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2.6. Computational methods

Density functional theory (DFT) calculations were performed with Gaussian 16 rev. A.03.8 

Geometry optimisations were carried out using recently developed global-hybrid meta-NGA 

(nonseparable gradient approximation) MN15 functional9 with a mixed Karlsruhe-family 

basis set of triple-ζ valence def2-TZVPPD (where ‘D’ indicates diffuse basis functions) for 

Br10, Pd10,11  and Ag10,11 atoms and def2-SVP12,13 for all other atoms (BS1). This functional 

was chosen as it performs much better than many other functionals (e.g. 𝜔B97X-D and 

TPSS) in predicting transition metal (TM) reaction barrier heights and better geometry for 

both TM complexes and organic molecules.9 MN15 has also been employed to study similar 

Pd-catalytic systems with excellent agreement with experimental results.14–19 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. Where appropriate, intrinsic reaction coordinate (IRC) analyses20,21 

were performed to confirm that the said TSs connect to the right reactants and products. 

Single point (SP) corrections were performed separately with either MN15 or 𝜔B97X-D22 

functional and def2-QZVPP12 basis set for all atoms. The SMD continuum solvation model23 

was used to include the effect of 1,4-dioxane solvent on the computed Gibbs energy profile. 

Gibbs energies were evaluated at the reaction temperature of 353.15 K, using a quasi-RRHO 

treatment of vibrational entropies.24,25 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. The free energies were further corrected 

using standard concentration of 1 mol/L, which were used in solvation calculations. 

SMD(1,4-dioxane)-𝜔B97X-D/def2-QZVPP//MN15/BS1 Gibbs energies were given with 

SMD(1,4-dioxane)-MN15/def2-QZVPP//MN15/BS1 Gibbs energies given in brackets 

throughout. Unless otherwise stated, the former set of Gibbs energy values are used for 

discussion. All Gibbs energy values in the text and figures are quoted in kcal mol-1 

throughout.

Non-covalent interactions (NCIs) were analysed using NCIPLOT26 calculations. The .wfn 

files for NCIPLOT were generated at MN15/DGDZVP27,28 level of theory. NCI indices 

calculated with NCIPLOT were visualised at a gradient isosurface value of s = 0.5 au. These 
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are coloured according to the sign of the second eigenvalue (λ2) of the Laplacian of the 

density (∇2𝜌) over the range of -0.1 (blue = attractive) to +0.1 (red = repulsive). Molecular 

orbitals are visualised using an isosurface value of 0.05 throughout. All molecular structures 

and molecular orbitals were visualized using PyMOL software.29 Geometries of all optimized 

structures (in .xyz format with their associated energy in Hartrees) are included in a separate 

folder named alkynylation_structures_xyz with an associated README file. All these data 

have been deposited with this Supporting Information and uploaded to zenodo.org 

(DOI:10.5281/zenodo.3376707). All Python scripts used for data analysis have been made 

available - https://github.com/bobbypaton - under a creative commons CC-BY license. 

2.6.1 Conformational considerations for starting materials

The starting material for computational modelling, sulfonyl arene, 1a, was first 

conformationally sampled. The possible rotamers for sulfonyl arene, 1a, were generated by 

systematically varying a combination of key dihedral angles shown in red (Scheme S1) and 

optimising the structures. The lowest energy conformer was used for subsequent calculations.

S
O

O O

N N
Me

1a

Scheme S1. Rotamers were generated by varying the dihedral angles in red in conformational 

sampling of the most stable conformer used for reaction modelling.

2.6.2 Frontier molecular orbitals (FMOs) of starting materials

Figure S5 shows the FMOs for the starting material bromoethynyltrimethylsilane 1b 

(hereafter bromoalkyne) and ethynyltrimethylsilane 1c (hereafter TMS-alkyne). In 1b, the 

HOMO arises predominantly from the 𝜋-electrons from the alkyne triple bond. This electron-

rich 𝜋-bond can be donated to a vacant d-orbital on the electrophilic Pd(II) centre, giving rise 

to 𝜋-complexes with the transition metal before further transformations. Interestingly, the 

LUMO of 1b is  instead of . These have implications on the reactivity of bromoalkyne σ ∗CBr π ∗
CC

1b, suggesting that oxidative insertion of 1b breaking the C–Br bond could be possible. 

file:///C:/Users/User/Desktop/meta%20alkyne%20final/10.5281/zenodo.3376707
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However, it seems that 1b acts predominantly as a 𝜋-donor rather than 𝜋-acceptor, as seen in 

the HOMO for both oxidative insertion and 1,2-migratory insertion of 1b, where the major 

contribution comes from the 𝜋-electrons from the alkyne triple bond (Figure S8). FMOs for 

TMS-alkyne 1c are also shown in Figure S5. The HOMO is  and the LUMO is . These π 
CC π ∗

CC

are rather different from FMOs in 1b, implicating different reactivity (see section 2.6.10 for a 

discussion of the reactivity with 1c as a substrate).

HOMO of 1b LUMO of 1b

HOMO of 1c LUMO of 1c

Figure S5. FMOs for bromoethynyltrimethylsilane 1b and ethynyltrimethylsilane 1c at an 

isosurface value of 0.05. 

2.6.3 C–H activation in the presence and the absence of ligand

The full energy profile for the reaction is given in Figure S6, with key optimised geometries. 

For the C–H activation step, in the absence of the absence of mono-protected amino acid 

(MPAA) ligand, N-acetylglycine, the reaction has a high barrier of 28.0 kcal mol-1. In the 

presence of the ligand, the TS is lowered in activation barrier by forming a [5,6]-membered 

palladacyle (ts-1’ at 19.7‡ (20.9‡) kcal mol-1). Other possible arrangements of this ligand, 
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following ref.10, were found to have higher activation barriers than ts-1’ (Scheme S2) and are 

thus not competitive.
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Figure S6. Full Gibbs energy profile for the reaction and selected optimized TS strucutres. 
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Scheme S2. Other possible arrangements of the ligand for C–H activation step. 

2.6.4 Replacement of a.a. ligand by acetate ligand in migratory insertion step

The turnover frequency-determining transition state (TDTS) for the reaction is the 1,2-

migratory insertion of bromoalkyne. We investigated the effect of using acetate ligand in 

replacement of the amino acid (a.a.) ligand for this step since all these forms have the generic 

form shown in Scheme S3(e) with variable R–group. We note that the energies are rather 

close (Scheme S3), without complete conformational sampling. Following the approach 

adopted in ref.19 where complete conformational samplings were performed, showing that 

using acetate ligand instead of full a.a. ligand for this step does not affect the overall energy 

profile, we used, for simplicity, acetate ligand for the modelling of all steps subsequent to C–

H activation. The a.a. ligand’s main role in this reaction is to lower the C–H activation barrier 

significantly, making this step reversible. Its subsequent coordination to Pd-center is 

monodentate in fashion, similar to the coordination mode of acetate ligand. This Pd–N 

interactions would dominate over other possible non-covalent interactions (or unfavorable 

sterics) in the side chains.
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Scheme S3. Comparison of rate-determining 1,2-migratory insertion step using different 

ligands. 
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2.6.5 Alternative mechanism: oxidative addition of bromoethynyltrimethylsilane 1b

The oxidative addition (OA) of bromoethynyltrimethylsilane 1b was investigated as Pd(II) 

were known to cycle through Pd(II)/Pd(IV) manifold.30 All possible arrangements of OA of 

1b were investigated (Figure S7). These all have activation barriers > 40 kcal mol-1, making 

this mechanistic path inaccessible; the alternative path of 1,2-migratory insertion, as 

discussed in the main text, with a barrier of 22.0 kcal mol-1, is much more feasible.

