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1. Computational Methods 

In order to analyze in detail the energy differences between the ground and the first excited electronic 

state of the 1a···CO2 complex along the hydride transfer reaction coordinate for dimethylsulfoxide 

(DMSO) as a solvent, the APFD,1 ωB97XD,2 and TPSSh3,4 functionals were applied in addition to the 

ones already discussed in the main text. The cLR-PCM continuum model corrected for linear response 

solvation (cLR) scheme for solvent effects5 on the excited state was used6,7,8,9,10 as implemented in 

Gaussian16.11  The energies of the ground and first three excited states  were also obtained with the 

complete-active-space self-consistent-field (CASSCF)12,13 method complemented by second-order 

multireference perturbation theory (CASPT2) using the internally contracted multi-reference second-

order perturbation theory code (RS2C)14 as implemented in Molpro.15 Four doubly occupied π orbitals, 

one doubly occupied σ orbital and five lowest unoccupied orbitals have been selected for the active 

space (Figure S1) in the state-averaged CASSCF calculations performed, including four singlet states 

with equal weights.  Molecular orbitals of the ground and first excited state of the 1a···CO2 complex 

and the ground state of the 2a···HCO2
¯
 complex at the corresponding equilibrium geometries involved 

in the electronic states are shown in Figures S2 for the CASSCF/CASPT2 calculations and S3 for the 

DFT calculations.  
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Figure S1. Molecular orbitals included in the active space of the CASSCF/CASPT2 calculations 

obtained at the optimized geometry of the ground state of the 1a•••CO2 complex. 
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Figure S2. Important natural orbitals from the CASSCF calculations obtained at the equilibrium 

geometry of the 1a•••CO2 complex in its ground state (panel a), in its first excited state (panel b), 

and at the equilibrium geometry of the ground state of the 2a•••HCO2
- complex (panel c).  
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Figure S3 Important molecular orbitals from the DFT (ωB97XD) calculations obtained at the 

equilibrium geometry of the 1a•••CO2 complex in its ground state (panel a), in its first excited 

state (panel b), and at the equilibrium geometry of the ground state of the 2a•••HCO2
- complex 

(panel c).  
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3. Hydride transfer profiles in the 1a···CO2 complex 

Figures S4, S5 and S6 show hydride transfer reaction pathways with DMSO as the solvent obtained 

from single-point calculations at the (TD)-APFD/aug-cc-pVDZ, (TD)-ωB97XD/aug-cc-pVDZ and 

(TD)-TPSSh/aug-cc-pVDZ levels of theory, respectively, along the reaction coordinate for the first 

excited state of the 1a···CO2 complex. In going from 1a + CO2 to 2a + HCOO-, the IRC pathway is the 

same as in Figure 11 of the main text of the manuscript. Notice that the energy profiles displayed in 

Figs. S4, S5 and S6 are qualitatively similar to the profile given in Figure 11. At an energy of ~2 eV 

and reaction coordinate of ~-8, the PES of the first excited state either crosses or lies energetically close 

to the ground state of the 1a···CO2 complex.  
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Figure S4. Hydride transfer profile in the 1a···CO2 complex obtained as single-point 

calculations at the (TD)-APFD/aug-cc-pVDZ level of theory on top of  excited state IRC 

obtained at the TD-ωB97X-D/6-31+G(d,p) level of theory with DMSO as the solvent. The 

reaction coordinate is defined in mass weighted coordinates (Bohr (AMU−1/2). Dashed 

lines indicate diabatic correlation of the states. 
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Figure S5. Hydride transfer profile in the 1a···CO2 complex obtained as single-point 

calculations at the (TD)-ωB97X-D/aug-cc-pVDZ level of theory on top of excited state 

IRC obtained at the TD-ωB97X-D/6-31+G(d,p) level of theory with DMSO as the solvent. 

The reaction coordinate is defined in mass weighted coordinates (Bohr (AMU−1/2)).    

