   -3.26067600   -0.14890200 

 C                 -0.26617000   -3.36749700    4.25114800 

 N                 -0.53136300   -4.17939100    5.04050100 

 C                  1.89297900    1.14108500    0.89108800 

 H                  1.62317400    1.65160700    1.82553600 

 C                  4.15511000    1.63294500    0.29117900 

 C                  3.20995400    2.21900900   -0.75372900 

 H                  4.41308900    2.39063400    1.04950800 

 H                  5.08844800    1.25251600   -0.14923800 

 H                  3.39386400    3.27784400   -0.98958500 

 H                  3.20715400    1.62560100   -1.68161400 

 O                  1.90558600    2.13972100   -0.14081900 

 C                  3.28438200    0.52347500    0.89809800 

 H                  3.58809500    0.20705700    1.90523300 

 H                  3.29831600   -0.35282500    0.23439300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.410835 (Hartree/Particle) 

 Thermal correction to Energy=                    0.438944 

 Thermal correction to Enthalpy=                  0.439888 

 Thermal correction to Gibbs Free Energy=         0.347875 

 Sum of electronic and zero-point Energies=          -5210.715185 

 Sum of electronic and thermal Energies=             -5210.687076 

 Sum of electronic and thermal Enthalpies=           -5210.686132 

 Sum of electronic and thermal Free Energies=        -5210.778145 

HF=-5211.1260197 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 



S249 
 

HF=-5212.8856316 

 

PCC-THF 

 C                  0.84204500    0.01525200    0.41737500 

 C                  0.08919200   -0.37815500    1.53556300 

 C                  0.69640600   -0.69022100   -0.78522700 

 C                 -0.78127000   -1.46244400    1.46476100 

 H                  0.18419400    0.17405700    2.47455800 

 C                 -0.17401300   -1.77530600   -0.87197000 

 H                  1.26817100   -0.36777300   -1.65621400 

 H                 -1.36219200   -1.76335800    2.33866100 

 H                 -0.28457300   -2.31938600   -1.81206800 

 C                 -0.91801300   -2.17177800    0.25527500 

 C                 -1.81582600   -3.28880600    0.17240900 

 N                 -2.54118100   -4.19380500    0.10638900 

 C                  1.82559500    1.15838900    0.53803800 

 H                  1.34869000    1.96620300    1.12905100 

 C                  4.12427900    1.78205100    0.60674400 

 C                  3.59686300    1.88615000   -0.82650700 

 H                  4.02933000    2.75135800    1.12291700 

 H                  5.17805300    1.47026200    0.65390700 

 H                  3.78234700    2.86886000   -1.28974000 

 H                  4.05031900    1.11194900   -1.47466400 

 O                  2.18532300    1.67261000   -0.74105800 

 C                  3.15695300    0.76080100    1.21022200 

 H                  3.09761500    0.78721100    2.30767100 

 H                  3.43342900   -0.26213600    0.90603400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.196255 (Hartree/Particle) 

 Thermal correction to Energy=                    0.207196 

 Thermal correction to Enthalpy=                  0.208141 
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 Thermal correction to Gibbs Free Energy=         0.157979 

 Sum of electronic and zero-point Energies=           -555.172054 

 Sum of electronic and thermal Energies=              -555.161113 

 Sum of electronic and thermal Enthalpies=            -555.160169 

 Sum of electronic and thermal Free Energies=         -555.210330 

HF=-555.3683091 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-555.9858873 

 

A-TS-DTHF 

 C                 -4.72123500    1.31294300   -1.81771900 

 H                 -5.35786200    1.67963600   -1.01106000 

 H                 -5.20804500    0.76218500   -2.62494000 

 C                 -3.37152900    1.21932700   -1.63154800 

 H                 -2.72057600    0.72406200   -2.35567700 

 C                 -2.72482400    1.85877300   -0.48598100 

 O                 -3.27779600    2.52829000    0.37330400 

 O                 -1.38716800    1.63971700   -0.47601800 

 C                 -0.65967200    2.23439200    0.59494400 

 H                 -1.01577500    1.86557500    1.56995300 

 H                  0.39168400    1.95613500    0.44771000 

 H                 -0.76546600    3.33120100    0.58447000 

 C                 -5.26732700    3.42440500   -2.79114100 

 O                 -6.12450100    3.92415500   -1.87625100 

 C                 -3.98565600    4.21004700   -2.83744100 

 H                 -5.75587500    2.98676600   -3.66477600 

 C                 -5.37194600    4.72702500   -0.93791500 

 C                 -4.21664900    5.30105400   -1.76419600 

 H                 -3.79893900    4.63089500   -3.83919700 

 H                 -3.11837400    3.56998800   -2.59594600 

 H                 -6.05765800    5.47805500   -0.52279100 



S251 
 

 H                 -4.99884000    4.07012300   -0.13591300 

 H                 -4.51375400    6.25027700   -2.23623800 

 H                 -3.32755000    5.48652900   -1.14584400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.200133 (Hartree/Particle) 

 Thermal correction to Energy=                    0.211806 

 Thermal correction to Enthalpy=                  0.212750 

 Thermal correction to Gibbs Free Energy=         0.160537 

 Sum of electronic and zero-point Energies=           -537.695389 

 Sum of electronic and thermal Energies=              -537.683716 

 Sum of electronic and thermal Enthalpies=            -537.682772 

 Sum of electronic and thermal Free Energies=         -537.734985 

HF=-537.895522 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-538.5136763 

 

DTHF 

 C                 -4.42989200    2.08844500   -1.59165200 

 H                 -4.78754800    2.31809900   -0.57615600 

 H                 -5.12816100    1.37162900   -2.05409800 

 C                 -3.06821700    1.50852000   -1.53042000 

 H                 -2.67278500    0.91431400   -2.35838900 

 C                 -2.18731500    1.76937200   -0.40586500 

 O                 -2.45922100    2.49194700    0.54261500 

 O                 -1.00321800    1.12584200   -0.52034400 

 C                 -0.06920700    1.33373300    0.53793800 

 H                 -0.48582000    1.00215600    1.50219500 

 H                  0.81969600    0.74220200    0.28590000 

 H                  0.19558000    2.39946900    0.62550300 

 C                 -4.52473700    3.38881800   -2.44171100 

 O                 -5.90424300    3.71375600   -2.60832900 



S252 
 

 C                 -3.87748800    4.61704200   -1.77604200 

 H                 -4.08853700    3.18779900   -3.43608700 

 C                 -6.21386000    4.95462400   -1.97443200 

 C                 -5.05775200    5.23093300   -1.01298600 

 H                 -3.51670100    5.31519500   -2.54873600 

 H                 -3.03365400    4.35232300   -1.12517300 

 H                 -6.29345400    5.75646000   -2.73547100 

 H                 -7.19184100    4.86428400   -1.47409100 

 H                 -4.92837300    6.30073700   -0.79274400 

 H                 -5.21193700    4.70434400   -0.05728600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.202916 (Hartree/Particle) 

 Thermal correction to Energy=                    0.214397 

 Thermal correction to Enthalpy=                  0.215342 

 Thermal correction to Gibbs Free Energy=         0.163561 

 Sum of electronic and zero-point Energies=           -537.727976 

 Sum of electronic and thermal Energies=              -537.716494 

 Sum of electronic and thermal Enthalpies=            -537.715550 

 Sum of electronic and thermal Free Energies=         -537.767331 

HF=-537.9308919 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-538.5461321 

 

D-TS-ETHF 

 Ni                -4.96066700    0.48974800    0.81189900 

 C                 -6.23452800    0.83564500   -0.66206600 

 C                 -5.87603700    0.78499300   -2.02311100 

 C                 -7.58707400    1.09773800   -0.36461200 

 C                 -6.80400100    0.99653300   -3.04285200 

 H                 -4.83823300    0.58208300   -2.30521700 

 C                 -8.53406900    1.32295300   -1.36288600 
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 H                 -7.90082800    1.14033600    0.68270600 

 C                 -8.14506900    1.27684200   -2.71608900 

 H                 -6.50070300    0.95806400   -4.09218500 

 H                 -9.57370400    1.54166000   -1.10690100 

 Br                -5.92850300    0.61981400    3.01429100 

 C                 -2.65170500   -0.59143000   -0.56507400 

 C                 -1.50354000   -0.67614200   -1.36006400 

 C                 -0.87438400    0.48890600   -1.81839800 

 C                 -1.45249900    1.71485300   -1.45465400 

 C                 -2.59629500    1.72970400   -0.66192500 

 C                 -3.40070000   -1.77416400   -0.06673000 

 C                 -3.01847900   -3.10251000   -0.28880500 

 C                 -3.80109500   -4.15160500    0.20997300 

 C                 -4.95890900   -3.80976300    0.92926700 

 C                 -5.27796300   -2.46941100    1.11768000 

 H                 -1.09783800   -1.64949000   -1.63662600 

 H                 -1.02596100    2.66078400   -1.79458900 

 H                 -3.08482500    2.67118800   -0.40555000 

 H                 -2.11085500   -3.32841600   -0.84881900 

 H                 -5.60813600   -4.58377900    1.34380800 

 H                 -6.15724500   -2.15006000    1.68245700 

 N                 -3.17404300    0.60589600   -0.21811800 

 N                 -4.51759300   -1.48366000    0.62889700 

 C                 -3.42463800   -5.59158700   -0.00611400 

 C                  0.36814400    0.43707600   -2.66370600 

 H                  0.26678600    1.08393300   -3.54915100 

 H                  1.23445100    0.80894700   -2.09130800 

 H                  0.59466100   -0.58466100   -2.99953100 

 H                 -4.23592600   -6.13027000   -0.52186600 

 H                 -3.26662600   -6.09817700    0.95995700 

 H                 -2.50747000   -5.69215900   -0.60312100 
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 C                 -9.09890100    1.53250000   -3.75538500 

