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Section S1 Computational Methods 

All the calculations were performed using the Gaussian 09 package.1 The more reliable 

energies were conducted at the CBS-QB3 level of theory.2 This highly accurate method is a 

composite approach, which is a five-step method starting with a CBSB7 geometry and frequency 

calculation, followed by CCSD(T), MP4SDQ, and MP2 single-point calculations as well as a CBS 

extrapolation. Moreover, many previous investigations have proposed that the CBS-QB3 method 

can provides adequately accurate energies, with a standard deviation of about 1.5 kcal•mol-1.3-5

All the stationary points including reactant complexes, transition states, and products have 

been optimized using CBSB7 (B3LYP/6-311G (2d,d,p)) method. Vibrational frequency 

calculations have been conducted at the level of theory used for optimization to characterize the 

nature of each stationary point as a minimum (real frequencies) or transition state (only one 

imaginary frequency). Intrinsic reaction coordinate (IRC)6 calculations have been carried out at 

the same level of theory from each transition state to ensure that the obtained transition states 

connected the appropriate reactants and products. Besides, to further investigate the effect of 

solvation, the obtained stationary points based on the gas phase geometries were further optimized 

using polarized continuum model (PCM)7 with dielectric constant 78.39 at CBS-QB3 method. 

1.1 IRC and reaction force F(ξ) analysis

The minimum energy paths (MEP) have been obtained by Intrinsic Reaction Coordinate (IRC) 

in mass-weighted Cartesian coordinates. In order to understand the mechanisms of tautomerisation 

reaction, the reaction force F(ξ) has been introduced by the negative of the derivative of the 

potential energy E(ξ) with respect to the reaction coordinate ξ: 8
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As the potential energy, the F(ξ) presents a universal form along the reaction coordinate. For 

an elementary step it exhibits a minimum between the reactant and the transition state and a 

maximum between the transition state and the product. These particular points define the 

transition state region and correspond to transitions between different stages of the elementary 

step.9-12

1.2 Rate constants calculation and proton tunneling correction

The theoretical rate constants were calculated by the conventional transition state theory,13 



which can be calculated from eq 2.

                                     (1)B exp( )
sk T Gk

h RT




Where kB is the Boltzmann constant, h is the Planck constant, T is the absolute temperature 

(298.15 K), R is the gas constant, and ∆Gs≠ is the activation free energy in the aqueous phase. ∆Gs≠ 

is also written as ΔGf 
s≠ and ΔGr 

s≠ to obtain the activation free energies for the forward and reverse 

reactions in the aqueous phase, which corresponding forward and reverse reaction rates are 

denoted as kf and kr, respectively.  

Based on the Lowdin's early work,14 there is the effect of proton tunneling in DNA on genetic 

information of mutations aging and tumors. In this work, quantum tunneling effect was accounted 

by Wigner’s tunneling correction,15 as it were successfully used for the double proton transfer rate 

constants in the formic acid dimmer 16 and tautomeric transition of DNA base pairs.17,18 For that 

reason, conventional transition state theory (CTST) followed by Wigner tunneling correction is 

used to provide estimates of the rate constants in the absence and presence of catalysts, which can 

be calculated from eq 3. 
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In eq. (3), Γ is correction factor that tend to decrease or increase the rate constant. Γ is obtained by 

eq 4.  

                                     (4)2

B

11 ( )
24

hv
k T



  

Where v≠ is the magnitude of the imaginary frequency associated with the vibrational mode at 

transition state. To test the validity of the Wigner correction, the rate constants for the 

tautomerism of the Cyt2t+ to CytN3+ as the H2O, HCOOH catalysts by the Eckart correction have 

been studied (Table S1). The rate constants of Eckart correction (k Eckart (298.15 K)=4.53×105 s-1, 

8.42×1012 s-1) agree well with the corresponding Wigner correction (k Wigner (298.15 K)=5.49×105 

s-1, 1.80×1012 s-1), indicates that the Wigner correction is sufficient since it yields the same order 

of magnitude. 

1.3 Dynamical stability of tautomers

According to literature,19-22 the simplest estimation of the probability of the reaction process 

followed by the lifetime agrees satisfactorily with experimental data. The lifetime (τ99.9%) needed 

to reach 99.9% of the equilibrium concentration of the reactant and product in the course of their 



mutual tautomerisation, which can be estimated by eq 5.23 
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where kf
corr and kr

corr are the rate constants for the forward and reverse reaction by the Wigner 

correction. The lifetime τ of the product complexes is given by 1/ kr
corr.

1.4 Natural Population Analysis

The natural population analysis (NPA) charges have been used to analyze the difference of 

the reaction trend in the gas and aqueous phases. They were calculated at the CBS-QB3 method, 

38adopting natural population analysis. 24,25
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Table S1 Rate constants of Eckart correction (k Eckart) and Wigner correction (k Wigner) for the 

tautomerism of the Cyt2t+ to CytN3+ isomer as the H2O, HCOOH catalysts

Paths k Wigner /s-1 k Eckart /s-1

B-RC→B-P(path B) 5.49×105 4.53×105 

C-RC→C-P(path C) 1.80×1012 8.42×1012

Table S2 Relative energies (in kJ·mol-1) of different protonated cytosine isomers both in the gas 

and aqueous phases

Species ∆Eg /(kJ∙mol-1) ∆Gg /(kJ∙mol-1) ∆Gs /(kJ∙mol-1)

Cyt2t+ 0.00 0.00 0.00

CytN3+ 6.05 5.16 -25.79

Cyt2c+ 34.00 34.00 13.43

Cyt23t+(a) 110.98 109.43 82.82

Cyt23t+(b) 128.77 126.55 107.81

Cyt23c+(a) 115.40 113.15 82.85

Cyt23c+(b) 129.30 126.89 108.06

CytN4+ 134.30 131.07 49.47

Table S3 NPA charge (e) on N3 of Cyt2t+ isomer for path C in the gas (a) and aqueous phases (b)

a b

ρN -0.54 -0.600
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