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2 Relative energies between the quartet and the doublet
Table S1 Relative energies between the quartet and the doublet?

Cpd2 Cpd3 Cpd4
Functionl AEYT AGYY AHYT ASTUIAEYY AGYY AHYY ASYE|AEYY AGTY AHYY ASYA
BS1: SC-6-31G(d)
BP86 -13.1 -12.7 -13.1 -1.3|-13.3 -14.0 -13.3 2.4 |-10.6 -11.7 -10.7 3.3
PBE -12.3 -125 -124 0.3 |-13.6 -13.8 -135 0.9 |-10.8 -11.1 -11.0 0.3
B3LYP -16.4 -16.6 -16.4 0.7 |-16.4 -17.2 -16.4 2.6 |-16.2 -16.7 -16.2 1.8
B3PW9I1 -16.4 -16.5 -16.4 0.2 |-16.6 -16.3 -16.7 -1.2 |-16.0 -16.8 -16.0 2.9
BHandHLYP [-19.6 -19.6 -19.7 -0.6 |-18.6 -19.3 -18.5 2.8 (-19.4 -20.2 -19.4 3.0
PBEO -17.6 -18.1 -175 1.7 |-16.8 -17.1 -16.8 1.0 |-16.5 -16.6 -16.5 0.3
X3LYP -16.7 -18.0 -16.6 4.7 |-16.3 -17.7 -16.1 55 |-16.4 -17.1 -16.4 2.3
CAM-B3LYP|-176 -17.1 -17.7 -1.9|-17.0 -17.8 -16.9 2.9 |-16.8 -17.0 -16.8 0.8
TPSS -15.9 -15.6 -16.0 -1.2 |-16.2 -154 -16.3 -3.1 |-13.4 -14.3 -134 3.2
MO6L -20.9 -27.9 -20.9 0.8 |-21.0 -21.0 -21.1 -0.5|-195 -21.0 -194 5.6
MO06 -16.5 -16.8 -16.5 1.0 |-17.0 -185 -16.8 5.5 |-16.2 -16.2 -16.2 -0.3
MO06-2X -21.1 -214 -21.0 1.3 |-19.1 -186 -19.1 -1.4|-18.3 -19.8 -18.2 5.3
BS2: SC-Def2-SVP
BP86 -125 -12.3 -12.6 -1.0|-13.2 -13.7 -13.2 1.5 |-10.6 -11.7 -10.5 4.0
PBE -13.0 -13.7 -13.0 2.3 |-13.7 -14.4 -13.6 2.6 |-12.6 -12.1 -12.7 -2.0
B3LYP -16.4 -16.1 -16.5 -1.5|-16.4 -16.9 -16.4 1.6 |-16.1 -17.3 -15.9 4.9
B3PW91 -17.1 -165 -17.3 -2.7|-16.4 -16.9 -16.4 1.8 |-16.1 -17.7 -15.9 6.1
BHandHLYP |-19.7 -20.1 -19.8 0.9 |-21.4 -21.3 -21.5 -0.5(-19.4 -18.8 -19.5 -24
PBEO -179 -18.7 -17.9 2.7 |-17.0 -18.1 -16.9 4.1 |-16.4 -16.7 -16.4 1.2
X3LYP -17.4 -18.0 -17.3 2.2 |-17.9 -17.7 -18.0 -1.0 |-17.5 -19.0 -17.2 5.8
CAM-B3LYP|-16.8 -18.0 -16.7 4.4 |-17.8 -18.7 -17.8 3.2 |-155 -16.4 -15.3 3.7
TPSS -15.9 -16.0 -16.0 0.2 |-16.3 -16.4 -16.3 0.4 |-12.7 -13.1 -12.8 1.0
MO6L -21.1 -22.4 -20.9 5.0 |-22.4 -22.3 -22.4 -0.4 |-19.4 -20.5 -19.3 4.2
MO06 -16.7 -17.3 -16.6 2.3 |-16.9 -16.8 -16.9 -0.5|-16.3 -17.1 -16.3 2.5
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M06-2X

|-18.9 -18.4 -19.0 -19|-20.2 -234 -19.6 125/-18.9 -21.0 -185 8.4

@ AR =A%AY where A is the total electronic energy E (kcal ol ™), Gibbs free energy G

3 Deviation of key geometric parameters
Table S2 Deviation of key geometric parameters (distance d in _A, angle A in degree)
in quartet state from calculations with small-core (BS1 & BS2) and large-core (BS3 &
BS4) treatments of U?