 N                 -9.86622700    1.74844200   -4.60190800 

 C                 -4.60637800    4.00635500    1.74003100 

 H                 -3.67504100    4.36989700    1.27934700 

 H                 -4.40453300    3.01944100    2.19654900 

 C                 -5.66794900    3.85580600    0.71750300 

 H                 -6.67704400    3.59828600    1.03862000 

 C                 -5.43399500    4.13942300   -0.68430800 

 O                 -4.33426800    4.36425200   -1.18124300 

 O                 -6.56907800    4.13334800   -1.41066500 

 C                 -6.43370000    4.39584700   -2.80500600 

 H                 -5.74570400    3.67547600   -3.27138200 

 H                 -7.43583600    4.28653300   -3.23640700 

 H                 -6.05007400    5.41439200   -2.97654500 

 C                 -5.02055500    4.96058300    2.88859500 

 O                 -6.30093100    4.60069900    3.39885800 

 C                 -4.06429900    4.88752900    4.08913200 

 H                 -5.09321000    5.98364800    2.47996900 

 C                 -6.19082400    4.00590600    4.69527200 

 C                 -4.69637200    3.77202400    4.93268700 

 H                 -4.07941400    5.84370400    4.63704100 

 H                 -3.02483700    4.68295500    3.79173300 

 H                 -6.61647900    4.69650300    5.44894600 

 H                 -6.76947900    3.06880400    4.70892500 

 H                 -4.42104600    3.82128600    5.99664800 

 H                 -4.41017300    2.78049400    4.54925600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.508362 (Hartree/Particle) 

 Thermal correction to Energy=                    0.544300 

 Thermal correction to Enthalpy=                  0.545244 

 Thermal correction to Gibbs Free Energy=         0.433407 



S255 
 

 Sum of electronic and zero-point Energies=          -5516.905104 

 Sum of electronic and thermal Energies=             -5516.869167 

 Sum of electronic and thermal Enthalpies=           -5516.868222 

 Sum of electronic and thermal Free Energies=        -5516.980059 

HF=-5517.4134662 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5519.5272694 

 

ETHF 

 Ni                -4.96748700    0.49328900    0.58191900 

 C                 -6.21216300    0.58613200   -0.86719800 

 C                 -5.81812300    0.75385700   -2.19880000 

 C                 -7.55789300    0.34742400   -0.56170000 

 C                 -6.75914500    0.67873200   -3.22693300 

 H                 -4.77406800    0.96105200   -2.44171800 

 C                 -8.50782000    0.26786900   -1.57921900 

 H                 -7.86378700    0.23432500    0.48181500 

 C                 -8.11258600    0.43500300   -2.92197100 

 H                 -6.45339500    0.81134700   -4.26727400 

 H                 -9.55829100    0.08477400   -1.34210700 

 Br                -5.84451600   -0.12115000    2.86336500 

 C                 -2.55181300   -0.67024300   -0.66081300 

 C                 -1.27822600   -0.82146000   -1.21963200 

 C                 -0.51496100    0.30330900   -1.55823600 

 C                 -1.09979800    1.55710200   -1.33437700 

 C                 -2.36952000    1.63693100   -0.76689400 

 C                 -3.44025900   -1.81649300   -0.34701500 

 C                 -3.11474200   -3.15196800   -0.61852300 

 C                 -4.03606800   -4.17084500   -0.35184100 

 C                 -5.27600900   -3.78979400    0.18598500 

 C                 -5.52756400   -2.44816900    0.44671400 



S256 
 

 H                 -0.87366500   -1.81689600   -1.40240000 

 H                 -0.57686000    2.47683000   -1.60456500 

 H                 -2.86597100    2.59909500   -0.62728700 

 H                 -2.14628000   -3.40532900   -1.04912000 

 H                 -6.04399600   -4.53407100    0.40612500 

 H                 -6.46764100   -2.11309600    0.88689300 

 N                 -3.07375800    0.55242200   -0.41386000 

 N                 -4.62917500   -1.48909700    0.19210800 

 C                 -3.71994600   -5.61582300   -0.62211300 

 C                  0.87071400    0.17152600   -2.12636300 

 H                  1.07090300    0.95211900   -2.87542900 

 H                  1.61931800    0.28981900   -1.32419800 

 H                  1.03060500   -0.81318900   -2.58877700 

 H                 -4.51541300   -6.08363600   -1.22350100 

 H                 -3.66056000   -6.17750000    0.32494300 

 H                 -2.76445300   -5.73565200   -1.15182900 

 C                 -9.08397300    0.36208000   -3.97484500 

 N                 -9.86931200    0.30267800   -4.82953600 

 C                 -4.26703500    2.86938300    1.85532800 

 H                 -3.33515600    3.08557100    1.31508900 

 H                 -4.05362900    2.06509800    2.57339200 

 C                 -5.37177600    2.42934000    0.90455900 

 H                 -6.33429500    2.38588000    1.42388500 

 C                 -5.49557200    3.29120000   -0.30233500 

 O                 -4.56847600    3.79615400   -0.91663500 

 O                 -6.77371900    3.48075500   -0.67019800 

 C                 -6.99414300    4.19844500   -1.88334700 

 H                 -6.53521400    3.66858000   -2.73239100 

 H                 -8.08180300    4.24710600   -2.01643700 

 H                 -6.56873800    5.21203100   -1.82632900 

 C                 -4.65784400    4.13985800    2.64753700 
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 O                 -5.94517400    4.02691600    3.24052500 

 C                 -3.72016100    4.39628000    3.83492300 

 H                 -4.70032600    4.99290000    1.94909900 

 C                 -5.83246600    3.48281100    4.55994800 

 C                 -4.33158500    3.49524000    4.92201700 

 H                 -3.77995100    5.45675700    4.12773300 

 H                 -2.66829500    4.16111400    3.61264900 

 H                 -6.43153400    4.11450600    5.23873300 

 H                 -6.24380100    2.45906000    4.57892900 

 H                 -4.14647400    3.87072100    5.93910300 

 H                 -3.91519400    2.47773700    4.86491300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.511396 (Hartree/Particle) 

 Thermal correction to Energy=                    0.547241 

 Thermal correction to Enthalpy=                  0.548185 

 Thermal correction to Gibbs Free Energy=         0.436938 

 Sum of electronic and zero-point Energies=          -5516.924197 

 Sum of electronic and thermal Energies=             -5516.888352 

 Sum of electronic and thermal Enthalpies=           -5516.887408 

 Sum of electronic and thermal Free Energies=        -5516.998655 

HF=-5517.4355929 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5519.5440135 

 

E-TS-FTHF 

 Ni                -5.00453400   -0.19034200    0.38242500 

 C                 -6.29938100    0.17096000   -0.97651900 

 C                 -5.84171400    0.24136900   -2.31024100 

 C                 -7.58228100   -0.36227700   -0.72961400 

 C                 -6.60723000   -0.26612200   -3.35337000 

 H                 -4.87987500    0.70340200   -2.52916400 
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 C                 -8.35104300   -0.87492400   -1.76819600 

 H                 -7.95364500   -0.39629800    0.29600600 

 C                 -7.87058800   -0.83775800   -3.09417000 

 H                 -6.23140800   -0.22363900   -4.37798800 

 H                 -9.33234000   -1.30657300   -1.55946200 

 Br                -6.13588100   -0.73396900    2.58879200 

 C                 -2.49136600   -1.12782600   -0.82761100 

 C                 -1.19710400   -1.15798700   -1.36110600 

 C                 -0.55293700    0.02872800   -1.73017600 

 C                 -1.27567700    1.21947400   -1.56653500 

 C                 -2.55503100    1.17834200   -1.01998900 

 C                 -3.25656500   -2.35719800   -0.49318900 

 C                 -2.80331600   -3.65447300   -0.76707200 

 C                 -3.61446900   -4.75843900   -0.47897400 

 C                 -4.87491400   -4.49948200    0.08291700 

 C                 -5.25467900   -3.18674600    0.34150600 

 H                 -0.68280300   -2.10935300   -1.49672500 

 H                 -0.85211800    2.17990900   -1.86764200 

 H                 -3.15245800    2.08754000   -0.93162700 

 H                 -1.82398300   -3.81402700   -1.21806100 

 H                 -5.55889600   -5.31630300    0.32296000 

 H                 -6.21286400   -2.94015800    0.80339700 

 N                 -3.14537800    0.03885900   -0.62966900 

 N                 -4.46314100   -2.14434600    0.06293400 

 C                 -3.16398700   -6.16693700   -0.75405800 

 C                  0.84935700    0.03150400   -2.27262900 

 H                  0.94803800    0.73463400   -3.11369400 

 H                  1.55647500    0.35953700   -1.49171900 

 H                  1.16029800   -0.96780700   -2.60919100 

 H                 -3.90461900   -6.69933600   -1.37193800 

 H                 -3.06813400   -6.73033600    0.18882600 
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 H                 -2.19434300   -6.19532200   -1.27083300 

 C                 -8.65894200   -1.36288500   -4.16771800 

 N                 -9.29631000   -1.79071000   -5.04127800 

 C                 -4.92319800    2.25064100    1.24374300 

 H                 -3.99671800    2.57514100    0.75691400 

 H                 -4.66619200    1.46829300    1.97131100 

 C                 -5.96236500    1.76422900    0.21203300 

 H                 -6.93308700    1.70552900    0.70937200 

 C                 -6.02421300    2.72029300   -0.94030300 

 O                 -5.05498400    3.22454600   -1.47800700 

 O                 -7.27903300    2.95699200   -1.34139400 

 C                 -7.43654600    3.76520700   -2.50948700 

 H                 -6.95759800    3.28296300   -3.37592000 

 H                 -8.51672400    3.85506500   -2.67563900 

 H                 -6.98654900    4.75888000   -2.36425800 

 C                 -5.48117500    3.45528100    2.04378800 

 O                 -6.79926200    3.21391900    2.52027500 

 C                 -4.65329200    3.73294700    3.30607000 

 H                 -5.53115600    4.33056800    1.37279900 

 C                 -6.77836100    2.79566400    3.89146100 

 C                 -5.30385200    2.77940600    4.32027500 

 H                 -4.78727400    4.78238200    3.61458500 

 H                 -3.57718100    3.55411200    3.16069200 

 H                 -7.37200100    3.51619300    4.48352300 

 H                 -7.23989100    1.79856200    3.97504500 

 H                 -5.16182700    3.09619100    5.36390900 

 H                 -4.89758700    1.76151300    4.21504600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.510849 (Hartree/Particle) 

 Thermal correction to Energy=                    0.546077 

 Thermal correction to Enthalpy=                  0.547021 
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 Thermal correction to Gibbs Free Energy=         0.437937 

 Sum of electronic and zero-point Energies=          -5516.908554 

 Sum of electronic and thermal Energies=             -5516.873326 

 Sum of electronic and thermal Enthalpies=           -5516.872382 

 Sum of electronic and thermal Free Energies=        -5516.981466 

HF=-5517.419403 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5519.5276346 

 

