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Quantum chemcial characterization of homogeneous catalytic processes for water 
splitting and Co2 reduction
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Mechanism of Water Oxidation Catalysis 

PCM/B3LYP:  Yang and Baik, JACS 2008, 130, 16231 
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The electronic structure of [4,4]3+  

Q S0 (AF) S1 (CS) T 
CASSCF -0.8 0 26.5 -0.8/13.5 
CASPT2  0.5 0 32.5  0.7/16.6 
DFT/B3LYP -0.8 0 44.8 7.2 
DFT/M06L -1.0 0 9.3 

Q: 82 % weight 
S0: 15 % AF + mixture of 4 different closed-shell config. (15 % weight each)  
S1: 43 % CS + 11 % AF + some other CS config. with ~5 % weight each 
T: two degenerate + 1 lower in energy: strongly multireference character 

1.  Ground state? 
2.  RuIV=O vs. RuIII–O–• ? 



N

RuII

N

N OH2

OH2

N

N

RuVI

N

N O
O

N

N

RuIV

N

N O
O

N

N

RuIV

N

N O
O

N

O H

H

N

RuIV

N

N O
O

N

O H

H

- 4H+

- 4e-

H2O

PATH A
(Nuc)

PATH B
(Intra)

O-O
O-O

H2O
H2O

H2O

N

N

N

N

RuVI
O

O

2+ 

2+ 

2+ 

2+ 
2+ 

2+ 



N

Ru

N

O

O

N

N

N

RuII

N

OH2

OH2

N

N

–4 e–

–4 H+

N

Ru

N

O

O

N

N

N

Ru

N

OH2

O

N

N

N

Ru

N

OH

OOH

N

N

N

Ru

N

OH2

O

N

N

intramolecular
bond formation

O

+H2O

+H2O

tautomerization

+H2OO

–O2

+H2O
–O2

0.0 29.619.2

57.5‡24.5‡

20.5‡

25.1‡

15.7

nucleophilic attack

2+



N

N

N

N

RuVI
O

O

N

Ru

N

NN

O O

O O
L4Ru

dxy dyzdxz

π hybridization of octahedral RuII

d orbitals with 2 neutral O atoms

N

N

N

N

RuIII
O

O



N

N

N

N

RuIII
O

O

N

N

N

N

RuVI
O

O



N

Ru

N

NN

O O O O
L4Ru

dyzdxz

cis

N

Ru

N

O N

ONO

O
L4Ru

dxz

trans

dyz

ν







Catalytic Experiments 



Catalytic Experiments 

R = -COOEt or -OMe  



Proposed Catalytic Cycle 

CO2 insertion 

Heterolylic Cleavage 

Ligand Substitution 



Density Functional Theory (Gaussian09) 

M06-L Functional (Meta-GGA)  

SMD continuum solvation model  
(Solvent=2,2,2-TriFluoroEthanol) 

All stationary points were verified  
by analytic computation of vibrational frequencies 

Opt. Single Point 

Ru SDD (ECP28MWB) SDD (ECP28MWB)

H, C, O  6-311G(d,p) 
6-311G+(2df,p) Polypyridyl 

Ligands 
MIDI! 
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