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I. Computational Methods 
 
Density functional theory (DFT) calculations were performed with Gaussian 16 rev. A.03.1 
Geometry optimisations were carried out using global-hybrid meta-NGA (nonseparable gradient 
approximation) MN15 functional2 with a mixed Karlsruhe-family basis set of triple-ζ valence 
def2-TZVPPD (where „D‟ indicates diffuse basis functions) for Pd3, Ag4 and I5 atoms and def2-
SVP6,7 for all other atoms (BS1). This recently developed functional was chosen as it performs 
much better than many other functionals in predicting transition metal reaction barrier heights.2 
Previously, Pd(II)-catalysed C-C bond formations have been studied using other functionals 
including meta-GGA TPSS and range-separated 𝜔B97X-D functionals.8,9 MN15 has been shown 
to give better agreement in geometry predictions of both transition metal complex and organic 
molecules2 and in reproducing the energetic profile of trinuclear Cu-catalysed methane-to-
methoanol catalytic conversion10 than many other functionals including 𝜔B97X-D and TPSS. 
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, at the 
same level of theory. Single point (SP) corrections were performed with MN15 functional and 
the same basis set as before except where def2-SVP was replaced by def2-TZVPP basis set 
(BS2). The SMD continuum solvation model11 was carried out to include the effect of tert-butyl 
methyl ether (TBME) solvent on the computed Gibbs energy profile. TBME solvent was 
parametrized using a set of solvent parameters. These include the static dielectric constant of the 
solvent at 250C (Eps=2.6);12 dynamic dielectric constant – the square of the refractive index 
value of 1.3664 at 200C was used13 (EpsInf=1.867); hydrogen bond acidity 
(HBondAcidity=0.00) and basicity (HBondBasicity=0.54),14 which are Abraham‟s A and B 
values respectively; surface tension at interface (SurfaceTensionAtInterface=15.717);15 carbon 
aromaticity – fraction of aromatic carbons (CarbonAromaticity=0.00) and electronegative 
halogenicity – fraction of halogens (ElectronegativeHalogenicity=0.00). These parameters were 
specified using the keyword “SCRF=(SMD, solvent=Generic, Read)” in Gaussian 16. Gibbs 
energies were evaluated at 363.15 K, using a quasi-RRHO treatment of vibrational entropies.16,17 
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 two limiting 
descriptions.16 The free energies were further corrected using standard concentration of 1 mol/L, 
which were used in solvation calculations.  
 
Stereoelectronic properties, including donor-acceptor interactions and steric effects, were 
analysed using NBO318 and NCIPLOT19 calculations, respectively. The .wfn files for NCIPLOT 
were generated at MN15/DGDZVP20,21 level of theory. Noncovalent interaction (NCI) indices 
calculated with NCIPLOT were visualised at gradient isosurfaces value of s = 0.5 au. These are 
coloured according to the sign of (λ2) over the range of –0.1 (blue = attractive) to +0.1 (red = 
repulsive). All molecular structures and molecular orbitals were visualized using PyMOL 
software.22  
 
Geometries of all structures (in .xyz format with their associated energy in Hartrees) are included 
in a separate folder named structures_xyz and have been deposited with this Supporting 
Information.  
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All Python scripts used for data analysis have been made available - 
https://github.com/bobbypaton - under a creative commons CC-BY license.  
 
 

II. Computational study of N-(2,4,4-trimethylpentan-2-yl)picolinamide (substrate 
2a) 

II.1 Reaction pathway involving mononuclear Pd(II) catalyst  
 
The solvent-corrected energy profile for the mononuclear pathways is shown in Figure S1. The 
palladacycle formation occurred with two successive concerted metalation-deprotonation (CMD) 
steps. The initial coordination of picolinamide molecule to monomeric Pd(TFA)2 was assisted by 
the formation of hydrogen bonding between amide-H and oxygen atom on one of the 
trifluoroacetate (TFA) ligands. The amide N–H proton was easily deprotonated by the 
coordinating TFA ligand while Pd interacted with the breaking N–H nitrogen (ts-1). This CMD 
step, albeit facile, was reversible. The immediate loss of a trifluoroacetatic acid (HTFA) 
molecule made this step exergonic, giving int-3 at 1.1 kcal mol-1. In the absence of pyridine 
ligand, one of the coordination sites on Pd got displaced by C–H bond, which coordinated to the 
Pd metal by agostic interaction. The non-coordinating O atom of the TFA ligand then carried out 
a second CMD (ts-4), forming Pd–C bond in intermediate int-5. This CMD step was reversible. 
The TSs for oxidative addition (OA) (ts-6) of aryliodide and reductive elimination (RE) (ts-7) of 
C–C bond formation had comparable Gibbs energy of activation. The first arylation product, int-
8, at -8.1 kcal mol-1, was thermodynamically stable with respect to the starting material or any 
prior intermediates, making the reaction favourable under thermodynamic control. Different 
conformations of each TSs were considered, in particular, we found that the 6-membered 
palladacycle could adopt two conformations (Figure S2), with the ring puckered in opposite 
orientations. The lowest energy conformations were taken for discussion in the main text, 
assuming that the conformers can interconvert easily and rapidly. 
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Figure S1. Gibbs free energy profile for first arylation in the absence (black) and presence (blue) of pyridine ligand 
as computed by SMD(TBME)-MN15/BS2//MN15/BS1. All values are quoted in kcal mol-1.  
 
In the presence of pyridine, we found no TSs that were lowered in activation barrier by direct 
pyridine participation. In particular, pyridine molecule could not coordinate to Pd metal during 
OA of aryliodide. The displacement of pyridyl group on the picolinamide by pyridine was also 
unfavourable. For RE, although pyridine could coordinate to Pd, this TS (ts-7’) however, had a 
much higher activation barrier (by 12.1 kcal mol-1) than that without pyridine  
 

   
C–H activation TS Oxidative addition TS Reductive elimination TS 

 

 
  

ts-1 ts-4 ts-4-c2 

  
 

ts-4’ ts-4’’ ts-6 
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ts-6-c2 ts-7 ts-7-c2 

 
Figure S2. Top: Computed energy profiles for C–H activation, oxidative addition and reductive elimination TSs with 
different conformations of the 6-membered palladacycle. Bottom: Selected TS structures for the energy profile in 
Figure S1. Key bond distances are given in Å. 
 
ligand (ts-7). A RE step with non-coordinating pyridine, ts-7’-c1, at 34.8 kcal mol-1, however, 
was found to be lower in activation barrier than ts-7’, but still higher than without any pyridine 
ligand ts-7. This was due to the unfavourable loss of entropy as one additional molecule of 
pyridine was brought close to the TS. Considering the geometric isomers by swapping the 
positions of the coordinating I–/Ar–/pyridine groups on Pd metal, we did not  

   
ts-7’ ts-7’-c1 ts-7’-c2 

𝛥𝛥G‡ = 12.1 𝛥𝛥G‡ = 6.9 𝛥𝛥G‡ = 7.3 

 
  

ts-7’-c3 ts-7’-c4 ts-7’-c5 
𝛥𝛥G‡ = 12.1 𝛥𝛥G‡ = 13.0 𝛥𝛥G‡ = 14.2 

   



S205 
 

ts-7’-c6 ts-7’-c7 ts-7’-c8 
𝛥𝛥G‡ = 14.7 𝛥𝛥G‡ = 20.8 𝛥𝛥G‡ = 28.4 

   
ts-7’-c9 ts-7’-c10 ts-7’-c11 

𝛥𝛥G‡ = 31.0 𝛥𝛥G‡ = 31.6 𝛥𝛥G‡ = 20.9 

 

  

ts-7’-c12   
𝛥𝛥G‡ = 21.4   

 
Figure S3. Transition structures considered for reductive elimination step in the presence of pyridine ligand. Gibbs 
free energies of activation relative to the lowest TS ts-7 (𝛥𝛥G‡) are given in kcal mol-1. Key bond distances are 
given in Å. 
find any TS with lower activation barrier than that without any pyridine ligand (Figure S3). This 
is consistent with the observation that complexes with even number of coordination undergo RE 
less readily than those with odd number of coordination.23 We also explored the possibility of 
ligand exchange of CF3COO- for I- before reductive elimination (ts-7’-c11 and ts-7’-c12) and 
these also had higher activation barriers than ts-7. Our thorough TS searches concluded that 
pyridine ligand did not participate directly in the reaction r.d.s. for our system. 
 