ts-3-oa-c1 ts-3-oa-c2

42.5‡ (41.8‡) 45.5‡ (44.9‡)

ts-3-oa-c3 ts-3-oa-c4

46.6‡ (45.5‡) 48.1‡ (47.5‡)

Figure S7. Oxidative addition of bromoethynyltrimethylsilane 1b.
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2.6.6 Conformers for 1,2-migratory insertion and 𝛽-bromide elimination

Transition state (TS) conformers for 1,2-migratory insertion and 𝛽-bromide elimination are 

shown in Figure S8. These differ in the orientations of the acetate ligand and the side in 

which 𝛽-bromide elimination occurs. They are found to be very close in energy, indicating 

that the conformational flexibility in the ligand does not change the TS energies very much.

ts-3 ts-3-c2

22.0‡ (22.9‡) 22.1‡ (23.1‡)

ts-4 ts-4-c2

13.4‡ (14.2‡) 13.3‡ (13.1‡)

Figure S8. Optimised geometries for 1,2-migratory insertion and 𝛽-bromide elimination 

transition state conformers.
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2.6.7 Role of silver acetate additive

Silver carboxylate salts are commonly employed as additives in Pd-catalysed C–H 

activation.31–35 In many systems, silver salt plays an essential role in enhancing the reaction 

rate and/or yields. Various roles of silver carboxylate AgCOOR salts in such reactions have 

been proposed: (1) they serve as a source of carboxylate for the Pd(II) metal-centre, 

participating in carboxylate-assisted concerted metalation deprotonation (CMD) in the C–H 

activation step;35-39 (2) they act as a terminal oxidant to regenerate Pd(II) catalyst;40–42 (3) 

they form heterometallic Pd−Ag complexes that facilitate C−H activation;40,43,44 (4) they 

directly activate C−H bond forming Ag–C  intermediate;45,46 (5) they act as halide scavengers 

in PdX (X = halide) complex after the reductive elimination step.47 The experimental work to 

establish the exact role of these silver additives are rare and an understanding of their exact 

roles in the mechanistic picture is rather incomplete. 

Silver carboxylates are known to exist in dimeric form.47–50 We computed the energy 

differences in the thermodynamic stabilities of both the monomeric and dimeric form of silver 

acetate and found that the dimeric form [AgOAc]2 is more stable; the formation of [AgOAc]2 

from AgOAc monomers is -16.7 (-19.9) kcal mol-1 downhill. This enhanced stability in the 

dimer has been attributed to Ag–Ag interactions.35,49 The more stable dimer (or in fact, ½ 

[AgOAc]2) is used in the Gibbs energy calculations of silver additive participation throughout 

(the use of AgOAc monomer would artificially lower the activation barrier of ts-4’ since 

AgOAc monomer is already high in energy).

In the absence of silver salt, the 𝛽-bromide elimination step has a very high activation barrier 

(ts-4, 29.4 kcal mol-1, Figure S6). For the present transformation, silver cation plays a role in 

assisting 𝛽-bromide elimination step by forming silver bromide salt. An initial TS search 

placing the Ag+ ion adjacent to the leaving Br- as the former pulls off the latter yielded a TS 

that is higher in activation barrier than that without silver acetate (Figure S9, ts-4’z); only in 

ts-4’ where not only Ag+ interacts with the leaving Br- but also the acetate coordinates to 

Pd(II) was the transition state lower in activation barrier. In the presence of silver acetate, the 

HOMO shows that there is predominant electron donation from bromoalkyne 𝜋-electrons to 

the vacant d-orbital on Pd(II) centre, this enhanced interaction is favourable to product 

formation as the bromide ion leaves (Figure S9). Although there seems to be more steric 
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strain due to non-covalent interactions (NCIs) in ts-4’, the formation of Ag–Br bond is 

enthalpically favoured and more dominant over NCIs, thus lowering the activation barrier of 

this transition state.

ts-4 ts-4’ ts-4’z ts-3’z

Figure S9. Optimised structures, NCI plots and HOMOs for 𝛽-bromide elimination without 

(ts-4) and with (ts-4’ and ts-4’z) silver acetate co-ligand and for 1,2-migratory insertion with 

silver acetate co-ligand (ts-3’z).

For completeness, we went further to ascertain the role, if any, of silver acetate in affecting 

the 1,2-migratory insertion step. We found that, introducing AgOAc (ts-3’z) increased the 
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activation barrier to 40.0 kcal mol-1, which is much higher than ts-3 without any AgOAc 

participation at 22.0 kcal mol-1. The acetate ligand from silver could not coordinate to Pd-

centre (despite the initial geometry guess as so) in the optimised structure as Pd(II) is tetra-

coordinating and all coordination sites have been occupied (Figure S9).

2.6.8 Regioselectivity in 1,2-migratory insertion of bromoethynyltrimethylsilane 1b

Figure S10 shows the energy profile for the regioconvergent formation of alkynylated 

product. All activation barriers are thermally accessible at the reaction temperature of 80ºC. 

TS structures are shown in Figure S11.

It was found that the regioisomeric 1,2-migratory insertions of 1b (ts-3 and ts-3r, Figure S10) 

have almost identical barrier, at 22.0 kcal mol-1, suggesting unselective 1,2-migatory 

insertion. 
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Figure S10. Gibbs energy profile for the regioisomeric insertion of bromoalkyne 1b and its 

subsequent 𝛽-Br elimination and 1,2-silyl migration to regioconverge on the alkynylated 

product. Gibbs energies for the key structures from Figure S6 are included for comparison.

Both insertion products are highly exergonic and irreversible. In the latter case, the 

regioisomeric insertion of 1b affords a highly stabilized intermediate int-4r (at -14.1 kcal 
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mol-1) that further undergoes stepwise loss of bromide (ts-4r’) and 1,2-silyl shift (ts-5r’) to 

give regiospecifically the observed alkynylated product. 1,2-silyl shift occurs as the bromide 

leaves, gaining negative charge (NBO charge (Figure S10, numbers in red) from +0.106 in 

int-4r and +0.045 in int-4r’ to -0.312 in ts-4r’ and -0.501 in int-5r’ and -0.601 in ts-5r’), 

while the carbon atom that it is attached gains carbocationic character (NBO charge at this 

site that is -0.157 in int-4r and -0.151 in int-4r’ that goes to +0.025 in ts-4r’ and +0.097 in 

int-5r’. This resembles the anionic 1,n-silyl migration observed in some organocopper-

catalysed chemical systems.34–36

The rate-limiting step after the insertion product is 1,2-silyl migration ts-5r’ at 19.7 kcal mol-

1, which, although is higher than the barrier of ts-4’ at 15.2 kcal mol-1, can still occur 

thermodynamically at the reaction temperature of 80ºC, especially given that the overall 

TDTS of this regioisomeric pathway is the 1,2-migratory insertion step ts-3r at 22.0 kcal mol-

1. 

ts-3r ts-4r’ ts-5r’

22.0‡ (21.9‡) 1.7‡ (0.5‡) 5.6‡ (5.6‡)

Figure S11. Optimised structures and HOMOs for TSs in Figure S10.
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2.6.9 C–H activation site selectivity studies

The site-selectivity of arene activation was then investigated. The ortho-/para-positions on 

the arene for potential activation were compared to meta-activation (Table S11). The C–H 

activation and the 1,2-migratory insertion steps were studied. 1,2-migratory insertion was the 

TDTS for meta- and para-activation, whereas C–H activation was the TDTS for ortho-

activation. Application of simple transition state theory (TST) suggests that the para-

alkynylated product would be disfavoured by 1 in 41, and that the ortho-alkynylated product 

1 in ~8000. 

