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5. Computational Studies 

5. 1 Computational methods 

Density functional theory (DFT) calculations were performed using Gaussian 16 rev. 

B.01 software,8 in the gas phase using the hybrid meta-GGA exchange-correlation 

functional M06-2X9 and the def2-SVP10,11 basis set for all atoms. The M06-2X 

functional9 was chosen as it gives the best agreement with the experimental redox 

potential values amongst 8 functionals tested for the study of computational redox 

potential calculations.12 In addition, in a study of both experimental and computational 

electrochemical potentials for over 180 organic substrates, M06-2X functional gives an 

R2 value of 0.97 for the correlation between the experimental and calculated redox 

potentials,13 implying that M06-2X functional performs well for studying organic 

radical species. In our previous study on the photocatalytic direct para-selective C-H 

amination of benzyl alcohols, this methodology has performed well in elucidating the 

catalytic mechanism and giving good agreement with experimental results.14  

For radical systems and the openshell singlet system, the DFT calculations were 

performed within the unrestricted formalism using the unrestricted Kohn-Sham (UKS) 

theory. Furthermore, for the openshell singlet diradical systems involved in the radical-

radical coupling step, the keyword “guess=mix” was used to ensure that unrestricted 

Hartree-Fock (UHF) wavefunction for singlet state (symmetry-broken solution) is used. 

The keyword “stable=opt” was used to ensure that the resulting wavefunction is stable 

with respect to an unrestricted wavefunction, as we expect the radical-radical coupling 

transition structure to possess significant diradical character.  

Minima and transition structures on the potential energy surface (PES) were confirmed 

as such by harmonic frequency analysis, showing respectively zero and one imaginary 

frequency. Gibbs energies were evaluated at the reaction temperature of 25 ºC and 

corrected for zero-point vibrational energies at the same level of theory, using Grimme’s 

scheme of quasi-RRHO treatment of vibrational entropies,15 using the GoodVibes 

code.16 Vibrational entropies of frequencies below 100 cm-1 were obtained according to 

a free rotor description, using a smooth damping function to interpolate between the 
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two limiting descriptions.15 The free energies reported in Gaussian from gas-phase 

optimization were further corrected using standard concentration of 1 mol/L,17 which 

were used in solvation calculations, instead of the gas-phase 1atm used by default in 

the Gaussian program.  

To improve on the accuracy of the corrected Gibbs energy profile, single point (SP) 

calculations on the gas phase M06-2X/def2-SVP optimized geometries were performed 

at M06-2X with def2-TZVP10,18 basis set for all atoms in the implicit SMD continuum 

solvation model19 for chloroform solvent (used to approximate PhCF3, which is not in 

the list of default solvents in Gaussian software but showed similar yields and 

reactivities, Table S2), to account for the effect of solvent on the potential energy 

surface. The final corrected Gibbs energy SMD(CHCl3)-M06-2X/def2-TZVP//M06-

2X/def2-SVP is used for discussion throughout. All Gibbs energy values in the text and 

figures are quoted in kcal mol-1. 

Spin density plots are visualized using an isosurface value of 0.005 au throughout. All 

molecular structures and plots were visualized using PyMOL software.20 

5.2 Model reaction 

The model reaction used for studying the reaction mechanism is shown in Scheme S1. 

 

Scheme S1. Model reaction used for studying the catalytic mechanism. 

5.3 Regioselectivity and chemoselectivity 

The radical-radical coupling is the regio-determining step of the catalytic 

transformation. The DFT optimized transition state (TS) structures are shown in Figure 

S3, with the Gibbs energy values given relative to the radical species I-a. In TS2, the 

radical-radical coupling occurs at the para-position of the spiro 1,4-cyclohexadiene 

intermediate II-a and carbon atom of the ketyl radical intermediate, III (bond distance 

of 2.71 Å). The –NH group forms hydrogen bonding interaction (bond distance of 2.05 
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Å) with the ketyl oxygen atom (Figure S3). On the other hand, in TS2’, intermediate I-

a orientates differently, such that no hydrogen bonding is formed; this has a barrier that 

is 1.7 kcal mol-1 higher than TS2, demonstrating the role of H bonding in stabilizing 

the transition state structure. 