 
 
II.2 Stable polynuclear complexes of Palladium catalyst 
 
Palladium(II) acetate and its variants have long been known to exist in polynuclear form in both 
the solid state as well as in solution.24–26 Palladium(II) trifluoroacetate has been shown to exist in 
trimeric form Pd3(TFA)6 in solid phase. Factors such as solvent and ligand effects influencing 
the trimeric/monomeric equilibrium have been explored.27–30 Our calculations found that the 
formation of dimeric complex is exergonic by -26.4 kcal mol-1 and that of trimeric complex is 
exergonic by -56.7 kcal mol-1 in TBME solvent relative to the monomeric complex, Pd(TFA)2. 
These values were in good agreement with the experimental and theoretical values for the 
palladium acetate system (-34.9 kcal mol-1 for dimer and -59.3 kcal mol-1 for trimer).25,30 We 
found that each Pd(II) atom is in a square planar environment and altogether the trimer exists in a 
cyclic form (Figure S4 (c)), with interactions between the paddlewheel ligands and between Pd-
Pd metal centres. The most stable starting complex of palladium trifluoroacetate catalyst used in 
this reaction existed in trinuclear form. The consideration of a potentially polynuclear Pd-catalyst 
is thus necessary. More directly, the synthesis of C–H activated trinuclear complex, coupled with 
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computational studies, by Yu et. al provided unequivocal evidence for the involvement of 
trinuclear catalytic species in such reactions.31 

 
 

 
(a) (b) (c) 

 
Figure S4. Optimized structures of (a) monomeric, (b) dimeric and (c) trimeric palladium trifluoroacetate. 
 
 
II.3 Trinuclear pathway for Pd(II) catalysis – first arylation 
 
Mononuclear Pd-catalyst gave an overall activation barrier of 28.2 kcal mol-1 without any ligand, 
with oxidative addition (OA) being the r.d.s; this barrier increased to 32.5 kcal mol-1 with 
pyridine coordination (Figure S1). This is inconsistent with the experimental observation that the 
reaction proceeded faster with a higher yield in pyridine ligand. Considerations of trinuclear 
pathway was necessary. The overall Gibbs free energy profile for the reaction starting from 
trimeric Pd-catalyst is shown in Figure S5A. With pyridine, the dissociation of the trimeric 
complex was favourable. The C–H activation step is reversible both in the presence and absence 
of pyridine ligand, in excellent agreement with experimental evidence using kinetic isotope 
effect and H/D exchange studies. The OA/RE steps were both catalysed by monomeric form of 
palladium catalyst, since Pd(II) metal is  
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Figure S5. (a) Computed Gibbs free energy profile for first arylation in the absence (black) and presence (blue) of 
pyridine ligand with trimeric palladium trifluoroacetate catalyst as starting material. All values are quoted in kcal 
mol-1. (b) Key transition structures, bond distances are given in Å. (c) Proposed mechanistic cycle. 
 
tetra-coordinating and there needed to be vacant coordination site on the metal for the incoming 
aryl iodide to be added. As we can see from the energy profile, the activation barrier in the 
absence of pyridine ligand is 41.4 kcal mol-1 whereas this decreases to 30.5 kcal mol-1 in the 
presence of pyridine ligand. Note that it is the exergonic formation of sm-1’ that favours the 
reaction.32 This corroborated well with the experimental observation that the reaction yield 
improved in the presence of pyridine ligand, albeit the reaction can also occur in the absence of 
pyridine.  
 
A closer look at the C–H activation step in the presence of pyridine revealed that this step was 
reversible when pyridine acted as a Pd-coordinating ligand (ts-4’). The activated complex (int-
5’, X-ray structure in the absence of aryliodide) was all thermally uphill. Importantly, the 
subsequent OA of aryl iodide into Pd metal (ts-6) had a higher activation barrier than the reverse 
step (Figure 1D). Our calculations support the experimental kinetic isotope effect and H/D 
exchange studies that C–H activation step was unlikely the r.d.s. for this reaction. The 
subsequent OA occurred in the absence of pyridine ligand, consistent with the observation that 
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complexes with even number of coordination undergo OA/RE less readily than those with odd 
number of coordination.23 The aryl iodide inserted oxidatively to form a pentavalent Pd(IV) 
intermediate int-7 that is highly endergonic. This intermediate underwent RE, reverting the metal 
from Pd(IV) to Pd(II) in the arylated product. It is worth noting that the OA and RE steps have 
comparable Gibbs energies of activation, making it difficult to pinpoint exactly which of these 
steps is rate-determining; RE step, in fact, became the r.d.s for second and third arylation 
(Section II.4). 
 
The overall first arylation is reversible without pyridine ligand but irreversible with pyridine 
ligand, since structure int-8 can be further stabilised by pyridine coordinating to the Pd(II) metal 
to give int-8’, thereby stabilising the end product. With pyridine coordination to the end product, 
the first arylation is thermodynamically favoured. 
 
 
II.4 Second and third arylation 
 
The steps for second arylation were similar to those of first arylation except now that two 
diastereomers were possible; these conformations were thoroughly explored (Figure S7). The 
overall Gibbs free energy profile for diastereomer 1 is shown in Figure S6. Comparing to first 
arylation, the RE step had slightly higher activation barrier than OA, in contrast to first arylation, 
suggesting that these two steps were very close in activation barriers. Without pyridine, the 
energy span for second arylation was 41.3 kcal mol-1 (between structures A and ts-12), which 
was comparable to the energy span for first arylation (at  41.4 kcal mol-1), making second 
arylation comparable in the absence of pyridine ligand. Both first and second arylations in the 
absence of pyridine ligand were reversible, resulting in small mono:di-arylation selectivity. With 
pyridine, the end product of first arylation got coordinated to give int-8’ with much lowered 
energy. This stabilisation of first arylation product by pyridine coordination increased the energy 
span for second arylation to 50.1 kcal mol-1, making it thermally unfeasible. This explains the 
experimental observation that the presence of pyridine favours mono:di-arylation in favour of 
mono-arylated product. 
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Figure S6. Computed Gibbs free energy profile for second arylation in the absence (black) and presence (blue) of 
pyridine ligand with trimeric palladium trifluoroacetate catalyst as starting material. All values are quoted in kcal 
mol-1. Note that only one stereoisomer (site of arylation) is shown, the other stereoisomer was calculated and found 
to have similar results. 
 
 

 

 

 
 



S211 
 

   
ts-9 ts-9-c2 ts-9-c3 

   
ts-9a ts-9a-c2 ts-9a-c3 

 
 

 
ts-11 ts-11-c2 ts-11a 

   
ts-11a-c2 ts-12 ts-12-c2 

   
ts-12a ts-12a-c2 ts-9’ 
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Figure S7. Top: Relative activation energies for different conformations of (a) C–H activation, (b) oxidative addition 
and (c) reductive elimination TSs for second arylation. Bottom: Optimised TS structures. Key bond distances are 
given in Å. 
 
