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8. Computational Methods:

Density functional theory (DFT) calculations were performed with Gaussian 16 rev. B.01.!
Geometry optimizations were initially performed using the global-hybrid meta-NGA
(nonseparable gradient approximation) MN15 functional? with the def2-SVP** Karlsruhe-
family basis set and the optimized structures further refined with a mix of larger basis set
consisting of triple-{ valence def2-TZVPPD (where ‘D’ indicates diffuse basis functions) for
Pd>¢ and Ag>® atom and def2-SVP3* for all other atoms (BS1). Minima and transition
structures on the potential energy surface (PES) were confirmed using harmonic frequency

analysis at the same level of theory, showing respectively zero and one imaginary frequency.

Single point (SP) corrections were performed using MN15 functional and def2-QZVP?
basis set for all atoms. The SMD implicit continuum solvation model’ was used to account for
the effect of hexafluoroisopropanol (HFIP) solvent on the computed Gibbs energy profile.
Since HIFP solvent is not available in the list of default/pre-defined solvents in the Gaussian
16 software, it is herein parametrised using a set of seven parameters.” These include 1) the
static dielectric constant of the solvent at 25°C (Eps = 16.7);¥1° 2) dynamic (optical) dielectric
constant — the square of the refractive index value of 1.275 at 20°C was used!! (Epsinf =
1.625625); 3) hydrogen bond acidity (HBondAcidity = 0.77)'? and 4) hydrogen bond basicity
(HBondBasicity = 0.10)"?, which are Abraham’s 4 and B values respectively; 5) the surface
tension of the solvent at interface (SurfaceTensionAtInterface = 23.23)"® —this value is obtained
from the conversion of the surface tension of HFIP at 16.14 mN/m at 25°C!* to cal mol™! A
used in the SMD model by the conversion factor of 1 dyne/cm = 1 mN/m = 1.43932 cal mol!
A2 as outlined in the Truhlar’s Minnesota Solvent Descriptor Database'’; 6) carbon aromaticity
— the fraction of aromatic carbons (CarbonAromaticity = 0.00) and 7) electronegative
halogenicity — the fraction of halogens (Electronegative Halogenicity = 0.60). These
parameters were specified using the keyword “SCRF = (SMD, Solvent= Generic, Read)” in

Gaussian 16.

Gibbs energies were evaluated at the reaction temperature of 353.15 K (80°C), using a
quasi-RRHO treatment of vibrational entropies.!®!” Vibrational entropies of frequencies below
100 cm™! were obtained according to a free rotor description, using a smooth damping function

to interpolate between the two limiting descriptions. The free energies were further corrected
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using standard concentration of 1 mol/L, which were used in solvation calculations. Unless
otherwise stated, the final SMD (HFIP)-MN15/def2-QZVP//MN15/BS1 Gibbs energies are
used for discussion throughout. A/l Gibbs energy values in the text and figures are quoted in
kcal mol’. All molecular structures and molecular orbitals were visualized using PyMOL

software.'®

9. Model reaction:
In this study, we select the model reaction depicted in Scheme S1 for in-depth mechanistic

investigations using DFT modeling.

Pd(OAc), (10 mol%) H

H N-Ac-Phe Alanine (20 mol%) /
@(\> N A0 2-methyl quinoxaline (30 mol%) A\ o . A\
s Ag,CO5 (2.5 equiv.), CuFy. 2H,0 (2 equiv.) s s

HFIP (0.8 mL), 80°C, 24 h

Scheme S1. Model reaction used for DFT based mechanistic studies.

10. Possible conformers of C—H activation transition states (TSs) via concerted metalation
deprotonation (CMD)

We have explored various possible conformations for the crucial C—H activation step transition
state TS1, with a-TS1 corresponding to C>—H activation and b-TS1 representing the C;—H
activation, Figures S2 and S3, respectively. Our computational results show that a-TS1 is the
most stable conformer, with a stability difference of 0.8-1.9 kcal mol™! compared to its other
conformers (a-TS1’, a-TS1"', and a-TS1'"") (Figure S2), and it exhibits higher stability by
0.9-2.1 kcal mol ™! than the competing transition state b-TS1 and its conformers (b-TS1’, b-
TS1", and b-TS1'"") (Figure S3).