(kcal mol™), enthalpy H (kcal mol™), or entropy S (J mol™ K™).

BS1 BS2
Functional | Cpd2 Cpd3 Cpd4 Cpd2 Cpd3 Cpd4
d d A d A d d A d A
BP86 0.03 | 0.03 | 1.54 | 0.05 | 2.18 0.03 0.03 | 1.11 | 0.05 | 1.87
PBE 0.03 | 0.03 | 1.67 | 005 | 1.88 0.03 0.03 | 1.24 | 005 | 186
B3LYP 0.08 | 0.05 | 1.02 | 0.05 | 0.72 0.08 0.05 | 0.67 | 0.05 | 0.64
B3PW91 0.05 | 0.04 | 1.24 | 0.03 | 0.57 0.05 0.04 | 0.79 | 0.03 | 0.30
BHandHLYP | 0.07 | 0.05 | 0.95 | 0.06 | 1.13 0.07 0.05 | 0.75 | 0.06 | 1.34
PBEO 0.04 | 0.03 | 1.44 | 0.04 | 0.73 0.04 | 0.04 | 099 | 0.04 | 0.74
X3LYP 0.07 | 0.06 | 1.09 | 0.05 | 0.59 | 0.07 | 0.05 | 0.71 | 0.05 | 0.63
CAM-B3LYP | 0.06 | 0.05 | 1.07 | 0.04 | 0.69 | 0.06 | 0.04 | 0.78 | 0.04 | 0.82
TPSS 0.03 | 003 | 165 | 0.05 | 1.65 | 0.03 | 0.03 | 1.21 | 0.04 | 1.62
MO6L 0.06 | 0.03 | 193 | 0.04 | 2.14 | 0.05 0.03 | 147 | 0.03 | 1.57
MO06 0.05 003 | 1.70 | 0.04 | 1.11 0.04 0.02 | 1.32 | 0.04 | 1.18
MO06-2X 0.06 | 0.03 | 206 | 0.05 | 1.84 | 0.05 0.02 | 1.60 | 0.05 | 1.97
BS3 B34

BP86 0.14 | 0.09 | 1.24 | 0.10 | 1.37 0.13 0.09 | 1.00 | 0.09 | 1.16
PBE 0.13 | 0.09 | 1.33 | 0.09 | 1.39 0.13 0.09 | 1.10 | 0.09 | 1.26
B3LYP 0.15 0.10 | 098 | 0.11 | 181 0.15 0.10 | 099 | 0.11 | 1.65
B3PW91 0.13 | 0.09 | 1.04 | 0.09 | 152 0.13 0.09 | 096 | 0.09 | 1.39
BHandHLYP | 0.13 | 0.09 | 1.04 | 0.10 | 2.02 0.13 0.09 | 1.12 | 0.10 | 1.87
PBEO 0.12 0.08 | 1.24 | 0.08 | 1.55 0.12 0.08 | 1.06 | 0.08 | 1.45
TPSS 0.13 | 0.09 | 1.18 | 0.09 | 131 0.13 0.09 | 096 | 0.09 | 1.23
MO06 0.12 0.08 | 1.57 | 0.08 | 1.69 0.11 0.07 | 1.44 | 0.08 | 1.81

% The standard deviation of the M geometrical parameters from their corresponding
experimental value.
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4 Reaction energies at quartet and doublet states