 

 



 

 

 

 

 

 

9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Hydride transfer profile in the 1a···CO2 complex obtained as single-point 

calculations at the (TD)-TPSSh/aug-cc-pVDZ level of theory on top of excited state IRC 

obtained at the TD-ωB97X-D/6-31+G(d,p) level of theory with DMSO as the solvent. The 

reaction coordinate is defined in mass weighted coordinates (Bohr (AMU−1/2)).    
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4. The IRC reaction coordinate and critical C-H bonds and O-C-O angles  

The reaction coordinate for the hydride transfer reaction in the excited state mainly involves changing 

the distance between the carbon of CO2 and the hydrogen of the organo-hydride coupled with the out-

of-plane distortion of the five-membered ring system of the benzimidazoline unit, and 

rotation/movement of the corresponding methyl groups. In addition to the abovementioned changes, the 

reaction coordinate for the hydride transfer reaction in the ground state involves also the changes in the 

O-C-O bending angle. The critical values of the C-H bond of the benzimidazoline derivative 1a and the 

O-C-O angle along the intrinsic reaction coordinate pathway for the hydride transfer in the ground and 

excited electronic states are presented in Table S1. The minus sign for the reaction coordinate implies 

reverse direction, while plus sign for the reaction coordinate means forward direction.  
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Table S1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ground state  first singlet excited state  

rc C-H [Å] O-C-O [º] rc C-H [Å] O-C-O [º] 

-10.3 1.112 179.3 -12.0 1.091 136.1 

-9.0 1.111 179.2 -11.0 1.091 136.2 

-8.0 1.109 179.2 -10.0 1.091 136.3 

-7.0 1.108 179.1 -9.0 1.092 136.4 

-6.0 1.106 179.1 -8.0 1.090 136.6 

-5.0 1.102 179.2 -7.0 1.088 137.1 

-4.0 1.098 179.1 -6.0 1.085 137.9 

-3.0 1.093 178.6 -5.0 1.083 138.6 

-2.0 1.092 173.3 -4.0 1.081 139.3 

-1.0 1.120 159.2 -3.0 1.078 140.4 

0.0 1.313 145.1 -2.0 1.073 142.3 

1.0 1.624 136.5 -1.0 1.117 143.2 

2.0 1.756 132.9 0.0 1.590 139.7 

3.0 1.878 131.4 1.0 1.972 136.6 

4.0 1.973 130.7 2.0 2.026 138.1 

5.0 2.045 130.2 3.0 2.635 139.7 

6.0 2.118 129.9 4.0 2.954 140.2 

7.0 2.187 129.7 5.0 3.248 140.6 

8.0 2.248 129.6 6.0 3.508 141.6 

9.0 2.327 129.4 7.0 3.707 142.7 

10.0 2.459 129.2 8.0 3.840 143.7 

11.0 2.642 129.0 9.0 3.933 144.6 

12.0 2.861 128.9 10.0 3.990 145.3 

12.2 2.896 128.8 11.0 4.034 145.9 

   11.9 4.070 146.2 
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Table S2. Calculated partial atomic charges (NPA) at the CAM-B3LYP/6-311+G(2d,p) level of 

theory for the transferred hydride at the optimized TS geometry in the ground electronic state of 

the 1a···CO2 and 1d···CO2 complexes and 1a and 1d species for the gas phase and DMSO. 

 

 q(H)TS (1a···CO2) q(H)donor (1a) q(H)TS (1d···CO2) q(H)donor (1d) 

gas phase  0.020 0.150 0.022 0.150 

DMSO 0.016 0.167 0.017 0.167 
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Figure S7. HOMO and LUMO of 1g (right) and the corresponding transition state (TS) (left) for 
the HT reaction in the 1g···CO2 complex. 
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Figure S8.  UV-vis spectrum of gas phase of 1a at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S9.  UV-vis spectrum of gas phase of 1b at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S10.  UV-vis spectrum of gas phase of 1c at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S11. UV-vis spectrum of gas phase of 1d at the ωB97XD/aug-cc-pVDZ level of theory. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

18 

 

 

Figure S12. UV-vis spectrum of gas phase of 1e at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S13. UV-vis spectrum of gas phase of 1f at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S14. UV-vis spectrum of gas phase of 1g at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S15. UV-vis spectrum of gas phase of 1h at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S16. UV-vis spectrum of gas phase of 1i at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S17.  UV-vis spectrum of gas phase of 1j at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S18. UV-vis spectrum of gas phase of 1k at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S19. UV-vis spectrum of gas phase of 1l at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S20. UV-vis spectrum of gas phase of 1m at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S21.  UV-vis spectrum of gas phase of 1n at the ωB97XD/aug-cc-pVDZ level of theory. 
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Figure S22. UV-vis spectrum of gas phase of 1o at the ωB97XD/aug-cc-pVDZ level of theory. 
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