S141



a-TS1 a-Ts1’

AG* = 0.0 kcal mol? AG* = 0.8 kcal mol?

a-Ts1” a-Ts1””

AG* = 1.2 kcal mol? AG* = 1.9 kcal mol?

Figure S2. DFT optimized possible conformers of C,—H activation transition states. The Gibbs
activation free energy values (in kcal mol™) are given relative to the most stable TS, a-TS1.
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b-TS1 b-TS1’

AG* = 0.0 kcal mol? AG* = 0.4 kcal mol?

b-TS1” b-TS1"”

AG* = 1.2 kcal mol? AG* =0.7 kcal mol?

Figure S3. DFT optimized possible conformers of Cs—H activation transition states. The Gibbs
activation free energy values (in kcal mol™) are given relative to the most stable TS, b-TS1.

11.C-H activation with different ligand binding mode

We explored an alternative configuration of the C—H activation step where the ligand binds via
the other N atom, different from that in a-TS1. In this configuration, referred to as a-TS1a, 2-
methoxy quinoxaline ligand coordinates to the Pd center via the nitrogen atom at the a-position
to the methyl substituent, Figure S4. Our DFT calculations suggest that the C>-H activation via
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a-TS1a is less favorable than a-TS1 by 1.5 kcal mol !, indicating that this alternative pathway
is less kinetically preferred.

a-TS1 a-TS1a

AG* = 10.4 kcal mol’! AG*=11.9 kcal mol’!

Figure S4. DFT optimized geometries of the C,—H activation transition states with different ligand
binding modes. The Gibbs reaction and activation free energies are (given in kcal mol™) relative to the
starting catalyst catalyst Pd(OAc),.

12. Role of Ag>COs3 in the 1,2-migratory insertion step

Alternatively, from a-INT3, we have explored 1,2-migratory insertion assisted by silver
carbonate (Ag2COs3), Figure SS5. In the presence of Ag2COs, our results suggest that the overall
estimated barrier, a-TS2_Ag (13.5 kcal mol ! above INT1), is lower by only 0.5 kcal mol ! to
that of a-TS2, (14.0 kcal mol ! above INT1), where Ag,COs is absent, Figure 1 of the main
text and Figure S5. These findings are supported by the minor changes (< 5 pm) observed in
the calculated crucial distances of Pd—C and C—C bond distances, implying that Ag>CO3; may

not have significant role in influencing the studied 1,2-migratory insertion step.

a-TS2 a-TS2_Ag

AG* = 14.0 kcal mol? AG* =13.5 kcal mol?
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Figure S5. DFT optimized transition state structures for the 1,2-migratory insertion step, without
AgrCOs, a-TS2, and in the presence of Ag>,COs, a-TS2_Ag. The Gibbs free energy barrier values (in
kcal mol ™) are given relative to the stable intermediate INT1.

13. f/—H and f'-H transfer TS structures: cis vs. trans conformers

From a-INT4, we have explored the transfer of both H atoms from £ and " positions to the
metal Pd center, resulting in cis and trans conformations for the corresponding TS structures,
a-TS3 and a-TS3’, Figures S6. From a-INT4, the calculated TS barriers for f—H transfer
reaction reveal that the cis conformer, a-TS3_cis, is more favorable by 1.2 kcal mol™! compared
to the trans conformer, a-TS3_trans, Figure S6. On the other hand, for f#'-H transfer reaction,
the computed TS barrier for the trans conformer, a-TS3’_trans, is lower in energy by 1.8 kcal
mol ™! compared to cis conformer, a-TS3’_cis. Overall, the calculated TS barriers suggest that
[—H transfer via a-TS3_cis has the lowest activation barrier, which is lower in energy by 0.6
kcal mol™! compared to f'~H transfer via a-TS3'_trans, and is therefore predicted to be

kinetically most favorable.

a-TS3_cis a-TS3_trans

AG* = 0.0 kcal mol™? AG* = 1.2 kcal mol?
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a-TS3’_trans

0.6 kcal mol*

AG* =

a-TS3’_cis

2.4 kcal mol?