The steps for third arylation was similarly analysed with all possible TSs in different 
conformations given in Figure S9; the Gibbs free energy profile for the lowest-energy pathway is 
shown in Figure S8 below. The energy span for third arylation without pyridine ligand was 43.9 
kcal mol-1 (between structures A and ts-17), whereas this was 47.8 kcal mol-1 with pyridine. We 
predict that di- and tri-arylation would be achieved more easily in the absence, rather than the 
presence, of the pyridine ligand. 
 

 
 
Figure S8. Computed Gibbs free energy profile for third arylation in the absence (black) and presence (blue) of 
pyridine ligand with trimeric palladium trifluoroacetate catalyst as starting material. All values are quoted in kcal 
mol-1. 
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ts-14 ts-14-c2 ts-16 

  
 

ts-16-c2 ts-17 ts-17-c2 

   
ts-17-c3 ts-17-c4 ts-17-c5 

𝛥𝛥G‡ = 1.9 𝛥𝛥G‡ = 4.4 𝛥𝛥G‡ = 10.0 

 

  

ts-14’   
 
Figure S9. Top: Relative activation energies for different conformations of (a) C–H activation, (b) oxidative addition 
and (c) reductive elimination TSs for third arylation. Bottom: Optimised TS structures. Key bond distances are given 
in Å. 
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II.5 Effects of directing groups 
 
Table S1 gives the reaction barriers for CH activation, OA and RE steps. Either OA or RE step 
was r.d.s. depending on substrate structure. Structures PG1 and PG4-PG6 had the lowest 
activation barriers; they were predicted to be the best directing group for arylation and to give 
similar yields. Experimentally, PG5/PG6 gave much lower yield than PG1 and PG4. This could 
be because the extra N atom in the heteroaromatic rings in PG5/PG6 interact with other 
molecules (such as solvent) to impede the OA and RE steps. The strong coordinating ability of 
the extra N-atom could also outcompete substrate binding sites and deactivate catalytic activity. 
Structures PG2/PG3/PG8, with substitutents at the ortho-position relative to the N-atom in the 
pyridine ring, all had higher activation barriers than PG1, indeed, these gave very poor yield. 
  
Analysis of the HOMO of the TSs for both OA and RE steps for all PGs indicated that the 
electron distributions were rather similar (Figures S10). The key geometrical parameters in these 
TSs showed that the RE TSs had very similar geometries; the OA TSs had varying Pd-Nd bond 
distances, implicating a different degree of electron donation from the lone pair on the directing 
groups to Pd metal. PG2/3/8 all had longer Pd-Nd bond distances (2.25-2.28 Å) than that in PG1 
(2.20Å). A quantitative NBO analysis of second-order perturbative stabilisation energy 
indicated that these TSs were stabilised to a lesser extent than PG1 (Table S3). In addition, the 
substituents in these PGs were in ortho-position relative to N-atom of the pyridyl ring, giving 
rise to unfavourable sterics when these substituents interacted with the aryl-group of the 
iodoanisol that is being oxidatively added. This is confirmed by the NCI plots as well as van der 
Waals pictures of these PGs (Figure S11, S12). For PG7, the palladacycle formed [6,6]-rings, 
which, although had similar bond distances in the TS compared to PG1 (Table S2), introduced 
very unfavourable ring strain and repulsive interactions (Figure S11, S12). The [6,6]-
palladacycle is disfavoured and this is confirmed by various other studies.33–40 
  
Both NBO analyses and NCI plots for PG4-PG6 indicated similar electronic and steric 
interactions to those in PG1, implicating similar yields possible. However, the lone pair on the 
heterocyclic N-atom in PG5 had unfavourable repulsive interaction with the amide oxygen atom 
(as indicated by the NCI plot in Figures S11, region 1), therefore destabilising the TS more than 
in PG6, therefore giving lower experimental yield. PG4 had F atom meta- to the directing N 
atom, thereby, out of steric clashes with incoming aryliodide that was being added. These 
analyses indicated that steric factors play a dominant role in influencing the stability of the TSs. 
 
For PGs that chelate to Pd metal in a [5,6]-fused fashion, the presence of a substituent at the 
ortho-position relative to the ring N-atom, regardless of its electronics (electron-withdrawing –F 
group in PG2 and electron-donating –OMe group in PG3, and benzene ring as part of quinoline 
in PG8), rendered the PG ineffective. A detailed analysis of the stereoelectronics of these PGs 
suggests that the electron distributions in the HOMO of the OA and RE transition states were 
rather similar (Figure S10). NBO charges on Pd metal in OA TSs with different PGs showed that 
PG2, PG4-PG6 all had smaller charge, ranging from +0.201e to +0.204e, than PG1, at +0.208e 
(Table S3). In these PGs, the Pd had low valency/oxidation state and higher electron density, 
favouring the oxidative addition of incoming aryl iodide. In addition, the metal center was 
stabilized by lone pair donation from amide N atom the most in PG1/PG4/PG6, as shown by the 
largest perturbative E2 stabilisation energy values in NBO analyses (Table S3); these electronic 
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stabilisation greatly favoured oxidative addition as Pd-metal cycled from Pd(II) to Pd(IV). Steric 
factors play an important role in the OA step. The  

 
 

PGs Expt Yield (a) (b)𝛼 (c) 𝛼 (d) (e) (f) or (g) or (h) 𝛽 

 

77% -2.7 -25.4‟ 3.9‟‟ 7.1 6.8 32.5g 

 

0% 11.5 -14.3‟ 14.3‟ 17.7 21.8 36.1h 

 

0% 2.9 -20.2‟ 9.5‟ 13.5 16.2 36.4h 

 

75% 1.1 -22.5‟‟ 7.9‟‟ 11.2 11.4 33.9h 

 

7% 2.1 -23.1‟‟ 6.9‟‟ 10.2 9.9 33.3g 

 

25% 4.0 -21.8‟‟ 8.4‟‟ 12.0 12.4 34.2h 

 

0% 3.5 -23.1‟‟ 12.6‟‟ 15.9 28.3 51.4h 

 

10% 1.3 -22.7‟‟ 8.4‟‟ 12.9 15.4 38.1h 
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𝛼 The most stable structure (4’ or 4’’) is taken as the one with the lowest Gibbs free energy. The superscript in each 
value indicates which of these two (‟ for 4’ and ‟‟ for 4’’) are taken. 
𝛽 The maximum energy span takes the value of (f) if C–H activation via CMD is the RDS and the value of (g) if 
oxidative addition is the RDS and the value of (h) if reductive elimination is the RDS. 
 