C–H activation site ts-1x ts-1x’ ts-3x int-4x
Overall 

barrier

meta- (x=nil)
28.0‡ 

(29.5‡)

19.7‡ 

(20.9‡)

22.0‡ 

(22.9‡)

-16.0

(-15.0)

22.0‡ 

(22.9‡)

para- (x=p)
29.4‡ 

(29.4‡)

22.2‡ 

(21.6‡)

24.6‡ 

(23.3‡)

-9.9

(-10.1)

24.6‡ 

(23.3‡)

ortho- (x=o)
36.2‡ 

(35.2‡)

28.3‡ 

(28.8‡)

26.8‡ 

(26.1‡)

-4.5

(-4.4)

28.3‡ 

(28.8‡)

Table S11. Site selectivity study for alkynylation. The highest activation barriers (TDTS) 

were given in bold. 
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The optimised structures, HOMOs and non-covalent interaction (NCI) plots for 1,2-migratory 

insertion are given in Figure S12. We observed that the NCIs are rather similar in all 3 TSs. 

In earlier studies of a similar system,10 the ring strain in ortho-selective TS is much higher 

than either meta- or para-activation. Herein, the ortho-selective TS ts-3o seemed to undergo a 

relatively early TS forming C–C bond and thereby relieving the ring strain, as the C–C bond 

distance is much shorter, at 1.99Å, than either meta- or para-selective TS, at 2.13Å and 

2.15Å, respectively. 

ts-3 (meta-) ts-3p (para-) ts-3o (ortho-)

Figure S12. Optimised structures, HOMOs and NCI plots for 1,2-migratory insertion step in 

arene site-selectivity studies.
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Scheme S4. Computed ring strain involving a hypothetical pyridine ligand for 1,2-migratory 

insertion step. The enthalpies of the reactions were corrected with SMD solvation model: 

.∆∆𝐻 ‡
𝑠𝑜𝑙 = ∆𝐻 ‡

𝑔𝑎𝑠 ― ∆𝐸 ‡
𝑔𝑎𝑠 + ∆𝐸 ‡

𝑠𝑜𝑙

The differences in the ring strain in these 3 TSs were further verified via isodesmic 

studies,51,52 (see refs.19,53 for an example) which confirmed this conclusion (Scheme S4). 

Specifically, a hypothetical pyridine ligand was used for TS searches to release the ring strain 

where the directing group (DG) got uncoordinated. Note that in an isodesmic reaction, the 
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total number and type of all bonds in the reactants and the products are preserved. The 

starting conformation for the DG (in green, Scheme S4) in all 3 cases was made the same in a 

linear form for subsequent 

TS searches. The enthalpies of the reactions were further corrected with SMD solvation 

model:

where  is the enthalpy change of the reaction in the gas phase at low level of theory for ∆𝐻 ‡
𝑔𝑎𝑠

computation,  is the energy change of the reaction in the gas phase at low level of ∆𝐸 ‡
𝑔𝑎𝑠

theory for computation and  is the energy change of the reaction in the solvent phase at ∆𝐸 ‡
𝑠𝑜𝑙

high level of theory for computation.

From the enthalpic changes, we can see that there is 4.2 kcal mol-1 ring strain in ts-3 as 

compared to 7.5 kcal mol-1 in ts-3p and 9.9 kcal mol-1 in ts-3o. Their ring strain energy 

differences are similar to the differences in their activation barriers for this step, as shown in 

Table S11. The 12-membered meta-selective TOF-determining palladacycle (ts-3) has the 

least strain, followed by 13-membered para-selective palladacycle (ts-3p) and then by 11-

membered ortho-selective palladacycle (ts-3o).

2.6.10 Reaction involving substrate ethynyltrimethylsilane 1c

Experimentally, when the reaction was carried out using ethynyltrimethylsilane 1c instead of 

1b, the reaction did not occur; the substrate was recovered. Detailed TS searches showed that 

silver could not participate in the beta-H elimination step, perhaps unsurprising since silver 

cation cannot interact with a leaving hydride. The full Gibbs energy profile in Figure S13 

suggests that, as a result, beta-H elimination giving a Pd–H (ts-4H, Figure S14) and the 

subsequent reductive elimination of acetic acid to generate Pd(0) (ts-5H, Figure S14, overall 

barrier of 30.5 kcal mol-1) are high in energy barrier, thus being kinetically unfavourable. In 

fact, the TDI for the reaction is int-4H, making the overall barrier for subsequent catalytic 

cycles to be > 50.0 kcal mol-1, thus not thermally accessible at the reaction temperature.
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Figure S13. Gibbs energy profile for the reaction involving ethynyltrimethylsilane 1c.

In addition, the overall reaction gives endergonic intermediates relative to the 1,2-migratory 

insertion intermediate int-4H, making this reaction thermodynamically unfavourable. The 

potentially poor orbital overlap between the σCH of the beta-hydride and the d-orbital of Pd in 

ts-4H and that between lone pair orbital of acetate and σ*Pd–H of the metal-hydride in ts-5H 

could be the reason for this unfavourability; the ring strains in the palladacycle (distorted 

geometries) potentially contribute to the high activation barriers too (Figure S14). In addition, 

the release of product prd-TMS from the end Pd(0) species is highly unfavourable 

thermodynamically. Therefore, both steric and electronic factors disfavour the reaction of 

substrate 1c in this alkynylation reaction. Experimentally, it is also possible that 

homocoupling of terminal alkynes occurs due to the presence of copper additives,54–59 

rendering this substrate incompetent.
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ts-3H ts-4H ts-5H

20.1‡ (21.6‡) 18.9‡ (21.4‡) 21.1‡ (23.6‡)

Figure S14. Optimised structures and HOMOs for TSs in Figure S12.

2.6.11 Reactivity for substrate bromoethynylbenzene 1d

When bromoethynylbenzene 1d was used experimentally, the reaction has a poor yield; the 

majority of the substrate was recovered unreacted. The full Gibbs energy profiles for the 

reaction using substrate bromoethynylbenzene 1d are shown in Figure S15. These energy 

profiles indicate that the irreversible 1,2-migratory insertion steps occurred unselectively (ts-

3P and ts-3rP have the same activation barrier, at 24.5 kcal mol-1), where either carbon of the 

acetylene functional group of the substrate can form C–C bond with the activated arene. This 

is similar to the reaction using silylated alkynylbromide 1b (ts-3 and ts-3r, Figure S10). 

However, for the regioisomeric insertion, the subsequent 1,2-phenyl shift (ts-5r’P, at 28.3 

kcal mol-1) for one of the regioisomeric paths had a much higher barrier than 1,2-silyl shift 

(ts-5r’, Figures S10 and S11) using substrate 1b. The 1,2-silyl migration on carbon atoms can 
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occur much more readily than 1,2-aryl migration on carbon atoms. Similar 1,2-silyl migration 

reactions have been previously reported.60,61
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Figure S15. Gibbs energy profiles (two regioisomeri pathways) for the reaction involving 

bromoethynylbenzene 1d. 

Nevertheless, computations seem to suggest that the reaction is at least kinetically and 

thermodynamically feasible as that using substrate 1b, though the selectivity/ 

regioconvergency of the product formation might not be as good (barrier of 28.3 kcal mol-1, 

Figure S15) as using substrate 1b (barrier of 19.7 kcal mol-1, Figure S10), perhaps 

unsurprising as the phenyl group has a higher difficulty than the trialkylsilyl group in carrying 

out 1,2-migration. 

The reactivity could potentially be hindered due to the propensity of bromoethynyl-benzene 

1d to form favourable π-π stacking62–64 within themselves and with arene starting material; it 

can also form cation-π interactions64,65 with Pd(II), making them less available for reaction. 

