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1. The comparison of free energy barriers using different functionals

Table S1. The comparison of energy barrier using different functionals (kcal/mol)

Functionals 3 a-TS4, v-5 v-TS4,
MO06-L 0.0 314 0.0 20.7
BP86 0.0 36.4 0.0 22.4
BMK 0.0 433 0.0 34.1
MO06 0.0 31.6 0.0 22.4

In order to select appropriate functional for our calculation, we compare a series
of functionals which are widely used in the computational studies relevant to
catalytic hydrogenation and dehydrogenation reaction. The rate-determining
transition states and intermediates were calculated using different functionals. The
results are shown in Table S1. The relative reaction activation energy calculated
by different functionals is basically the same trend. Based on these results, we
chose M06-L as the functional considering the computational expense and

accuracy.
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2. The catalytic cycle proposed by Beller et al.
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Figure S1. The catalytic cycle proposed by Beller et al.
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3. The newly proposed catalytic cycle according to the DFT calculation
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Figure S2. The newly proposed catalytic cycle according to the DFT calculation.
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4. The potential energy surface involving the condensation reaction
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Figure S3. The potential energy surface involving the condensation reaction.

We tried to search for transition states of the condensation reaction. The proton
shuttle transition states were successfully located, which possesses a high activation
free energy barrier (AG” = 41.6 kcal/mol) and seems less plausible. Considering the
use of NaOH as the base in Beller's system, inspired by the work of Lei et al. (4sian J.
Org. Chem, 2021, 10, 634-641), we perform further calculation including NaOH. The
results show that the activation energy barrier for the condensation reaction assisted
by NaOH is 13.6 kcal/mol, which does not surpass the activation free energy barrier
of hydride transfer and is consistent with the experimental results. Although N-TS2 is
lower compared with N-1 and N-2 in solvated free energy, the electronic energy in
gas phase N-TS2 is higher than N-1 and N-2 as the transition states were located on

the potential electronic surface. Similar results have been obtained in Lei’s work..
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Figure S4. The electronic potential energy surface.
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5. The comparison of the condensation reaction using different functionals
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Figure S5. The comparison of the condensation reaction using different functionals.

Given the successful simulation of the condensation reaction process under
alkaline conditions using the ®B97X-D functional by Lei et al. (Asian Journal of
Organic Chemistry, 2021, 10, 634-641.), we performed a comparative calculation
using ®b97x-d functional. The results show that the trends of M06-L and ®B97X-D
are basically the same, and the rate-determining steps are both located in the C-O
bond cleavage step. With regard to the reliability of M06-L, the effect of CsCO; on C-
H activation reaction was investigated by Musaev et al using M06-L (J. Am. Chem.
Soc., 2014, 136, 14834-14844) and the mechanistic selectivity of [4 + 1] annulation in
the presence or absence of a catalyst was investigated by Lan et al using M06-L
(Chin. Chem. Lett., 2022, 33, 2031-2035.). These works also demonstrate the
reliability of M06-L. The main objective of this paper is to compare the energy barrier
differences and the mechanistic selectivity of ruthenium catalysts mediated by
different ligand sites. Considering that the condensation reaction is not a rate
determining step and the efficiency and reliability of M06-L in dealing with transition
metal systems, we have continued to use the M06-L calculated data to analyze the
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mechanism.

6. The mechanistic preference analysis using energetic span model
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Figure S6. The mechanistic preference analysis using energetic span model.

We used the energetic span model to analyze the calculated potential energy
surface. For the calculated data without the entropy correction, the pre-catalyst 1
undergoes the activation process and the TS1 was found to have lower activation
energy barrier. However, the subsequent a-NH pathway way requires to overcome the
barrier of 31.4 kcal/mol. Therefore, intermediate 3 returns to TS2 with the activation
energy barrier of 25.6 kcal/mol and give y-5. The rate-determining step of the
followed y-NH pathway requires to overcome 21.1 kcal/mol. Therefore, the
generation of y-5 is an irreversible process with the activation energy barrier of 25.3

kcal/mol (y-5—TS2).
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7. The catalytic activity of the catalyst without the y-NH site
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Figure S7. The comparison of the catalytic activity with and without the y-NH site.

