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Table SI-1. Relative Energies of Low Energy Tautomers of 1,3-Cyclohexanedione (1)
level of theory Erel

a

boat diketo
(1a)

s-cis-ketoenol 
(1b)

s-trans-ketoenol 
(1c)

twist diketo
(1d)

B3LYPb 0.9 2.5 4.5 3.7
B3PW91b 0.8 2.3 4.4 3.7
M062Xb 0.9 2.2 4.4 3.7
CAM-B3LYPb 0.6 2.9 5.1 3.6
BD(T)bc 1.5 2.3 4.3 3.9
CCSD(T)bc 1.5 2.4 4.4 3.9
QCISD(T)bc 1.5 2.5 4.6 3.9

aErel = Etautomer – E chair diketo tautomer (1). 
b6-311+G(d,p) basis set. ccc-pVTZ basis

set. dB3LYP/6-311+G(d,p) optimized structure.

Table SI-2. Energy Barriers to the Cysteine Sulfenic Acid 
(Cys-SOH, 5) O-Sulfenylation of 1,3-Cyclohexanedione 
(1) Through Water-Assisted Transition States

level of theoryb ∆Ea

TSH2O TS2H2O TS3H2O
B3LYP 23.7 8.8 7.4
B3PW91 16.1 7.2 5.3
M062X 16.2 8.9 6.6
CAM-B3LYP 24.7 9.2 7.1

a∆E = Etransition state – Ereactants. b6-311+G(d,p) basis set.
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COMPUTATIONAL QUANTUM CHEMISTRY METHODS

Calculations were carried out with the Gaussian9 and Spartan10 computational programs. 

No constraints were imposed on the structures in the equilibrium geometry calculations or in the 

transition structure optimizations. In order to obtain accurate information concerning the 

optimum levels of theory for consistently predicting electronic structures, noncovalent 

interactions, and relative energies, we utilized the density functionals B3LYP, B3PW91, M062X, 

and CAM-B3LYP with the 6-311+G(d,p) triple- basis set. Equilibrium geometry and frequency 

calculations were carried out using the density functionals B3LYP, B3PW91, M062X, and 

CAM-B3LYP with the triple- 6-311+G(d,p) basis set. B3LYP is the most widely used density 

functional. The meta-hybrid generalized gradient approximation M062X functional is known for 

taking in account of weak noncovalent interactions and for predicting accurate activation 

barriers. CAM-B3LYP is the long range corrected version of B3LYP using the Coulomb 

attenuating method. BD(T), CCSD(T), and QCISD(T) with the cc-pVTZ basis set were used for 

high level single point energy calculations. CCSD(T) is known to give excellent energy results 

and in this study BD(T) and QCISD(T) predict very similar or the same relative energy values as 

CCSD(T).

The relative energies (Erel) and energy barriers include the electronic energies plus the 

zero point vibrational energies (ZPVE). Vibrational frequency analyses were carried out in order 

to assess the nature of the stationary points and to obtain zero point vibrational energies. The 

characteristics of local minima and transition states were verified by establishing that the former 

did not have an imaginary frequency and that the latter had one imaginary frequency. Intrinsic 

reaction coordinate (IRC) calculations were used to unambiguously connect transition state 

structures to their respective reactants and products. Bond angles and dihedral or torsion angles 

() are given in degrees, bond lengths and nonbonded distances in angstroms (Å), and relative 

energies in kcal/mol. The value of the bond angle is placed near the second atom in the angle.
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