This is possible as the relative comparison of [Pd(substrate)2]2+ complexes showed that Pd(II) 

coordination with two bromoethynylbenzene 1d molecules [Pd(1d)2]2+ is 11.9 (15.3) kcal 

mol-1 more stabilised than with two bromoethynyl-trimethylsilane 1b molecules [Pd(1b)2]2+ 

(Figure S16).

 
Pd-1d2-c1 Pd-1d2-c2 Pd-1b2-c1 Pd-1b2-c2

-188.7 (-203.8) -179.0 (-198.6) -176.8 (-186.8) -171.1 (-184.9)

Figure S16. Gibbs energy of reaction (𝛥Gr, in kcal mol-1) for the coordination complexes of 

substrates 1b and 1d with Pd(II) cation.
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2.6.12 Possible role of copper according to computational studies

Experimentally, it was shown that the yield of the reaction is augmented by the addition of 

copper(II) acetate salt. The role of this copper additive was explored computationally. The 

most stable form of Cu(OAc)2 is in triplet spin state (Figure S17 (a)), thus, we take ½ of 

triplet copper(II) acetate dimer as the reference species. Normally, any copper additive is 

assumed to play a role as a co-oxidant to regenerate the main catalyst or as a source of acetate 

ions; computational studies of these reactions do not normally consider its explicit role in the 

catalytic cycle and its exact roles in the catalytic cycle are poorly understood.66–68 The explicit 

role of Cu(OAc)2 salt was demonstrated in one study by Funes-Ardoiz and Maseras, who 

show that copper additive can act as a cooperative catalyst in the reductive coupling of a C–O 

bond in isocoumarin formation through a Rh–Cu heterobimetallic TS.69 We wonder if 

Cu(OAc)2 plays a similar role as AgOAc in the present reaction in forming a heterometallic 

complex in the β-bromide elimination step, potentially forming CuBr2 as a side product. 
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Figure S17. (a) Stability of mononuclear and dinuclear (singlet vs triplet) copper(II) acetate 

species. (b) TSs with copper additive in β-bromide elimination step, and (c) TSs with copper 

additive in β-bromide elimination step for the regiomeric reaction.

We found that the Pd–Cu(II) heterobimetallic TS (ts-4’-Cu, 7.3 kcal mol-1, Figure S18) gives 

an overall barrier of 23.3 kcal mol-1; this is 8.1 kcal mol-1 higher than the Pd–Ag 

heterobimetallic TS (ts-4’, -0.8 kcal mol-1), although it is 6.1 kcal mol-1 lower in activation 
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barrier than the β-bromide elimination TS without any metal additive (ts-4, 13.4 kcal mol-1) 

(Figure S17 (b)). The Pd–Cu(II) heterobimetallic TS for the regiomeric rate-determining 1,2-

silyl group migration (ts-5r’-Cu, 27.9 kcal mol-1, Figure S18) also has a higher barrier than 

the Pd–Ag heterobimetallic TSs (ts-5r’, 5.6 kcal mol-1) (Figure S17 (c)). 

Pd–Cu(II) heterobimetallic TSs

ts-4’-Cu ts-5r'-Cu

7.3‡ (4.9‡) 27.9‡ (26.8‡)

Pd–Cu(I) heterobimetallic TSs

ts-4’-Cu-I ts-5r'-Cu-I

-2.7‡ (0.3‡) 8.9‡ (9.0‡)



S88

Figure S18. Optimised structures for Pd–Cu(II) and Pd–Cu(I) heterobimetallic TSs using 

Cu(OAc)2 and CuOAc additive respectively.

As the Cu(II) additive also acts as an oxidant, we considered if the reduced form Cu(I) had 

any effect on the activation barriers for the β-bromide elimination step. We found that the use 

of CuOAc gives a Pd–Cu(I) heterobimetallic TS for the β-bromide elimination step (ts-4’-

Cu-I, -2.7 kcal mol-1, Figure S17) with a lower activation barrier than the use of AgOAc (ts-

4’, -0.8 kcal mol-1). For the regiomeric pathway, the use of AgOAc has lower activation 

barrier (ts-5r’, 5.6 kcal mol-1, Figure S10) than CuOAc (ts-5r’-Cu-I, 8.9 kcal mol-1). Cu(I) 

additive give lower barriers than Cu(II) additive for both heterobimetallic TSs.

We wondered if Cu(OAc)2 helps to regenerate the silver salt. This is unlikely as 2 equivalents 

each of Cu(OAc)2 and AgOAc were used in the reaction. We calculated the thermodynamics 

of the following reaction:

1[AgBr]2 + 1/2 3[Cu(OAc)2]2 ——> 1[AgOAc]2 + 1/2 3[CuBr2]2

and found that this reaction has an uphill Gibbs energy of reaction of 16.4 (17.1) kcal mol-1, 

thus ruling out this possibility.
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Figure S19. Transmetallation in the product release to free up palladium catalyst.

Next, we checked if the copper salt helps in the release of palladium catalyst from its 

coordination to the alkynylated product, so that it can undergo the next catalytic cycle. 

Coordination of ½ [Cu(OAc)2]2 to the product releases the palladium catalyst for the next 

cycle. This transmetallation is more thermodynamically favourable than the direct release of 

product from int-5’ (Figure S19), suggesting that it could possibly increase the yield by 

making palladium catalyst more available after each catalytic cycle.

2.6.13 Comparative study of other trialkylsilyl and siloxy-substituted substrates

We compared the chemical reactivity and selectivity of the other substrates used in the 

present transformation, namely that of (bromoethynyl)triisopropylsilane, or hereafter TIPS-

bromoalkyne 1e; (bromoethynyl)tritert-butyldimethylsilane or TBDMS-bromoalkyne 1f;   

(bromoethynyl)triethylsilane or TES-bromoalkyne 1g;     and siloxy-substituted substrate ((1-

(bromoethynyl)cyclohexyl)oxy)trimethylsilane 1h. The optimised structures are named as per 

TMS-bromoalkyne, except where the the substrate name is added to the front of the 

structures, for example, 1e-ts-3 gives the “normal” 1,2-migratory insertion TS for substrate 

1e. 
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The energy profile for TIPS-bromoalkyne 1e is shown in Figure S20. As we can see, the 

regioselectivity can be controlled in this case, where the bulky TIPS-group favours the 

“normal” 1,2-migratory insertion 1e-ts-3 over the other one 1e-ts-3r by 1.9 kcal mol-1. This is 

likely due to the unfavourable steric clashes between the triisopropylsilyl group and the arene 

in the regioisomeric 1,2-migratory insertion TS 1e-ts-3r, as shown by the NCI plots in Figure 

S21. This finding is in accordance with the steric control of regioselective of migratory 

insertion of C–H alkynylation observed by Sarpong, Musaev, and co-workers.56 

NBO second-order perturbation theory calculations were used to study the potential for a β-

Pd effect as observed by Musaev and Sarpong, whereby a filled σ(Pd–C) donates electron 

density to the σ*(C–Br) orbital. Although we do not observe such an interaction in the 

carbopalladation TS, it was apparent in the resulting intermediate: in int4 the computed 

delocalization energy from the σ(Pd-C) to σ*(C-Br) is 22.5 kcal/mol. In contrast, in int4r we 

found a σ(Pd-C) to σ*(C-Si) delocalization of 6.9 kcal/mol, along with a σ(C-C) to σ*(C-Br) 

delocalization of 11.0 kcal/mol. These results are consistent with hyperconjugation playing a 

role in stabilizing int4 over int4r. 