We have selected an example of a catalyst from the Beller’s article that showed
good activity without the y-NH site and performed calculations on the absolute speed
step of the reaction. The results show that the outer-sphere hydride transfer transition
state cannot be located without the assistance of the y-NH site and MeOH. However,
the /~H elimination TS is located with an accessible activation free energy barrier of
25.7 kcal/mol, which can be overcome under reaction conditions at 70 °C. It is worth
pointing out that the energy barrier of y-NH site assisted transition state is only 21.1

kcal/mol, and thus the catalyst with y-NH site exhibits superior catalytic activity.
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8. The DFT calculated energies of all optimized structures

Table S2. The DFT calculated energies of all optimized structures

Hc

Ge

H(gas)

G(gas)

Esp + GsoL

Final G

Species hartree hartree hartree hartree hartree hartree i (em)
MeOH 0.055685 0.028759 -115.557604  -115.584530  -115.755600  -115.726841
PhNH, 0.124106 0.088281 -287.238504  -287.274330  -287.676957  -287.588676
HCHO 0.030316 0.004843 -114.369858  -114.395331  -114.534762  -114.529919
PhNCH, 0.128702 0.090786 2325275121 -325.313037  -325.757639  -325.666853
PhNCH; 0.153530 0.114002 -326.479922  -326.519450  -326.988703  -326.874701
H,0 0.025469 0.004038 -76.324566 -76.345997 -76.455741 -76.451703
NaCl 0.004504 -0.021490 -622.353963  -622.379957  -622.602752  -622.624242
NaOH 0.015404 -0.010830 237969147  -237.995381  -238.181331  -238.192161
a-site
1 0.404645 0.329559 -1401.382458  -1401.457544  -1402.884321  -1402.554762
2 0.416459 0.342591 -1017.018284  -1017.092152  -1018.476954  -1018.134363
TSI 0.466794 0.388052 -1132.577152  -1132.655894  -1134.212498  -1133.824446 -1322.34
3 0.387952 0.317420 -940.665402  -940.735934  -942.002958  -941.685538
4 0.446707 0.368780 -1056.224645  -1056.302572  -1057.755439  -1057.386659
a-TS2, 0.441554 0.367525 -1056.225203  -1056.299231  -1057.747974  -1057.380449 -1084.53
o-TS2, 0.438750 0.363110 -1056.214160  -1056.289790  -1057.740780  -1057.377670 -583.18
-5 0.446394 0.369822 -1056.233646  -1056.310218  -1057.762878  -1057.393056
-6 0.441576 0.365222 -1056.210215  -1056.286569  -1057.738993  -1057.373771
a-TS3, 0.440144 0.363278 -1056.211390  -1056.288256  -1057.731438  -1057.368160 -265.86
o-TS3y 0.441325 0.365162 -1056.185081  -1056.261244  -1057.710648  -1057.345486 -651.96
o-7 0.408848 0.337547 -941.829739  -941.901039  -943.188703  -942.851156
a-TS4, 0.537999 0.451670 -1267.117419  -1267.203748  -1268.950959  -1268.499289 -481.25
o-TS4, 0.539070 0.451630 -1267.088760  -1267.176190  -1268.924850  -1268.473220 -698.89
0-8, 0.543143 0.457007 -1267.135733  -1267.221870  -1268.973017  -1268.516010
a-TS5, 0.539287 0.455914 -1267.143571  -1267.226943  -1268.973107  -1268.517193 -1284.43
0-8p 0.539780 0.452527 -1267.119682  -1267.206935  -1268.960284  -1268.507757
o-TS5, 0.536296 0.449070 -1267.122729  -1267.209955  -1268.959513  -1268.510443 -719.17
y-site
TS2 0.469092 0.387462 -1132.565200  -1132.646800 -1134.210700  -1133.823238 -561.27
-5 0.445711 0.368762 -1056.256324  -1056.333273  -1057.780557  -1057.411795
y-TS3, 0.498662 0.410686 -1171.809746  -1171.897722  -1173.515681  -1173.104995 -304.22
y-TS3, 0.441210 0.364606 -1056.211518  -1056.288122  -1057.733200  -1057.368594 -588.88
-6 0.408816 0.336496 -941.852113  -941.924432  -943.208425  -942.871929
y-TS4, 0.594979 0.495506 -1382.721703  -1382.821175 -1384.738057  -1384.242551 -489.94
y-7a 0.543557 0.455920 -1267.167267  -1267.254904  -1269.004863  -1268.548943
y-TS5, 0.598085 0.506836 -1382.731211  -1382.822460  -1384.756871  -1384.250035 -327.20
y-TS54 0.596387 0.503612 -1382.721114  -1382.813889  -1384.732637  -1384.229025 -861.94
v-TS4, 0.538862 0.454731 -1267.138059  -1267.222190  -1268.967963  -1268.513232 -489.52