PDCF-THF 

 C                 -6.41104300    0.09519600   -0.56992600 

 C                 -5.39415600   -0.28761600   -1.46166700 

 C                 -7.39768100   -0.84114400   -0.22666200 

 C                 -5.36048600   -1.57198900   -1.99841100 

 H                 -4.62515600    0.43559700   -1.74291000 

 C                 -7.37590800   -2.13127200   -0.75372800 

 H                 -8.19488300   -0.55516900    0.46365500 

 C                 -6.35374100   -2.50590100   -1.64542100 

 H                 -4.56807300   -1.85876100   -2.69229100 

 H                 -8.14869300   -2.85195100   -0.47975000 

 C                 -6.32512900   -3.83235100   -2.19410900 

 N                 -6.30177100   -4.90557900   -2.63774100 

 C                 -5.29389500    1.65945600    1.07732800 

 H                 -4.31745700    1.59956000    0.57156400 

 H                 -5.35203600    0.82421700    1.79425600 

 C                 -6.41925800    1.48673600    0.04411100 

 H                 -7.38145700    1.64486600    0.54904600 

 C                 -6.31079700    2.52091300   -1.06961900 

 O                 -5.27541600    3.01433200   -1.45679100 

 O                 -7.50656600    2.79030100   -1.60636600 

 C                 -7.52203200    3.70122500   -2.71188300 
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 H                 -6.91708600    3.31042900   -3.54418700 

 H                 -8.57150600    3.79690500   -3.01468500 

 H                 -7.11865600    4.68050600   -2.41315100 

 C                 -5.37918600    2.98435900    1.83911600 

 O                 -6.70008500    3.13576300    2.38408600 

 C                 -4.41661100    3.05755000    3.04130100 

 H                 -5.19685000    3.81328400    1.13321700 

 C                 -6.64704300    3.25828600    3.80213700 

 C                 -5.31298300    2.63789000    4.21426000 

 H                 -4.06403600    4.09143200    3.18342500 

 H                 -3.53235600    2.41650500    2.91026900 

 H                 -6.69129400    4.32600900    4.09873700 

 H                 -7.52455300    2.75042400    4.23371200 

 H                 -4.95327000    2.99430200    5.19076000 

 H                 -5.40197200    1.54024800    4.26304800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.296381 (Hartree/Particle) 

 Thermal correction to Energy=                    0.314368 

 Thermal correction to Enthalpy=                  0.315312 

 Thermal correction to Gibbs Free Energy=         0.247203 

 Sum of electronic and zero-point Energies=           -861.365572 

 Sum of electronic and thermal Energies=              -861.347585 

 Sum of electronic and thermal Enthalpies=            -861.346641 

 Sum of electronic and thermal Free Energies=         -861.414750 

HF=-861.6619532 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-862.6289765 

 

Table S7 

TS-Giese Addition4 

 C                 -4.90489700    1.50015100   -1.60372500 
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 H                 -5.40954500    1.94377600   -0.74258200 

 H                 -5.51272300    0.93887800   -2.31454900 

 C                 -3.54823500    1.38653900   -1.59837900 

 H                 -3.00815200    0.87449200   -2.39772500 

 C                 -2.74516600    2.01574700   -0.54935500 

 O                 -3.17248500    2.63861300    0.40908100 

 O                 -1.41586700    1.84636600   -0.76278700 

 C                 -0.54505700    2.41431900    0.21287000 

 H                 -0.75070200    2.00380300    1.21384400 

 H                  0.47603100    2.16021700   -0.09858200 

 H                 -0.66489000    3.50847400    0.25765400 

 C                 -5.37848000    3.49958300   -2.94036200 

 O                 -4.20250000    4.14408100   -2.96307100 

 H                 -6.14090100    3.88312700   -2.24858900 

 C                 -3.87243400    4.95207000   -1.82632500 

 H                 -4.11185300    4.40263300   -0.90171700 

 H                 -4.48558300    5.87235600   -1.85520800 

 C                 -5.78427700    2.90034700   -4.24109300 

 H                 -4.96713600    2.28546200   -4.65297800 

 H                 -6.67842600    2.27124900   -4.12108100 

 H                 -6.01519300    3.68378100   -4.98996400 

 C                 -2.39303500    5.27125800   -1.88786400 

 H                 -2.14599000    5.81382900   -2.81360000 

 H                 -2.10405100    5.89476900   -1.02808500 

 H                 -1.80182600    4.34359500   -1.86166700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.219439 (Hartree/Particle) 

 Thermal correction to Energy=                    0.233119 

 Thermal correction to Enthalpy=                  0.234063 

 Thermal correction to Gibbs Free Energy=         0.178063 

 Sum of electronic and zero-point Energies=           -538.886739 
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 Sum of electronic and thermal Energies=              -538.873059 

 Sum of electronic and thermal Enthalpies=            -538.872115 

 Sum of electronic and thermal Free Energies=         -538.928115 

HF=-539.106178 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-539.729223 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-538.597013782666 

 

TS-Giese Addition6 

 C                 -4.69165200    1.84902800   -1.73802500 

 H                 -5.28111000    2.60791500   -1.21981600 

 H                 -5.21043100    1.21904700   -2.46399700 

 C                 -3.39040500    1.66195400   -1.46198800 

 H                 -2.79537100    0.89914000   -1.97003000 

 C                 -2.67715100    2.50976700   -0.48526400 

 O                 -3.15743900    3.41551200    0.16897200 

 O                 -1.37793100    2.16018200   -0.39440400 

 C                 -0.57987600    2.91888600    0.51388400 

 H                 -0.96746900    2.83628600    1.54132200 

 H                  0.43349000    2.50264900    0.45617900 

 H                 -0.57036300    3.98362300    0.23248000 

 C                 -4.80844000    4.00539100   -3.61692300 

 C                 -6.19806700    4.46208500   -3.34205100 

 H                 -4.55103400    3.30722800   -4.41491600 

 H                 -6.90686600    3.64376800   -3.54595000 

 H                 -6.48734500    5.30627300   -4.01318900 

 C                 -4.19799900    5.91634700   -2.41855800 

 C                 -5.23983500    5.49600400   -1.39134200 

 H                 -3.29996000    6.29972100   -1.91392600 

 H                 -4.58984500    6.71163300   -3.07967800 
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 H                 -5.58422700    6.38913800   -0.84087500 

 H                 -4.76591600    4.80589100   -0.67437700 

 O                 -3.78531600    4.80492100   -3.21887400 

 O                 -6.37535000    4.86555900   -1.98548400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.203960 (Hartree/Particle) 

 Thermal correction to Energy=                    0.217102 

 Thermal correction to Enthalpy=                  0.218046 

 Thermal correction to Gibbs Free Energy=         0.162090 

 Sum of electronic and zero-point Energies=           -612.835400 

 Sum of electronic and thermal Energies=              -612.822258 

 Sum of electronic and thermal Enthalpies=            -612.821314 

 Sum of electronic and thermal Free Energies=         -612.877269 

HF=-613.0393598 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-613.7473919 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-612.502054523782 

 

TS-Metalation6 

 C                 -2.24946100    1.47118100   -0.17244200 

 C                 -3.10493900    2.47250500    0.30153700 

 C                 -2.59856000    3.73619500    0.63055700 

 C                 -1.22001400    3.94119900    0.45663500 

 C                 -0.42393400    2.90211100   -0.01500500 

 C                 -2.69859200    0.10514000   -0.54693700 

 C                 -4.02690200   -0.33357300   -0.49260400 

 C                 -4.34915800   -1.64380400   -0.86907800 

 C                 -3.29691100   -2.47164500   -1.29570100 

 C                 -1.99927400   -1.97161400   -1.32498300 

 H                 -4.17037400    2.27368200    0.41905500 
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 H                 -0.76476200    4.90672400    0.68722200 

 H                  0.65152400    3.02071000   -0.16751900 

 H                 -4.81709300    0.33943100   -0.15898400 

 H                 -3.48669800   -3.50200700   -1.60369100 

 H                 -1.14577000   -2.56994000   -1.65404700 

 N                 -0.92563000    1.69782000   -0.31771400 

 N                 -1.71460300   -0.71774500   -0.95880900 

 Br                 1.37705200   -1.08726700   -2.54884700 

 Ni                 0.17559600    0.01664700   -0.77813000 

 C                  0.61229300   -0.62345800    1.04471000 

 C                  0.01554900   -0.12406000    2.21972000 

 C                  1.53642200   -1.67797900    1.20054900 

 C                  0.32637200   -0.62397700    3.48528600 

 H                 -0.71312800    0.69062400    2.15536000 

 C                  1.86774600   -2.19763800    2.45243800 

 H                  2.01575600   -2.09664600    0.31012800 

 H                 -0.14736300   -0.21359400    4.38079100 

 H                  2.59278900   -3.01019500    2.54530100 

 C                  1.26365000   -1.66830600    3.61095400 

 C                 -3.48410000    4.83019000    1.16027300 

 H                 -3.32477400    5.76713400    0.60371800 

 H                 -4.54848600    4.56327500    1.09907900 

 H                 -3.24374700    5.03842200    2.21628100 

 C                 -5.76291500   -2.15532300   -0.82434100 

 H                 -6.08906300   -2.47815100   -1.82644300 

 H                 -5.83485200   -3.03517500   -0.16464600 

 H                 -6.46540500   -1.39215000   -0.46118700 

 C                  1.59457500   -2.18895900    4.90558700 

 N                  1.86012800   -2.60940000    5.95651700 

 C                  3.00171600    1.45021900   -0.13012100 

 C                  3.27714800    1.31477200    1.33034600 
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 H                  2.86959300    0.62767100   -0.83413800 

 H                  3.75265900    0.34675600    1.54142900 

 H                  2.32868100    1.34102700    1.91250100 

 C                  3.53882600    3.75565600   -0.04877800 

 C                  3.61212900    3.61553800    1.46405500 

 H                  4.55836900    3.71624900   -0.47230400 

 H                  3.05987500    4.69964300   -0.34813200 

 H                  2.60149400    3.75776200    1.90437500 

 H                  4.27858100    4.38697300    1.88065200 

 O                  2.76497000    2.69618500   -0.63449000 

 O                  4.13450000    2.35184500    1.81100000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.412592 (Hartree/Particle) 

 Thermal correction to Energy=                    0.442942 

 Thermal correction to Enthalpy=                  0.443886 

 Thermal correction to Gibbs Free Energy=         0.343728 

 Sum of electronic and zero-point Energies=          -5285.842586 

 Sum of electronic and thermal Energies=             -5285.812236 

 Sum of electronic and thermal Enthalpies=           -5285.811292 

 Sum of electronic and thermal Free Energies=        -5285.911450 

HF=-5286.2551776 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5288.1105167 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5283.131701722762 

 

