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1. Computational details  
  1.1 General 

All energy and gradient calculations at the density functional theory (DFT) level were performed 
using the Gaussian 16S1 software. Calculations at the GFN-xTB1 level were performed using the 
ORCA 4.2.0 software.S2 Geometry optimization and automated reaction path searches using the 
single-component artificial force induced reaction (SC-AFIR) method were conducted in the 
developer version of the GRRM softwareS3. The Gibbs free energy values were estimated assuming 
a harmonic vibrational model, where all harmonic frequencies below 50 cm‒1 were set to 50 cm‒1, as 
suggested in the literature.S4 It is well known that gas-phase calculations overestimate the 
translational and rotational entropies of a molecule in solution because the solute molecule is 
surrounded by solvent molecules, which limits its translational and rotational motion. This can lead 
to significant errors in the Gibbs free energy when comparing systems with different numbers of 
molecules. Therefore, we applied the empirical correction method suggested by Martin et al.S5. 
Specifically, a correction of 4.3 kcal/mol was added to the Gibbs free energy of a system consisting 
of n+1 molecules when compared to a system consisting of n molecules, as described in the 
literature. S5,S6  

The TEP values and cone angles of L1–L62 were determined as follows. First, the conformational 
isomers of LNi(CO)3, where L represents the corresponding ligand, were systematically explored 
using the SC-AFIR methodS3 at the GFN1-xTB level.S7 All obtained conformers were then 
re-optimized in vacuo at the ωB97X-D/def2-SVP level with the “Grid=FineGrid” option, and 
harmonic vibrational frequency analyses were performed at the same computational level. Using the 
optimized LNi(CO)3 structures, the cone angle of each conformer was calculated geometrically 
based on the definition.S8 The TEP value was determined as the frequency of the 
(pseudo)symmetrical C–O vibrational mode, which was determined by the harmonic vibrational 
frequency analysis.S9 Representative values of the cone angle and the TEP were calculated based on 
the obtained cone angles, TEP values, and relative Gibbs free energies for all conformers, as shown 
in Tables S2 and S3. 

The TEP values and cone angles of K1–K18 were determined as follows. The initial structures of 
LNi(CO)3 were prepared based on the Cartesian coordinates of all accessible conformers for each 
ligand obtained from kraken.S10 Geometry optimizations of these initial structures and subsequent 
harmonic vibrational frequency analyses were then performed in vacuo at the ωB97X-D/def2-SVP 
level using the “Grid=FineGrid” option. Using the optimized LNi(CO)3 structures, the cone angle of 
each conformer was calculated geometrically based on the definition.S8 The TEP value was 
determined as the frequency of the (pseudo)symmetrical C–O vibrational mode, which was 
determined by the harmonic vibrational frequency analysis.S9 Representative values of the cone 
angle and the TEP were calculated based on the obtained cone angles, TEP values, and relative 
Gibbs free energies for all conformers, as shown in Table S4. 
  



 3 

1.2 Procedure for the VLA screening 
The VLA screening calculations were performed in the following four steps: (1) automated 

reaction path search using the SC-AFIR method with VL1, (2) path refinement calculations using 
the locally updated planes (LUP) method with VL1, (3) transition state (TS) optimizations using 
VL2 and (4) parameter screening using VL2. 
  STEP 1: The automated reaction path search using the SC-AFIR method with VL1 

The reaction path network for the oxidative addition of compound 1 to the Pd complex Pd(VL1)2 
(Fig. 3b) was obtained as follows: Automated reaction path searches using the SC-AFIR method 
were performed using the B3LYP functional, the LanL2DZ basis set with an effective core potential 
(ECP) for Pd, the 6-31G(d) basis set for S, and the 6-31G basis set for other atoms with the 
“Grid=FineGrid” option. The search was initiated using one of the stable geometries of compound 1 
and Pd(VL1)2. The target atoms for the SC-AFIR method were set as the Pd atom, the P atoms in the 
virtual ligands, and the C, O, and Cl atoms involved in the reaction. The model collision energy 
parameter (γ), which defines the strength of the artificial force, was set to 300 kJ/mol. In addition, 
weak forces (γ = 100/NC2, where N is the number of atoms) were applied between each pair of atoms 
to prevent the molecules from being too far apart. The electronic and steric parameters of VL1 were 
set to reproduce those of PPh3 (Table S7). All obtained AFIR paths were re-optimized using the LUP 
method.S11 All reaction path searches were guided by a kinetic-based navigation method, where the 
obtained equilibrium structures (EQs) were evaluated based on the so-called traffic volume 
determined by the rate constant matrix contraction (RCMC) method,S12 and the EQ to which the next 
SC-AFIR procedure was applied was chosen, as detailed previously.S13 Kinetic analyses were 
performed based on the Gibbs free energies and the LUP path network. In this kinetic-based 
navigation, an initial population of one was assigned to the initial structure. The highest traffic 
volume among those obtained at the three reaction temperatures (200, 300, and 400 K) was regarded 
as the traffic volume for each EQ. The reaction time was set to 3600 s (1 h). Based on this kinetic 
navigation, the SC-AFIR procedure was applied only to EQs in which the bond connectivity of 
compound 1 remains unchanged to effectively explore the oxidative addition paths of compound 1. 
The searches were terminated when 1000 effective AFIR paths were computed. 
 

STEP 2: Path refinement calculations using the LUP method with VL1 
All paths extracted from the reaction path network based on the criteria described in the 

manuscript (Fig. 3b and related discussions) were refined using the LUP methodS11 at the 
ωB97X-D/def2-SVP level and the “Grid=FineGrid” option. To consider the solvent effects, the 
implicit solvation SMD modelS14 (THF) was applied (hereafter, this computational level is denoted 
as CL1). Like the automated reaction path search calculation, the parameters of VL1 were set to 
reproduce those of PPh3 (Table S7). 

 
STEP 3: TS optimizations using VL2 
The geometry optimizations of PT1–PT12 (Fig. 3b of the manuscript) were performed using VL2. 

The entire paths which include these PTs (obtained in Step 2) were further refined using the LUP 
method at the same computational level (CL1), employing VL2PAr3 rather than VL1. The parameters 
of VL2PAr3 were set to match those of PPh3 (𝑟! = 1.657 Å for the keep potential and 𝜃 = 165° for 
the cone potential). Following that, we performed the geometry optimizations of the transition states 



 4 

at CL1, starting from the refined PTs and using the same virtual ligand. For the geometry 
optimizations of monoligated species (PTs corresponding to PT4–PT6 and PT10–PT12), a virtual 
ligand that was not coordinated to the Pd atom was removed beforehand.  
 

