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Figure 1S: Methodological flow chart for calculations of free energy surfaces for the reaction 3 

using mechanisms 1 (steps 1, 2, 3A, 4, 5) and 2 (steps 1, 1B, 2, 3B, 4). The pKa corrections at pH 7 

(steps 3A and 3B) are based on the experimental pKa for the first protonation of #-phosphate in 

deoxyadenosine triphosphate (6.6), for the second protonation of methyl triphosphate (1.6), and for 

dexyribose (12.67).   



 

 

Figure 2S: Relationship between pKa of the leaving group (PPi or !"#-substituted bisphosphonate) 

and the NBO charge of Olg atom, average charge of O45, or charge of P!+Xtot+P" of methyl 

triphosphate complexes doubly protonated on the gamma phosphate (Figure 1). The purple 

diamonds (R=0.95, slope=-0.003), red circles (R=0.97, slope=-0.0073), and green triangles 

(R=0.95, slope=0.047) represent the Olg charge, average of the charges of the two nonbridging O 

atoms on b-phosphate (O45), and the charge on P!, the bridging C (or O for parent O) with 

substituents and P", for doubly protonated compounds, respectively. The value of the charge on P!, 

the bridging C (or O for parent O) with substituents and P" correspond to the Y-axis on the right. 

 



 

 
 

Figure 3S: Relationship between pKa of the leaving group (PPi or !"#-substituted 

bisphosphonate) and the Mulliken charge of Olg atom (purple and orange points), or 

average charge of O45 and atoms (blue and red points) of methyl triphosphate 

complexes. The purple diamonds (R=0.78, slope= -0.0028) and orange triangles 

(R=0.93, slope= -0.0029) represent Olg charges for unprotonated and doubly 

protonated compounds, respectively. Red circles (R=0.89, slope=-0.007) and blue 

squares (R=0.96, slope=-0.0072) represent average of the charges of the two 

nonbridging O atoms on b-phosphate (O45), for unprotonated and doubly protonated 

compounds, respectively.  



 
Figure 4S: Atomic charge in the reactant state on P#, O12, -OCH3 (CH3PO3) vs pKa4 for 

unprotonated methyl triphosphated analogs and pKa2 for doubly protonated methyl triphosphated 

analogs (R=0.93, slope=-0.0038).  

 
 



 
 

Figure 5S: Relationship between activation free energy and reaction free energy for the reactions 1 

(squares) and 2 (circles). The activation free energies for the reaction 1 were evaluated for TS along 

the dissociative pathway (point D6 in Figure 3). The activation free energies for the reaction 2 were 

evaluated as the average of activation free energies for the synchronous and dissociative pathways 

(points S7 and D9 in Figure 3). The slope and correlation coefficient for the linear fit of all points 

(full line) are 0.59 and R = 0.97, respectively. Slopes for the lines fitted separately using the 

reaction 1 and reaction 2 points are 0.45 and 0.79, respectively. 
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Table 2S: Variation of Mulliken charges of atoms and groups during model nucleotide transfer 
reactions in aqueous solution.  
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 total chargea (a.u.) 
atom/groupb —————————————————————————————————————————— 

 R$ R3.6 TSA TSS TSD P$ 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

!"#$%&'()*+*#!
lg -1.32 -1.41 -1.66 -1.73 -1.83 -2.00 

Olg -0.47 -0.56 -0.58 -0.62 -0.68 -0.81 

nuc -1.00 -0.91 -0.66 -0.67 -0.71 -0.53 

Onuc -0.99 -0.88 -0.72 -0.73 -0.76 -0.42 

CH3PO3 -0.68 -0.68 -0.69 -0.60 -0.46 -0.47 

P$ 0.93 1.00 1.09 1.10 1.10  0.89 

P! 0.89  0.93  0.90  0.90  0.89  0.89 

P#  0.85  0.87  0.85  0.85  0.85  0.85 

  -0.71 -0.71 -0.78 -0.76 -0.71 -0.71 
  -0.72 -0.74 -0.77 -0.78 -0.79 -0.82 

 
 -0.78 -0.80 -0.80 -0.81 -0.81 -0.81 

Mg 1.44 1.46   1.56  1.56 1.56   1.56!

 
!"#$%&'()*,*-!

lg 0.61 0.48  0.22 0.21  0.11  0.00 

Olg -0.44 -0.50 -0.57 -0.57 -0.63 -0.71 

nuc -1.00 -0.87 -0.50 -0.64 -0.68 -0.60 

Onuc -0.99 -0.90 -0.72 -0.73 -0.76 -0.42 

CH3PO3 -0.61 -0.61 -0.62 -0.56 -0.42 -0.40 

  -0.69 -0.69 -0.78 -0.74 -0.71 -0.70 

Mg 1.44 1.44 1.66  1.56  1.56  1.56 

––––––––––––––––––––––––––––––––––––––—————––––––––––––––––––––––––  

a Atomic charge or the sum of atomic charges for the group of atoms. Mulliken atomic charges that 

were calculated at the PCM/B3LYP/TZVP//HF/6-31G* level. R$, R3.6, P$, TSA, TSS, and TSD
 



denote, respectively, infinitely separated reactants (i.e. THFO- and methyl triphosphate%Mg 

complex, Figure 1), reactants with the Onuc – P$ distance of 3.6 Å, infinitely separated products (i.e. 

phosphate diester and PPi%Mg complex), and transition states along the associative, synchronous 

and dissociative pathways (Figure 3).  
b The nucleophile (nuc) includes all atoms of the THFO moiety. The leaving group (lg) includes 

complex of Mg2+ ion with three water molecules and !- and #-phosphate groups. CH3PO3 denotes!