Table S1. The reaction barriers for different directing groups used in the arylation reaction. 
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Figure S10. HOMO of TSs for (a) oxidative addition and (b) reductive elimination at an isovalue of 0.05. 
 
incoming Ar–I groups increased steric crowding, therefore, any steric bulk hindering the 
incoming aryl iodide would disfavour this step. Evidently, non-covalent interactions (NCI) plots 
and van der Waals surface visualisations (Figures S11, S12) showed that the presence of a 
substituent at the ortho-position relative to the ring N-atom (PG2/PG3/PG8) gave rise to 
unfavourable repulsion, thus heightening the barrier of activation. For the PG that chelated to Pd 
metal in a [6,6]-fused fashion (PG7), similar analysis suggests that the unfavourable ring 
twisting in these TSs gave rise to augmented repulsion between the substrate and incoming  

Oxidative addition TSs 
 Bond distances / Å Bond angles / ° 

Structure Pd-Np Pd-Nd Pd-I Pd-C1 Pd-C2 Np-Pd-I  C2-Pd-Nd I-Pd-C1 
PG1 2.03 2.20 2.59 2.18 2.02 163.2 168.2 60.4 
PG2 2.04 2.26 2.59 2.14 2.02 161.1 165.3 63.1 
PG3 2.04 2.25 2.60 2.14 2.03 162.4 164.9 62.3 
PG4 2.03 2.21 2.59 2.18 2.02 162.8 168.2 60.7 
PG5 2.02 2.20 2.60 2.18 2.02 162.4 168.0 60.6 
PG6 2.03 2.21 2.59 2.17 2.02 162.6 168.1 61.2 
PG7 2.03 2.22 2.59 2.15 2.03 173.2 171.0 62.8 
PG8 2.03 2.28 2.60 2.15 2.03 166.6 163.8 61.6 

 
Reductive elimination TSs 

 Bond distances / Å Bond angles / ° 
Structure Pd-Np Pd-Nd Pd-I Pd-C1 Pd-C2 Np-Pd-I  C2-Pd-Nd C2-Pd-C1 

PG1 2.08 2.10 2.62 2.06 2.12 166.7 157.2 61.5 
PG2 2.08 2.11 2.62 2.06 2.12 160.5 162.7 60.8 
PG3 2.08 2.10 2.63 2.05 2.12 159.0 162.4 60.9 
PG4 2.08 2.10 2.62 2.06 2.12 167.1 156.8 61.5 
PG5 2.07 2.10 2.62 2.06 2.12 167.0 158.1 61.6 
PG6 2.08 2.10 2.62 2.06 2.12 167.2 156.6 61.8 
PG7 2.06 2.09 2.63 2.07 2.12 158.6 175.1 60.1 
PG8 2.07 2.10 2.63 2.05 2.12 157.7 164.1 60.9 

 
Table S2. Key geometrical parameters for the TSs in the oxidative addition and reductive elimination steps. 
 

Oxidative addition TSs 

 NBO charge q/e Largest E2 from donor LP to 
Pd LP* / kcal mol-1 

Structure Pd Np Nd I C1 C2 Np  Nd 
PG1 0.208 -0.586 -0.417 0.187 -0.044 -0.433 38.50 38.02 
PG2 0.201 -0.595 -0.446 0.173 -0.030 -0.406 4.56 37.10 
PG3 0.216 -0.595 -0.442 0.167 -0.031 -0.417 4.39 37.11 
PG4 0.204 -0.588 -0.397 0.189 -0.045 -0.427 38.41 37.95 
PG5 0.201 -0.589 -0.443 0.186 -0.049 -0.433 4.65 40.64 
PG6 0.202 -0.588 -0.385 0.184 -0.041 -0.423 38.14 38.18 
PG7 0.213 -0.598 -0.428 0.141 0.001 -0.424 5.57 35.91 
PG8 0.215 -0.591 -0.407 0.160 -0.030 -0.413 4.53 33.03 

 
Reductive elimination TSs 
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 NBO charge q/e Largest E2 from donor LP to 
Pd LP* / kcal mol-1 

Structure Pd Np Nd I C1 C2 Np  Nd 
PG1 0.227 -0.567 -0.395 -0.202 0.034 -0.322 5.74 47.13 
PG2 0.213 -0.567 -0.432 -0.169 0.043 -0.345 7.67 44.48 
PG3 0.236 -0.566 -0.426 -0.205 0.045 -0.352 6.46 46.96 
PG4 0.222 -0.568 -0.378 -0.194 0.033 -0.319 5.53 45.07 
PG5 0.221 -0.569 -0.425 -0.209 0.034 -0.322 83.25 47.63 
PG6 0.217 -0.568 -0.367 -0.191 0.033 -0.316 80.40 45.23 
PG7 0.245 -0.572 -0.398 -0.171 0.062 -0.398 77.96 43.75 
PG8 0.228 -0.562 -0.381 -0.189 0.046 -0.357 70.58 45.11 

 
Table S3. NBO charge and the largest perturbative E2 stabilisation energy from the lone pair (LP) donation from N 
to Pd LP* orbital. 
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Figure S11. NCI plots of TSs for (a) oxidative addition and (b) reductive elimination at an isosurface value of 0.05. 
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Figure S12. van der Waals surfaces visualisation of oxidative addition TSs. Stereic clashes between the substituents 
ortho- to pyridyl ring and the incoming aryliodide (PG2/3/8) can clearly be seen. 
 
aryliodide and subsequent enhanced barrier heights, rendering the PG ineffective (NCI plot, 
Figure S11). The [6,6]-palladacycle is known to be unfavourable,47,48 due to steric constraints 
seen here. The barrier heights correlated well with the sterics involved in the TSs (Table S1). 
PG6 (and PG5), although satisfying the stereoelectronic constraints on the rate-determining OA 
step, performed badly experimentally, possibly due to the coordinating ability of the heterocycles 
to outcompete substrate binding and deactivate catalytic activity or to bind to extra molecules 
(other ligand/solvent molecules) that impede OA/RE steps in ways that were not captured in the 
present considerations. 

III. Computational study of N-(4-methylpentan-2-yl)picolinamide (substrate 3a) 

III.1 Reaction pathway involving mononuclear Pd(II) catalyst  
 
Experimentally, it was found that the reaction mechanism changed when the substrate changed 
from 2a to 3a. Both experiments and calculations revealed that when structure 2a was used, the 
C–H activation step was reversible and non-rate-determining. However, when structure 3a was 
used, C–H activation step became rate-determining and the use of pyridine ligand L1 did not 
give any yield. A screening of ligands found that using pyridone ligand L14 (where R = Bn 
protecting group) gave good yield in a reaction condition that required higher temperature than 
the substrate 2a. Note that C–H activation step for substrate 3a is 3.9 kcal mol-1 (𝛥𝛥G‡) higher 
than for 2a, as expected, since the lack of Thorpe-Ingold effect in 3a makes the C–H activation 
step more difficult. 
 

 
 
 
Figure S13 gives the energy profile for this reaction involving mononuclear catalyst in the 
presence and the absence of ligand L14 (for computational study, we used R = Me group). The 
energy barrier in the absence of ligand is 33.1 kcal mol-1 whereas this barrier increased to 43.2 
kcal mol-1 in the presence of ligand, inconsistent with experimental observation that this reaction 
could not occur in the absence of ligand; it could only occur in the presence of ligand. Trinuclear 
pathway was next explored. 
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Figure S13. Computed Gibbs free energy profile for first arylation in the absence (black) and presence (blue) of 
pyridone ligand involving mononuclear Pd-catalyst. All values are quoted in kcal mol-1. Bond distances are quoted 
in Å. 
 