For the C–C radical coupling TSs at other positions (ortho- and meta-), we consider the 

TS with the orientation of II-a in such a way that H-bonding formation is favored (same 

orientation of TS2 instead of TS2’). For radical coupling at ortho-positions, two distinct 

TSs are possible, with TS2o1 that has a lower barrier than TS2o2 by 0.9 kcal mol-1 

(Figure S3). Thus, the C–C coupling at the para-position (TS2) is favored over the 

ortho-position (TS2o1 and TS2o2) by at least 7.8 kcal mol-1, which indicates the 

preference for para- to ortho-position by a factor of  > 520,000 : 1 using simple 

transition state theory as an estimate (Section 5.4). For radical coupling at meta-

positions, again two distinct TSs are possible, with TS2m1 that has a lower barrier than 

TS2m2 by 1.6 kcal mol-1 (Figure S3). Overall, the C–C coupling at the para-position 

(TS2) is favored over the meta-position (TS2m1 and TS2m2) by at least 39.4 kcal mol-

1 (7.6 × 1028 : 1),   which indicates that the formation of radical coupled product at meta-

position is almost impossible, this is due to the parallel spins7 at the meta-carbon of I-

a and the carbon of ketyl radical before they react and the lack of spin at these positions 

(Figure S4) in the TS structure (resonance structure does not show radical at meta-

position). 
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TS2 TS2’ 

ΔG‡ = -9.2 ΔG‡ = -7.5 

  

TS2o1 TS2o2 

ΔG‡ = -1.4 ΔG‡ = -0.5 

  

TS2m1 TS2m2 

ΔG‡ = 30.2 ΔG‡ = 31.8 

 
 

Figure S3. DFT optimized structures for transition states (TSs) of the radical-radical 

coupling step. Bond distances are given in Å. Gibbs energy are relative to species I-a 

as reference. 
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II-a III-a 

 

 

TS2 TS2o1 

  

TS2m1  

 

 

 

Figure S4. Spin density plots of selected species at an isosurface value of 0.005 au. 

For chemoselectivity studies, we also consider the C–O coupling between the carbon 
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atom of II-a and the oxygen atom of ketyl radical III-a. Despite the more radical 

characteristic on oxygen atom than on carbon atom of ketyl radical III-a, the TS 

structures for C–O coupling has higher barriers than for the C–C coupling, as shown in 

Figure S5. The calculations indicate that the C–C coupling via TS2 has a barrier that is 

lower than C–O coupling (via either TS2CO or TS2CO’ by 18.9 kcal mol-1 (7.2 × 1013 : 

1),  thus only C–C coupled products will be observed.  

TS2CO TS2CO’ 

ΔG‡ = 9.7 ΔG‡ = 10.4 

  

Figure S5. DFT optimized structures for transition states (TSs) of the radical-radical 

coupling step. Bond distances are given in Å. Gibbs energies are relative to species I-

a as reference. 

5.4 Determination of selectivity ratio using simple transition state theory 

The Eyring equation  

 

gives the rate constant under simple transition state theory (TST) assumptions. 

Under kinetic control, as we compare the barrier heights difference between competing 
transition states, the product selectivity is given by: 
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where kX is the rate constant of pathway X (X=A or B); ΔGX
‡ is the activation barrier 

for pathway X; and ΔΔGX
‡ is the difference in the barrier heights; and R is the gas 

constant, T the temperature. Note that the Eyring Equation pre-exponential factor 
cancels when comparing the ratio of the rate constants. Thus, for example, using the 
calculated ΔΔGX

‡ value of 7.8 kcal/mol (difference of barrier heights between the TS2 
and TS2o1) at 25ºC (298.15K), we obtained the selectivity ratio of about ~ 522,000 : 1. 

 

5.5 Regioselectivity outcomes for substrates giving products 3y, 3ad, 3z, 3ae  

To consider the effect of electron-withdrawing and electron donating groups on the 
regioselective outcome, we performed DFT calculations on the regioselectivity step for 
the substrates giving products 3y and 3ad (methoxy substitution at different positions) 
and 3z and 3ae (chlorine substitution at different positions). 

From the Gibbs energy profile of the representative reaction (main text Figure 3), we 
see that the barrier for regioselective radical-radical coupling is between the spiro 1,4-
cyclohexadiene intermediate II-a and the TS for the coupling (TS2). We focus on the 
spiro 1,4-cyclohexadiene intermediate for these products and identify the radical 
locations using spin density plots. These are shown in Figure S6.  
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II-y (for product 3y) 

DFT structure Spin density plot 

 
 

II-ad (for product 3az) 

DFT structure Spin density plot 

  

II-z (for product 3z) 

DFT structure Spin density plot 

 
 

II-ae (for product 3ae) 

DFT structure Spin density plot 

  

Figure S6. DFT-optimized structures and spin density plots of the spiro 1,4-
cyclohexadiene intermediates leading to different products at an isosurface value of 

0.005 au. 