Table S3  Reaction energies (in kcal/mol) at the quartet state

Cpd2 + CO; — Cpd2 + CS; — Cpd2 + CO; — Cpd2 + CS; —
. Cpd3 Cpd4 Cpd3 Cpd4
Functional
AE  AG AH AE AG AH AE AG AH AE AG AH
BS1 BS2
BP86 -52.  -42. -53. -45. -33. -46. -50. -40. -51. -46. -36. -47.
6 2 5 4 3 1 3 8 1 8 0 2
PBE -55,  -46. -56. -49. -37. -50. -52. -43. -53. -50. -39. -50.
4 0 0 6 5 3 4 1 1 4 0 9
-57. -48. -58. -44. -33. -45. 55, -45. -55, -45, -34, -45,
B3LYP
5 7 1 6 2 0 1 9 7 4 8 7
-55. -47. -56. -48. -37. -48. -53. -43. -54, -49. -39. -50.
B3PW91
7 1 4 2 0 7 4 8 2 8 2 2
BHandHLY -62. -53. -63. -52. -40. -52. -60. -51. -61. -53. -41. -54
P 7 4 4 1 9 6 7 4 3 7 8 2
-59. -49. -59. -54, -42. -54. -56. -47. -57. -55. -43. -55,
PBEO
0 3 7 0 7 4 9 5 6 2 1 9
-58. -48. -59. -46. -34. -46. -56. -47. -57. -47. -36. -47.
X3LYP
7 8 4 4 8 9 6 2 2 2 8 5
CAM-B3LY -64. -55. -65. -52. -41. -52. -61. -52. -62. -49. -38. -50.
P 4 2 0 2 8 7 9 4 6 7 2 4
-53.  -44., -54, -46. -36. -47. -51. -42. -52. -48. -37. -49.
TPSS
8 1 5 9 3 1 5 0 1 9 2 4
-47,  -35. -47. -48. -36. -48. -48. -36. -48. -50. -38. -50.
MO6L
1 5 9 3 6 8 1 9 8 2 3 6
MO6 -55.  -44, 55, -54, -43. b4, -52. -40. -52. -53. -42. -53.
1 7 5 7 5 5 1 7 9 4 2 6
-56. -44. -57. -54, -43. -b4. -56. -47. -57. -59. -48. -60.
MO06-2X
0 5 0 4 9 9 3 5 0 9 7 5
BS3 BS4
BP86 -52.  -43. -53. -44. -32. -45. -50. -41. -51. -46. -37. -47.
8 4 6 7 2 3 8 4 5 7 1 0
PRE -55.  -46. -55. -47. -36. -48. -52. -43. -53. -49. -38. -50.
0 2 5 9 3 3 9 9 5 9 3 4
-57. -47. -57. -45. -33. -45. 55, -45. -56. -47. -35. -47.
B3LYP
3 9 9 2 7 6 3 9 0 0 8 4
-55.  -46. -56. -48. -36. -49. -53. -44. -54, -51. -40. -51.
B3PW91
5 0 2 4 1 0 8 9 4 1 0 6
BHandHLY -62. -53. -63. -52. -41. -53. -61. -51. -61. -55. -43. -55,
P 9 7 5 9 5 3 0 9 7 1 5 6
-59. -49. -59. -53. -42. -54. -57. -48. -57. -56. -44. -57.
PBEO
1 5 7 9 0 4 2 2 8 4 6 0
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PSS -53. -44. -54. -45. -33. -46. -51. -43. -52. -49. -38. -49.
7 3 3 7 3 3 6 0 2 1 7 5
MO6 -55.  -46. -b5. -b4. -42. 54, -51. -39. -52. -54. -40. -54.
1 0 5 3 4 7 7 8 6 1 4 9
Table S4 Reaction energies (in kcal mol™) at the doublet state?
Cpd2 + CO, — Cpd3 Cpd2 + CS, — Cpd4 | Cpd2 + CO, — Cpd3 | Cpd2 + CS, — Cpd4
functional AE AG AH AE AG AH AE AG AH AE AG AH
BS1 BS2