 
 
III.2 Reaction pathway involving trinuclear Pd(II) catalyst 
 
The catalyst involved was trinuclear in nature as previously. Taking the trimeric [Pd(TFA)2]3 as 
the starting material, the Gibbs energy profile is given in Figure S14. In the absence of any 
ligand (the black pathways on top), the dissociation of trimeric Pd3(TFA)6 catalyst complex to its 
monomeric forms that further underwent OA/RE was thermally inaccessible, requiring  
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Figure S14. Computed Gibbs free energy profile for first arylation in the absence (black) and presence (blue) of 
pyridone ligand with trimeric palladium trifluoroacetate catalyst as starting material. All values are quoted in kcal 
mol-1. Bond distances are quoted in Å. 
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Figure S15. Optimised structures involving cationic species. Left: with silver cation; right: with sodium cation. 
Energy barriers are quoted in kcal mol-1. Bond distances are quoted in Å. 
energy to overcome a very high reaction barrier of 50.9 kcal mol-1. The direct C–H activation via 
CMD of the trimeric complex Ab was more favourable than its dissociation, giving an overall 
activation barrier of 42.5 kcal mol-1. With pyridone ligand L14, the trimeric complex Ab 
favourably dissociated into its monomeric forms sm-1b’ and int-3b’. This was followed by a 
ligand-assisted CMD C–H activation ts-4b’. The subsequent OA and RE steps were, however, 
higher than the C–H activation steps, similar to substrate 2a found earlier. We found that the 
pyridone ligand L14 were not directly involved in either OA/RE steps as these (ts-6b’ and ts-
7b’) had higher activation barriers than the steps without pyridone ligand (ts-6b and ts-7b). 
Additionally, the r.d.s. from this energy profile was also the OA step, as in substrate 2a. It 
conflicts the experimentally finding that the C–H activation step was the r.d.s.. We considered 
the possible pathways involving cationic intermediates in the OA step to see if this provides an 
alternative pathway.9,41 The introduction of either Ag+ or Na+ cation in the presence of ligand 
L14 were considered separately. We found that the activation barrier for OA was 30.3 kcal mol-1 
with Na+ cation and 20.1 kcal mol-1 with Ag+ cation, relative to the cationic intermediates, 
implicating possible Ag+ cation participation (Figure S15). Since it is difficult to compare 
species with different overall charges due to solvation energies involved,42,43 we considered a 
heterodimeric catalytic species involving silver cation for OA/RE steps in neutral pathways, in a 
fashion similar to the heterodimeric Pd-Ag catalytic species considered for C–H activation step 
by Houk and Schaefer.44,45 The overall energy profile for the involvement of silver carbonate is 
shown in Figure S16. 
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III.3 Reaction pathway involving silver carbonate as co-ligand 
 
 

 
 
Figure S16. Computed Gibbs free energy profile for first arylation in the presence of pyridone ligand L14 and silver 
carbonate with trimeric palladium trifluoroacetate catalyst as starting material. All values are quoted in kcal mol-1. 
Bond distances are quoted in Å. 
 
The addition of silver carbonate salt to intermediate int-5b’ yielded structure int-9b that was 
highly stabilised. The carbonate anion first deprotonated the alcohol proton on pyridone ligand 
L14, without any barrier. The N-atom of the DG on the substrate got displaced as it got 
coordinated to the silver ion; this silver ion was also held in place by the deprotonated  

 
 
Figure S17. NCI plots of heterodimeric Pd-Ag catalytic structures at an isosurface value of 0.05 for second substrate 
in the presence of pyridone ligand L2. 
 
alkoxy-oxygen on pyridone ligand L14. A second silver ion coordinated to two oxygen atoms 
and was held in close proximity to iodine, facilitating the formation of insoluble silver iodide salt 
as the reaction proceeded. These gave rise to stabilising non-covalent interactions (NCI) as can 
be seen in Figure S17 complex int-9b, showing attractive interactions between silver and 
iodine/oxygen atoms. In the highly organised transition structure ts-9b, NCIs existed to lower the 



S225 
 

activation barrier (Figure S17), so that the OA barrier became 28.3 kcal mol-1. With this, the C–
H activation step, with a barrier of 31.0 kcal mol-1, was overall rate-determining. We note that 
the pyridone ligand was necessary as the deprotonated alkoxy-oxygen played a crucial role in 
giving a highly ordered transition structure; replacing it with pyridine ligand results in the loss of 
this organisation, indicating that this could be a plausible reason why pyridine ligand did not 
work very well experimentally. For the second C–H activation, the TS ts-11b’ occurs at a very 
high energy barrier relative to the first arylation product int-11b, which was highly stabilised. 
The activation barrier of 60.6 kcal mol-1 was insurmountable such that the second arylation for 
this system was not observed, in agreement with experimental findings. To see if silver carbonate 
had any similar effect on the parent substrate 2a in the presence of pyridine ligand L1, we 
performed a similar transition state search on the parent system in the presence of silver 
carbonate. Most TS searches failed to yield the expected structures due to the increased degree of 
freedom in the silver carbonate positions as pyridine could not hold silver ion in position after its 
N atom coordinates to Pd metal. The TS we found, ts-9c (at 11.0 kcal mol-1), is higher in 
activation barrier than ts-6 (at 7.1 kcal mol-1) without the involvement of either pyridine or silver 
carbonate (Figure S18). NCI analysis (Figure S19) suggests that, in ts-9c, the pyridine ligand 
could not hold silver ion in a highly organised fashion as shown in ts-9b (Figure S17), therefore, 
the poorer interactions resulted in higher activation barriers.  
 

 
 
Figure S18. Computed Gibbs free energy profile for first arylation of parent substrate 1 in the presence of pyridine 
ligand L1 and with (green) or without (black) silver carbonate with trimeric palladium trifluoroacetate catalyst as 
starting material. All values are quoted in kcal mol-1. 
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Figure S19. NCI plots of heterodimeric Pd-Ag catalytic structures for oxidative addition step at an isosurface value 
of 0.05 for parent substrate 1 in the presence of pyridine ligand L1. 
 
 
 
III.4 C–H activation step  
 
The different possibilities for the C–H activation step were considered (Figure S20) and lowest 
conformers were taken for discussion for earlier sections. Without pyridone ligand, the C–H 
activation step would be 3.4 kcal mol-1 higher in activation barrier (ts-4b). Using pyridine in 
place of pyridone ligand, the C–H activation step would be 3.1–5.1 kcal mol-1 higher depending 
on whether pyridine acts as a ligand (ts-4b’-py) or as a base (ts-4b’’-py). In all cases, these were 
not as efficient as using pyridone ligand. The absence of Thorpe-Ingold effect in substrate 3a 
renders the CMD r.d.s step more difficult. Using pyridine in addition to a separate TFA ion as a 
base were not as good in bringing the C–H bond into position for activation as using pyridone 
ligand as it can bring the C–H bond close to Pd(II) metal by N-coordination to the metal while 
carrying out the CMD step. 
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ts-4b’ ts-4b’-c2 ts-4b’-c3 ts-4b’-c4 
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Figure S20. Different conformations considered for C–H activation step using (a) pyridone (b) TFA ion (c) TFA ion 
with pyridine as ligand (d) pyridine for the CMD step. All 𝛥𝛥G‡ values are relative to the lowest activation barrier 
and are quoted in kcal mol-1.  
 
 
Importantly, our calculations gave the differences in the activation barrier 𝛥𝛥G‡ between the two 
diastereomers (Figure S20 ts-4b’ and ts-4b’-c3) as 2.2 kcal mol-1. This corresponds to a 
diastereoselectivity of 21:1, in good agreement with experimentally observed ratio of 28:1. 
While the absolute configurations for the experimentally observed d.r. cannot be determined, 
computation allows us to establish the absolute stereochemistry of the arylated product with 
confidence. 
 
 
III.5 Isodesmic formations of C–H activation step  

 
 
Figure S21. Isodesmic formations of pyridine-coordinated C–H activated complexes. 
 
We consider the isodesmic reaction shown in Figure S21. Conformations of the products where 
the 6-membered rings buckled in different orientations were considered. For the second reaction, 
these include the products formed in Figure S20 (c) after losing an HTFA molecule. The lowest 
energy conformers for each reaction were used for comparison. The differences in the enthalpy, 
𝛥𝛥H = 𝛥H1 – 𝛥H2, gave the relative ease of formation of first C–H activated complex over the 
second one. 
 