AG* =
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)
» 1.6
];,19

1

1.56

Figure S6. DFT optimized cis and frans conformers of the transition state structures for the f—H (a-
TS3) and f~H (a-TS3’) transfer step. The Gibbs activation free energy values (in kcal mol™!) are given
relative to the most stable TS, a-TS3_cis for the f—H transfer step.

14. Product release from intermediate a-INTS_cis
In this section, we explore various possibilities for releasing the alkylated product from
intermediate a-INTS_cis, Scheme S2.

Firstly, the release of the alkyl product from a-INTS5_cis with the substation of one
molecule of benzothiophene (Scheme S2a) leads to INT10, which is uphill by 8.8 kcal mol !,
rendering it an unfavorable process. Alternatively, using a 2-methyl quinoxaline ligand to
displace the product from a-INT5_cis (Scheme S2b) results in the formation of INT11, which
is slightly downhill by -1.3 kcal mol™!. Furthermore, using Ag>COs salt to displace the product
(Scheme S2c), leads to the formation of a more thermodynamically stable Pd—Ag species INTS,
which is downhill by 6.8 kcal mol™!, Finally, when CuF2.2H,0 is used to displace the product
(Scheme S2d), it forms the most thermodynamically stable Pd—F—Cu species INT6, which is

downhill by 9.6 kcal mol!, making it the most favorable process.
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Scheme S2. Thermodynamics for the release of alkyl product from a-INT5_cis. Note that the free

energy of the Ag,CO3 monomer is considered as half of its dimer's computed free energy.
15. Formation of Pd(0) species: CuF2.2H20 vs Ag2CO3

When using CuF,.2H,0, the formation of Pd(0) species INT7 from INT6 via a reductive

elimination step is exergonic, lying 4.9 kcal mol ! below INT6, Scheme S3. In contrast, with
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Ag>COs, the formation of Pd(0) species INT9 is endergonic, lying 1.0 kcal mol ! above INTS,
suggesting that CuF».2H>O forms a more stable Pd(0) species compared to Ag>COs.

?
—0  F— \
,"H \c/ I *;* | H
@ HG “g —_— o, F---0 4G, = -4.9 keal mol™!
\ / gz H--5
H---F O Ph H g Ph
HN HN_ me
Jre T
o o
INT6 INT?7
-18.8 kcal mol ™' 23.7 keal mol™!

\ / 1=
o) Ad
(b) Ag-Rd( M 4G, = 1.0 kcal mol!
0\/ \ o Ph \/ \o \ I o
BN Z
\E’/o 0% C/ 0)\(\
' NH /! NH
IV ‘/'( Oo—_ ,’0\(
O—ag--""" e AT e
INT8 INT9
~16.0 keal mol™" ~15.0 keal mol™!

Scheme S3. Formation of Pd(0) species assisted by a) CuF2.2H>0, and b) Ag>COs. Note that

the free energy of the AgoCO3 monomer is considered as half of its dimer's computed free

energy.
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16. Pathway for the formation of minor olefin product

In this section, we explore an alternative pathway from a-INT5_cis, leading to the formation
of a minor olefin product, Scheme S1 and Figure S7. In detail, from a-INTS_cis, the transfer
B-H to the Pd center leads to intermediate a-INT6, proceeding through a-TS4 with an
activation free energy barrier of 26.7 kcal mol™! (or a significant overall energy barrier of 39.4
kcal mol™! above a-INT4), Figure S7. This reaction is endergonic with a-INT6 lying at 13.5
kcal mol ! above a-INT5 _cis, Figure S7. Subsequently, the removal of H2 molecule from a-
INT6 is exergonic by 15.9 kcal mol ™!, leading to the formation of Pd-allyl intermediate a-
INT?7, Figure S7. Next, the transfer of a hydride from the OH group in a-INT7 to the Pd metal
center results in the formation of intermediate a-INT8, where the olefin product is coordinated
to the Pd metal center, Figure S7. This step proceeds through transition state a-TS5 and requires
overcoming a significant free energy barrier of 40.1 kcal mol ! above the stable intermediate
a-INT4. Finally, removal of the product from a-INT8, assisted by CuF>.2H>O, forms INT6’,
and the subsequent reductive elimination leading to INT7’, followed by a redox reaction