TS-Giese Addition7 

 C                 -4.56371100    1.72022600   -1.00478300 

 H                 -4.63357000    2.66461600   -0.46224700 

 H                 -5.49576600    1.24639500   -1.31855700 

 C                 -3.39208000    1.02814800   -1.01219800 
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 H                 -3.31077500    0.02799100   -1.44403000 

 C                 -2.16250400    1.62991700   -0.48622600 

 O                 -2.04775600    2.76332500   -0.04906900 

 O                 -1.11872300    0.76981300   -0.54576500 

 C                  0.13058000    1.26017400   -0.06486600 

 H                  0.06070900    1.54927900    0.99566900 

 H                  0.85178800    0.44208700   -0.18648100 

 H                  0.45689200    2.14142100   -0.64001900 

 C                 -4.64218100    3.25981600   -2.89806800 

 C                 -3.23342000    3.33701700   -3.40963300 

 C                 -3.19274100    4.61460600   -2.53905300 

 H                 -5.57320500    2.89029400   -3.34029700 

 H                 -3.13963100    3.52059300   -4.49339000 

 H                 -2.55623700    2.51706300   -3.12096600 

 H                 -2.97443300    5.56438100   -3.04948400 

 H                 -2.62214100    4.51846100   -1.60436700 

 O                 -4.62985300    4.48270900   -2.28266800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.170115 (Hartree/Particle) 

 Thermal correction to Energy=                    0.180942 

 Thermal correction to Enthalpy=                  0.181886 

 Thermal correction to Gibbs Free Energy=         0.131901 

 Sum of electronic and zero-point Energies=           -498.401183 

 Sum of electronic and thermal Energies=              -498.390356 

 Sum of electronic and thermal Enthalpies=            -498.389412 

 Sum of electronic and thermal Free Energies=         -498.439397 

HF=-498.5712981 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-499.1472031 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-498.118336065888 
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TS-Giese Addition8 

 C                 -4.67993500    1.36069500   -1.13495400 

 H                 -4.98424400    2.12167900   -0.41604000 

 H                 -5.46685300    0.77978300   -1.61845200 

 C                 -3.37678000    0.98335600   -1.20559900 

 H                 -3.04845700    0.15537100   -1.83835300 

 C                 -2.33556800    1.72158700   -0.48044600 

 O                 -2.50337700    2.71611400    0.20368300 

 O                 -1.11431600    1.16688100   -0.66340000 

 C                 -0.02582500    1.80827000   -0.00280000 

 H                 -0.17132700    1.80974300    1.08911300 

 H                  0.87428100    1.23692200   -0.26277100 

 H                  0.07864100    2.85301900   -0.33626500 

 C                 -5.15080000    2.99845200   -2.93100700 

 C                 -5.23735700    4.45998200   -2.51299400 

 C                 -6.74781800    4.24149000   -2.82285600 

 H                 -4.39830500    2.50693000   -3.55875600 

 H                 -7.17300100    4.85458700   -3.63344300 

 H                 -7.42471000    4.24044000   -1.95332500 

 O                 -6.47449900    2.88840300   -3.28737700 

 C                 -4.52814900    5.40219700   -3.49400600 

 H                 -4.82119300    6.44909000   -3.30881700 

 H                 -3.43579200    5.32850600   -3.36976300 

 H                 -4.77162900    5.15546300   -4.53960700 

 C                 -4.89593600    4.81048800   -1.06425800 

 H                 -3.84491700    4.57656200   -0.83955400 

 H                 -5.07080900    5.88306200   -0.87890000 

 H                 -5.51482500    4.24053600   -0.35555300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.225588 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.239375 

 Thermal correction to Enthalpy=                  0.240319 

 Thermal correction to Gibbs Free Energy=         0.182969 

 Sum of electronic and zero-point Energies=           -576.924090 

 Sum of electronic and thermal Energies=              -576.910303 

 Sum of electronic and thermal Enthalpies=            -576.909358 

 Sum of electronic and thermal Free Energies=         -576.966709 

HF=-577.1496777 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8123863 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.601893362912 

 

TS-Giese Addition9 

 C                 -4.47761200    1.65410900   -1.03437200 

 H                 -4.53546900    2.67068300   -0.64314400 

 H                 -5.40129000    1.19523900   -1.39263600 

 C                 -3.32158400    0.96638600   -0.99147600 

 H                 -3.24569700   -0.06979700   -1.32963200 

 C                 -2.08560400    1.59478500   -0.49074300 

 O                 -1.94732700    2.77122100   -0.20419700 

 O                 -1.07939300    0.70254200   -0.39351400 

 C                  0.17224500    1.20499500    0.07405200 

 H                  0.07071800    1.63888500    1.08100000 

 H                  0.85869300    0.34957900    0.09713500 

 H                  0.55979200    1.98435500   -0.60091200 

 C                 -4.64914400    3.57354200   -3.12600000 

 O                 -4.64923000    4.61544100   -2.24473300 

 H                 -5.57791400    3.42486000   -3.69213400 

 C                 -3.30265300    5.09763900   -2.11300800 

 C                 -2.49885700    4.23646000   -3.10752500 
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 H                 -3.29401400    6.17112400   -2.35880600 

 H                 -2.95438800    4.94280700   -1.08159300 

 H                 -1.88659900    4.82452600   -3.80568500 

 H                 -1.86250000    3.51312000   -2.57628200 

 O                 -3.50459200    3.54709400   -3.85940500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.175839 (Hartree/Particle) 

 Thermal correction to Energy=                    0.187887 

 Thermal correction to Enthalpy=                  0.188831 

 Thermal correction to Gibbs Free Energy=         0.134762 

 Sum of electronic and zero-point Energies=           -573.584642 

 Sum of electronic and thermal Energies=              -573.572595 

 Sum of electronic and thermal Enthalpies=            -573.571650 

 Sum of electronic and thermal Free Energies=         -573.625720 

HF=-573.7604816 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-574.4271296 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-573.274376740306 

 

TS-Metalation9 

 C                 -2.45612600    1.58816400    0.03812200 

 C                 -3.46781100    2.41729900    0.53529000 

 C                 -3.15700500    3.69157200    1.02718300 

 C                 -1.80992800    4.08579300    0.98629400 

 C                 -0.85052900    3.20999800    0.48648700 

 C                 -2.69558500    0.23220900   -0.52084200 

 C                 -3.95269800   -0.37706600   -0.60828700 

 C                 -4.07514800   -1.65858500   -1.16095600 

 C                 -2.90116400   -2.28130800   -1.61744100 

 C                 -1.68351200   -1.61948300   -1.49796200 
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 H                 -4.50354000    2.07705900    0.54092000 

 H                 -1.50498700    5.07146600    1.34410000 

 H                  0.20831900    3.47300500    0.44125200 

 H                 -4.84223100    0.13982700   -0.24750200 

 H                 -2.93427200   -3.27766100   -2.06315800 

 H                 -0.74215000   -2.05713200   -1.84008000 

 N                 -1.16681400    1.99087000    0.03046000 

 N                 -1.58980900   -0.39858100   -0.96212400 

 Br                 1.64665300   -0.09393400   -2.31193500 

 Ni                 0.16886700    0.52299100   -0.51326100 

 C                  0.49596200   -0.35677400    1.23432700 

 C                 -0.07772000    0.05642800    2.45286600 

 C                  1.27136700   -1.53376600    1.26201800 

 C                  0.11327200   -0.64817500    3.64114500 

 H                 -0.68674800    0.96496100    2.48369800 

 C                  1.48173400   -2.25909700    2.43591100 

 H                  1.73069900   -1.89011400    0.33404300 

 H                 -0.33801600   -0.30274500    4.57484400 

 H                  2.09180800   -3.16595400    2.43068100 

 C                  0.90063200   -1.81769500    3.64081400 

 C                 -4.21441100    4.60235900    1.58759600 

 H                 -4.08030700    4.71785500    2.67617400 

 H                 -4.13975200    5.60857700    1.14612600 

 H                 -5.22733200    4.21523400    1.40843700 

 C                 -5.40547900   -2.35367600   -1.25746700 

 H                 -5.42302100   -3.23894600   -0.60030500 

 H                 -6.23550300   -1.69490900   -0.96596300 

 H                 -5.58615200   -2.71156700   -2.28344100 

 C                  1.10464100   -2.55122800    4.85572500 

 N                  1.26643000   -3.14604800    5.84169100 

 C                  2.33060400    2.46503600    1.81363000 
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 H                  2.19945800    3.12460100    2.68401400 

 C                  3.70799400    1.18239600    0.60409700 

 C                  3.43201600    2.46242800   -0.18659500 

 H                  4.76222200    0.87549100    0.60746700 

 H                  3.07401000    0.35559300    0.24720300 

 H                  4.30569300    3.13595100   -0.22710100 

 H                  3.06235900    2.25612400   -1.20035100 

 O                  2.39209800    3.09182200    0.58475600 

 O                  3.32864400    1.54788900    1.93644600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.384646 (Hartree/Particle) 

 Thermal correction to Energy=                    0.413824 

 Thermal correction to Enthalpy=                  0.414768 

 Thermal correction to Gibbs Free Energy=         0.317332 

 Sum of electronic and zero-point Energies=          -5246.589018 

 Sum of electronic and thermal Energies=             -5246.559840 

 Sum of electronic and thermal Enthalpies=           -5246.558896 

 Sum of electronic and thermal Free Energies=        -5246.656332 

HF=-5246.9736636 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5248.7864111 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5243.899080103147 

 

TS-Giese Addition10 

 C                 -4.73204200    1.33849200   -1.83477700 

 H                 -5.34749300    1.64252000   -0.98716900 

 H                 -5.22509200    0.74921400   -2.61048300 

 C                 -3.37245300    1.23494700   -1.65557600 

 H                 -2.72230000    0.76283300   -2.39566300 

 C                 -2.72866000    1.86218500   -0.50305800 
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 O                 -3.28691100    2.52085100    0.36115800 

 O                 -1.39079800    1.64712300   -0.49291700 

 C                 -0.66721200    2.23247300    0.58619400 

 H                 -1.02504200    1.85248600    1.55622900 

 H                  0.38510200    1.95830300    0.43852500 

 H                 -0.77613400    3.32896700    0.58649600 

 C                 -5.21326500    3.28730600   -2.86542900 

 C                 -3.97892700    4.16334200   -2.79407500 

 H                 -5.48693700    2.81846000   -3.81456600 

 C                 -5.37725100    4.84849000   -0.84329700 

 C                 -4.22764800    5.28576900   -1.75659700 

 H                 -3.76092600    4.58790300   -3.78882300 

 H                 -3.09999500    3.55308900   -2.52679700 

 H                 -5.90420400    5.68470700   -0.36278800 

 H                 -5.03242700    4.13565700   -0.08006900 

 H                 -4.50942600    6.21576600   -2.27527400 

 H                 -3.32545600    5.49513000   -1.16098700 

 S                 -6.54983800    3.96554400   -1.96046700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.196833 (Hartree/Particle) 