STEP 4: Parameter screening using VL2 
Geometry optimization of TSCO–PdL1, TSCO–PdL2, TSCCl–PdL1, and TSCCl–PdL2 (Fig. 3b of the 

manuscript) was performed using VL2PAr3 or VL2PR3 with 90 combinations of electronic and steric 
parameters (𝑟! = 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0 or 2.1 Å for the keep potential, and 𝜃 = 120, 
130, 140, 150, 160, 170, 180, 190, 200 or 210° for the cone potential) at the computational level CL1. 
Specifically, using the optimized structures for these TSs obtained in Step3 (VL2PAr3, 𝑟! = 1.657 Å, 
and 𝜃 = 165°) as the initial structures, we performed geometry optimizations of the TSs with virtual 
ligand(s) (VL2PAr3 or VL2PR3) with each combination of parameters. In certain cases, the calculation 
did not converge to the desired TS structure due to an inappropriate initial structure. In such cases, 
the corresponding TS structure was obtained by performing geometry optimization from the TS 
structure obtained using the same virtual ligand with the closest combination of parameters (arrows 
in Fig. S1). In addition, certain calculations of bis-ligated species (TSCO–PdL2 and TSCCl–PdL2) with 
bulky virtual ligands (mainly 𝜃 = 200 and 210°) did not result in the desired TS structure due to the 
dissociation of the virtual ligand. These TSs were considered to be energetically unfavorable 
compared to the corresponding monoligated species (TSCO–PdL1 and TSCCl–PdL1 with the same 
parameters of the virtual ligands). The results of the parameter screening are summarized in Fig. S1. 
In these plots, each cross indicates the geometry optimization of the corresponding TS with the 
corresponding parameters of the virtual ligand successfully converged. 

 

Fig. S1. Summary of the parameter screening.  



 5 

2. Experimental details 
2.1 General 
Unless otherwise stated, all reactants and reagents, including dry solvents, were obtained from 

commercial suppliers and used as received. Pd2(dba)3, L39, L40, L47–L50, L53, and L60–L62 were 
purchased from Sigma-Aldrich. 2-Methylphenyl boronic acid, potassium fluoride, L33–L38, L41–
L46, L51, L52, and L54–L59 were purchased from Tokyo Chemical Industry Co. Ltd. 
Tetrahydrofuran was purchased from Kanto Chemical Co., Inc. 4-Chlorophenyl triflate,S15 K9,S16 
and K14S17 were synthesized according to a previously reported procedure. Unless otherwise stated, 
all reactions were carried out in dry solvents under an atmosphere of N2 or Ar gases in dried 
glassware, using standard vacuum-line techniques. Unless otherwise stated, all workup and 
purification procedures were performed using reagent-grade solvents in the air. Gas chromatography 
(GC) analysis was conducted using a Shimadzu GC-2025 instrument equipped with a DB-1 column 
(15 m × 0.320 mm, Agilent), with dodecane as an internal standard. All reactions were carried out 
using a Chemspeed SWING robotic platform with an iSynth reactor containing 48 individual 
reactors. 

 
2.2 Experimental procedure 
General procedure for chemoselective SMC reaction with L33–L62 (Fig. 5) 
Pd2(dba)3 (6.2 mg, 6.74 µmol, 1.5 mol%) and 2-methylphenyl boronic acid (61.2 mg, 0.45 mmol, 

1.0 equiv) were added to an 8-mL vial, which was set in the iSynth reactor on the Chemspeed 
platform. The vial was then evacuated and refilled with Ar gas three times. The vial was opened 
under a flow of Ar gas and a THF solution (0.45 mL) containing 4-chlorophenyl triflate (72.9 µL, 
0.45 mmol, 1.0 equiv) and dodecane (18 µL, internal standard for GC analysis) was added. Then, a 
0.03 M THF solution of ligand (0.45 mL, 0.0135 mmol, 3.0 mol%) was added to the vial, and the 
vial was closed. The mixture was stirred for 30 min at room temperature, and the vial was opened 
under Ar gas flow. A 1.5 M degassed aqueous solution of KF (0.90 mL, 1.35 mmol, 3.0 equiv) was 
added to the vial and the vial was closed. The mixture was then stirred for 12 h at 70 °C. Following 
that, the mixture was cooled to room temperature and THF was removed under reduced pressure at 
40 °C. CH2Cl2 (4.5 mL) was added to the vial and the resulting mixture was stirred for 5 min. A 
small amount of the organic phase (about 1.0 mL) was collected from this mixture and passed 
through a short pad of silica gel (eluent: ethyl acetate). The resulting solution was analyzed by GC 
without further purification. 

 
General procedure for chemoselective SMC reaction with K9 or K14 (Fig. 6c) 
To a J. Young Schlenk tube containing a magnetic stirring bar, Pd2(dba)3 (6.2 mg, 6.74 µmol, 1.5 

mol%), 2-methylphenyl boronic acid (61.2 mg, 0.45 mmol, 1.0 equiv), and K9 (5.9 mg, 0.0135 
mmol, 3.0 mol%) or K14 (3.3 mg, 0.0135 mmol, 3.0 mol%) were added. The tube was then 
evacuated and refilled with N2 gas three times. THF (0.90 mL) and 4-chlorophenyl triflate (72.9 µL, 
0.45 mmol, 1.0 equiv) were added to the tube under the flow of N2 gas. The tube was sealed with a 
cap, and the mixture was stirred for 30 min at room temperature. The tube was then opened under 
the flow of N2 gas, and a 1.5 M degassed aqueous solution of KF (0.90 mL, 1.35 mmol, 3.0 equiv) 
was added. The tube was sealed with a cap, and the mixture was stirred for 12 h at 70 °C. The 
mixture was cooled to room temperature and diluted with CH2Cl2 (about 5 mL). Dodecane (18 µL, 
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internal standard for GC analysis) was added to the mixture, and the resulting mixture was 
vigorously stirred. A small amount of the organic phase (about 100 µL) was collected from this 
mixture and passed through a short pad of silica gel (eluent: ethyl acetate). The resulting solution 
was analyzed by GC without further purification. 
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2.3 Experimental results 
The experimental results obtained for L33–L62, K9 and K14 are summarized in Table S1. For all 

ligands, the experiments were repeated twice, and the averaged values of ΔΔG‡ were used in the 
discussion. 

 
Table S1. Experimental results for L33–L62, K10 and K14. 

 Run 1 Run 2  Average 
Ligand Yield (%) ΔΔG‡ (kcal/mol) Yield (%) ΔΔG‡ (kcal/mol) Yield (%) ΔΔG‡ (kcal/mol) 

L33 0.14 - 0.09 - 0.12 - 

L34 N.D. - 0.03 - 0.03 - 

L35 20.39 3.47 5.79 2.59 13.09 3.03 

L36 58.18 4.24 59.67 4.19 58.93 4.21 

L37 1.21 -0.10 2.38 0.28 1.79 0.09 

L38 0.37 - 0.35 - 0.36 - 

L39 68.65 4.05 65.98 4.04 67.32 4.05 

L40 36.32 4.94 35.09 4.02 35.70 4.48 

L41 2.51 1.35 2.47 1.35 2.49 1.35 

L42 35.97 3.27 43.67 3.60 39.82 3.43 

L43 14.88 2.96 31.54 3.62 23.21 3.29 

L44 0.79 - 0.88 - 0.84 - 

L45 19.92 3.59 17.47 3.55 18.69 3.57 

L46 0.65 - 0.56 - 0.60 - 

L47 58.39 4.29 60.60 4.30 59.50 4.30 

L48 34.11 3.79 27.35 3.65 30.73 3.72 

L49 38.61 3.82 33.20 3.76 35.91 3.79 

L50 0.75 - 0.89 - 0.82 - 

L51 66.54 4.52 69.69 4.43 68.11 4.48 

L52 0.91 - 0.86 - 0.89 - 

L53 0.55 - 0.49 - 0.52 - 

L54 3.56 1.90 2.80 1.91 3.18 1.91 

L55 11.34 3.05 6.58 2.75 8.96 2.90 

L56 8.76 2.58 4.55 2.36 6.66 2.47 

L57 2.19 1.83 N.D. - 2.19a 1.83a 

L58 9.77 3.55 5.23 3.30 7.50 3.43 

L59 53.48 -1.97 50.70 -1.59 52.09 -1.78 

L60 26.24 -1.91 27.32 -1.98 26.78 -1.95 

L61 33.39 3.97 45.46 4.04 39.42 4.01 

L62 11.84 3.28 10.01 3.39 10.92 3.34 

K09 13.44 -1.47 15.26 -1.77 14.35 -1.62 

K14 12.60 -3.35 14.69 -3.54 13.64 -3.44 

no ligand 0.02 - 0.04 - 0.03 - 

a Run 2 was excluded.  
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3. List of calculated ligands and their parameters 
3.1 Calculated TEP and cone angle 

 

 
Fig. S2. Chemical structure of Phosphine ligands L1–L32. 