BP86 -524 | -409 | -53.3 | -47.8 | -34.3 | -485 | -49.6 | -394 | -504 | -48.7 | -36.6 | -49.3
PBE 541 | -44.7 | -549 | -51.1 | -38.9 | -51.7 | -51.8 | -42.4 | -525 | -50.9 | -40.6 | -51.3
B3LYP -574 | -48.2 | -58.1 | -44.7 | -33.1 | -45.2 | -55.1 | -45.1 | -55.8 | -45.6 | -33.5 | -46.3
B3PW91 -55.5 | -47.3 | -56.1 | -48.6 | -36.6 | -49.2 | -54.1 | -43.3 | -55.0 | -50.8 | -37.9 | -51.6
BHandHLYP | -63.8 | -53.7 | -64.6 | -52.3 | -40.2 | -52.9 | -59.0 | -50.1 | -59.6 | -54.0 | -43.1 | -54.5
PBEO -59.7 | -50.3 | -60.4 | -55.0 | -44.1 | -55.5 | -57.8 | -48.1 | -58.6 | -56.8 | -45.0 | -57.3
X3LYP -59.1 | -49.0 | -59.9 | -46.6 | -35.7 | -47.0 | -56.0 | -47.5 | -56.6 | -47.1 | -35.8 | -47.6
CAM-B3LYP | -65.0 | -545 | -65.8 | -53.1 | -41.9 | -535 | -60.9 | -51.6 | -61.5 | -51.1 | -39.8 | -51.8
TPSS -535 | -444 | -542 | -494 | -376 | -49.8 | -51.1 | -41.6 | -51.8 | -52.2 | -40.1 | -52.6
MO6L -46.9 | -35.7 | -47.7 | -49.6 | -36.7 | -50.4 | -46.8 | -37.0 | -47.3 | -51.8 | -40.2 | -52.2
MO06 -545 | -43.1 | -55.2 | -55.0 | -44.1 | -54.8 | -51.9 | -41.2 | -52.6 | -53.8 | -42.5 | -53.9
MO06-2X -58.0 | -47.3 | -59.0 | -57.1 | -455 | -57.8 | -55.1 | -42.6 | -56.3 | -59.9 | -46.2 | -61.0

@ AAded3 = Aded3 - (AdedZ +Acoz ), AA dedA = Aded4 - (AdedZ +Acs2 ).
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5 QTAIM topological analysis of selected bonds
Table S5 QTAIM topological analysis of U-X (X=C, O, S) and E-C° (E=0, S) bonds in

Cpd2, Cpd3 and Cpd4

pPRCP Viprcp Hgcp DI pPBCP Vipscop Hpgep DI

Cpd2 u-c® cc

BPs6 0.070 0.075 -0.019 1.055 0.261 -0.596 -0.223 1.153
PBE 0.068 0.079 -0.018 1.050 0.262 -0.596 -0.224 1.151
B3LYP 0.065 0.075 -0.016 1.038 0.264 -0.630 -0.230 1.144
B3PWo1 0.069 0.077 -0.018 1.052 0.265 -0.631 -0.232 1.146
BHandHLYP 0.064 0.079 -0.016 1.032 0.270 -0.684 -0.243 1.134
PBEO 0.068 0.077 -0.018 1.040 0.266 -0.640 -0.235 1.144
X3LYP 0.065 0.074 -0.016 1.033 0.265 -0.635 -0.231 1.143
CAM-B3LYP 0.065 0.079 -0.016 1.041 0.266 -0.643 -0.233 1.134
TPSS 0.067 0.077 -0.017 1.032 0.262 -0.609 -0.226 1.147
MOGL 0.060 0.079 -0.013 0.985 0.270 -0.649 -0.241 1.154
Mo6 0.064 0.081 -0.016 1.025 0.268 -0.639 -0.236 1.145
Mo06-2X 0.061 0.085 -0.014 1.016 0.263 -0.620 -0.229 1.131
Cpd3 U-0' U-o"