S23 
 

We note that the radical distributions (spin up/positive Mulliken spin density values and 
spin down/negative) in systems with both electron-donating group (methoxy in 3y and 
3ad) at different positions (ortho- and meta- to spirocyclic carbon) and electron-
withdrawing group (Cl in 3z and 3ae) at different positions (ortho- and meta- to 
spirocyclic carbon) are similar to the unsubstituted case (main text Figure 3c), except 
that the values vary. Moreover, the spin density has the largest value at the para-position, 
regardless of the substituent effects. This suggests that the radical localizations are 
independent of the substituent effects and that the radical-radical coupling will be 
favored at the para-position. 

To fully discern the regioselectivity in these systems, we performed computational 
studies to locate the transition states of the regio-determining radical-radical coupling 
step for each substrate. All TSs could be located, except for the radical-radical coupling 
at the para-position for product 3y. We note that this step may be barrierless (see 
Section 5.5.1) and thus used a structure close to the unsubstituted system to estimate its 
Gibbs energy. The DFT-optimized (except TS2y-p-est, where “est” denotes 
“estimated”) TS structures are shown in Figure S7. 

From the results, we can see that regardless of whether the substituent is electron 
donating (e.g., methoxy group) or electron withdrawing (e.g., Cl group), at any position, 
either ortho or meta to the spirocyclic ipso carbon, the C–C coupling will occur 
selectively at the para-position. 

TS2y (for product 3y) 

TS2y-p-est TS2y-o1 

ΔΔG‡ = 0.0 ΔG‡ = 4.4 

  

TS2y-o2 TS2y-m 

ΔG‡ = 10.3 ΔG‡ = 42.8 

  

TS2ad(for product 3ad) 
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TS2ad-p TS2ad-o 

ΔΔG‡ = 0.0 ΔG‡ = 10.5 

  

TS2ad-m1 TS2ad-m2 

ΔG‡ = 38.4 ΔG‡ = 42.5 

  

TS2z(for product 3z) 

TS2z-p TS2z-o1 

ΔΔG‡ = 0.0 ΔG‡ = 6.6 

 
 

TS2z-o2 TS2z-m 

ΔG‡ = 7.4 ΔG‡ = 42.0 

  

TS2ae(for product 3ae) 

TS2ae-p TS2ae-o 

ΔG‡ = 0.0 ΔG‡ = 6.8 
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TS2ae-m1 TS2ae-m2 

ΔG‡ = 38.8 ΔG‡ = 40.1 

  

Figure S7. DFT optimized structures for transition states (TSs) of the radical-radical 
coupling step for substrates with substituents. Bond distances are given in Å. Relative 
Gibbs energies are taken with the lowest energy barrier TS (radical-radical coupling at 

para-position) as a reference for each system. In the structure names, “p” denotes 
para; “o” ortho and “m” meta. 

5.5.1 Radical-radical coupling for product 3y via TS2  

Various methods (e.g., modifying the TS from the unsubstituted system followed by 
modredudnant job and TS search job; using QST2/3; relaxed PES scan then use the 
local maximum as guess structure etc) have been tried to locate this TS but to no avail. 
The relaxed PES scan shows that there may not be a transition state for the radical-
radical coupling step at the para-position to yield product 3y via TS2. The PES scan is 
shown in Figure S8. 

We can see that from structure 1 to structure 5 in Figure S8 scanning along the C–C 
bond distance, there is no maximum energy, we have also used structure 4 and the ones 
adjacent to it as guess structures for TS search but to no avail. Moreover, subjecting 
structure 1 to direct geometry optimization gives the C–C coupling intermediate where 
the C–C bond is already formed, thus indicating that this step may be facile and does 
not have a transition state and may be barrierless. 
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Figure S8. Relaxed PES scan along the C–C bond distance in the gas phase. Bond 

distances are given in Å.  

5.6 Optimized DFT structures and absolute energies  

Geometries of all optimized structures (in .xyz format with their associated gas-phase 

energy in Hartrees) are included in a separate folder named DFT_optimized_structures. 

All these data have been deposited and uploaded to 

https://zenodo.org/records/13858725 (DOI: 10.5281/zenodo.13858725). 

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), 

enthalpy and quasi-harmonic Gibbs free energy (at 25oC/298.15 K) for optimized 

structures are given below. Single point corrections in SMD chloroform using M06-

2X/def2-TZVP level of theory are also included.  