 Thermal correction to Energy=                    0.208915 

 Thermal correction to Enthalpy=                  0.209859 

 Thermal correction to Gibbs Free Energy=         0.156332 

 Sum of electronic and zero-point Energies=           -860.626752 

 Sum of electronic and thermal Energies=              -860.614670 

 Sum of electronic and thermal Enthalpies=            -860.613726 

 Sum of electronic and thermal Free Energies=         -860.667252 

HF=-860.8235849 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-861.4921794 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 
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HF=-860.011606748139 

 

TS-Metalation10 

 C                 -2.50763500    1.59081900    0.14278000 

 C                 -3.55631900    2.39608800    0.60149200 

 C                 -3.28968400    3.65135300    1.16286500 

 C                 -1.94515400    4.05005900    1.23539100 

 C                 -0.94963200    3.19935600    0.76536600 

 C                 -2.69905600    0.24961800   -0.46724200 

 C                 -3.94451100   -0.35656500   -0.66862400 

 C                 -4.02098600   -1.62670300   -1.25497500 

 C                 -2.81333100   -2.24054500   -1.62710000 

 C                 -1.60989900   -1.58126600   -1.39813100 

 H                 -4.58731700    2.04986200    0.52663900 

 H                 -1.67018200    5.01820700    1.65923300 

 H                  0.11013600    3.46658900    0.81414400 

 H                 -4.86089900    0.15433200   -0.37226700 

 H                 -2.80904300   -3.22735200   -2.09469800 

 H                 -0.64440000   -2.01069500   -1.67714200 

 N                 -1.22388600    2.00138100    0.23338900 

 N                 -1.56021100   -0.37163900   -0.83138000 

 Br                 1.70684400   -0.07152700   -2.00483900 

 Ni                 0.16321800    0.56207100   -0.26924600 

 C                  0.41426600   -0.29630200    1.50176700 

 C                 -0.12013500    0.18122200    2.71472500 

 C                  1.12901900   -1.51089200    1.55630500 

 C                  0.05546500   -0.49439800    3.92340000 

 H                 -0.68730200    1.11741300    2.72732500 

 C                  1.31913000   -2.21010000    2.74864400 

 H                  1.56107800   -1.91523100    0.63522500 

 H                 -0.36330400   -0.09761100    4.85179200 
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 H                  1.88208500   -3.14681200    2.76349100 

 C                  0.78209100   -1.70161800    3.94842200 

 C                 -4.38920400    4.53792000    1.67906500 

 H                 -5.38495800    4.12419900    1.46672400 

 H                 -4.29616100    4.66785400    2.77000800 

 H                 -4.32415200    5.54166300    1.22977800 

 C                 -5.33852900   -2.31959900   -1.46974000 

 H                 -5.42942100   -3.18419600   -0.79105100 

 H                 -6.19014300   -1.65008600   -1.28395000 

 H                 -5.41475900   -2.70804200   -2.49737700 

 C                  0.96838600   -2.40730700    5.18283700 

 N                  1.11707100   -2.97907500    6.18424600 

 C                  2.98964700    1.89141100    1.83946200 

 H                  2.35165700    1.63969200    2.68701900 

 C                  4.59563100    1.70814300    0.01775900 

 C                  3.67501700    2.82323400   -0.48947500 

 H                  5.48877600    2.15169100    0.48851700 

 H                  4.92678200    1.07757100   -0.82232100 

 H                  4.21206400    3.67485800   -0.93062200 

 H                  2.94511700    2.43165900   -1.21285100 

 C                  3.79910300    0.90126500    1.05758100 

 H                  4.45718300    0.30275500    1.71152800 

 H                  3.13023400    0.18785900    0.53995700 

 S                  2.74737000    3.40705400    1.00313600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.404083 (Hartree/Particle) 

 Thermal correction to Energy=                    0.434200 

 Thermal correction to Enthalpy=                  0.435145 

 Thermal correction to Gibbs Free Energy=         0.335248 

 Sum of electronic and zero-point Energies=          -5533.639171 

 Sum of electronic and thermal Energies=             -5533.609053 
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 Sum of electronic and thermal Enthalpies=           -5533.608109 

 Sum of electronic and thermal Free Energies=        -5533.708005 

HF=-5534.0432533 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5535.8594203 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-5530.651681138575 

 

TS-Giese Addition11 

 C                 -4.50349200    2.29905400   -0.05032900 

 H                 -4.25346900    3.16894900    0.56065800 

 H                 -5.55761800    2.02530600   -0.13216800 

 C                 -3.51584600    1.41802700   -0.38385600 

 H                 -3.72665900    0.46780500   -0.87936900 

 C                 -2.11004300    1.81143600   -0.25064200 

 O                 -1.71048100    2.85958600    0.23445400 

 O                 -1.28091500    0.89605500   -0.79231500 

 C                  0.09200900    1.27628600   -0.90440800 

 H                  0.51294900    1.53897900    0.07806400 

 H                  0.61703500    0.40867900   -1.32339100 

 H                  0.18437700    2.13919200   -1.58185900 

 C                 -4.51956200    3.82902000   -1.87450000 

 C                 -5.10830800    3.07739700   -3.04376600 

 H                 -5.04787300    4.61373700   -1.33025200 

 C                 -3.87915400    2.41233500   -3.69476100 

 H                 -5.59154400    3.78654400   -3.74162300 

 H                 -5.88249500    2.36001900   -2.73350500 

 H                 -3.85523800    2.46815200   -4.79232700 

 H                 -3.78083400    1.35071400   -3.41832000 

 N                 -3.16932600    3.98426700   -2.12019400 

 H                 -2.52859700    4.41892400   -1.46004500 
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 C                 -2.67477700    3.13987600   -3.09961600 

 O                 -1.50149100    3.00791500   -3.38625600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.194092 (Hartree/Particle) 

 Thermal correction to Energy=                    0.206218 

 Thermal correction to Enthalpy=                  0.207162 

 Thermal correction to Gibbs Free Energy=         0.154687 

 Sum of electronic and zero-point Energies=           -591.850463 

 Sum of electronic and thermal Energies=              -591.838336 

 Sum of electronic and thermal Enthalpies=            -591.837392 

 Sum of electronic and thermal Free Energies=         -591.889868 

HF=-592.0445545 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-592.7219999 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-591.496666329300 

 

Figure S11 
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 C                  0.29689400    1.96215900   -2.78830600 

 C                  1.02936400    2.57413200   -3.91210600 

 C                  0.89668000    2.03552200   -5.31905800 

 C                  0.28780900    3.37065400   -4.99307000 

 H                  2.01166700    2.96613200   -3.62929100 

 H                  0.21630100    1.19108900   -5.45838800 

 H                  1.79583100    2.00875900   -5.94183600 

 H                 -0.80058800    3.41959900   -4.89873100 

 H                  0.76185600    4.27742000   -5.38106000 

 C                  0.37426500    2.53802000   -1.41152700 

 H                 -0.27929700    3.43069400   -1.29207400 

 H                  0.06203700    1.80548700   -0.64489500 
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 H                  1.40248500    2.85059600   -1.17369200 

 O                 -0.89220200    1.37500500   -3.16222700 

 H                 -1.35635500    1.06082100   -2.37500400 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.128188 (Hartree/Particle) 

 Thermal correction to Energy=                    0.135296 

 Thermal correction to Enthalpy=                  0.136240 

 Thermal correction to Gibbs Free Energy=         0.096901 

 Sum of electronic and zero-point Energies=           -270.775382 

 Sum of electronic and thermal Energies=              -270.768274 

 Sum of electronic and thermal Enthalpies=            -270.767330 

 Sum of electronic and thermal Free Energies=         -270.806669 

HF=-270.9035695 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-271.2139238 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-270.625455129203 

 

TS-80 

 C                 -4.23590100    1.32771300   -2.02494800 

 H                 -4.90496400    1.31391600   -1.16574300 

 H                 -4.67361400    1.08302800   -2.99532400 

 C                 -2.88109000    1.32769700   -1.85359700 

 H                 -2.19227800    1.13041100   -2.67817100 

 C                 -2.28941500    1.67900700   -0.57013300 

 O                 -2.86939600    2.26119900    0.35086600 

 O                 -0.99408400    1.33533700   -0.47103300 

 C                 -0.32202600    1.70037800    0.73512400 

 H                 -0.78241500    1.20867100    1.60593300 

 H                  0.71727900    1.36900900    0.61906100 

 H                 -0.35990900    2.78977500    0.89181200 
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 C                 -5.00552300    3.67165700   -1.69612600 

 C                 -6.28836400    3.71661200   -2.42314500 

 C                 -7.48797400    2.94547700   -1.91413400 

 C                 -7.48767400    4.44037500   -1.80386800 

 H                 -6.18107700    3.80775900   -3.50781000 

 H                 -7.34266700    2.37539400   -0.99270000 

 H                 -8.13667300    2.47206200   -2.65655900 

 H                 -7.33173200    4.87458400   -0.81293700 

 H                 -8.12633100    5.02251200   -2.47440600 

 C                 -3.82181900    4.41261600   -2.23321300 

 H                 -3.91619300    5.49332800   -2.00736700 

 H                 -2.88566300    4.06150700   -1.77331300 

 H                 -3.73915500    4.29497900   -3.32333400 

 O                 -5.12695500    3.55945700   -0.35555400 

 H                 -4.27913000    3.21284300    0.02361200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.225654 (Hartree/Particle) 

 Thermal correction to Energy=                    0.239167 

 Thermal correction to Enthalpy=                  0.240111 

 Thermal correction to Gibbs Free Energy=         0.184895 

 Sum of electronic and zero-point Energies=           -576.948629 

 Sum of electronic and thermal Energies=              -576.935117 

 Sum of electronic and thermal Enthalpies=            -576.934172 

 Sum of electronic and thermal Free Energies=         -576.989388 

HF=-577.1742834 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.835512 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.621558226388 

 

80 
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 C                 -4.34114700    1.90320200   -2.04030700 