BPs6 0.054 0.180 -0.003 1.050 0.055 0.181 -0.003 1.049
PBE 0.055 0.184 -0.003 1.057 0.054 0.178 -0.003 1.045
B3LYP 0.051 0.179 -0.002 1.018 0.051 0.174 -0.002 1.005
B3PW91 0.053 0.187 -.003 1.034 0.054 0.185 -0.003 1.026
BHandHLYP 0.050 0.190 -0.002 1.008 0.050 0.179 -0.002 0.983
PBEO 0.054 0.191 -0.003 1.032 0.053 0.185 -0.003 1.022
X3LYP 0.051 0.177 -0.002 1.011 0.050 0.175 -0.002 1.005
CAM-B3LYP 0.052 0.184 -0.003 1.018 0.051 0.184 -0.002 1.011
TPSS 0.055 0.191 -0.003 1.062 0.055 0.185 -0.003 1.046
MO6L 0.049 0.177 -0.001 0.993 0.051 0.188 -0.001 1.026
Mo6 0.049 0.181 -0.001 0.999 0.050 0.185 -0.002 1.015
Mo6-2X 0.049 0.187 -0.002 0.990 0.056 0.204 -0.003 1.076

to be continued

The unit of pgep is € bohr®, and that of V?pgcp is e bohr®. Hgcp represents the total electron

energy density at a bond critical point (BCP), and DI(A;B) the delocalization index between

two atoms A and B.
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continued

pPROP Vippcp Hpep DI prOP Vipsce Hpcp DI

Cpd3 0% _¢® o' _¢®

BPs6 0.350 -0.268 -0.580 1.488 0.353 -0.251 -0.587 1.508
PBE 0.350 -0.263 -0.580 1.484 0.355 -0.232 -0.590 1.515
B3LYP 0.361 -0.207 -0.604 1.502 0.365 -0.184 -0.612 1.528
B3PWa1 0.362 -0.157 -0.604 1.500 0.366 -0.135 -0.612 1.524
BHandHLYP 0.373 -0.078 -0.627 1.504 0.379 -0.051 -0.638 1.539
PBEO 0.364 -0.126 -0.607 1.502 0.368 -0.114 -0.616 1.524
X3LYP 0.362 -0.204 -0.606 1.506 0.365 -0.183 -0.612 1.526
CAM-B3LYP 0.366 -0.196 -0.615 1.507 0.369 -0.164 -0.620 1.527
TPSS 0.349 -0.210 -0.575 1.482 0.353 -0.184 -0.584 1.509
MO6L 0.359 -0.046 -0.591 1.524 0.358 -0.052 -0.589 1.501
Moé 0.364 -0.178 -0.608 1.521 0.365 -0.174 -0.611 1.513
Mo6-2X 0.366 -0.031 -0.606 1.538 0.359 -0.079 -0.593 1.477
Cpd4 [-gio U.s1!

BPs6 0.046 0.084 -0.008 1.199 0.046 0.083 -0.008 1.197
PBE 0.046 0.084 -0.008 1.190 0.045 0.082 -0.007 1.182
B3LYP 0.033 0.071 -0.003 0.982 0.033 0.067 -0.003 0.974
B3PWa1 0.037 0.079 -0.005 1.029 0.037 0.076 -0.005 1.021
BHandHLYP 0.032 0.072 -0.003 0.951 0.032 0.067 -0.003 0.945
PBEOD 0.037 0.076 -0.005 1.005 0.037 0.079 -0.004 1.021
X3LYP 0.034 0.072 -0.003 0.985 0.033 0.067 -0.003 0.973
CAM-B3LYP 0.034 0.075 -0.003 0.976 0.034 0.071 -0.004 0.969
TPSS 0.043 0.086 -0.006 1.153 0.043 0.084 -0.006 1.147
Mo6L 0.036 0.082 -0.004 1.032 0.038 0.087 -0.004 1.062
Mo6 0.035 0.075 -0.004 0.997 0.035 0.074 -0.004 0.997
M06-2X 0.034 0.073 -0.004 0.969 0.035 0.076 -0.004 0.991
Cpdd s _ o g1 _ o