  

P P P P P

OMe

OMe

MeO

OMe OMe

MeO

P

F

F

F

L1 L2 L3 L4 L5 L6

P P P P PP

L7 L8 L9 L10 L11 L12

P P P PP

L13 L14 L15 L16 L17 L18

P P P P PP

L19 L20 L21 L22 L23 L24

P P P P PP

N

L25 L26 L27 L28 L29 L30

P P

L31 L32

P

CF3



 9 

Table S2. Calculated cone angles and TEP values of phosphine ligands L1–L32. 
 most stable conformer minimum cone angle conformer  Boltzmann-weighted average 

Ligand 𝜃 (°) νCO (cm−1) 𝜃 (°) νCO (cm−1) 𝜃 (°) νCO (cm−1) 

L1 165 2221 165 2221 166 2220 

L2 172 2220 166 2221 170 2220 

L3 202 2216 168 2216 202 2216 

L4 166 2225 166 2225 166 2225 

L5 204 2202 175 2209 204 2202 

L6 167 2219 166 2220 167 2218 

L7 166 2223 166 2223 166 2223 

L8 166 2222 166 2222 166 2222 

L9 152 2221 150 2222 151 2221 

L10 164 2216 164 2216 164 2216 

L11 171 2218 159 2215 167 2217 

L12 170 2222 145 2220 163 2220 

L13 174 2221 158 2219 164 2220 

L14 171 2208 162 2210 173 2209 

L15 175 2210 166 2208 174 2210 

L16 185 2206 185 2206 185 2206 

L17 182 2208 168 2206 181 2208 

L18 189 2209 168 2208 191 2209 

L19 170 2216 143 2216 165 2216 

L20 174 2211 168 2213 175 2212 

L21 205 2217 161 2217 203 2217 

L22 172 2214 136 2216 171 2214 

L23 176 2212 173 2210 177 2212 

L24 168 2214 142 2217 166 2215 

L25 173 2213 152 2209 171 2212 

L26 176 2213 156 2212 173 2214 

L27 168 2219 134 2217 167 2219 

L28 176 2211 160 2211 173 2211 

L29 141 2221 141 2221 141 2221 

L30 185 2213 185 2213 185 2213 

L31 180 2213 167 2210 180 2213 

L32 184 2216 184 2215 184 2215 
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Fig. S3. Chemical structure of Phosphine ligands L33–L62. 
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Table S3. Calculated cone angles and TEP values of phosphine ligands L33–L62. 
 most stable conformer minimum cone angle conformer  Boltzmann-weighted average 

Ligand 𝜃 (°) νCO (cm−1) 𝜃 (°) νCO (cm−1) 𝜃 (°) νCO (cm−1) 

L33 164 2229 142 2228 162 2229 

L34 171 2226 161 2228 167 2227 

L35 200 2216 164 2223 182 2219 

L36 210 2196 199 2199 209 2197 

L37 173 2232 159 2238 173 2232 

L38 185 2235 179 2235 185 2235 

L39 172 2219 172 2219 175 2219 

L40 208 2194 200 2196 208 2195 

L41 163 2220 150 2221 161 2221 

L42 171 2219 154 2214 168 2218 

L43 166 2220 166 2220 166 2220 

L44 166 2226 166 2224 168 2226 

L45 173 2220 162 2220 172 2220 

L46 167 2232 167 2232 167 2232 

L47 170 2219 149 2217 171 2219 

L48 166 2221 166 2221 166 2221 

L49 175 2216 163 2219 175 2216 

L50 166 2226 166 2226 166 2226 

L51 170 2219 145 2218 164 2219 

L52 172 2221 160 2220 167 2221 

L53 165 2227 165 2227 165 2227 

L54 174 2225 161 2221 173 2225 

L55 169 2224 161 2222 169 2223 

L56 166 2221 166 2221 166 2222 

L57 175 2221 158 2222 176 2221 

L58 120 2219 120 2219 120 2219 

L59 200 2211 175 2208 199 2210 

L60 185 2212 185 2212 185 2212 

L61 168 2214 137 2214 168 2214 

L62 115 2224 115 2224 115 2224 
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  The chemical structures of the ligands K1–K18 are shown in the manuscript (Fig. 6b). K1, K3, 
K4, K5, and K11 are the same molecules as L58, L19, L62, L20, and L16, respectively, but the 
procedure used to calculate each parameter (primarily conformation sampling) is different (Section 
1.1 in the ESI). We confirmed that the parameters for each ligand obtained using the two procedures 
were largely similar.  
 

Table S4. Calculated cone angles and TEP values of phosphine ligands K1–K18. 
 most stable conformer minimum cone angle conformer  Boltzmann-weighted average 

Ligand 𝜃 (°) νCO (cm−1) 𝜃 (°) νCO (cm−1) 𝜃 (°) νCO (cm−1) 

K1 120 2219 120 2219 120 2219 

K2 128 2219 128 2219 128 2219 

K3 170 2216 143 2214 161 2216 

K4 115 2224 115 2224 115 2224 

K5 175 2213 168 2211 175 2212 

K6 173 2216 133 2215 170 2217 

K7 120 2228 120 2228 120 2228 

K8 104 2228 104 2228 104 2228 

K9 187 2203 187 2203 187 2203 

K10 140 2234 134 2230 140 2233 

K11 185 2211 185 2208 185 2209 

K12 182 2238 151 2234 171 2237 

K13 205 2208 202 2209 205 2208 

K14 205 2215 183 2211 205 2214 

K15 169 2242 169 2242 169 2242 

K16 206 2230 196 2233 206 2230 

K17 138 2252 138 2252 138 2252 

K18 183 2252 163 2252 179 2252 
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3.2 Predicted values of ΔΔG‡ 
 

Table S5. Predicted ΔΔG‡ using representative values of the TEP and the cone angle. 
 ΔΔG‡

predicted (kcal/mol) 
Ligand most stable conformer minimum cone angle conformer Boltzmann-weighted average 

