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II. Computational details

I1.1 Computational Methods

Density functional theory (DFT) calculations were performed using Gaussian 16 rev.
B.01 software,! in the gas phase using the hybrid meta exchange-correlation M06-2X?
functional and the def2-SVP3# basis set for all atoms. The M06-2X functional' 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.? In addition, in a study of both experimental and computational
electrochemical potentials for over 180 organic substrates, M06-2X functional gives an
R? value of 0.97 for the correlation between the experimental and calculated redox
potentials,® implying that M06-2X functional performs well for studying organic radical
species. 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 system involved in the
radical-radical coupling step, the keyword “guess=mix” was used to ensure that
unrestricted Hartree-Fock (UHF) wavefunction for singlet state 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 20 °C and
corrected for zero-point vibrational energies at the same level of theory, using Grimme’s
scheme of quasi-RRHO treatment of vibrational entropies®, using the GoodVibes code®.
Vibrational entropies of frequencies below 100 cm™ were obtained according to a free
rotor description, using a smooth damping function to interpolate between the two
limiting descriptions.” The free energies reported in Gaussian from gas-phase
optimization were further corrected using standard concentration of 1 mol/L,” which

were used in solvation calculations, instead of the gas-phase latm used by default in
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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-TZVP3#® basis set for all atoms in the implicit SMD continuum
solvation model® for acetonitrile solvent that was used experimentally, to account for
the effect of solvent on the potential energy surface. The final corrected Gibbs energy
SMD(acetonitrile)-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-'.

Non-covalent interactions (NCIs) were analyzed using NCIPLOT!'® calculations.
The .wfn files for NCIPLOT were generated at M06-2X/def2-SVP level of theory. NCI
indices calculated with NCIPLOT were visualized at a gradient isosurface value of s =
0.5 au. These are colored according to the sign of the second eigenvalue (A2) of the
Laplacian of the density (V2p) over the range of —0.1 (blue = attractive) to +0.1 (red =
repulsive). All molecular structures and plots were visualized using PyMOL software.!!

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

I1.2 Optimized DFT structures
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Figure S1. DFT optimized structures for key transition states (TSs). Bond distances

are given in A. Gibbs energy are relative to species II as reference.

DFT-optimized structures for the transition states (TSs) are shown in Figure S1. For the
radical cross-coupling step forming the C—N bond, two TS conformers, TS3 and TS3-
c2, were found. These two differ in the orientation of the epoxide oxygen: the TS with
epoxide oxygen facing the phenyl ring of the imine radical (TS3-c2) has a higher barrier,
by 1.4 kcal/mol, than the one with oxygen atom facing away from the phenyl ring of
the imine radical (TS3). The higher barrier possibly results from the electron repulsion

between the oxygen lone pairs and the n-system of the aromatic ring.

For the C-N coupling at the ortho-position (TS3o0), this TS has a barrier that is 2.9
kcal/mol higher than TS3, as it does not benefit from n-m interaction between the

aromatic rings.
I1.3 Spin density plots

The spin density plots for various species are shown in Figure S2. For the
decarboxylation of species II, we can visualize the radical movement by looking at TS1.
Upon decarboxylation, the radical is localized on the phenyl methanolate whereas the

CO:2 molecule becomes neutral and has no radical characteristic (INT1).
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Figure S2. Spin density plots for openshell species at an isosurface value of 0.005 au

Species X has almost similar radical characteristics at the ortho and para carbon atoms
and the radical positions for the radical cross coupling at the para-position (TS3) is
almost similar to the radical cross coupling at the ortho-position (TS30). The
regioselective favorability for para over ortho results from the presence of non-covalent

n-1 interaction present in TS3 but absent in TS3o0.

Figure S3. Non-covalent interaction (NCI) plots (bottom) for TS3 and TS3o0. Structures
used are DFT-optimized structures, with key bond distances given in A. NCI plots were
visualized at a gradient isosurface value of s = 0.5 au.

I1.4 Determination of selectivity ratio using simple transition state theory

The Eyring equation

b — kl;Te—AG‘/RT

gives the rate constant under simple transition state theory (TST) assumptions.
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Under kinetic control, as we compare the barrier heights difference between competing
transition states, the product selectivity is given by:

~AGYL /RT
ka e A/ _ ,—AAGY/RT

kg o—AGL/RT

where ky is the rate constant of pathway X (X=A or B); 4Gx’ is the activation barrier
for pathway X; and 44Gx’ 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, using the calculated
AAGY value of 2.9 kcal/mol (difference of barrier heights between the regioslective
TSs: the TS for para-position radical cross coupling and ortho-position radical cross
coupling) at 20°C (293.15K), we obtained the selectivity ratio of about 145 : 1.

IL.5 Regioselectivity outcome for substrates giving products 2i, 21, 2r and 2t

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 substrate giving product 2i, 21, 2r and 2t.

DFT computations show that for the electron-donating methyl substituent at the ortho-
position forming product 2i, the TS forming the para product (TS2i_para) is favored
over the TS forming the meta product (TS2i_meta) by 23.7 kcal/mol, whereas for the
electron-donating methyl substituent at the meta-position forming product 2r, the TS
forming the para product (TS2r_para) is favored over that forming the ortho product
(TS2r_ortho) by 3.6 kcal/mol.

Similarly, for the electron-withdrawing F substituent at the ortho-position forming
product 21, the TS forming the para product (TS2l para) is favored over the TS
forming the meta product (TS21_meta) by 24.2 kcal/mol, whereas for the electron-
withdrawing F substituent at the meta-position forming product 2t, the TS forming the
para product (TS2t_para) is favored over that forming the ortho product (TS2t_ortho)
by 1.1 kcal/mol.

We note that the formation of C—N bond via radical-radical coupling at the meta-
position is highly unfavorable due to that the spins at the meta-position and the nitrogen
atom are both parallel, whereas the spins are opposite between the radical at the nitrogen

atom and the para- or ortho-position.

DFT optimized structures and the barrier height differences are given in Figure S4.
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Figure S4. DFT optimized structures for the transition states (TSs) for the
regioselectivity determining step for selected substrates. Bond distances are given in A.
Gibbs energy are relative to the lowest barrier TS structure within each substrate.I1.6
Optimized 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 structures. All these

data have been deposited and uploaded to https://zenodo.org/records/12770031 (DOI:

10.5281/zenodo.12770031).

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE),
enthalpy and quasi-harmonic Gibbs free energy (at 20°C/393.15 K) for optimized
structures are given below. Single point corrections in SMD acetonitrile using M06-

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

Table S1 Optimized structures and absolute energies, zero-point energies

SP
SMDMeC
Structure E/au ZPE/au H/au T.S/au qh-G/au N)-M06-
2X/def2-
TZVP

co2 188.37047  0.012131 -188.35485  0.020809 188.37566 -188.59714

imine_ra - -

dical 555.44934  0.192575 -555.24537  0.046072  555.29007 -556.07624

II 0.136511 -533.91222  0.044963 -534.68141
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