It was further found that the 1,2-silyl migratory following regioisomeric insertion TS 1e-ts-3r 

has a low activation barrier of 19.6 kcal mol-1, which is much lower than the barrier for the 

turnover-limiting 1,2-insertion step, indicating that the regioconvergency of product will still 

be achieved regardless of the regioselectivity step. The proposed 1,2-silyl migration in 1e-ts-

5r’ is the same as for the TMS-alkynylbromide case as discussed in the main manuscript. As 

before, following the 1,2-migratory insertion step, the AgOAc ligand-assisted 

heterobimetallic β-bromide elimination TS 1e-ts-4’ has a lower activation barrier (15.2 kcal 

mol-1) than the TDTS 1e-ts-3 with a barrier of 23.6 kcal mol-1. The final alkynylated product 

is once again energetically very downhill and thermodynamically favourable.
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Figure S21. Optimised structures, HOMOs and NCI plots for the regioisomeric 1,2-migratory 

insertion steps for substrate TIPS-alkynylbromide 1e.

The reaction using the other trialkylsilylbromoalkyne substrates TBDMS-bromoalkyne 1f and 

TES-bromoalkyne 1g are similarly considered; the results are shown in Figures S22 to S25. 

We can see that for all trialkylsilylbromoalkynes, the 1,2-migratory insertion is the TDTS. 

The regioselectivity is in favour of one over the other due to possible larger steric constraints 

in one of the TS (ts-3r) than the other (ts-3). We can see that 1f-ts-3 is favoured by 1.1 kcal 

mol-1 than the regioisomeric pathway 1f-ts-3r (Figure S22) and that 1g-ts-3 is favoured by 

2.2 kcal mol-1 than the regioisomeric pathway 1g-ts-3r (Figure S24). However, in all these 

cases, the 1,2-silyl migration following one of the regioisoermic pathways has lower 
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activation barrier than the TDTS, indicating that the regioconvergency of product will be 

observed regardless of the regioselectivity at the turnover-limiting insertion step.
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Figure S22. Gibbs energy profile for the present transformation using  substrate TBDMS-

alkynylbromide 1f.

1f-ts-3 1f-ts-3r
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Figure S23. Optimised structures, HOMOs and NCI plots for the regioisomeric 1,2-migratory 

insertion steps for substrate TBDMS-alkynylbromide 1f.
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Figure S24. Gibbs energy profile for the present transformation using  substrate TES-

alkynylbromide 1g.

1g-ts-3 1g-ts-3r
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Figure S25. Optimised structures, HOMOs and NCI plots for the regioisomeric 1,2-migratory 

insertion steps for substrate TES-alkynylbromide 1g.

For the siloxy-substituted substrate ((1-(bromoethynyl)cyclohexyl)oxy)trimethylsilane 1h, we 

compared the TDTS 1,2-migratory insertion step for regioselectivity. The results are given in 

Figure S26. We can see that the TS for the “correct” regioselectivity is favoured by slightly 

better sterics (as evidenced by the NCI plots) as the bulky siloxy group is kept away from the 

C–C bond formation centre. This is in agreement with the steric control of regioselectiviy 

observed in similar reactions reported by Sarpong, Musaev, and co-workers,56 as noted 

previously.
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Figure S26. Optimised structures, HOMOs and NCI plots for the regioisomeric 1,2-migratory 

insertion steps for the siloxy-substituted substrate 1h.

2.6.14 Comparative study of other arenes with varying substituents

We compared the arene site-selectivity for the other arene substrates used in the present 

transformation, namely that giving products 4, 5 and 12. These substrates differ from 

substrate 1a (methyl group on meta-position of arene) used in the computational study in that 

for products 4, the substituent is meta-CF3;  for 5, it is meta-OCF3 ; for 12, it is ortho-CH3. 

For product 4, the optimized structures, the HOMO and the NCI plots for the 1,2-migratory 

insertion step at different arene sites are given in Figure S27. Meta-selectivity is favored as 

for substrate 1a. Our calculations show that meta-functionalization will be favoured by a 

factor of 103, although experimentally, it is favoured only by 7 times. There seems to be a 

balancing effect between the sterics and electronics for the meta-selectivity, although it is 

difficult to see the molecular origins from the HOMO and NCI plots.

For product 5, a similar analysis was performed and the results were shown in Figure S28. 

Two conformers for the –OCF3 substituent on the arene can be distinguished, with this group 

either pointing into or away from the palladacycle. We found that the ones pointing away 

from the palladacycle has the lower barrier (albeit only slightly), possibly due to more 
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favourable sterics. Once again, for this substrate, the meta-functionalization was 

computationally found to be more favourable than either the ortho- or para-functionalization. 

arene4-ts-3 (meta-) arene4-ts-3p (para-) arene4-ts-3o (ortho-)

ΔG‡  = 14.8‡ (18.3‡) 21.6‡ (21.8‡) 19.9‡ (21.6‡)

Figure S27. Optimised structures, HOMOs and NCI plots for 1,2-migratory insertion step in 

site-selectivity studies for arene giving product 4.
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arene5-ts-3-out (meta-) arene5-ts-3p-out (para-) arene5-ts-3o-out (ortho-)

ΔG‡  = 20.3‡ (22.5‡) 23.4‡ (24.1‡) 25.5‡ (26.1‡)

 

arene5-ts-3-in (meta-) arene5-ts-3p-in (para-) arene5-ts-3o-in (ortho-)

ΔG‡  = 20.9‡ (22.8‡) 24.7‡ (24.6‡) 25.8‡ (26.4‡)
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Figure S28. Optimised structures, HOMOs and NCI plots for 1,2-migratory insertion step in 

site-selectivity studies for arene giving product 5. The suffix “-out” and “-in” in the TS names 

indicate the conformation of the –OCF3 group with respect to the palladacycle.

The results for product 12 is shown in Figure S29. The same meta-selectivity is observed, as 

for substrate 1a. This is again likely due to the ring strain control in the different membered 

palladacycle for these TSs. For meta- and para-functionalization, the TSs have two different 

conformers with the methyl group on the arene in different orientation. It was found that the 

TS with the methyl group pointing away from the palladacyclic ring is lower in activation 

barrier, as would be expected for substrate 1a.

For all these arene substrates, we have shown that the meta-selectivity is obtained in all cases. 

This shows our computational model of arene site-selectivity via ring strain control by the 

palladacycle is general and widely applicable to a range of substrates. In addition, it shows 

that this sterics control is dominant over electronic variations in the substituents in the arene 

substrates.
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arene12-ts-3 (meta-) arene12-ts-3p (para-) arene12-ts-3o (ortho-)

ΔG‡  = 21.9‡ (23.5‡) 24.0‡ (24.9‡) 29.5‡ (28.9‡)

arene12-ts-3-c2 (meta-) arene12-ts-3p-c2 (para-)

ΔG‡  = 24.2‡ (24.1‡) 25.6‡ (26.0‡)
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Figure S29. Optimised structures, HOMOs and NCI plots for 1,2-migratory insertion step in 

site-selectivity studies for arene giving product 12.

2.6.15 Comparative study of directing group with varying alkyl chain lengths (products 

17-19)

Our computational model of site-selectivity control via differing ring strains in the 

palladacyclic TS predicts that as the length of the directing group increases, this site-

selectivity control will diminish. Indeed, this is what was observed experimentally for 

products 17, 18 and 19, that meta-selective product formation diminishes. Computationally 

herein, we show that meta-site is favored in the turnover frequency determining 1,2-insertion 

step for all these substrates. The results are shown in Figure S30. The discrepancy in the 

quantitative selectivity / product ratio could result from incomplete conformational sampling 

since with greater chain length in the directing groups, the corresponding possible conformers 

also increase. Nevertheless, our model successfully predicts selective meta-functionalization 

for all these three substrates.
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Product 17

arene17-ts-3 (meta-) arene17-ts-3p (para-) arene17-ts-3o (ortho-)

ΔG‡  = 19.7‡ (22.0‡) 21.5‡ (21.2‡) 26.8‡ (27.5‡)

Product 18

arene18-ts-3 (meta-) arene18-ts-3p (para-) arene18-ts-3o (ortho-)

ΔG‡  = 17.8‡ (19.5‡) 26.5‡ (26.0‡) 19.9‡ (19.9‡)
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Product 19

arene19-ts-3 (meta-) arene19-ts-3p (para-) arene19-ts-3o (ortho-)

ΔG‡  = 18.1‡ (20.4‡) 21.1‡ (21.7) 20.9‡ (21.4‡)
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Figure S30. Optimised structures, HOMOs and NCI plots for comparison of regioselctivity in 

product 17-19.