L1 4.57 4.57 4.88 

L2 4.33 4.48 4.48 

L3 -1.41 6.15 -1.22 

L5 2.44 6.79 2.53 

L6 5.27 5.09 5.50 

L7 3.70 3.70 3.70 

L8 4.09 4.09 4.17 

L9 4.92 4.63 4.80 

L10 6.50 6.50 6.50 

L11 5.46 6.97 5.89 

L12 4.02 5.54 5.00 

L13 4.03 5.56 5.09 

L14 4.72 5.97 4.14 

L15 3.24 5.95 3.37 

L16 -0.66 -0.66 -0.66 

L17 0.88 5.92 1.43 

L18 -4.53 5.44 -5.28 

L19 2.48 6.09 3.74 

L20 3.13 4.27 2.84 

L21 -7.61 4.35 -7.51 

L22 2.63 6.35 2.96 

L23 2.34 3.65 2.15 

L24 3.84 5.76 4.07 

L25 2.96 7.57 3.57 

L26 2.08 6.37 2.47 

L27 2.16 5.93 2.50 

L28 2.81 6.11 3.49 

L29 4.34 4.34 4.34 

L30 -2.28 -2.28 -2.28 

L31 0.19 5.27 0.04 

L32 -3.12 -2.90 -2.96 

L35 -0.05 4.03 3.32 

L36 1.40 5.22 1.27 

L37 -0.67 -1.93 -0.67 

L39 4.67 4.67 4.54 

L40 2.51 5.40 2.25 

L41 5.08 4.82 4.70 

L42 4.98 7.28 5.41 
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Table S5. (continued) 
 ΔΔG‡

predicted (kcal/mol) 
Ligand most stable conformer minimum cone angle conformer Boltzmann-weighted average 

L43 4.95 4.95 4.95 

L45 4.57 5.23 4.61 

L47 5.20 6.33 5.10 

L48 4.73 4.73 4.56 

L49 5.31 5.61 5.32 

L51 4.92 6.01 5.50 

L54 2.20 4.78 2.46 

L55 3.23 4.57 3.46 

L56 4.59 4.59 4.10 

L57 3.72 4.54 3.48 

L58 5.64 5.64 5.64 

L59 -7.03 4.00 -6.90 

L60 -1.99 -1.99 -1.99 

L61 3.70 6.91 3.88 

L62 3.13 3.13 3.13 

K1 ‒ ‒ 5.73 

K2 ‒ ‒ 5.52 

K3 ‒ ‒ 4.54 

K4 ‒ ‒ 3.36 

K5 ‒ ‒ 2.53 

K6 ‒ ‒ 2.41 

K7 ‒ ‒ 2.10 

K8 ‒ ‒ -0.30 

K9 ‒ ‒ -0.37 

K10 ‒ ‒ -0.66 

K11 ‒ ‒ -1.83 

K12 ‒ ‒ -6.29 

K13 ‒ ‒ -7.37 

K14 ‒ ‒ -7.55 

K15 ‒ ‒ -8.30 

K16 ‒ ‒ -8.58 

K17 ‒ ‒ -8.86 

K18 ‒ ‒ -9.51 
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4. Sampling of ligand–ligand interaction 
  4.1 Procedure and results 

The interaction energies between the real ligands (𝐸"–") were computationally sampled using the 
following procedure: Assuming that two real ligands coordinate to a single metal atom with a bite 
angle 𝜙 (the term was originally coined for bidentate ligands, but we applied it to two molecules of 
monodentate ligands for convenience), these ligands were placed 2.28 Å from the origin (O) while 
directing the lone pair orbital to the origin (Fig. S4a). Geometry optimization of the system was 
performed with the Cartesian coordinates of the phosphorus atoms (P1 and P2) fixed at 𝒑𝟏 =
(2.28, 0, 0)	and 𝒑𝟐 = (2.28 cos𝜙 , 2.28 sin𝜙 , 0), respectively, at the ωB97X-D/def2-SV(P) level. 
During the optimization process, a penalty function was added to the electronic energy of the system 
to prevent the rotation of ligands other than around OPi axes, thus preserving the direction of the 
lone pair orbitals. Specifically, in each iteration of the geometry optimization, a harmonic potential 
based on the angles ψi (i = 1–6) defined by O, the phosphorus atom (P1 or P2), and each atom 
bonded to the phosphorus atom (α atom) was added, as shown in Fig. S4b, in the same manner as the 
keep potential (see Section 5.2 of the ESI for implementation). After the geometry optimization of 
the system, 𝐸"–" was calculated as follows: 

𝐸"–" = 𝐸&'&()* − 2𝐸" 

where 𝐸&'&()* is the electronic energy of the optimized system (without penalty) and 𝐸" is the 
electronic energy of the corresponding ligand optimized independently. A combination of 23 ligands 
and six bite angles (𝜙 = 90°, 100°, 110°, 120°, 140 °, and 180°) were sampled and are summarized 
in Table S6. 
 

 
Fig. S4. Sampling procedure for L-L interaction energies (𝐸"–") of real ligands. 
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Table S6. L-L interaction energies (𝐸"–") of various ligands and bite angles. 

ligand 𝜃 (°) 𝜙 (°) 𝐸!–!  ligand 𝜃 (°) 𝜙 (°) 𝐸!–! 

PCl3 117 

90 4.18  

 
210 

90 N.A. 

100 -1.16  100 4.61 

110 -1.73  110 -1.40 

120 -1.44  120 -7.49 

140 -0.88  140 -11.72 

180 -0.60  180 -8.95 

PMe3 117 

90 11.05  

 
161 

90 -3.30 

100 3.06  100 -9.35 

110 0.59  110 -11.11 

120 0.39  120 -10.12 

140 0.65  140 -6.76 

180 0.76  180 -2.24 

P(CCl3)3 171 

90 N.A.  

 
162 

90 -0.29 

100 N.A.  100 -7.27 

110 (32.78)  110 -9.49 

120 14.95  120 -8.39 

140 -2.71  140 -5.35 

180 -3.15  180 -2.24 

P(CF3)3 137 

90 17.60  

 
163 

90 2.12 

100 4.08  100 -5.96 

110 -1.49  110 -8.18 

120 -2.68  120 -8.03 

140 -1.62  140 -4.89 

180 -0.88  180 -2.15 

PtBu3 187 

90 N.A.  

 
163 

90 (80.03) 

100 N.A.  100 -5.44 

110 (57.27)  110 -8.60 

120 (34.67)  120 -10.04 

140 2.20  140 -5.63 

180 -4.77  180 -0.90 

𝐸!–! values are reported in kcal/mol. N.A.: Not applied. 𝐸!–! values larger than 30 kcal/mol are shown in parentheses but are 
ignored in the discussion below, as they are quite unrealistic. 
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Table S6. (continued) 

ligand 𝜃 (°) 𝜙 (°) 𝐸!–!  ligand 𝜃 (°) 𝜙 (°) 𝐸!–! 

 
126 

90 7.67  

 
163 

90 -1.30 

100 1.18  100 -6.15 

110 -0.42  110 -6.84 

120 -0.20  120 -11.15 

140 0.29  140 -5.66 

180 0.59  180 -1.75 

PH3 86 

90 3.89  

PPh3 162 

90 2.51 

100 1.77  100 -4.72 

110 0.93  110 -6.73 

120 0.59  120 -6.75 

140 0.42  140 -4.55 

180 0.40  180 -1.87 

P(SiH3)3 126 

90 8.49  

P(C6F5)3 191 

90 (62.12) 

100 0.77  100 -13.20 

110 -1.66  110 -13.56 

120 -2.15  120 -15.65 

140 -1.00  140 -11.90 

180 -0.41  180 -7.63 

P(SiMe3)3 182 

90 N.A.  

 
140 

90 -0.50 

100 N.A.  100 -5.25 

110 24.47  110 -5.10 

120 9.32  120 -4.56 

140 -0.94  140 -1.34 

180 -3.64  180 -0.02 

 
113 

90 7.21  

 

162 

90 1.21 

100 0.34  100 -6.03 

110 -0.62  110 -7.96 

120 -0.43  120 -8.89 

140 -0.04  140 -5.84 

180 0.15  180 -2.12 

𝐸!–! values are reported in kcal/mol. N.A.: Not applied. 𝐸!–! values larger than 30 kcal/mol are shown in parentheses but are 
ignored in the discussion below, as they are quite unrealistic. 
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Table S6. (continued) 

ligand 𝜃 (°) 𝜙 (°) 𝐸!–!  ligand 𝜃 (°) 𝜙 (°) 𝐸!–! 