 H                 -4.95304800    1.24269000   -1.39861300 

 H                 -4.56064800    1.63812700   -3.08454800 

 C                 -2.89567800    1.65945100   -1.78919500 

 H                 -2.23750300    1.33885000   -2.60007000 

 C                 -2.28002900    1.81646100   -0.48605500 

 O                 -2.83025500    2.29298800    0.50559500 

 O                 -1.00511800    1.39239500   -0.45896900 

 C                 -0.31277900    1.52900300    0.78413600 

 H                 -0.81333800    0.95038000    1.57589800 

 H                  0.70004600    1.14447400    0.61398900 

 H                 -0.27461300    2.58434000    1.09572400 

 C                 -4.88993700    3.35493300   -1.77089700 

 C                 -6.25948100    3.45829600   -2.44038200 

 C                 -7.48155100    2.88851800   -1.77106100 

 C                 -7.30856800    4.38486600   -1.88496500 

 H                 -6.21096100    3.37520700   -3.53157500 

 H                 -7.33728700    2.45381100   -0.77847100 

 H                 -8.23411900    2.39464500   -2.39272100 

 H                 -7.05450500    4.92440300   -0.96959600 

 H                 -7.93704300    4.93431000   -2.59190900 

 C                 -3.94495600    4.41693300   -2.35222400 

 H                 -4.38944700    5.41402700   -2.21642000 

 H                 -2.97635400    4.39886900   -1.82845300 

 H                 -3.76230200    4.25407500   -3.42666500 

 O                 -5.07418500    3.56973200   -0.38784800 

 H                 -4.29833900    3.20911500    0.08639600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.228512 (Hartree/Particle) 

 Thermal correction to Energy=                    0.241757 

 Thermal correction to Enthalpy=                  0.242701 
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 Thermal correction to Gibbs Free Energy=         0.187790 

 Sum of electronic and zero-point Energies=           -576.974674 

 Sum of electronic and thermal Energies=              -576.961428 

 Sum of electronic and thermal Enthalpies=            -576.960484 

 Sum of electronic and thermal Free Energies=         -577.015395 

HF=-577.2031851 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8611919 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.659393983904 

 

TS-81 

 C                  0.24729100    2.04013100   -2.77286300 

 C                  1.06885100    2.46300200   -3.81464600 

 C                  0.85850700    2.11238100   -5.25040800 

 C                  0.27691000    3.47998700   -5.24504400 

 H                  1.98947300    2.98311700   -3.54426700 

 H                  0.14859700    1.29285300   -5.41633400 

 H                  1.77423800    1.97430000   -5.84059100 

 H                 -0.79048500    3.61560400   -5.06555400 

 H                  0.87893500    4.34953600   -5.51480100 

 C                  0.35917400    2.50502000   -1.35773900 

 H                 -0.46646700    3.19526200   -1.08814200 

 H                  0.31300800    1.65832500   -0.64714300 

 H                  1.30660500    3.03600400   -1.18835900 

 O                 -0.86305900    1.30264000   -3.10739900 

 H                 -1.38502900    1.12442500   -2.31477500 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.125566 (Hartree/Particle) 

 Thermal correction to Energy=                    0.132815 

 Thermal correction to Enthalpy=                  0.133759 
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 Thermal correction to Gibbs Free Energy=         0.094330 

 Sum of electronic and zero-point Energies=           -270.761884 

 Sum of electronic and thermal Energies=              -270.754635 

 Sum of electronic and thermal Enthalpies=            -270.753691 

 Sum of electronic and thermal Free Energies=         -270.793120 

HF=-270.8874499 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-271.2006897 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-270.608807117228 
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 C                  0.19421500    2.09126800   -2.65316600 

 C                  0.99145200    2.56349300   -3.62814900 

 C                  0.76673000    2.33789100   -5.10968200 

 C                  0.30300200    3.58853900   -5.79300800 

 H                  1.83206800    3.19754000   -3.33493700 

 H                  0.01777800    1.53661600   -5.23156500 

 H                  1.70300400    1.98073300   -5.57377200 

 H                 -0.69865900    3.97603100   -5.58336200 

 H                  1.00338700    4.24556300   -6.31693100 

 C                  0.39901700    2.34227400   -1.18716700 

 H                 -0.47988900    2.85142900   -0.75221900 

 H                  0.52758300    1.39003300   -0.64115300 

 H                  1.28477200    2.96512600   -1.00406200 

 O                 -0.89450300    1.32292500   -2.97584700 

 H                 -1.32360900    1.00962500   -2.16984700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.125665 (Hartree/Particle) 

 Thermal correction to Energy=                    0.133951 

 Thermal correction to Enthalpy=                  0.134895 
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 Thermal correction to Gibbs Free Energy=         0.092347 

 Sum of electronic and zero-point Energies=           -270.778077 

 Sum of electronic and thermal Energies=              -270.769791 

 Sum of electronic and thermal Enthalpies=            -270.768846 

 Sum of electronic and thermal Free Energies=         -270.811394 

HF=-270.9037418 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-271.2179697 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-270.627498300399 

 

TS-82 

 C                 -4.22627600    2.16338900   -1.20934500 

 H                 -3.94003800    3.00584700   -0.57953400 

 H                 -5.28531400    2.01021600   -1.42109000 

 C                 -3.33313300    1.17809300   -1.49999900 

 H                 -3.64003500    0.29179400   -2.06508200 

 C                 -1.95406600    1.23447000   -1.14659500 

 N                 -0.82477500    1.23885200   -0.86243600 

 C                 -2.57597700    5.51658600   -0.59007600 

 C                 -3.06029800    5.64186400   -1.83749100 

 C                 -2.98062800    4.56780700   -2.89100700 

 C                 -4.24002000    3.77869400   -3.07992900 

 H                 -3.56257000    6.57806400   -2.09468200 

 H                 -2.14762800    3.87650800   -2.66890600 

 H                 -2.71315700    5.03470300   -3.86374800 

 H                 -5.20265200    4.22353300   -2.80885200 

 H                 -4.26269800    3.00130700   -3.84942800 

 C                 -2.63739600    6.57604600    0.47056300 

 H                 -3.19846800    6.21451500    1.35029300 

 H                 -1.62161600    6.83875600    0.81746100 
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 H                 -3.11965400    7.49040800    0.09983700 

 O                 -1.99779300    4.33172800   -0.21682800 

 H                 -1.55503100    4.41813100    0.63722300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.178577 (Hartree/Particle) 

 Thermal correction to Energy=                    0.190946 

 Thermal correction to Enthalpy=                  0.191890 

 Thermal correction to Gibbs Free Energy=         0.138346 

 Sum of electronic and zero-point Energies=           -441.442181 

 Sum of electronic and thermal Energies=              -441.429812 

 Sum of electronic and thermal Enthalpies=            -441.428868 

 Sum of electronic and thermal Free Energies=         -441.482412 

HF=-441.6207579 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-442.1294273 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-441.162610057813 
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 C                 -4.44948600    2.56708600   -1.75548800 

 H                 -4.71776000    3.19125300   -0.89023800 

 H                 -5.28478600    1.86480000   -1.93123900 

 C                 -3.22294800    1.76845700   -1.43848600 

 H                 -2.89024800    0.98877500   -2.13213200 

 C                 -2.43080200    2.00786400   -0.32076300 

 N                 -1.77072100    2.24206500    0.62213600 

 C                 -2.27474100    5.37782400   -0.73467400 

 C                 -3.21861800    5.34350300   -1.69248700 

 C                 -3.15172200    4.48565200   -2.92432000 

 C                 -4.30128100    3.46159300   -3.00954800 

 H                 -4.11832800    5.94845800   -1.54084300 
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 H                 -2.18524900    3.95884300   -2.94111100 

 H                 -3.18695100    5.10969200   -3.83609800 

 H                 -5.26259500    3.98505200   -3.15434300 

 H                 -4.15548500    2.82579300   -3.90003400 

 C                 -2.38825500    6.13145900    0.55855200 

 H                 -2.32673000    5.42871600    1.40962800 

 H                 -1.55329700    6.84426900    0.66759900 

 H                 -3.33918900    6.67687200    0.63259300 

 O                 -1.09050100    4.71222400   -0.92025800 

 H                 -0.83153100    4.27666000   -0.09249600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.183672 (Hartree/Particle) 

 Thermal correction to Energy=                    0.195078 

 Thermal correction to Enthalpy=                  0.196023 

 Thermal correction to Gibbs Free Energy=         0.145728 

 Sum of electronic and zero-point Energies=           -441.494736 

 Sum of electronic and thermal Energies=              -441.483330 

 Sum of electronic and thermal Enthalpies=            -441.482386 

 Sum of electronic and thermal Free Energies=         -441.532680 

HF=-441.6784082 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-442.1810323 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-441.221614305262 

 

TS-83 

 C                 -4.14460700    1.23404800   -2.16346300 

 H                 -4.96948200    1.17870300   -1.45386100 

 H                 -4.38119500    1.11072500   -3.22246900 

 C                 -2.85282400    1.29339800   -1.75149200 

 H                 -2.02274700    1.28648800   -2.46410900 
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 C                 -4.98326100    3.72312800   -1.75760600 

 C                 -6.30928600    3.70984700   -2.39479200 

 C                 -7.45673300    2.92927600   -1.78836500 

 C                 -7.49470900    4.42840300   -1.73968800 

 H                 -6.26810900    3.75812400   -3.48687800 

 H                 -7.25123600    2.40154200   -0.85314100 

 H                 -8.13173200    2.40856100   -2.47349000 

 H                 -7.29983700    4.90885300   -0.77717800 

 H                 -8.18793900    4.96299100   -2.39553600 

 C                 -3.83565700    4.47257700   -2.34237900 

 H                 -3.84573400    5.53646500   -2.02858000 

 H                 -2.87178200    4.04349300   -2.01428700 

 H                 -3.86416000    4.44248000   -3.44125700 

 O                 -5.01796100    3.56792500   -0.40398800 

 H                 -4.12293400    3.58556600   -0.03250000 

 C                 -2.51460800    1.50672400   -0.38417000 

 N                 -2.25775500    1.73284600    0.73021800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.180508 (Hartree/Particle) 

 Thermal correction to Energy=                    0.192155 

 Thermal correction to Enthalpy=                  0.193099 

 Thermal correction to Gibbs Free Energy=         0.141926 

 Sum of electronic and zero-point Energies=           -441.444513 

 Sum of electronic and thermal Energies=              -441.432866 

 Sum of electronic and thermal Enthalpies=            -441.431922 

 Sum of electronic and thermal Free Energies=         -441.483095 

HF=-441.6250213 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-442.1304755 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-441.166010613767 
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 C                 -4.30087700    1.87956300   -2.16188800 