2.6.16 Absolute energies, zero-point energies 

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

and quasi-harmonic Gibbs free energy (at 363K) for optimised structures are given below. 

Single point corrections in SMD 1,4-dioxane using 𝜔B97X-D and MN15 functionals are also 

included. Each sub-heading corresponds to a subfolder inside the alkynylation_structures_xyz 

folder where all optimised structural coordinates are given in .xyz format, along with the 

corresponding (gas-phase) energy, E.

Structu

re
E/au ZPE/au H/au G/au qh-G/au

SP 𝜔B97X-D 

(1,4-dioxane)

SP MN15 (1,4-

dioxane)

0_sm (starting materials):

1a -1426.5229 0.311509 -1426.1822 -1426.271357 -1426.2667 -1429.04845440 -1428.6786329

1b -3059.2496 0.12121 -3059.1129 -3059.171373 -3059.1703 -3059.73136747 -3059.9403307

1c -485.35706 0.130012 -485.21303 -485.265131 -485.26489 -486.0681293 -485.9084379

1d -2881.6333 0.101851 -2881.5201 -2881.570127 -2881.5693 -2882.07267838 -2882.3366382

HOAc -228.64453 0.062197 -228.57532 -228.611767 -228.61143 -229.13351888 -229.0668662

Nacety

lglycin

e

-436.25343 0.118206 -436.12243 -436.175678 -436.17305 -437.18030569 -437.0523413

HBr -2575.0853 0.006123 -2575.0752 -2575.098797 -2575.0988 -2574.87712744 -2575.2352612

CuOA

c2_mo

nomer

-2096.9448 0.103478 -2096.8259 -2096.887377 -2096.884 -2097.7220570 -2097.862484

CuOA

c2_di

mer_si

nglet

-4193.9145 0.2089 -4193.6748 -4193.770684 -4193.7642 -4195.41435355 -4195.7209312

CuOA

c2_di

mer_tr

iplet

-4193.9647 0.210384 -4193.7241 -4193.819467 -4193.8132 -4195.48133 -4195.770429
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CuOA

c_dim

er_sin

glet

-3737.8511 0.105272 -3737.7284 -3737.7944 -3737.7912 -3738.42516828 -3738.851

CuOA

c_dim

er_trip

let

-3737.7103 0.104279 -3737.5884 -3737.6552 -3737.6524 -3738.29887073 -3738.7162

CuBr2

_mono

mer

-6789.8301 0.001703 -6789.8214 -6789.860471 -6789.8594 -6789.22792048 -6790.217605

CuBr2

_dime

r_singl

et

-13579.701 0.004317 -13579.682 -13579.74594 -13579.743 -13578.47209 -13580.47502

CuBr2

_dime

r_tripl

et

-13579.72 0.003987 -13579.702 -13579.76965 -13579.764 -13578.50789 -13580.49347

AgBr_

mono

mer

-2721.2253 0.000564 -2721.2202 -2721.251781 -2721.2518 -2721.36119518 -2721.3856319

AgBr_

dimer
-5442.5245 0.001782 -5442.5131 -5442.563924 -5442.5627 -5442.77059613 -5442.8311465

AgOA

c_mon

omer

-374.7487 0.050645 -374.68909 -374.734768 -374.73318 -375.57469470 -375.1751886

AgOA

c_dim

er

-749.614 0.104042 -749.49181 -749.561524 -749.55757 -751.22801036 -750.4392581

PdOA

c2_tri

mer

-1751.5873 0.317868 -1751.2239 -1751.355928 -1751.3441 -1755.20433723 -1754.0362117

1_alkynylation_of_1b:

int-1
-

2010.361021
0.417336 -2009.8989 -2010.025439 -2010.0157 -2014.09960593 -2013.3417185

ts-1 -2010.33609 0.411975 -2009.8797 -2010.005994 -2009.9958 -2014.07504621 -2013.3134469



S108

int-2 -2010.35148 0.417256 -2009.8891 -2010.01868 -2010.0072 -2014.0909700 -2013.3314472

int-1'
-

1989.299016
0.40982 -1988.8469 -1988.96541 -1988.9582 -1992.99638924 -1992.242002

ts-1'
-

1989.285298
0.404477 -1988.8388 -1988.957426 -1988.9496 -1992.98274427 -1992.226918

int-2'
-

1989.308364
0.410403 -1988.8556 -1988.975621 -1988.9672 -1993.00391157 -1992.251518

int-3
-

4840.971216
0.475881 -4840.4416 -4840.587747 -4840.5761 -4844.70115850 -4844.219901

ts-3
-

4840.954399
0.475297 -4840.4262 -4840.571417 -4840.5599 -4844.69041408 -4844.205339

int-4
-

4841.020565
0.477956 -4840.49 -4840.632214 -4840.6224 -4844.75555636 -4844.269364

ts-4
-

4840.959972
0.476549 -4840.4307 -4840.573444 -4840.5632 -4844.70633991 -4844.221584

int-5 -4841.03872 0.477823 -4840.5075 -4840.652789 -4840.6415 -4844.77052705 -4844.288776

ts-3-c2
-

4840.953808
0.475018 -4840.4258 -4840.570625 -4840.5593 -4844.69020998 -4844.205156

ts-4-c2
-

4840.959568
0.476335 -4840.4304 -4840.57422 -4840.5633 -4844.70609086 -4844.222823

int-4' -5215.84045 0.530066 -5215.2484 -5215.412349 -5215.4 -5220.36794079 -5219.492117

ts-4'
-

5215.832056
0.529735 -5215.2409 -5215.402897 -5215.3907 -5220.35928688 -5219.483928

int-5'
-

5215.865795
0.530375 -5215.2726 -5215.440323 -5215.4261 -5220.4013 -5219.519246

ts-3’z -5215.75066 0.527466 -5215.1604 -5215.327817 -5215.3139 -5220.28972195 -5219.408864

ts-4'z
-

5215.740197
0.526905 -5215.1501 -5215.322905 -5215.3057 -5220.28632879 -5219.406788

int-3r
-

4840.966352
0.475466 -4840.4367 -4840.586257 -4840.5731 -4844.70196831 -4844.216596

ts-3r -4840.95523 0.47543 -4840.4271 -4840.570658 -4840.5596 -4844.69151480 -4844.208097

int-4r
-

4841.015859
0.477568 -4840.4854 -4840.629472 -4840.6187 -4844.75055601 -4844.265451

prd-

TMS

-

1910.712531
0.422586 -1910.2474 -1910.369467 -1910.36 -1913.930509 -1913.409386

1_alkynylation_of_1b (regioconvergence):

int-4r' - 0.530422 -5215.2395 -5215.405033 -5215.3917 -5220.36410756 -5219.485658
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5215.832104

ts-4r'
-

5215.821896
0.529437 -5215.2308 -5215.394645 -5215.3817 -5220.35427898 -5219.47812

int-5r'
-

5215.829729
0.529865 -5215.2374 -5215.403028 -5215.3898 -5220.36688210 -5219.489466

ts-5r'
-

5215.800846
0.528577 -5215.2093 -5215.37938 -5215.3637 -5220.34501888 -5219.467047

int-6r'
-

5215.871336
0.530833 -5215.2777 -5215.445362 -5215.4312 -5220.40546946 -5219.525982