 
 

IV. Regioselectivity studies 

IV.1 Regioselectivity in N-(4-methylhexan-2-yl)picolinamide (substrate 4a) 

Substrate 4a presented two inequivalent -C(sp3)–H positions for arylation. To rationalise the 
observed regioselectivity, we calculated the relative energy differences (𝛥𝛥G‡) between the TSs 
for C–H activation step which was shown to be the r.d.s. for this reaction. The primary methyl 
C–H bond (aa-1) was selectively activated over secondary methylene C–H bond (two 
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conformations 4a-2-c1 and 4a-2-c2); this was favoured by 2.3 kcal mol-1, corresponding to a 
24:1 selectivity for the primary C–H activation using simple transition state theory. NCI plots 
and van der Waals surfaces suggested that the unfavourable steric clashes between the 𝜀-methyl 
group and the heterocyclic ring of L14 and adjacent methyl groups account for the relative 
activation barriers observed experimentally (Figure S22). In TS 4a-2-c2, there was only steric 
clashes between 𝜀-methyl group and the heterocyclic ring of L14, whereas in TS 4a-2-c1, in 
addition to the steric clashes between 𝜀-methyl group and the heterocyclic ring of L14, there is 
additional steric clashes between 𝜀-methyl group and the methyl group on 𝛼-carbon, such that TS 
4a-2-c1 had higher activation barrier than TS 4a-2-c2. 

 

4a-1 4a-2-c1 4a-2-c2 
𝛥𝛥G‡ = 0.0 3.7 2.3 

   

   

   

   
 
Figure S22. Optimised structures, NCI plots and van der Waals surfaces for C–H activation TSs of substrate 8a by 
pyridone ligand L14. All 𝛥𝛥G‡ values are quoted in kcal mol-1. Bond distances are quoted in Å. 
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IV.2 Regioselectivity study in 3,5,5-trimethylcyclohexanamine (substrate 5a) 

Substrate 5a presented multiple inequivalent -C(sp3)–H and 𝛾-C(sp3)–H positions for arylation. 
The relative energy differences (𝛥𝛥G‡) between the TSs were calculated. Four TSs were found 
for the C–H activation step (Figure S23). TS structure 5a-2 had a high activation barrier due to 
the distortion of the 𝛾-H-atom while C–H activation occurred, giving rise to unfavourable 
interactions as shown in the NCI plots in Figure S23. Similarly, TS structures 5a-3 and 5a-4 
distorted unfavourably, giving rise to elevated activation barriers. These were not competitive to 
TS 5a-1 that gave observed product. TS structures 5a-5 and 5a-6 were not computationally 
found (Figure S24); the activation of these C–H bonds would require placing a Me–/H–group 
inside the palladacycle ring, giving rise to immensely repulsive interactions and were thus not 
observed experimentally. 

 

 

 

5a-1 5a-2 5a-3 5a-4 
𝛥𝛥G‡ = 0.0 34.9 10.8 10.3 
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Figure S23. Optimised structures and NCI plots for C–H activation TSs of substrate 5a by pyridone ligand L14. All 
𝛥𝛥G‡ values are quoted in kcal mol-1. Bond distances are quoted in Å. 

 

Figure S24. These TSs were impossible due to placing a Me–/H–group inside the palladacycle and were thus not 
found computationally.  

 

 

IV.3 Regioselectivity study in 3-methylcyclohexanamine (substrate 6a) 

Substrate 6a is structurally similar to substrate 5a. The activation at 𝛾-C(sp3)–H position would 
give less steric crowding than before (5a-4), due to fewer methyl groups present. Therefore, we 
recalculated this possibility. The relative energy difference (𝛥𝛥G‡) between the TSs for C–H 
activation step at -C(sp3)–H and 𝛾-C(sp3)–H positions was 4.2 kcal mol-1, corresponding to a 
337:1 selectivity for the -C(sp3)–H position. The selectivity is again traced to non-covalent 
interactions present in these TSs (NCI plots, Figure S25). 

 

6a-1 6a-2 
𝛥𝛥G‡ = 0.0 4.2 
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Figure S25. Optimised structures and NCI plots for regioselective C–H activation TSs of substrate 6a by pyridone 
ligand L14. All 𝛥𝛥G‡ values are quoted in kcal mol-1. Bond distances are quoted in Å. 

 

IV.4 Regioselectivity study in 3-pinanamine (substrate 7a) 

For substrate 7a, we considered the regioselectivity between the secondary -C(sp3)H and the 
primary -C(sp3)H. Calculation predicted that the primary -C(sp3)H would be favoured by a 
factor of 56:1 over secondary -C(sp3)H provided that the C–H activation is the r.d.s. for this 
reaction (𝛥𝛥G‡ = 2.9 kcal mol-1 for -C(sp3)H activation). However, by including the oxidative 
insertion step, we found that oxidative insertion would be the r.d.s. for this reaction, with 
methylene -C(sp3)H functionalisation being 7.0 kcal mol-1 lower than for -C(sp3)H 
activation, thus only methylene -C(sp3)H functionalisation was observed 
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7a-1 (C–H) 7a-1 (OA) 7a-2 (C–H) 7a-2 (OA) 
𝛥𝛥G‡ = 2.9 2.9 0.0 9.9 

 
 

 
 

    

 
 

  
 
Figure S26. Optimised structures, NCI plots and van der Waals surfaces for C–H activation and oxidative insertion 
TSs of substrate 7a. All 𝛥𝛥G‡ values are taken relative to lowest TS energy and are quoted in kcal mol-1. Bond 
distances are quoted in Å. 
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V. Absolute values for optimised structures 
 

Structure E/au ZPE/au H/au qh-G/au SP DFT    
(TBME) 

Imaginary 
Freq/cm-1 

Starting materials:   

1 -729.968887 0.341853 -729.60021 -729.679275 -730.885265 + 

sm-1 - Pd(TFA)2 -1178.318515 0.060493 -1178.2376 -1178.309077 -1179.642042 + 

HTFA -525.90441 0.04037 -525.85446 -525.89887 -526.575334 + 

pyridine -247.762761 0.089473 -247.66597 -247.704111 -248.071198 + 

HI -297.58318 0.005335 -297.57382 -297.599247 -297.586955 + 

sm-1’ -
Pd(TFA)2(py)2 

-1673.95914 0.244081 -1673.6783 -1673.782306 -1675.888255 + 

[Pd(TFA)2]2 -2356.735982 0.123336 -2356.5716 -2356.686917 -2359.356276 + 

[Pd(TFA)2]3 -3535.147025 0.186174 -3534.8983 -3535.058438 -3539.076728 + 

ArI -642.452756 0.123519 -642.31622 -642.369876 -642.880275 + 

Ag2CO3 -556.727692 0.017256 -556.70052 -556.749839 -557.07963923 + 

Pathway without pyridine ligand:   