 H                 -5.01109200    1.17572000   -1.69793700 

 H                 -4.32993000    1.72812700   -3.25101600 

 C                 -2.91627400    1.61828900   -1.66611200 

 H                 -2.06851100    1.61549600   -2.35777700 

 C                 -4.84682600    3.31451600   -1.83572400 

 C                 -6.25679400    3.42145900   -2.40834300 

 C                 -7.44408000    2.91203000   -1.63550300 

 C                 -7.24529200    4.39727900   -1.82734900 

 H                 -6.28101100    3.28569800   -3.49471200 

 H                 -7.25038100    2.51248700   -0.63679600 

 H                 -8.24474500    2.41193800   -2.18787700 

 H                 -6.91940500    4.96891900   -0.95481800 

 H                 -7.90624200    4.93309600   -2.51459400 

 C                 -3.95085000    4.40376500   -2.43382000 

 H                 -4.37153700    5.39404200   -2.20529500 

 H                 -2.93117400    4.35175800   -2.01708500 

 H                 -3.87559600    4.29899300   -3.52722600 

 O                 -4.94901300    3.46843800   -0.42777400 

 H                 -4.07461700    3.64752800   -0.05800200 

 C                 -2.62002500    1.45580000   -0.31331800 

 N                 -2.37161500    1.32302100    0.82605300 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.183580 (Hartree/Particle) 

 Thermal correction to Energy=                    0.194597 

 Thermal correction to Enthalpy=                  0.195542 

 Thermal correction to Gibbs Free Energy=         0.146166 

 Sum of electronic and zero-point Energies=           -441.476039 

 Sum of electronic and thermal Energies=              -441.465022 
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 Sum of electronic and thermal Enthalpies=            -441.464078 

 Sum of electronic and thermal Free Energies=         -441.513454 

HF=-441.6596195 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-442.160472 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-441.206058893034 

 

TS-84 

 C                 -4.13285900    1.49839100   -2.19707200 

 H                 -4.99186800    1.49802400   -1.52276600 

 H                 -4.22121000    0.95131900   -3.13628500 

 C                 -2.91525100    1.89237600   -1.73980200 

 H                 -2.02551100    1.84708500   -2.36845800 

 C                 -2.27648800    5.27234500   -2.27836400 

 C                 -3.49474600    5.22675300   -2.84243300 

 C                 -3.95076700    4.21722500   -3.85815800 

 C                 -5.10137700    3.37016900   -3.40288300 

 H                 -4.22088600    5.98753900   -2.53934500 

 H                 -3.10248300    3.58082800   -4.16274400 

 H                 -4.26104000    4.74535300   -4.78643600 

 H                 -5.71654100    3.70915000   -2.56422200 

 H                 -5.59810800    2.72615000   -4.13534900 

 C                 -1.85385900    6.28870600   -1.25542700 

 H                 -1.51062100    5.79242800   -0.33215000 

 H                 -1.00159500    6.87815600   -1.63449100 

 H                 -2.67305700    6.97213300   -0.99265900 

 O                 -1.29324800    4.39266700   -2.66384300 

 H                 -0.91224400    3.99763700   -1.86042000 

 C                 -2.76834400    2.48345600   -0.40475800 

 O                 -3.62925000    2.57655900    0.44423100 
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 O                 -1.49320800    2.93134400   -0.19194400 

 C                 -1.21274100    3.41473300    1.12481200 

 H                 -1.31264700    2.60357700    1.86234800 

 H                 -0.17949000    3.78248800    1.10444000 

 H                 -1.90319000    4.22435900    1.40390200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.223812 (Hartree/Particle) 

 Thermal correction to Energy=                    0.238100 

 Thermal correction to Enthalpy=                  0.239044 

 Thermal correction to Gibbs Free Energy=         0.182274 

 Sum of electronic and zero-point Energies=           -576.942781 

 Sum of electronic and thermal Energies=              -576.928493 

 Sum of electronic and thermal Enthalpies=            -576.927549 

 Sum of electronic and thermal Free Energies=         -576.984318 

HF=-577.1665925 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8312694 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.617229711517 

 

84 

 C                 -3.89899200    1.86065900   -2.59106100 

 H                 -4.46394900    1.05772600   -2.08200000 

 H                 -3.49885100    1.44153500   -3.52807600 

 C                 -2.76666100    2.28574800   -1.72207300 

 H                 -1.75950800    2.38850700   -2.12788300 

 C                 -2.07849100    5.13664000   -2.65237200 

 C                 -3.41903500    5.00992200   -2.61808700 

 C                 -4.25695600    4.22234300   -3.58416300 

 C                 -4.90699500    2.98807900   -2.93052500 

 H                 -3.93804800    5.47853300   -1.77722700 
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 H                 -3.64933900    3.91256900   -4.44971800 

 H                 -5.06447200    4.86689400   -3.97678100 

 H                 -5.41881300    3.28849000   -2.00143700 

 H                 -5.67738700    2.57130800   -3.60155600 

 C                 -1.26622100    5.84305100   -1.60896400 

 H                 -0.64132500    5.11201200   -1.06710500 

 H                 -0.59872900    6.59549500   -2.06551600 

 H                 -1.90866300    6.34747200   -0.87511100 

 O                 -1.36553900    4.53336500   -3.65313600 

 H                 -0.42509900    4.72446200   -3.54518300 

 C                 -2.98485200    2.67551900   -0.34728000 

 O                 -4.05468300    2.63713800    0.24261400 

 O                 -1.84424100    3.12710300    0.24560600 

 C                 -1.97843900    3.58132800    1.58866400 

 H                 -2.34865900    2.77801400    2.24518500 

 H                 -0.97876600    3.90080400    1.90991000 

 H                 -2.68291700    4.42653500    1.65119600 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.228144 (Hartree/Particle) 

 Thermal correction to Energy=                    0.242309 

 Thermal correction to Enthalpy=                  0.243254 

 Thermal correction to Gibbs Free Energy=         0.186069 

 Sum of electronic and zero-point Energies=           -576.989435 

 Sum of electronic and thermal Energies=              -576.975269 

 Sum of electronic and thermal Enthalpies=            -576.974325 

 Sum of electronic and thermal Free Energies=         -577.031509 

HF=-577.2175786 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8789909 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.669748077964 
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TS-84’ 

 C                 -0.16816300    0.90994300    1.48616400 

 C                  1.01548700   -0.42816400   -1.85602100 

 C                  1.12817900    1.22855300    1.25610100 

 C                 -0.42420700   -0.14156800   -1.52254600 

 C                 -0.89951100   -0.74238700   -0.23879800 

 H                 -0.44538600    0.19047600    2.25812800 

 H                 -0.96104200    1.51441000    1.04203200 

 H                 -0.63219400    0.94312600   -1.52196000 

 H                 -1.06674900   -0.54028200   -2.34262500 

 H                 -1.95340800   -0.63719800    0.03477400 

 H                 -0.36631600   -1.59498900    0.19174400 

 C                  1.88040200    0.39743500   -2.47731300 

 H                  1.37759000   -1.43367000   -1.62162400 

 H                  1.95279600    0.71725700    1.75709600 

 C                  3.27749800    0.01155400   -2.86463000 

 H                  3.44005100    0.21449700   -3.93655900 

 H                  4.00742300    0.62430500   -2.30808100 

 H                  3.48000400   -1.05008300   -2.66902900 

 O                  1.60583400    1.68452900   -2.84392900 

 H                  0.96019100    2.09107200   -2.23509900 

 C                  1.48120100    2.25912300    0.27213500 

 O                  0.68974100    2.82525800   -0.47314100 

 O                  2.79650100    2.51892900    0.26435700 

 C                  3.25917100    3.52413300   -0.64701900 

 H                  3.08859400    3.20418100   -1.68458400 

 H                  2.73458300    4.47586700   -0.47288600 

 H                  4.33196200    3.63947600   -0.45023000 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.223764 (Hartree/Particle) 
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 Thermal correction to Energy=                    0.237977 

 Thermal correction to Enthalpy=                  0.238921 

 Thermal correction to Gibbs Free Energy=         0.182304 

 Sum of electronic and zero-point Energies=           -576.949234 

 Sum of electronic and thermal Energies=              -576.935021 

 Sum of electronic and thermal Enthalpies=            -576.934077 

 Sum of electronic and thermal Free Energies=         -576.990694 

HF=-577.1729979 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8364697 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.622883726975 

 

84’ 

 C                 -0.34180800    0.66146700    1.04654300 

 C                  1.03980400   -0.37966000   -1.73731600 

 C                  1.08898100    1.05348500    0.96635300 

 C                 -0.41210500   -0.17589300   -1.40317100 

 C                 -0.75566800   -0.46864200    0.06740700 

 H                 -0.57464000    0.32650700    2.07233500 

 H                 -0.96012800    1.54675100    0.82913900 

 H                 -0.74658500    0.84112300   -1.66589000 

 H                 -1.00998400   -0.86349700   -2.03127100 

 H                 -1.84263700   -0.62222900    0.17425700 

 H                 -0.27473500   -1.41505200    0.37166900 

 C                  1.85786800    0.44656500   -2.42715000 

 H                  1.46441000   -1.34497900   -1.44431000 

 H                  1.86972900    0.47438500    1.46452400 

 C                  3.26913600    0.10219000   -2.80030600 

 H                  3.42305100    0.26751100   -3.87966500 

 H                  3.97085600    0.76800000   -2.26926900 
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 H                  3.51571500   -0.94062200   -2.56001700 

 O                  1.52179600    1.69207400   -2.86252500 

 H                  0.86868300    2.10608600   -2.26589900 

 C                  1.48941400    2.18960100    0.17026300 

 O                  0.71588900    2.87130400   -0.50514900 

 O                  2.81565900    2.42458700    0.20226400 

 C                  3.29185500    3.50167200   -0.61085400 

 H                  3.07504600    3.30337400   -1.67078000 

 H                  2.81628200    4.45132800   -0.32093000 

 H                  4.37475000    3.55314900   -0.44339200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.228863 (Hartree/Particle) 

 Thermal correction to Energy=                    0.242393 

 Thermal correction to Enthalpy=                  0.243338 

 Thermal correction to Gibbs Free Energy=         0.188675 

 Sum of electronic and zero-point Energies=           -576.996151 

 Sum of electronic and thermal Energies=              -576.982621 

 Sum of electronic and thermal Enthalpies=            -576.981677 

 Sum of electronic and thermal Free Energies=         -577.036340 

HF=-577.2250145 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8835694 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.674712856009 