 
103 

90 0.57  

 

174 

90 (65.53) 

100 -0.05  100 -8.82 

110 -0.20  110 -11.37 

120 -0.20  120 -10.73 

140 -0.09  140 -8.17 

180 0.05  180 -3.34 

 
130 

90 2.37  

  

  

100 -1.74    

110 -1.88    

120 -1.67    

140 -0.75    

180 -0.16    

𝐸!–! values are reported in kcal/mol. N.A.: Not applied. 𝐸!–! values larger than 30 kcal/mol are shown in parentheses but are 
ignored in the discussion below, as they are quite unrealistic. 
 

  4.2 Discussion 
The calculated values of 𝐸"–" were plotted against the cone angle (𝜃) of the ligands and bite 

angle (𝜙), as shown in Fig. S5a. We found that the trend of 𝐸"–" cannot be described only by the 𝜃 
and 𝜙. For example, the 𝐸"–" of P(SiMe3)3 at 𝜙 = 120° was 9.3 kcal/mol (repulsive), while the 
𝐸"–" of P(C6F5)3, whose cone angle is slightly larger than that of P(SiMe3)3, was –13.6 kcal/mol 
(attractive) at the same bite angle. This is likely caused by the stabilization of the two molecules of 
P(C6F5)3 through intermolecular π–π interactions, as shown in Fig. S5a (right). Considering these 
results, we classified ligands into two groups: triaryl phosphines (PAr3) and others (PR3, R≠Ar). The 
former group is expected to exhibit negative 𝐸"–" values due to attractive π–π interactions when 
two ligands are located close together, while the latter group would exhibit positive 𝐸"–" values due 
to the typical steric repulsion. This trend was confirmed by separately plotting the 𝐸"–" values for 
each group (Fig. S5b). Specifically, the PR3-type ligands showed a trend of 𝐸"–"  where 
combinations of a large cone angle (𝜃) and a small bite angle (𝜙) resulted in a large positive value of 
𝐸"–" (Fig. S5b, right). In contrast, the 𝐸"–" values for triaryl phosphines (PAr3) had a minimum 
around 𝜃 = 180° and 𝜙 = 120°, clearly showing the effect of stabilization through intermolecular 
π–π interactions (Fig. S5b, left). As a result, the 𝑉"+" term of the cone potential of VL2, which 
describes the interactions of two virtual ligands, was separately optimized for each type of L-L 
interaction and implemented as VL2PR3 and VL2PAr3, respectively (Section 5.5 of the ESI). 

P
P

3

Me P

Me

Me
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Fig. S5. Plot of the calculated 𝐸!–! values against cone angle (𝜃) and bite angle (𝜙). 
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5. Implementation and performance of virtual ligands 
5.1 General 
In this study, virtual ligands were implemented in interface codes combining the GRRM program 

with Gaussian 16. During a geometry optimization process, Gaussian 16 performs an electronic 
structure calculation for a given geometry and sends the output, including energy, gradient vector, 
and Hessian matrix, to the GRRM software. The GRRM program then calculates a new geometry 
based on the given geometry, energy, gradient vector, and Hessian matrix, and sends it back to 
Gaussian 16. The virtual ligands were implemented by adding the energies, gradient vectors, and 
Hessian matrices resulting from the keep potential and either the cone potential (for the original 
version and VL2) or the 12-6 Lennard-Jones (LJ) potential (for VL1) to the Gaussian 16 output. 
 

5.2 Implementation of keep potential 
Using Cartesian coordinates of phosphorus atoms (𝒑 = (𝑥,, 𝑦,, 𝑧,)	) and chlorine atoms (𝒍𝒊 =

(𝑥./–0 , 𝑦./–0 , 𝑧./–0)	, 𝑖 = 1– 3) in a virtual ligand, the energy arising from the keep potential can be 
formulated as follows: 

𝑉1223 =>
1
2𝑘
(𝑟0 − 𝑟!)4

5

067
 

𝑟0 = |𝒍𝒊 − 𝒑| 
where 𝑘, 𝑟0, and 𝑟! are the force constant, the distance between the P and ith Cl atom, and the 
equilibrium distance of the harmonic potential, respectively. The force constant was set to 4.48 × 103 
kcal/(mol Å2) (2.0 a.u.). The gradient vector and Hessian matrix arising from the keep potential were 
calculated as partial derivatives. 

The electronic effect of a real ligand can be simulated by adjusting the 𝑟! value to match the TEP 
value of the ligand calculated at the same computational level.S9 The relationship between 𝑟! and 
TEP values of the virtual ligand is shown in Fig. S6. 

 

 
Fig. S6. Relationship between the 𝑟# and TEP value of the virtual ligand.  
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  5.3 Implementation of VL1 
  The original virtual ligand used a cone potential to reproduce the steric effect of the real ligand 
(Fig. S7, left). The cone was positioned 2.28 Å from the phosphorus atom of PCl*3 and had an apex 
angle 𝜃 corresponding to the cone angle of the real ligands. The repulsion energy for each atom in 
the substrate was calculated based on the distance between the atom and the surface of the cone. The 
repulsive term of the optimized 12-6 LJ potential was used as the potential function. While the cone 
potential accurately captured the relationship between the cone angles and steric effects of real 
ligands, we identified a weakness in its design. The position of the apex, apex angle, and direction of 
the cone are uniquely defined by PCl*3 and the cone angle. However, the length of the cone (L in Fig. 
S7, left panel) is not fixed (it is treated as infinite). As a result, even if a substrate is located far from 
the virtual ligand (e.g., 1 in Fig. S7, left panel), the corresponding repulsion energy is still calculated, 
leading to an overestimation of the steric repulsion. Moreover, if a substrate is placed on the back of 
PCl*3 (e.g., 2), an unrealistic, large repulsive energy is exerted. These incidents would not normally 
occur in typical quantum chemical calculations, such as geometry optimizations, unless there are 
“unnatural” forces working against the repulsive force from the cone exist. However, in the case of 
automated reaction path search calculations using the SC–AFIR method,S3 where “artificial” forces 
are used to explore accessible minima and TSs from a given initial structure as much as possible, 
these situations could occur due to the rotation or flipping of the virtual ligand. To address this issue, 
we developed an alternative method for reproducing the steric effect of real ligands that is more 
robust in these types of calculations (Fig. S7, right panel). In this method, the steric effect of a real 
ligand is simulated using a simple 12-6 LJ potential between the substrate and Cl* atoms in the 
virtual ligand. The parameters for the 12-6 LJ potential were adopted from the values reported for 
the universal force field (UFF).S18 