S9



¥-Th 0.540573 0.452331 -1267.139196  -1267.227437  -1268.975437  -1268.523106

y-TS5, 0.536228 0448276  -1267.124748  -1267.212700 -1268.958306 -1268.510030  -1445.29
-7, 0.598507 0499160  -1382.725554 -1382.824901 -1384.750104  -1384.250944
y-TS5, 0.594196 0499203  -1382.721214 -1382.816207 -1384.746136  -1384.246933  -1290.56
o=y
TSa 0.487504 0404059  -1133.722663 -1133.806108 -1135.380269  -1134.976210 -694.64
TSb 0.406891 0.334060 -941.793451  -941.866281  -943.155855  -942.821795 -153.46
TSc 0.461273 0382340  -1057.346271 -1057.425204  -1058.895826  -1058.513486 -814.22
TSd 0.519465 0432678 -1172.954350 -1173.041137 -1174.683772 -1174.251094 -176.68
N-TS1 0.173494 0.122540 -639.642441  -639.693395  -640.420372  -640.297832 -139.04
N-1 0.176906 0.124752 -639.652595  -639.704749  -640.437612  -640.312860
N-TS2 0.173592 0.124431 -639.655316  -639.704478  -640.438264  -640.313833 -510.54
N-2 0.177485 0.127330 -639.652830  -639.702985  -640.433908  -640.306578
N-TS3 0.172558 0.123324 -639.647661  -639.696895  -640.421269  -640.297945 -676.96
N-3 0.176288 0.124047 -639.649668  -639.701910  -640.428489  -640.304442
N-TS4 0.174577 0.123142 -639.640449  -639.691884  -640.415213  -640.292071 -155.54
N-TS5 0.210350 0.161161 -517.162890  -517.212079  -517.959752  -517.798591 -1226.90
N-4 0.218565 0.165884 -517.197661  -517.250342  -517.993571  -517.827687
N-TS6 0.208466 0.157659 -517.148190  -517.198996  -517.936828  -517.779169 -1517.04
Ru7-5 0.421044 0.344555  -1055.057402 -1055.133892  -1056.553223  -1056.208668
Ru7-TS3 0416616 0341558  -1055.015649  -1055.090708  -1056.509339  -1056.167781 -638.44
Ru7-6 0.384246 0.313856 -940.655050  -940.725440  -941.981551  -941.667695

The H¢ and G¢ designate the thermal correction of Enthalpy and Gibbs Free Energy at M06-L/def2-SVP level.

The H(gas) and G(gas) designate Enthalpy and Gibbs Free Energy in the gas phase at the M06-L/def2-SVP level.

The Egp + Gsor designates the sum of single point energy at M06-L/def2-TZVP level and the solvation free energy calculated by
SMD continuum solvent mode.

The i designates the imaginary frequency of transition states.
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9. The Cartesian coordinates (xyz) for all optimized structures
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