regenerates the starting Pd(II) catalyst.
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Figure S7. Gibbs free energy profile for the pathway leading to minor olefin product starting from most stable
intermediate a-INT5_cis. The free energies computed at SMD(HFIP)-MN15/def2-QZVP//MN15/(def2-TZVPPD
for Pd, Ag + def2-SVP for all other atoms). All values are given in kcal mol™' with respect to starting catalyst
Pd(OAc),, and all other substrates. TDI = Turnover-frequency Determining Intermediate, TDTS = Turnover-
frequency Determining Transition State.
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From Figure S7, it is evident that a-TSS exhibits the highest barrier among all the steps
in the catalytic cycle, making it the TDTS, while a-INT4 represents the TDI, being the most
stable intermediate in the studied catalytic cycle. The catalytic cycle exhibits an overall
energetic span (JE) of 40.1 kcal mol ™!, which is significantly higher than the calculated SE of
23.6 kcal mol ! for the alkylated product cycle, thus providing a possible explanation for the

observed olefin product as a minor product, Figure 1 of the main text and Figure S7.
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17. DFT optimized crucial transition state structures (TSs)

a-TS1 a-TS2

a-TS3_cis a-TS3’_trans

a-Ts4 a-TS5
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Figure S8. DFT optimized crucial transition state structures for the studied steric-controlled alkylation
mechanism catalyzed by Pd(OAc),, using benzothiophene as a substrate.

18. Optimized structures and absolute energies,

Geometries of all optimized structures (in .xyz format with their associated energy in Hartrees)

are included in a separate folder named DFT optimized structures . All these data have been

deposited and uploaded to zenodo.org under https://zenodo.org/records/13736351 (DOI:

10.5281/zenodo.13736351).

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

and quasi-harmonic Gibbs free energy (at 80°C/353.15 K) for optimized structures are given

below. Single point corrections in SMD hexafluoroisopropanol (HFIP) using MN15/def2-

QZVP level of theory are also included.

SP MN15/def2-
Structure E/au ZPE/au H/au T.S/au qh-G/au
QZVP
2-metquinoxaline 456336192 0.152089 456171442 _ 0.050729  -456.221535 45717118
H» 21161085 0.010237  -1.146933 0.01445 -1.161384 -1.170285
HOAc 228644533 0.062197  -228.575319  0.036448  -228.611431 -229.064576
N":l:;l:;“yl -706.046474 0228529  -705.797308  0.07206  -705.864968 -707.3377621
Pd(OAc): -583.809931  0.104327  -583.69077  0.058986  -583.746967 -584.634037
allylalcohol 192715366 0.085284  -192.62243  0.037183  -192.659594 -193.083054
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CuF2.2H20
Ag:CO3_dimer
Ag:CO3
Ag_allylalcohol
Benzothiophene

Alkyl product-
enol

Alkyl product-
keto

product-olefin
Intl
a-Intl
a-TS1
a-TS1'
a-TS1"
a-TS1'"
a-TSla
b-TS1
b-TS1'
b-TS1"
b-TS1'"
a-Int2
a-Int3
a-Int3_Ag
a-TS2
a-TS2_Ag
a-Int4
a-Int4_Ag
a-TS3 cis
a-TS3 trans
a-TS3' cis
a-TS3' trans
a-IntS_cis

a-IntS_trans

-1992.780618

-1113.572915

-556.7864575
-749.507602
-705.748773

-897.296837

-897.309024

-896.097731
1745.281907

1994.689987

1994.669752
-1994.669681
1994.669809

1994.667197

-1994.6723

1994.669787
1994.667898

1994.667515

1994.667579

1994.698495
-2187.441458
-2744.247666
-2187.41602
-2744.235464
-2187.474251
-2744.290457
-2187.442514
-2187.440346
-2187.437518
-2187.432844
-2187.444846
-2187.442325