  

https://zenodo.org/records/13858725
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Table S5 Optimized structures and absolute energies, zero-point energies 

Structure E/au ZPE/au H/au T.S/au qh-G/au 

SP 
SMD(CHCl3)-
M06-2X/def2-

TZVP  

nhc -304.434165 0.127837 -304.29846 0.035792 -304.334036 -304.7951512 

I-a -514.207638 0.148475 -514.04866 0.044725 -514.09169 -514.806563 

TS1 -514.196553 0.148596 -514.03856 0.040818 -514.079093 -514.7979519 

II-a -514.233103 0.150395 -514.07321 0.041101 -514.113764 -514.831125 

III-g -649.032398 0.231174 -648.78698 0.051834 -648.837613 -649.777527 

II-a_III-g 
-

1163.293809 0.383752 -1162.8861 0.073546 -1162.95587 -1164.62638 

TS2 
-

1163.292537 0.38487 -1162.8849 0.070072 -1162.952098 -1164.628457 

IV-a 
-

1163.303935 0.387063 -1162.8941 0.070574 -1162.961256 -1164.644281 

TS3 
-

1163.293442 0.385358 -1162.885 0.073044 -1162.953569 -1164.62729 

nhc_V-a 
-

1163.306873 0.384817 -1162.8976 0.077129 -1162.969413 -1164.641782 

V-a -858.851623 0.255724 -858.57996 0.057179 -858.634365 -859.8387633 

3g -858.886759 0.254892 -858.61496 0.059798 -858.671366 -859.8774133 

TS2' 
-

1163.289004 0.385681 -1162.8806 0.06982 -1162.94764 -1164.626628 

TS2o1 
-

1163.286043 0.384719 -1162.8786 0.069325 -1162.945341 -1164.616327 

TS2o2 
-

1163.280613 0.384336 -1162.8735 0.069824 -1162.940529 -1164.614173 

TS2m1 
-

1163.235228 0.382909 -1162.8298 0.068406 -1162.895921 -1164.564532 

TS2m2 
-

1163.224797 0.38264 -1162.8193 0.070197 -1162.886431 -1164.560992 

TS2CO' 
-

1163.262237 0.383585 -1162.8553 0.072944 -1162.92427 -1164.594816 

TS2CO 
-

1163.266426 0.384519 -1162.8588 0.071747 -1162.926854 -1164.597427 

II-y -628.626137 0.183498 -628.43066 0.046815 -628.476592 -629.3583737 

TS2y-p-est 
-

1277.689512 0.419201 -1277.2447 0.075715 -1277.317308 -1279.157034 

TS2y-o1 - 0.418099 -1277.2459 0.0738 -1277.317036 -1279.149917 
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1277.689072 

TS2y-o2 
-

1277.673341 0.418363 -1277.2299 0.074529 -1277.301333 -1279.140447 

TS2y-m 
-

1277.615451 0.415387 -1277.1746 0.076062 -1277.246867 -1279.08515 

II-ad -628.630964 0.184119 -628.43487 0.046929 -628.480732 -629.3620016 

TS2ad-o 
-

1277.673135 0.416888 -1277.2306 0.076812 -1277.303481 -1279.136295 

TS2ad-m2 
-

1277.628958 0.416941 -1277.1872 0.072961 -1277.257704 -1279.086838 

TS2ad-p -1277.68784 0.418438 -1277.2442 0.075231 -1277.316033 -1279.155125 

TS2ad-m1 -1277.62205 0.416135 -1277.1805 0.076255 -1277.252778 -1279.091406 

II-z -973.679428 0.140661 -973.52807 0.044501 -973.571807 -974.435198 

TS2z-m-est -1622.67579 0.372988 -1622.2787 0.073363 -1622.348578 -1624.167172 

TS2z-p 
-

1622.747607 0.37609 -1622.3475 0.073155 -1622.417326 -1624.237184 

TS2z-o1 
-

1622.743642 0.376239 -1622.3437 0.071193 -1622.412417 -1624.227661 

TS2z-o2 
-

1622.736985 0.376094 -1622.3372 0.071717 -1622.40607 -1624.226073 

II-ae -973.684838 0.141123 -973.53307 0.044112 -973.576431 -974.4384049 

TS2ae-o 
-

1622.735616 0.376265 -1622.3356 0.071829 -1622.404541 -1624.227259 

TS2ae-p 
-

1622.749415 0.377148 -1622.3486 0.072181 -1622.4176 -1624.238877 

TS2ae-m1 
-

1622.692469 0.374509 -1622.2945 0.070755 -1622.362683 -1624.174989 

TS2ae-m2 -1622.67895 0.37357 -1622.2814 0.073331 -1622.351066 -1624.171101 
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