 
Fig. S7. Schematic illustration of the cone potential (left) and the newly developed steric approximation 
using 12-6 LJ potential form Cl* atoms (right). 
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In this method, the cone angle of a real ligand can be simulated by scaling the parameter of the 
12-6 LJ potential based on the van der Waals radii of the Cl* atoms. Particularly, for a given 
geometry of PCl*3, the cone angle of the virtual ligand (𝜃) can be geometrically calculated as 
follows:  

 
𝜃 = 2(𝜙7 + 𝜙4) 

𝜙7 = arctan E
𝑑,./∗ sin(𝜋 − ∠OPCl∗)

𝑑9, + 𝑑,./∗ cos(𝜋 − ∠OPCl∗)
M	 

𝜙4 = arcsin N
𝑟:;<	
𝑑9./∗

O 

𝑑9./∗ =
𝑑9, + 𝑑,./∗ cos(𝜋 − ∠OPCl∗)

cos𝜙7
 

where 𝑑9,, 𝑑,./∗, and 𝑑9./∗ are the distances between the apex of the cone and the P atom, the P 
atom and the Cl* atom, and the apex of the cone and the Cl* atom, respectively;	 ∠OPCl∗ is the 
angle defined by the apex, the P atom, and the Cl* atom, and 𝑟:;<	 is the van der Waals radius of 
the Cl* atom. The position of apex (O) was set to be 2.28 Å from the P atom, following the 
definition of the cone angle.S8 Since the values of 𝑑,./∗, and ∠OPCl∗ change depending on the 𝑟! 
value of the keep potential (see section 5.2 of the ESI), representative values were obtained from the 
optimized structure of (Cl*3P)Ni(CO)3, as presented in Tables S7 and S8. The 𝑟! and 𝑟:;<	 values 
used to reproduce the electronic and steric effects of PPh3 are listed in Table S7. For example, the 
TEP (νCO) of PPh3 was estimated to be 2027.7 cm–1 at the B3LYP/6-31G level, and the 𝑟! to 
reproduce this value was calculated to be 1.3 Å based on Fig. S6. The 𝑑,./∗ and ∠OPCl∗ values 
were extracted from the optimized structure of (Cl*3P)Ni(CO)3 (𝑟! = 1.3 Å), and the 𝑟:;<	 value to 
reproduce the steric effect of PPh3 (𝜃 = 165°) was calculated to be 2.51 Å according to the 
equations above. Similarly, the 𝑟!  and 𝑟:;<	  values for reproducing PPh3 at the 
ωB97X-D/def2-SVP level (νCO = 2220.8 cm–1 and 𝜃 = 165°) were estimated to be 1.657 and 2.71 Å, 
respectively. The 𝑟! and 𝑟:;<	 values (Table S7) were used in the automated reaction path search 
calculation using the SC-AFIR method or the following path refinement using the LUP method at 
the corresponding computational level. In contrast, in Table S8, the 𝑟!  and 𝑟:;<	  values 
corresponding to the grid points of the TEP and cone angle at the ωB97X-D/6-31+G(d) level were 
listed. These values were not used in the manuscript but in Section 5.4 of the ESI to confirm the 
accuracy of this steric approximation used in VL1. 
 

Table S7. The 𝑟# and 𝑟$%&	 values to reproduce electronic and steric effects of PPh3. 

 𝑟# (Å) 𝑑$%&∗  (Å) ∠OPCl∗ (°) 
𝑟()*	 (Å) 

Usage 
𝜃 = 165° (PPh3) 

B3LYP/6-31G 1.3 1.53 106.7 2.51 SC-AFIR 

ωB97X-D/def2-SVP 1.657 1.73 112.6 2.71 LUP 

 
  



 23 

Table S8. The 𝑟# and 𝑟$%&	 values to perform a grid search of electronic and steric parameters (TEP and 
cone angle) at the ωB97X-D/6-31+G(d) level. 

𝑟# (Å) 𝑑$%&∗  (Å) ∠OPCl∗ (°) 
𝑟()*	 (Å) 

𝜃 = 120° 𝜃 = 140° 𝜃 = 160° 𝜃 = 180° 𝜃 = 200° 

1.4 1.56 108.6 1.67 2.10 2.48 2.78 2.99 

1.6 1.69 111.4 1.72 2.18 2.58 2.90 3.13 

1.8 1.84 114.2 1.79 2.28 2.70 3.03 3.28 

2.0 2.01 116.7 1.86 2.38 2.82 3.18 3.45 

2.2 2.19 118.6 1.92 2.47 2.94 3.33 3.61 

 
  The parameters of the 12-6 LJ potential were scaled based on the determined van der Waals radii 
of the Cl* atoms. In the framework of the UFF, the nonbonding energy based on the 12-6 LJ 
potential is described as: 

𝐸:;< = 𝜀0> EQ
𝜎0>
𝑟 S

74
− 2Q

𝜎0>
𝑟 S

?
M 

𝜀0> = T𝜀0𝜀> 

𝜎0> = T𝜎0𝜎> 
where the 𝜀0>, 𝜎0> and r are the wall depth, van der Waals bond length, and distance between two 
atoms, respectively; the 𝜀0 is the atomic van der Waals energy; and the 𝜎0 is the van der Waals 
distance. Therefore, the steric interactions between the substrates and the Cl* atoms in VL1 can be 
described using the following equation: 

𝑉"–@ =>>T𝜀0𝜀./ UV
T𝜎0𝜎./
𝑟0>

W
74

− 2V
T𝜎0𝜎./
𝑟0>

W
?

X
5

>670∈@

 

where the 𝑟0> is the distance between ith atom in the substrate (S) and jth Cl* atom in VL1. To 
change the van der Waals radii of the Cl* atom, the parameter 𝜎./ was scaled by the ratio of the 
𝑟:;<	 required to reproduce the desired cone angle (Tables S7 and S8) to the original van der Waals 
radius of the Cl atom (1.75 Å). 
 

  5.4 Performance of VL1 
  The performance of the virtual ligand VL1 was validated computationally and compared with that 
of the original virtual ligand.S19 Contour maps indicating the activation energy (ΔE‡) or the reaction 
energy (ΔE) of an intramolecular C–H activation from the aryl palladium S1 were prepared using 
either the original virtual ligand or VL1 (Fig. S8), following a previously reported procedure. S19 The 
calculated values of ΔE‡ and ΔE using real ligands (also reported in a previous study) were plotted 
on the corresponding contour maps (circles). Additionally, the values of ΔE‡ and ΔE were predicted 
based on their TEP values and cone angles. The predicted values (ΔE‡

virtual and ΔEvirtual) are plotted 
against the calculated values (ΔE‡

real and ΔEreal), as shown on the right side of Fig. S8. For ΔE‡, VL1 
(represented by orange dots) provided predictions of lower accuracy compared to the original virtual 
ligand (represented by blue dots). The mean absolute errors (MAE) for ΔE‡ were estimated to be 
4.32 kcal/mol for the prediction by VL1, and 2.46 kcal/mol for the prediction based on the original 
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virtual ligand. However, qualitative correlations between predicted and calculated values of ΔE‡ 

were still high, and the coefficient of determination (R2) of the regression line (orange dotted line) 
was 0.74 (0.75 for the original virtual ligand, blue dotted line). In contrast, the prediction accuracy 
for ΔE was improved by VL1, where the MAE was 1.43 kcal/mol for VL1 and 2.15 kcal/mol for the 
original virtual ligand. Although VL1 resulted in a slightly worse performance for the prediction of 
ΔE‡, the problems derived from the cone potential (described in Section 5.3 of the ESI) can be 
mitigated. Therefore, we used VL1 for the automated reaction path search calculations using the 
SC-AFIR method and the following path refinement calculations using the locally updated planes 
(LUP) method. 
 