A -3943.294504 0.788308 -3942.4092 -3942.627445 -3947.711240 + 

ts-A -3943.241774 0.782901 -3942.3629 -3942.57849 -3947.652234 -1348.6927 

B -3943.251025 0.788085 -3942.3666 -3942.582852 -3947.664103 + 

C -3086.748426 0.466009 -3086.2138 -3086.379948 -3090.272882 + 

int-1 -1908.345034 0.404572 -1907.8929 -1908.016055 -1910.578635 + 

ts-1 -1908.32979 0.400691 -1907.8823 -1908.003846 -1910.556586 -197.3102 

int-2 -1908.331012 0.403774 -1907.8796 -1908.002902 -1910.557829 + 

int-3 -1382.415123 0.362564 -1382.0151 -1382.117512 -1383.984503 + 

int-4 -1382.409747 0.361709 -1382.0106 -1382.112612 -1383.980311 + 

ts-4 -1382.382482 0.357226 -1381.9887 -1382.088919 -1383.947170 -1413.066 

int-5 -1382.397683 0.361725 -1381.9986 -1382.100732 -1383.964361 + 

int-6 -1498.939203 0.444233 -1498.4533 -1498.564582 -1500.273756 + 

ts-6 -1498.915736 0.444176 -1498.4309 -1498.539267 -1500.247698 -153.4792 

int-7 -1498.929192 0.445017 -1498.4427 -1498.552903 -1500.260756 + 

ts-7 -1498.917829 0.445413 -1498.4323 -1498.539302 -1500.250248 -264.4439 
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int-8 -1498.975689 0.446821 -1498.4881 -1498.597238 -1500.307462 + 

int-9 -1727.288159 0.476923 -1726.7638 -1726.886036 -1729.280556 + 

ts-9 -1727.260447 0.472307 -1726.7415 -1726.862309 -1729.246795 -1412.8 

int-10 -1727.275647 0.476817 -1726.7514 -1726.874095 -1729.263882 + 

int-11 -1843.817831 0.55929 -1843.2068 -1843.33841 -1845.574204 + 

ts-11 -1843.794025 0.559109 -1843.1841 -1843.312942 -1845.547865 -154.7984 

int-12 -1843.807344 0.56014 -1843.1957 -1843.326021 -1845.560782 + 

ts-12 -1843.794662 0.560368 -1843.184 -1843.31127 -1845.548422 -264.5246 

int-13 -1843.849056 0.561609 -1843.2366 -1843.36587 -1845.602114 + 

int-14 -2072.15873 0.591842 -2071.5093 -2071.651746 -2074.571627 + 

ts-14 -2072.133056 0.587093 -2071.4891 -2071.630185 -2074.539613 -1418.695 

int-15 -2072.151155 0.591787 -2071.5017 -2071.644308 -2074.560538 + 

int-16 -2188.698251 0.674641 -2187.9621 -2188.111875 -2190.872584 + 

ts-16 -2188.671772 0.67382 -2187.9369 -2188.085877 
-2190.846720 

-161.358 

int-17 -2188.691245 0.674902 -2187.9548 -2188.104679 -2190.865021 + 

ts-17 -2188.670628 0.675537 -2187.9347 -2188.081475 -2190.844301 -269.7691 

int-18 -2188.724769 0.676432 -2187.9873 -2188.136149 -2190.898783 + 

Other TS conformers:   

ts-4-c2 -1382.378401 0.357169 -1381.9847 -1382.084971 
 

-1383.942824 
 

-1463.7223 

ts-6-c2 -1498.914551 0.444174 -1498.4298 -1498.537958 
 

-1500.246335 
 

 

ts-7-c2 -1498.906846 0.445104 -1498.4213 -1498.529071 -1500.240529 
 

-149.0566 

ts-9-c2 -1727.252822 0.47248 -1726.7338 -1726.85426 -1729.238585 
 

 

ts-9-c3 -1727.238281 0.470924 -1726.7202 -1726.842025 -1729.225716 
 

-275.7268 

ts-9a -1727.256169 0.472419 -1726.7372 -1726.857388 -1729.241314 
 

-1468.4218 

ts-9a-c2 -1727.256943 0.472254 -1726.738 -1726.858914 -1729.243140 -1337.0955 

ts-9a-c3 -1727.236504 0.470877 -1726.7185 -1726.840138 -1729.223271 -1419.4 

ts-11-c2 -1843.793136 0.559211 -1843.1833 -1843.311596 -1845.546678 -1466.6123 

ts-11a -1843.794362 0.559058 -1843.1846 -1843.31306 -1845.547631 -1335.1556 

ts-11a-c2 -1843.792825 0.55918 -1843.183 -1843.311622 -1845.546357 -148.5601 

ts-12-c2 -1843.784298 0.559999 -1843.1737 -1843.3 -1845.539637 -158.6799 
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ts-12a -1843.79577 0.561431 -1843.1846 -1843.31018 -1845.546309 -148.9423 

ts-12a-c2 -1843.786595 0.560107 -1843.176 -1843.3 -1845.541285 -266.8948 

ts-14-c2 -2072.130558 0.587322 -2071.4865 -2071.627241 -2074.537572 -296.9839 

ts-16-c2 -2188.668142 0.674459 -2187.933 -2188.080302 -2190.840673 -266.7996 

ts-17-c2 -2188.66291 0.675125 -2187.9271 -2188.075084 -2190.838728 -1471.6767 

ts-17-c3 -2188.667674 0.675351 -2187.9319 -2188.078887 -2190.841007 -151.15600 

ts-17-c4 -2188.667511 0.676001 -2187.9314 -2188.077331 -2190.838337  

ts-17-c5 -2188.654308 0.674779 -2187.9189 -2188.066452 -2190.827057 -249.9004 

Pathway with pyridine ligand:   

int-4’ -1630.213178 0.453666 -1629.7138 -1629.832339 -1632.088801 -267.5227 

ts-4’ -1630.16591 0.44849 -1629.6728 -1629.78823 -1632.041331 -270.3462 

int-5’ -1104.271549 0.411573 -1103.8248 -1103.921267 
 

-1105.4847000 
 

+ 

ts-7’ -1746.69394 0.535902 -1746.1093 -1746.233232 -1748.325651 + 

int-8’ -1746.788786 0.539053 -1746.2008 -1746.326492 -1748.425989 -1356.9381 

int-9’ -1746.769913 0.538018 -1746.183 -1746.308063 -1748.403670 + 

ts-9’ -1746.735932 0.533093 -1746.1545 -1746.278767 -1748.370295 -310.4541 

int-10’ -1746.760532 0.538491 -1746.1733 -1746.298603 -1748.401135 + 

int-13’ -2091.665624 0.655007 -2090.9523 -2091.094846 -2093.720383 + 

int-14’ -2091.65048 0.652851 -2090.9385 -2091.083642 -2093.704809 -1403.9536 

ts-14’ -2091.613357 0.647966 -2090.9069 -2091.051203 -2093.669270 + 

int-15’ -2091.63819 0.653381 -2090.9259 -2091.071625 -2093.700360 + 

int-19’ -2436.546862 0.76966 -2435.7084 -2435.872275 -2439.023104 + 

Pathway with silver carbonate:   

int-9c -2303.536004 0.554597 -2302.9208 -2303.070999 
 

-2305.506123 
 

+ 

ts-9c -2303.479916 0.554941 -2302.8658 -2303.011907 -2305.447408 
 

+ 

 
Table S4. Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy and quasi-
harmonic Gibbs free energy (at 363K) for the substrate 2a. For harmonic frequency analysis, a plus (+) sign 
indicates that the lowest frequency of the optimised structures is positive, as expected. 
 