2_alkynylation_of_1b_aa_ligand:

ts-1'a
-

1989.241518
0.404846 -1988.7947 -1988.914288 -1988.9057 -1992.93996133 -1992.185971

ts-1'b
-

2217.946095
0.468797 -2217.4274 -2217.567499 -2217.5552 -2222.12071512 -2221.297634

ts-1'c
-

2217.950755
0.467665 -2217.4326 -2217.575045 -2217.5616 -2222.1295546 -2221.3056348

ts3'a
-

5048.547111
0.531403 -5047.9573 -5048.114495 -5048.1014 -5052.71629339 -5052.172854

ts3'b
-

5048.564282
0.531205 -5047.9743 -5048.134568 -5048.1203 -5052.74047130 -5052.192636

ts3'c
-

5048.571284
0.532029 -5047.9809 -5048.13779 -5048.1249 -5052.74364579 -5052.196485

3_alkynylation_of_1b_copper:

prd-

TMS-

Cu

-

4007.706141
0.528899 -4007.1194 -4007.27282 -4007.2619 -4011.68135651 -4011.302816

int-5'-

Cu

-

6728.989054
0.529306 -6728.3963 -6728.565912 -6728.5517 -6733.07561264 -6732.724159

ts-4'-

Cu

-

6937.993403
0.582236 -6937.3431 -6937.519912 -6937.5065 -6942.47112391 -6942.135956

ts-5r'-

Cu

-

6937.944999
0.581394 -6937.2949 -6937.474663 -6937.4599 -6942.43658511 -6942.099334

ts-4'-

Cu-I
-6709.9488 0.529478 -6709.3577 -6709.5201 -6709.508 -6713.95378711 -6713.688

ts-5r'-

Cu-I
-6709.9194 0.530303 -6709.3274 -6709.4906 -6709.4778 -6713.94078388 -6713.6704

4_arene_site_selectivity_ortho_para:
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ts-1o
-

2010.327235
0.412335 -2009.8706 -2009.996525 -2009.9864 -2014.06251681 -2013.3048429

ts-1'o
-

1989.275333
0.40504 -1988.8284 -1988.945718 -1988.9386 -1992.97006819 -1992.21543

ts-3o
-

4840.950848
0.475039 -4840.4227 -4840.567922 -4840.5564 -4844.68267726 -4844.2002067

int-4o
-

4841.005502
0.478328 -4840.4746 -4840.615898 -4840.6066 -4844.73707307 -4844.253322

ts-1p
-

2010.335874
0.412169 -2009.8794 -2010.004978 -2009.9953 -2014.07305762 -2013.3139172

ts-1'p
-

1989.285331
0.405046 -1988.8386 -1988.955232 -1988.9485 -1992.97998020 -1992.2270019

ts-3p -4840.95513 0.47566 -4840.4269 -4840.568977 -4840.5592 -4844.68772197 -4844.2061858

int-4p
-

4841.014183
0.478097 -4840.4835 -4840.625278 -4840.6157 -4844.74520831 -4844.2619844

pyridi

ne
-247.762761 0.089473 -247.66632 -247.703094 -247.7031 -248.30299639 -248.2171106

ts-3-

iso

-

5088.733157
0.565521 -5088.1063 -5088.273417 -5088.2574 -5093.00230034 -5092.431749

ts-3o-

iso

-

5088.739269
0.566537 -5088.1119 -5088.273959 -5088.2602 -5093.00429760 -5092.43484

ts-3p-

iso

-

5088.737798
0.566374 -5088.1105 -5088.27522 -5088.2607 -5093.00522025 -5092.437843

5_alternative_oxidative_addition_TSs:

ts-3-

oa-c1

-

4840.926859
0.475106 -4840.3986 -4840.542395 -4840.5316 -4844.65853300 -4844.176038

ts-3-

oa-c2

-

4840.916281
0.474524 -4840.3882 -4840.535615 -4840.5231 -4844.65155100 -4844.168891

ts-3-

oa-c3

-

4840.920333
0.475375 -4840.3919 -4840.536547 -4840.5252 -4844.65176600 -4844.169894

ts-3-

oa-c4

-

4840.913291
0.475415 -4840.3848 -4840.530401 -4840.5186 -4844.64899900 -4844.166361

6_ethynyltrimethylsilane_1c:

ts-3H
-

2267.064352
0.484575 -2266.5286 -2266.667859 -2266.6578 -2271.02940120 -2270.174764

int-4H
-

2267.117887
0.487514 -2266.5796 -2266.716169 -2266.7075 -2271.08034834 -2270.225851
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ts-4H
-

2267.065965
0.485481 -2266.5297 -2266.667975 -2266.6581 -2271.03263981 -2270.176345

int-5H
-

2267.080525
0.486262 -2266.5432 -2266.682216 -2266.6722 -2271.04173857 -2270.19011

ts-5H
-

2267.058347
0.482448 -2266.5243 -2266.666613 -2266.655 -2271.02464274 -2270.168419

int-6H
-

2267.112587
0.487541 -2266.5733 -2266.716186 -2266.7043 -2271.07262933 -2270.218973

ts-3rH
-

2267.059619
0.484192 -2266.5242 -2266.663393 -2266.653 -2271.02667613 -2270.173159

int-

4rH

-

2267.110337
0.487008 -2266.5722 -2266.71284 -2266.7017 -2271.07618079 -2270.220442

7_bromoethynylbenzene_1d:

int-3P
-

4663.348539
0.45632 -4662.8422 -4662.982617 -4662.97 -4667.04108395 -4666.611194

ts-3P
-

4663.334882
0.455895 -4662.8302 -4662.966822 -4662.9556 -4667.02770871 -4666.598967

int-4P
-

4663.410381
0.458554 -4662.9032 -4663.037486 -4663.0277 -4667.10511821 -4666.673142

int-4'P
-

5038.220005
0.511025 -5037.6508 -5037.806846 -5037.7944 -5042.70847151 -5041.885059

ts-4'P
-

5038.213948
0.50998 -5037.6461 -5037.802513 -5037.7894 -5042.70363654 -5041.881219

int-5'P
-

5038.246678
0.510894 -5037.677 -5037.836798 -5037.8225 -5042.73960204 -5041.913369

int-

3rP

-

4663.348567
0.456396 -4662.8424 -4662.981827 -4662.9697 -4667.03983832 -4666.610208

ts-3rP
-

4663.334352
0.45606 -4662.8295 -4662.965766 -4662.9546 -4667.02827091 -4666.599432

int-

4rP

-

4663.408013
0.458631 -4662.9007 -4663.035552 -4663.0254 -4667.10120678 -4666.670752

int-

4r'P

-

5038.221148
0.51122 -5037.6518 -5037.809372 -5037.796 -5042.71271368 -5041.888975

ts-4r'P
-

5038.203812
0.510319 -5037.6359 -5037.791775 -5037.7788 -5042.69533863 -5041.873737

int-

5r'P

-

5038.208472
0.51074 -5037.6393 -5037.798524 -5037.7844 -5042.70482600 -5041.88134
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ts-5r'P
-

5038.179023
0.508913 -5037.6113 -5037.773914 -5037.7576 -5042.68075194 -5041.853769

int-

6r'P

-

5038.253672
0.510711 -5037.6836 -5037.846764 -5037.8306 -5042.74558486 -5041.921402

Pd-

1d2-c1

-

5890.364189
0.205082 -5890.1328 -5890.219516 -5890.2141 -5891.64277896 -5891.906803