 

TS-85 

 C                 -0.11642500    0.67522900    1.19863300 

 C                  1.07893000   -0.10740700   -1.21231200 

 C                  1.27820500    0.92290400    0.67638600 

 C                 -0.43173900   -0.03050400   -1.14472500 

 C                 -0.86550800   -0.32378400    0.29041400 
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 H                 -0.08702400    0.30834500    2.23781600 

 H                 -0.66208200    1.63144500    1.19635300 

 H                 -0.78840400    0.97124800   -1.44049000 

 H                 -0.87397700   -0.75152100   -1.85455200 

 H                 -1.95724600   -0.25002300    0.41778500 

 H                 -0.58006400   -1.35915700    0.54803300 

 C                  1.85238700    0.50838200   -2.19966200 

 H                  1.49191400   -1.06129500   -0.86907900 

 H                  2.12183800    0.38347200    1.11234900 

 C                  3.24715400    0.11106400   -2.55088900 

 H                  3.39065000    0.14011400   -3.64400900 

 H                  3.96837200    0.82228700   -2.10884500 

 H                  3.48386900   -0.89755500   -2.18629200 

 O                  1.47130200    1.65973800   -2.80884100 

 H                  0.72268800    2.06507600   -2.33986300 

 C                  1.58232600    2.23521500    0.13247300 

 O                  0.75001200    3.04054600   -0.27645800 

 O                  2.91183800    2.44734600   -0.01063100 

 C                  3.29213900    3.62352100   -0.72584600 

 H                  2.94542300    3.56241500   -1.76915000 

 H                  2.86673000    4.52611700   -0.26174300 

 H                  4.38849100    3.66126800   -0.69340700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.228756 (Hartree/Particle) 

 Thermal correction to Energy=                    0.241614 

 Thermal correction to Enthalpy=                  0.242559 

 Thermal correction to Gibbs Free Energy=         0.189287 

 Sum of electronic and zero-point Energies=           -576.985869 

 Sum of electronic and thermal Energies=              -576.973011 

 Sum of electronic and thermal Enthalpies=            -576.972066 

 Sum of electronic and thermal Free Energies=         -577.025338 
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HF=-577.214625 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8720013 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.664598189315 

 

85 

 C                  0.04783900    0.56470400    1.17478700 

 C                  1.07097900   -0.02268600   -1.02376100 

 C                  1.33381600    0.77767500    0.33322000 

 C                 -0.46416900    0.02671200   -1.14211800 

 C                 -0.93394600   -0.24000200    0.29026600 

 H                  0.27085200    0.04646200    2.11890500 

 H                 -0.38613300    1.54226800    1.42927000 

 H                 -0.79200400    1.03393000   -1.45664700 

 H                 -0.84533100   -0.69503000   -1.88042500 

 H                 -1.98422300    0.04082000    0.46157300 

 H                 -0.84622500   -1.31851400    0.50437100 

 C                  1.85237700    0.39946600   -2.22685700 

 H                  1.35599900   -1.06616100   -0.81048300 

 H                  2.24029500    0.39080900    0.81625300 

 C                  3.26861100   -0.01965500   -2.42747300 

 H                  3.58169300    0.15138900   -3.47040900 

 H                  3.95887000    0.55997900   -1.77911800 

 H                  3.40288100   -1.08601200   -2.18993600 

 O                  1.57748500    1.62107800   -2.79814700 

 H                  0.70359600    1.93415000   -2.52298400 

 C                  1.56366600    2.22947500   -0.01532400 

 O                  0.68536700    3.03767400   -0.23820600 

 O                  2.86854400    2.51022000   -0.14292200 

 C                  3.19409500    3.78021300   -0.71809000 
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 H                  2.84091400    3.80944300   -1.76014300 

 H                  2.72864100    4.60065000   -0.15254400 

 H                  4.28731000    3.86143000   -0.68360700 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.231204 (Hartree/Particle) 

 Thermal correction to Energy=                    0.244114 

 Thermal correction to Enthalpy=                  0.245059 

 Thermal correction to Gibbs Free Energy=         0.191609 

 Sum of electronic and zero-point Energies=           -577.001861 

 Sum of electronic and thermal Energies=              -576.988950 

 Sum of electronic and thermal Enthalpies=            -576.988006 

 Sum of electronic and thermal Free Energies=         -577.041455 

HF=-577.2330646 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-577.8882503 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-576.69076735934 

 

TS-86 

 C                 -0.25909100    1.02470900    1.74910100 

 C                  1.00334800    1.53208000    1.65924900 

 H                 -0.59484200    0.52750800    2.66174300 

 H                 -1.02724900    1.33802600    1.04261900 

 H                  1.73919200    1.40546900    2.45647900 

 C                  1.46119800    2.17069600    0.42904000 

 O                  0.89654600    2.09613000   -0.66192400 

 O                  2.62350000    2.82411700    0.57696000 

 C                  3.18739000    3.40653500   -0.60083800 

 H                  3.37411900    2.63636400   -1.36505500 

 H                  2.51107200    4.16355600   -1.02616600 

 H                  4.13086900    3.87155400   -0.29005300 
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 C                  2.14371700   -3.40805500   -0.71514300 

 C                  0.74918100   -1.63861200    0.18188400 

 C                  0.68095300   -2.93991100   -0.71199800 

 C                  2.04792700   -0.96563400   -0.30701200 

 C                  2.99934600   -2.11665100   -0.72045900 

 H                  2.32068000   -3.98496600    0.20619700 

 H                  2.36566700   -4.06952200   -1.56546600 

 H                  1.82696300   -0.32887500   -1.17416700 

 H                  2.48201600   -0.32234200    0.46915000 

 H                  3.41019900   -1.92791100   -1.72172200 

 H                  3.85163100   -2.20767200   -0.02946800 

 C                 -0.52586400   -0.83271200    0.16502900 

 H                  0.89610900   -2.00015200    1.21407900 

 H                 -0.01124800   -3.67465300   -0.27807700 

 C                 -1.76069500   -1.45921300    0.73243200 

 H                 -2.52984700   -0.69590500    0.92887700 

 H                 -2.18515600   -2.17877200    0.00778500 

 H                 -1.54156300   -1.99965500    1.66520000 

 O                 -0.78127100   -0.04823400   -0.91513900 

 H                 -0.09986000    0.66130400   -0.99787200 

 C                  0.19371500   -2.58011000   -2.09996600 

 O                  0.89029100   -2.15064500   -2.99244700 

 O                 -1.13344400   -2.75446000   -2.21995100 

 C                 -1.73933600   -2.22793600   -3.40389500 

 H                 -1.64177300   -1.13168900   -3.41125000 

 H                 -1.26567400   -2.64048100   -4.30687300 

 H                 -2.79733900   -2.51426000   -3.36106200 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.328361 (Hartree/Particle) 

 Thermal correction to Energy=                    0.347977 

 Thermal correction to Enthalpy=                  0.348921 
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 Thermal correction to Gibbs Free Energy=         0.279669 

 Sum of electronic and zero-point Energies=           -883.170585 

 Sum of electronic and thermal Energies=              -883.150969 

 Sum of electronic and thermal Enthalpies=            -883.150025 

 Sum of electronic and thermal Free Energies=         -883.219277 

HF=-883.4989464 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-884.5046909 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-882.683227862451 

 

86 

 C                 -0.18651000    0.51741000    1.39406400 

 C                  1.07119100    1.31102900    1.37577300 

 H                 -0.30129100    0.07341600    2.39320800 

 H                 -1.04073400    1.20404500    1.24125400 

 H                  1.73270700    1.31939200    2.24486200 

 C                  1.47873900    2.12308300    0.24751100 

 O                  0.91430800    2.14965400   -0.84503400 

 O                  2.58204900    2.84620700    0.49925900 

 C                  3.08294200    3.64257200   -0.57764200 

 H                  3.33989900    3.01049700   -1.44165900 

 H                  2.33349800    4.38275700   -0.89757900 

 H                  3.97771000    4.14720000   -0.19391600 

 C                  2.00930200   -3.47306200   -0.63306500 

 C                  0.78972100   -1.60440500    0.27884400 

 C                  0.59300800   -2.86814600   -0.61663500 

 C                  2.13353400   -1.03910500   -0.22863300 

 C                  2.97401200   -2.26332600   -0.67347600 

 H                  2.14738000   -4.04624100    0.29753000 

 H                  2.15890200   -4.16868100   -1.47204200 
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 H                  1.94098900   -0.38049600   -1.08666900 

 H                  2.64781600   -0.44352500    0.53984400 

 H                  3.35780600   -2.10857700   -1.69089600 

 H                  3.84136000   -2.42642100   -0.01503200 

 C                 -0.41119600   -0.62194000    0.32955400 

 H                  0.93603700   -1.98713400    1.30506100 

 H                 -0.15094200   -3.55292600   -0.18844500 

 C                 -1.69197000   -1.36146900    0.74276800 

 H                 -2.50741100   -0.63868100    0.89766100 

 H                 -1.99679500   -2.04744600   -0.05670900 

 H                 -1.54510800   -1.93344700    1.67185900 

 O                 -0.67332200   -0.06977700   -0.94778100 

 H                 -0.10954000    0.71863700   -1.08246500 

 C                  0.14789800   -2.49429600   -2.01972000 

 O                  0.87660700   -2.06599400   -2.88658200 

 O                 -1.16478700   -2.71535400   -2.20725400 

 C                 -1.72397400   -2.20091800   -3.41710800 

 H                 -1.65364000   -1.10246300   -3.41636000 

 H                 -1.19561500   -2.59634900   -4.29740300 

 H                 -2.77520400   -2.51469900   -3.42912800 

UB3LYP-D3/def2-SVP-CPCM(benzene) 

 Zero-point correction=                           0.331601 (Hartree/Particle) 

 Thermal correction to Energy=                    0.350746 

 Thermal correction to Enthalpy=                  0.351690 

 Thermal correction to Gibbs Free Energy=         0.283908 

 Sum of electronic and zero-point Energies=           -883.199260 

 Sum of electronic and thermal Energies=              -883.180115 

 Sum of electronic and thermal Enthalpies=            -883.179171 

 Sum of electronic and thermal Free Energies=         -883.246952 

HF=-883.5308609 

UB3LYP-D3/def2-TZVPP-CPCM(benzene)//UB3LYP-D3/def2-SVP-CPCM(benzene) 
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HF=-884.5330052 

DLPNO-CCSD(T)/def2-TZVPP//UB3LYP-D3/def2-SVP-CPCM(benzene) 

HF=-882.722015283038 
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