0.054891
0.036678
0.018339
0.10545
0.115291

0.181404

0.180877

0.158321
0.514253
0.476741
0.471698
0.471994
0.471868
0.471807
0.472141
0.471772
0.471637
0.471849
0.471655
0.477838
0.564793
0.584531
0.56311
0.583336
0.566682
0.58552
0.561953
0.56188
0.562271
0.561293
0.563271
0.563059

-1992.71412
-1113.51634
-556.75817
-749.385179
-705.623386

-897.098491

-897.111451

-895.923504
-1744.7196
-1994.16793
-1994.153037
-1994.15275
-1994.153
-1994.15036
-1994.15549
-1994.15317
-1994.15122
-1994.15083
-1994.15085
-1994.17511
-2186.822761
-2743.599097
-2186.799298
-2743.58862
-2186.854773
-2743.641771
-2186.82792
-2186.825878
-2186.822361
-2186.81812
-2186.828113
-2186.82578
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0.049566
0.077449
0.0387245
0.066009
0.044624

0.061851

0.062878

0.059588
0.135085
0.126964
0.127585
0.126894
0.126524
0.127588
0.12496
0.125236
0.127582
0.125348
0.127817
0.129804
0.146049
0.171586
0.146731
0.170935
0.142956
0.168489
0.143182
0.142513
0.145151
0.148663
0.147195
0.146749

-1992.76284
-1113.58873
-556.794365
-749.448127
-705.668008

-897.158358

-897.171332

-895.981304
-1744.84308
-1994.28527
-1994.270341
-1994.26979
-1994.26989
-1994.26765
-1994.27138
-1994.26943
-1994.26851
-1994.26719
-1994.26826
-1994.29381
-2186.956838
-2743.754749
-2186.933065
-2743.743443
-2186.986253
-2743.795252
-2186.959533
-2186.957017
-2186.955056
-2186.95281
-2186.96227
-2186.95964

-1993.539747

-1114.551126
-557.275563
-750.365744

-706.5512789

-898.4541917

-898.4612764

-897.2420066
-1748.226272
-1997.599911
-1997.574293
-1997.573529
-1997.572874
-1997.571418
-1997.573298
-1997.573820
-1997.572215
-1997.571914
-1997.571609
-1997.603887
-2190.714843
-2747.994595
-2190.689388
-2747.978266
-2190.741518
-2748.03464
-2190.71186
-2190.710276
-2190.707535
-2190.707999
-2190.715866
-2190.714635



a-Int5'_cis -2187.441451 0.563987  -2186.824166  0.144328  -2186.957042 -2190.710612
a-Int5'_trans -2187.443592  0.563613  -2186.82654  0.145675 -2186.96012 -2190.71493
Int6 -3282.974404  0.437009 -3282.4891 0.13752 -3282.6143 -3285.81503
Int7 -3282.98458 0.436028 -3282.499 0.14196 -3282.6278 -3285.819545
Int8 -1846.952501 0.399858  -1846.506754  0.133507  -1846.628303 -1849.53612
Int9 -1846.943488  0.401743  -1846.495426  0.136656  -1846.618862 -1849.535016
Int10 -1995.881775  0.496427  -1995.33837  0.129152  -1995.458295 -1998.797633
Int11 -1746.488647  0.533772  -1745.905413  0.135289  -1746.030578 -1749.434372
a-TS4 -2187.401655  0.557759  -2186.790422  0.144178 -2186.92337 -2190.669139
a-Int6 -2187.422453  0.559526  -2186.809249  0.143375  -2186.942121 -2190.692182
a-Int7 -2186.271265  0.543583  -2185.675388  0.142162  -2185.806343 -2189.531448
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