Pd-

1d2-c2

-

5890.359886
0.205108 -5890.1286 -5890.218338 -5890.2113 -5891.62582953 -5891.89701

Pd-

1b2-c1

-

6245.565123
0.242534 -6245.2867 -6245.39694 -6245.3888 -6246.93689409 -6247.085401

Pd-

1b2-c2
-6245.56809 0.242148 -6245.292 -6245.39765 -6245.3897 -6246.92986787 -6247.081794

8_other_substrates:

1e -3294.59 0.292704 -3294.2712 -3294.3534 -3294.35 -3295.634897 -3295.721341

1e-ts-3 -5076.2974 0.646681 -5075.5873 -5075.7523 -5075.7398 -5080.593801 -5079.986219

1e-int-

4 -5076.3526 0.649515 -5075.64 -5075.803 -5075.7916 -5080.645143 -5080.03672

1e-ts-

4' -5451.1723 0.70129 -5450.3991 -5450.5815 -5450.5684 -5456.261713 -5455.261447

1e-int-

5' -5451.2102 0.702589 -5450.4347 -5450.6222 -5450.6067 -5456.308062 -5455.301817

1e-ts-

3r -5076.2924 0.64712 -5075.5819 -5075.7473 -5075.7345 -5080.591088 -5079.983186

1e-int-

4r -5076.3522 0.649212 -5075.6394 -5075.8049 -5075.7925 -5080.649833 -5080.040274

1e-ts-

5r' -5451.1408 0.700775 -5450.3667 -5450.5561 -5450.5398 -5456.2458 -5455.243674

1f -3176.924 0.205792 -3176.6972 -3176.7683 -3176.7656 -3177.686636 -3177.835616

1f-ts-3 -4958.6302 0.559899 -4958.0119 -4958.1676 -4958.1552 -4962.645778 -4962.101901

1f-ts-

3r -4958.6289 0.560226 -4958.0107 -4958.1647 -4958.1529 -4962.645048 -4962.101922

1f-int-

4r -4958.6908 0.562524 -4958.0702 -4958.2244 -4958.2128 -4962.705875 -4962.160724

1f-ts-

5r' -5333.4774 0.613627 -5332.7958 -5332.9756 -5332.9591 -5338.298815 -5337.362075

1g -3176.9162 0.207853 -3176.6874 -3176.7601 -3176.7565 -3177.680792 -3177.827112

1g-ts-3 -4958.624 0.561729 -4958.0041 -4958.1605 -4958.1475 -4962.640979 -4962.093565
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1g-ts-

3r -4958.6197 0.562476 -4957.9995 -4958.1535 -4958.1419 -4962.638822 -4962.092373

1g-int-

4r -4958.6825 0.564508 -4958.0601 -4958.2153 -4958.203 -4962.699377 -4962.151008

1g-ts-

5r' -5333.4697 0.615664 -5332.7861 -5332.9672 -5332.9502 -5338.294293 -5337.354334

1h -3368.5384 0.275855 -3368.2375 -3368.3177 -3368.3143 -3369.708772 -3369.79762

1h-ts-3 -5150.2455 0.631166 -5149.5526 -5149.7138 -5149.7016 -5154.666852 -5154.061617

1h-ts-

3r -5150.2426 0.630357 -5149.5501 -5149.7127 -5149.6998 -5154.663669 -5154.058248

rct4 -1723.7941 0.290043 -1723.4729 -1723.5664 -1723.5616 -1726.834042 -1726.446171

arene4

-ts-3 -5138.2315 0.453342 -5137.7229 -5137.8746 -5137.8618 -5142.486279 -5141.979126

arene4

-ts-3o -5138.2273 0.453186 -5137.7188 -5137.8705 -5137.8577 -5142.478066 -5141.973756

arene4

-ts-3p -5138.2327 0.45348 -5137.7243 -5137.8715 -5137.8611 -5142.47737 -5141.975429

rct5 -1798.8924 0.294448 -1798.5655 -1798.6645 -1798.6575 -1802.07487 -1801.676443

arene5

-ts-3 -

in -5213.3278 0.45795 -5212.8135 -5212.9666 -5212.9538 -5217.719327 -5217.204019

arene5

-ts-3-

out -5213.3268 0.457935 -5212.8125 -5212.9672 -5212.9537 -5217.71939 -5217.203736

arene5

--ts-

3o-in -5213.3225 0.457925 -5212.8082 -5212.9611 -5212.9484 -5217.711578 -5217.198451

arene5

-ts-3o-

out -5213.3222 0.457813 -5212.808 -5212.962 -5212.9488 -5217.711411 -5217.198334

arene5

-ts-3p-

in -5213.3285 0.458439 -5212.8141 -5212.9645 -5212.9532 -5217.71457 -5217.202591

arene5

-ts-3p-

out -5213.3269 0.458125 -5212.8125 -5212.9665 -5212.9533 -5217.714939 -5217.201559

rct12 -1426.5206 0.311768 -1426.1798 -1426.2688 -1426.264 -1429.045799 -1428.678001
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arene1

2-ts-3 -4840.9551 0.475883 -4840.4268 -4840.5694 -4840.5591 -4844.688978 -4844.204842

arene1

2-ts-3 -

c2 -4840.9558 0.476203 -4840.4273 -4840.568 -4840.5587 -4844.686417 -4844.205075

arene1

2-ts-3p -4840.9516 0.475861 -4840.4233 -4840.5655 -4840.5554 -4844.685907 -4844.202936

arene1

2-ts-

3p-c2 -4840.951 0.475834 -4840.4228 -4840.5643 -4840.5545 -4844.683508 -4844.201388

arene1

2-ts-3o -4840.9485 0.475274 -4840.4206 -4840.5627 -4840.5527 -4844.676657 -4844.196173

rct17 -917.69754 0.329967 -917.34115 -917.42361 -917.41975 -919.6751142 -919.3624192

arene1

7-ts-3 -4332.1279 0.493298 -4331.584 -4331.7241 -4331.713 -4335.319402 -4334.889262

arene1

7-ts-3o -4332.1213 0.493222 -4331.5775 -4331.7169 -4331.7061 -4335.308496 -4334.881006

arene1

7-ts-3p -4332.1323 0.494036 -4331.5882 -4331.7242 -4331.7154 -4335.318613 -4334.892731

rct18 -956.91929 0.358325 -956.53275 -956.61915 -956.61514 -958.991959 -958.6575218

arene1

8-ts-3 -4371.3551 0.52194 -4370.781 -4370.9237 -4370.9127 -4374.640464 -4374.189512

arene1

8-ts-3o -4371.3554 0.521749 -4370.7814 -4370.924 -4370.9132 -4374.636954 -4374.188736

arene1

8-ts-3p -4371.3496 0.522566 -4370.7754 -4370.9147 -4370.9054 -4374.62844 -4374.181094

rct19 -996.14608 0.38758 -995.72869 -995.81932 -995.81428 -998.3137032 -997.9588521

arene1

9-ts-3 -4410.5805 0.55009 -4409.9763 -4410.1237 -4410.1118 -4413.960342 -4413.488137

arene1

9-ts-3o -4410.5796 0.550033 -4409.9755 -4410.1217 -4410.1105 -4413.956386 -4413.486858

arene1

9-ts-3p -4410.5823 0.55073 -4409.978 -4410.1224 -4410.1122 -4413.957052 -4413.487479
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2.6.17 Optimised geometries 

All optimized geometries (in .xyz format with their associated energy in Hartrees) are 

included in a separate folder named alkynylation_structures_xyz with an associated 

README file. All these data have been uploaded to zenodo.org 

(DOI:10.5281/zenodo.3550223) and are freely available.
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