 

Fig. S8. Comparison of the performance between the original virtual ligand and the VL1. 
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  5.5 Implementation of VL2PR3 and VL2PAr3 

  In the parameter screening step of the VLA screening, we employed a modified version of the 
cone potential for steric approximation to improve accuracy. In the original version, the interactions 
between the virtual ligand and the substrates (L-S interactions) were described only by the repulsive 
term of the 12-6 LJ potential. In the modified version, the full 12-6 LJ potential, including the 
attractive term, is used as a potential function. The modified version of the cone potential can be 
formulated as follows. First, the energy arising from the cone potential is described as the sum of the 
L-S interaction energies (𝑉B+C) and L-L interaction energies (𝑉"+"). The apex of the cone is located 
2.28 Å from the phosphorus atom of PCl*3, and its direction should be the same as that of the lone 
pair orbital of the phosphorus atom. Therefore, the coordinates of the apex (𝒂 = (𝑥D, 𝑦D, 𝑧D)) can be 
defined as: 

𝒂 = 𝒑 − 2.28	ZÅ\ ⋅
(𝒍𝟏 − 𝒑) + (𝒍𝟐 − 𝒑) + (𝒍𝟑 − 𝒑)
|(𝒍𝟏 − 𝒑) + (𝒍𝟐 − 𝒑) +	(𝒍𝟑 − 𝒑)|

												

= 𝒑 − 2.28	ZÅ\ ⋅
𝒍𝟏 + 𝒍𝟐 +	𝒍𝟑 − 3𝒑
|𝒍𝟏 + 𝒍𝟐 +	𝒍𝟑 − 3𝒑|

 

where 𝒑 and 𝒍𝒊 (i = 1–3) are the Cartesian coordinates of the phosphorus and chlorine atoms in the 
virtual ligands, respectively. Using the Cartesian coordinates of the ith atom in substrate S (𝒊 =
(𝑥0 , 𝑦0 , 𝑧0)	, 𝑖 ∈ S), the 𝑉B+C can be calculated as:  
 

𝑉B+C =>4𝜀 bN
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𝑑0 =	 |𝒊 − 𝒂| 

𝜙0 = arccos V
(𝒑 − 𝒂) ⋅ (𝒊 − 𝒂)
|𝒑 − 𝒂||𝒊 − 𝒂| W 

where 𝜃 denotes the apex angle of the cone potential (cone angle). The constants 𝜀, 𝜎, and 𝑎 
were determined based on He8_steric and related steric descriptors. He8_steric, which was proposed 
by Fey et al.,S20 is defined by the interaction energy (Ester) between a phosphorus(III) ligand and a 
ring of eight helium atoms. The helium atoms were arranged in regular positions in a circle with a 
radius of 2.5 Å, while the phosphorus atom in the ligand was fixed at a distance of 2.28 Å from the 
center of the ring (Fig. S9a, l = 2.28 Å). Previous research by Fey et. al.,S20 used the BP86 functional, 
which does not include dispersion term. In this study, we calculated the He8_steric of 30 phosphine 
ligands using the ωB97X-D functional (the ωB97X-D/def2-SV(P) level), which includes dispersion 
term, to properly evaluate the attractive steric effect of the real ligands. Additionally, we calculated 
related steric descriptors, in which the phosphorus atom in each ligand was fixed at 2.78 or 3.28 Å 
(Fig. S9a, l = 2.78 or 3.28 Å) from the center of the ring. The calculated values for each ligand 
correlated well with the cone angle, as shown in Fig. S9c (left, dots). In contrast, the interaction 
energy (Ester) between a virtual ligand and a ring of eight helium atoms can be numerically 
calculated, as shown in Fig. S9b. The constants 𝜀, 𝜎, and 𝑎 were optimized using a grid search, 
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such that the relationship between Ester and 𝜃 of the cone potential (Fig. S9b) reproduced the 
correlation between Ester and 𝜃 in real systems (Fig. S9c, left). The grid search was performed with 
𝜀 values in the range of 0–10 kcal/mol with 0.01 kcal/mol step width, 𝜎 values in the range of 0–
20 Å with 0.01 Å step width, and 𝑎 values in the range of 0–2 with 0.01 step width. The optimal 
values for 𝜀, 𝜎, and 𝑎 were 0.41 kcal/mol, 13.84 Å, and 0.93, respectively. The plot of Ester against 
𝜃 for the cone potential with these optimal constants is shown in Fig. S9c (left, solid lines). The 
calculated values of Ester for real ligands and the values predicted by the optimized cone potential 
exhibited a strong correlation with a coefficient of determination (R2) of 0.84 (Fig. S9c, right). The 
structures of the real ligands and the calculated values of Ester are listed in Table S9.  
 

 

Fig. S9. He8_steric and related steric descriptors. (a) Definition of descriptors for real ligands. (b) 
Expected steric interactions between the He8 ring and the cone potential. (c) Comparison between real 
and optimized virtual systems. 
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Table S9. Cone angle and calculated interaction energies (Ester) for real ligands. 

Ligand 𝜃 (degrees) 
Ester (kcal/mol) 