BPs6 0.206 -0.387 -0.184 1.336 (0.208 -0.399 -0.192 1.357
PBE 0.209 -0.402 -0.193 1.359 0.208 -0.397 -0.190 1.352
B3LYP 0.215 -0.395 -0.241 1.427 0.215 -0.380 -0.244 1.429
B3PWa1 0.216 -0.376 -0.248 1.417 0.216 -0.356 -0.251 1417
BHandHLYP 0.219 -0.180 -0.267 1.437 0.219 -0.184 -0.266 1.429
PBEO 0.217 -0.316 -0.257 1.425 0.216 -0.331 -0.255 1.416
X3LYP 0.215 -0.374 -0.247 1.433 0.214 -0.377 -0.244 1.424
CAM-B3LYP 0.218 -0.282 -0.261 1.429 0.218 -0.269 -0.261 1.432
TPSS 0.208 -0.407 -0.199 1.360 0.209 -0.411 -0.207 1.372
MO6L 0.210 -0.335 -0.235 1.404 0.210 -0.346 -0.231 1.388
Mo6 0.212 -0.374 -0.228 1.429 0.210 -0.378 -0.222 1.411
Mo06-2X 0.216 -0.263 -0.258 1.442 0.213 -0.305 -0.250 1.405
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6 Electrostatic potential and electron density

ﬁ*%

(a) BPS6 (b) PBE (e) TPSS (d) BaPWo1 {e) BHandHLYP
(f) PBED ) MO6 (h) MO6-2X {i) MO6L (i) MP2
_
Cpd3 -0.002 0.000 0.002

Fig.S1 The ESP difference between CAM-B3LYP and other methods on the
CAM-B3LYP optimized geometries of Cpd2
The isovalue for the surfaces is 0.006.

(a) BPS6 (b) PBE (c) TPSS (d) BaPWO1 (¢) BHandHLYP
(f) PBEO (g) MOG (h) MO6-2X (i) MOGL (i) MP2
E—— B
Cpd3 -0.002 0.000 0.002

Fig.2 ESP difference between CAM-B3LYP and other methods on the CAM-B3LYP
optimized geometries of Cpd3
The isovalue for the surfaces is 0.006.
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(a) BPSG (b) PBE (¢) TPSS (d) B3PWY1 (¢) BHandHLY P
(r)y PBEO (g) MOG (h) MO6-2X (i) MO6L (j) Mp2
[
Cpd4 -0.400 0.000 0.400

Fig.S3 ESP difference between CAM-B3LYP and other methods on the CAM-B3LYP
optimized geometries of Cpd4
The isovalue for the surfaces is 0.01.

(a) BPS6 (b) PBE (e¢) TPSS (d) BaPwWol1 (e) BHandHLYP

(f) PBED (&) M06 (h) M06-2X (i) MO6L () MP2
-

Cpd2 -0.0006 0.0000 0.0006
Fig.S4 The electron density di_erence between CAM-B3LYP and other methods on the
CAM-B3LYP optimized geometries of Cpd2
The isovalue for the surfaces is 0.003.
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(a) BP86 (b) PBE (c) TPSS (d) B3PWO1 (e) BHandHLYP
(f) PBEO () MOG (h) MO6-2X (i) MOGL (i) MP2
E—
Cpd3 -0.0004 0.0000 0.0004

Fig.S5 The electron density di_erence between CAM-B3LYP and other methods on the

CAM-B3LYP optimized geometries of Cpd3

The isovalue for the surfaces is 0.003.
(d) B3PWO1 (¢) BHandHLYP

2

(h) M06-2X (i) MOGL (G) MP2

(f) PBED

Cpd4 -0.02 - 0.00 0.02

Fig.S6 The electron density di_erence between CAM-B3LYP and other methods on the
CAM-B3LYP optimized geometries of Cpd4
The isovalue for the surfaces is 0.006.
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