 
 

Structure E/au ZPE/au H/au qh-G/au 
SP DFT    

Imaginary 
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(TBME) Freq/cm-1 

Starting materials:   

1b -651.521636 0.286607 -651.21192 -651.284798 -652.33686421 
 

+ 

L2 -437.183553 0.127404 -437.044 -437.093431 -437.73370834 
 

+ 

sm-1’ - 
Pd(TFA)2(L2)2 

-2052.81663 0.318364 -2052.452 -2052.57549 -2055.22010719 
 

+ 

Pathway without pyridone ligand:   

Ab -3786.403409 0.678759 -3785.6354 -3785.841145 -3790.61949042 
 

+ 

ts-Ab -3786.350209 0.672608 -3785.5894 -3785.791664 -3790.56295244 -1373.5267 

Bb -3786.362329 0.677682 -3785.5961 -3785.79873 -3790.57732455 + 

Cb -3008.304508 0.410499 -3007.8291 -3007.988716 -3011.72978045 + 

int-4b -1303.971637 0.30689 -1303.6308 -1303.727538 
-1305.44221842 

 
+ 

ts-4b -1303.928713 0.302166 -1303.594 -1303.687328 -1305.39328200 -1459.3829 

int-5b -1303.950556 0.306923 -1303.6105 -1303.704919 -1305.41703403 + 

int-6b -1420.491634 0.389299 -1420.0648 -1420.169024 -1421.72632082 + 

ts-6b -1420.466462 0.389483 -1420.0405 -1420.141597 -1421.69778098 -150.8472 

int-7b -1420.485571 0.390235 -1420.0581 -1420.160541 -1421.71744848 + 

ts-7b -1420.466776 0.390487 -1420.0401 -1420.140476 -1421.70021210 -295.8827 

int-8b -1420.525028 0.391015 -1420.097 -1420.199983 -1421.75848694 + 

Pathway with pyridone ligand:   

int-3b’ -1741.211636 0.436383 -1740.7289 -1740.849534 -1743.21981744 + 

int-4b’ -1215.219402 0.393066 -1214.7901 -1214.889912 -1216.57283801 + 

ts-4b’ -1215.206067 0.388551 -1214.7821 -1214.879772 -1216.55605398 -1204.9058 

int-5b’ -1215.249222 0.393651 -1214.8194 -1214.919205 -1216.60046818 + 

int-6b’ -1857.723834 0.518585 -1857.155 -1857.283552 -1859.49536392 + 

ts-6b’ -1857.673982 0.517182 -1857.107 -1857.234398 -1859.44115352 -220.1806 

int-7b’ -1857.709236 0.520382 -1857.1393 -1857.265658 -1859.47519397 + 

ts-7b’ -1857.678623 0.518787 -1857.1103 -1857.237165 -1859.45089825 -274.963 

int-8b’ -1857.738157 0.520384 -1857.168 -1857.295489 -1859.50887950 + 
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ts-9b’ -1560.084214 0.503317 -1559.5353 -1559.654055 -1561.85663961 -1194.2607 

Pathway with silver carbonate:   

int-9b -2414.55588 0.535778 -2413.9578 -2414.111833 -2416.64889907 + 

ts-9b -2414.512268 0.535216 -2413.9155 -2414.067976 -2416.60392944 -220.8506 

int-10b -2414.554457 0.538329 -2413.9547 -2414.106738 -2416.64786796 + 

ts-10b -2414.517406 0.537287 -2413.919 -2414.070585 -2416.61455369 -327.8454 

int-11b -2414.581944 0.539712 -2413.9809 -2414.133427 -2416.67648220 + 

Cationic pathways with silver carbonate and ligand:   

Na+ rct -2019.759079 0.519972 -2019.1863 -2019.320319 -2021.62996259 + 

Na+ ts -2019.692981 0.518841 -2019.1219 -2019.254262 -2021.56731297 -224.7822 

Ag+ rct -2004.240092 0.517671 -2003.6685 -2003.806151 -2006.01162872 + 

Ag+ ts -2004.211399 0.517934 -2003.641 -2003.77383 -2005.98320200 -147.7256 

C–H activation TSs 

ts-4b’ -1215.216342 0.389049 -1214.7921 -1214.889196 -1216.56560028 -1274.8426 

ts-4b’-c2 -1215.209311 0.389145 -1214.785 -1214.881908 -1216.55767352 -1202.7765 

ts-4b’-c3 -1215.213267 0.389383 -1214.7887 -1214.885752 -1216.56260083 -1159.6763 

ts-4b’-c4 -1215.206067 0.388551 -1214.7821 -1214.879772 -1216.55605398 -1204.9058 

ts-4b -1303.935607 0.302195 -1303.6008 -1303.694079 -1305.40090816 -1403.0514 

ts-4b-c2 -1303.928713 0.302166 -1303.594 -1303.687328 -1305.39328200 -1459.3829 

ts-4b-c3 -1303.932987 0.302483 -1303.598 -1303.691129 -1305.39819713 -1391.205 

ts-4b-c4 -1303.925561 0.301735 -1303.5911 -1303.684798 -1305.39148299 -1454.0579 

ts-4b’-py -1551.721357 0.393329 -1551.2873 -1551.395944 -1553.49772055 -1074.4733 

ts-4b’-py-c2 -1551.714436 0.393545 -1551.2804 -1551.388666 -1553.49059485 -907.8496 

ts-4b’-py-c3 -1551.718593 0.39359 -1551.2843 -1551.392981 -1553.49565720 -928.9741 

ts-4b’-py-c4 -1551.712733 0.393009 -1551.2788 -1551.388023 -1553.49122815 -729.0941 

ts-4b’’-py -1551.720548 0.392608 -1551.287 -1551.396477 -1553.49321197 -1358.2501 

ts-4b’’-py-c2 -1551.716725 0.392967 -1551.2831 -1551.391793 -1553.48772247 -1371.6569 

ts-4b’’-py-c3 -1551.71868 0.392871 -1551.2849 -1551.394333 -1553.49132619 -1317.4028 

ts-4b’-‘py-c4 -1551.715779 0.392011 -1551.2826 -1551.392864 -1553.48773445 -1307.7334 
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Table S5. Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy and quasi-
harmonic Gibbs free energy (at 363K) for substrate 3a. For harmonic frequency analysis, a plus (+) sign indicates 
that the lowest frequency of the optimised structures is positive, as expected. 
 
 
 
 

Structure E/au ZPE/au H/au qh-G/au SP DFT    
(TBME) 

Imaginary 
Freq/cm-1 

Regioselectivity study of substrate 4a   

4a-1 -1254.435262 0.417625 -1253.9806 -1254.081325 -1255.83322982 -1211.2001 

4a-2-c1 -1254.429616 0.417526 -1253.9749 -1254.075648 -1255.82736203 -1207.274 

4a-2-c2 -1254.432952 0.417831 -1253.9781 -1254.078471 -1255.83003608 -1402.362 

Regioselectivity study of substrate 5a   

5a-1 -1331.711312 0.45341 -1331.2193 -1331.322343 -1333.20195926 -1242.3319 

5a-2 -1331.655993 0.45387 -1331.1635 -1331.266705 -1333.14909231 -1435.667 

5a-3 -1331.693185 0.453096 -1331.201 -1331.30516 -1333.18496260 -1164.3307 

5a-4 -1331.693357 0.452364 -1331.2019 -1331.305871 -1333.18486761 -1413.2075 

Regioselectivity study of substrate 6a   

6a-1 -1253.255431 0.398722 -1252.8225 -1252.917322 -1254.64525533 -1252.1656 

6a-2 -1253.245734 0.397452 -1252.8133 -1252.909895 -1254.63635977 -1141.9363 

Regioselectivity study of substrate 7a 

7a-1 (C–H) -1369.701419 0.459961 -1369.2022 -1369.306684 -1371.23536456 -704.7933 

7a-1 (OA)       

7a-2 (C–H) -1369.706545 0.459753 -1369.2078 -1369.311749 -1371.24003927 -1144.4993 

7a-2 -1369.706545 0.459753 -1369.2078 -1369.311749 -1371.24003927 -1144.4993 

 
Table S6. Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), enthalpy and quasi-
harmonic Gibbs free energy (at 363K) for regioselective TSs for C–H activation of substrate 4a, 5a, 6a and 7a.  
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