l = 2.28 Å l = 2.78 Å l = 3.28 Å 
PMe3 117 -0.8 -1.1 -1.1 

PEt3 150 0.3 -1.4 -1.4 

P(CF3)3 137 -1.0 -1.4 -1.1 

P(CCl3)3 171 13.8 2.2 -0.9 

PPh3 162 2.7 -0.9 -1.6 

PtBu3 187 24.3 6.9 -0.2 

P(p-OMeC6H4)3 163 2.8 -0.8 -1.6 

P(p-NMe2C6H4)3 163 2.8 -0.8 -1.6 

P(p-FC6H4)3 163 2.7 -0.9 -1.6 

P(p-ClC6H4)3 162 2.5 -1.0 -1.6 

P(p-CF3C6H4)3 161 2.3 -1.0 -1.6 

P(o-tol)3 210 24.4 10.7 3.0 

PMe(CCl3)2 147 3.4 -0.8 -1.3 

PMe(CF3)2 127 -1.1 -1.3 -1.1 

PMe2(CCl3) 130 -0.7 -1.4 -1.2 

PMe2(CF3) 122 -1.0 -1.2 -1.1 

PMe2Ph 130 -0.9 -1.4 -1.3 

PMe2
tBu 138 0.0 -1.6 -1.4 

PMe(Ph)(CF3) 135 -0.9 -1.5 -1.3 

PMePh2 145 -0.4 -1.6 -1.4 

PMe(tBu)(CF3) 145 0.6 -1.5 -1.5 

PMetBu2 163 7.8 0.1 -1.6 

PPh(CF3)2 151 0.6 -1.3 -1.4 

PPh2(CF3) 149 -0.1 -1.6 -1.5 

PtBu(CCl3)2 176 15.1 2.6 -1.0 

PtBu(CF3)2 153 1.6 -1.5 -1.5 

PtBuPh2 162 3.0 -1.4 -1.8 

PtBu2(CCl3) 182 18.6 4.1 -0.8 

PtBu2(CF3) 170 10.0 0.7 -1.6 

PtBu2Ph 185 18.2 5.2 -0.6 
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  The 𝑉"+" term, which describes L-L interactions, was also modified. To describe L-L interactions, 
the interaction between two virtual ligands must be considered (Fig. S10, top). However, this 
interaction is more complex to implement compared to the L-S interaction because it depends on the 
distance between the ligands and their relative orientation. To simplify the modeling of the L-L 
interaction in the cone potential, we considered the interaction between one cone (e.g., a cone 
containing a Pi atom) and the phosphorus atom of another virtual ligand (Pj) rather than considering 
two cones (Fig. S10, bottom). As Pj is located inside the cone, which is subjected to the L-L 
interaction, this evaluation underestimates the strength of the L-L interaction. To address this 
systematic error in the original version of the cone potential, a larger cone with an apex angle of	
1.7𝜃 (where 𝜃 is the apex angle of the original cone) was defined (dotted line, Fig. S10, bottom 
left). The larger cone shared the same apex and axis as the original cone. The L-L interaction was 
estimated using the distance between a phosphorus atom and the newly defined cone (rij′ and rji′) 
under the potential function optimized for the L-S interaction. In the modified version of the cone 
potential, a new potential function was prepared to more accurately describe the L-L interactions of 
real ligands (Fig. S10, bottom right). This new potential function was used to estimate the L-L 
interactions using the distance between a phosphorus atom and the original cone (rij and rji), rather 
than attempting to correct the systematic error through modification of the cone angle. The 12-6 LJ 
potential was used as the potential function for the L-L interactions. 
 

 
Fig. S10. Approximation of ligand-ligand (L-L) interactions. Interaction between two real ligands (top 
left), interaction between two virtual ligands (top right), simplified model in the original version (bottom 
left), and the modified version (bottom right) of the cone potential. 
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The 𝑉"+" term of the modified cone potential can be calculated as follows:  

𝑉"+" = > >
1
2 • 4𝜀′ kV
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W 

where 𝜃 is the apex angle of the cone potential (cone angle), 𝒑𝒊 is the Cartesian coordinate of the 
phosphorus atom in the ith virtual ligand, and 𝒂𝒊 is the Cartesian coordinate of the cone apex for 
the ith virtual ligand. The constants 𝜀′, 𝜎′, and 𝑎′ were determined based on the L-L interactions of 
the real ligands sampled in Section 4 of the ESI (Table S6). To optimize the constants 𝜀′, 𝜎′, and 𝑎′ 
in the new potential function for the L-L interaction, the interaction energy between two virtual 
ligands (𝐸"–") in a geometry given in Fig. S4a was numerically calculated, as shown in Fig. S11a. 
We performed a grid search to determine the values for these constants that reproduced the observed 
correlation between 𝐸"–", 𝜃 and 𝜙 in real systems (Fig. S5). A grid search was performed for 𝜀′ 
values in the range of 0–10 kcal/mol with 0.01 kcal/mol step width, for 𝜎′ values in the range of 
0-20 Å with 0.01 Å step width, and for 𝑎′ values in the range of 0–2 with 0.01 step width. The 
optimal values of the constants 𝜀′ 𝜎′, and 𝑎′ were 0.81 kcal/mol, 5.56 Å, and 0.69 for the L–L 
interactions of PR3, and 7.4 kcal/mol, 7.82 Å, and 0.99 for the L-L interactions of PAr3, respectively. 
Fig. S11b shows the plots of 𝐸"–" against 𝜃 and 𝜙 with optimal constants. 
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Fig. S11. Optimization of the 12-6 LJ potential for ligand-ligand (L-L) interactions. (a) Expected 
interaction energies between two virtual ligands in a given geometry. (b) Comparison between real and 
optimized virtual systems. 
 

The energy arising from the cone potential was calculated as the sum of the energies described 
by the optimized 𝑉B+C and 𝑉"+" potentials. The gradient vector and Hessian matrix arising from 
the cone potential were calculated as partial derivatives. 
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  5.6 Performance of VL2PR3 and VL2PAr3 
The performance of the newly developed virtual ligands VL2PR3 and VL2PAr3 was validated 

computationally and compared with the original virtual ligand.S19 Contour maps, which indicate the 
activation energy (ΔE‡) or the reaction energy (ΔE) of an intramolecular C-H activation from the 
aryl palladium S1, were prepared using either the original virtual ligand or VL2PR3 (Fig. S12), 
following a previously reported procedureS19. The calculated values of ΔE‡ and ΔE using real 
ligands (also reported in a previous study) were plotted on the corresponding contour maps (circles). 
The values of ΔE‡ and ΔE were then predicted based on their TEP values and cone angles. The 
predicted values (ΔE‡

virtual and ΔEvirtual) are plotted against the calculated values (ΔE‡
real and ΔEreal), 

as shown on the right side of Fig. S12. For ΔE‡ and ΔE, the values predicted using the contour map 
prepared by VL2PR3 (shown by orange dots) were closer to the calculated values using real ligands 
compared to the values predicted by the original virtual ligand (shown by blue dots). The mean 
absolute errors (MAE) for ΔE‡ and ΔE were 1.79 and 1.21 kcal/mol for values predicted based on 
VL2PR3, and 2.46 and 2.15 kcal/mol for ones based on the original virtual ligand, indicating a 
significant improvement in the prediction performance. The prediction using VL2PAr3 should give 
the same results as VL2PR3 because only one virtual ligand exists in the system and VL2PAr3 is 
essentially identical to VL2PR3, except for the description of L-L interactions. 

 

 

Fig. S12. Comparison of the performance between the original virtual ligand and the VL2. 
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To further verify the prediction abilities of VL2, the insertion of ethylene from rhodium complex 
S4 was also calculated. According to a previously reported procedure,S19 contour maps were 
generated to show the ΔE‡ and ΔE of the reaction. In this case, three types of virtual ligands were 
used (the original version, VL2PR3, and VL2PAr3), and six contour maps were prepared. The 
calculated values of ΔE‡ and ΔE using real ligands (reported in a previous report) were plotted on 
the contour maps (circles). While all ligands were uniformly plotted on the contour maps prepared 
by the original version of the virtual ligand, for the contour maps prepared by VL2PR3 and VL2PAr3, 
each ligand was classified as PR3-type or PAr3-type based on its chemical structure and plotted on 
the corresponding contour maps. Fig. S13 (right side) shows the plot of the predicted energies 
(ΔE‡

virtual and ΔEvirtual) against the calculated values (ΔE‡
real and ΔEreal). The values predicted by 

VL2PR3 and VL2PAr3 were combined and indicated as VL2 (orange dots). For the prediction of ΔE‡, 
the MAEs were 0.82 kcal/mol for the original version and 0.85 kcal/mol for VL2, indicating 
excellent prediction performance in both cases. However, the prediction performance of VL2 for ΔE 
was significantly better than that of the original version, with MAEs of 2.57 kcal/mol for the original 
version and 2.07 kcal/mol for VL2. 

 

Fig. S13. Comparison of the performance between the original virtual ligand and the VL2 in the insertion 
of ethylene from Rh complex S4. 
 

Based on these results (Figs. S12 and S13), we concluded that the modified version of the virtual 
ligands VL2PR3 and VL2PAr would be more accurate for describing phosphine ligands compared to 
the original version of the virtual ligand. This is likely due to the improved descriptions of attractive 
L-S interactions and the optimized potential functions for L-L interactions in the modified version.
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7. GC spectra 
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