"Metaphosphate’ moiety that consists of P$, O1, O2, O3 atoms and the methyl group. 

! 

O1,2 ,  and 

 denote average of atomic charges of non-bridging oxygen atoms on the $-, !-, and #-

phosphate, respectively. For atom numbering, see Figure 1. 
c See eq 2 
d See eq 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 3S: Variation of ESP charges of atoms and groups during model nucleotide transfer reactions 
in aqueous solution.  
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
 total chargea (a.u.) 
atom/groupb —————————————————————————————————————————— 

 R$ R3.6 TSA TSS TSD P$ 
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

!"#$%&'()*+*#!
lg -1.35 -1.53 -1.85 -1.89 -2.00 -2.00 

Olg -0.63 -0.74 -0.78 -0.82 -0.90 -1.03 

nuc -1.00 -0.93 -0.63 -0.65 -0.69 -0.71 

Onuc -1.23 -1.17 -1.02 -1.03 -1.07 -0.69 

CH3PO3 -0.65 -0.54 -0.52 -0.46 -0.31 -0.29 

P$ 1.41 1.41 1.38 1.38 1.60  1.26 

P! 1.47  1.51  1.54  1.56  1.60  1.59 

P#  1.57  1.49  1.44  1.44  1.44  1.41 

  -0.89 -0.80 -0.80 -0.79 -0.76 -0.74 
  -0.91 -0.95 -0.98 -0.99 -1.00 -1.01 

 
 -1.00 -0.98 -0.98 -0.98 -0.99 -0.97 

Mg 1.68 1.70   1.62  1.62 1.60   1.59!

 
!"#$%&'()*,*-!

lg 0.57 0.36  0.17 0.16  0.11  0.00 

Olg -0.63 -0.62 -0.61 -0.62 -0.65 -0.89 

nuc -1.00 -0.92 -0.45 -0.49 -0.53 -0.44 

Onuc -1.23 -1.23 -0.86 -0.89 -0.92 -0.69 

CH3PO3 -0.57 -0.45 -0.71 -0.68 -0.58 -0.56 

  -0.89 -0.84 -0.78 -0.78 -0.73 -0.72 

Mg 1.59 1.75 1.76  1.79  1.81  1.54 

––––––––––––––––––––––––––––––––––––––—————––––––––––––––––––––––––  

a Atomic charge or the sum of atomic charges for the group of atoms. ESP atomic charges that were 

calculated at the PCM/B3LYP/TZVP//HF/6-31G* level. R$, R3.6, P$, TSA, TSS, and TSD
 denote, 

respectively, infinitely separated reactants (i.e. THFO- and methyl triphosphate%Mg complex, Figure 



1), reactants with the Onuc – P$ distance of 3.6 Å, infinitely separated products (i.e. phosphate 

diester and PPi%Mg complex), and transition states along the associative, synchronous and 

dissociative pathways (Figure 3).  
b The nucleophile (nuc) includes all atoms of the THFO moiety. The leaving group (lg) includes 

complex of Mg2+ ion with three water molecules and !- and #-phosphate groups. CH3PO3 denotes!

"Metaphosphate’ moiety that consists of P$, O1, O2, O3 atoms and the methyl group.  ,  and 

 denote average of atomic charges of non-bridging oxygen atoms on the $-, !-, and #-

phosphate, respectively. For atom numbering, see Figure 1. 
c See eq 2 
d See eq 1.  
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Table 7S: NBO Atomic Charge vs pKa and charge difference vs pKa correlations for 
substituent compounds. 
 
 Mechanism 2 Mechanism 1 
 Slope R2 Slope R2 
 RS 
O12 -0.0017 0.5483 -0.0017 0.5825 
O45 -0.0077 0.814 -0.0078 0.9421 
Olg -0.0032 0.6738 -0.0033 0.9385 
CH3PO3 -0.0056 0.6605 -0.006 0.7516 
P!+Xtot+P" 0.0529 0.8275 0.0504 0.9275 
 TSAVE(S+D) TS (D) 
O12 -0.0007 0.2836 -0.0003 0.0909 
O45 -0.0074 0.7835 -0.0086 0.8694 
Olg -0.0058 0.706 -0.0062 0.7952 
CH3PO3 -0.0025 0.4268 -0.0025 0.4346 
P!+Xtot+P" 0.0536 0.7796 0.0532 0.9058 
 TSAVE(S+D)-RSa TS(D)-RS 
O12 0.001 0.4283 0.0014 0.6516 
O45 0.0003 0.0362 -0.0002 0.0373 
Olg -0.0026 0.331 -0.003 0.7973 
CH3PO3 0.0031 0.7073 0.0042 0.8697 
P!+Xtot+P" 0.001 0.0378 0.0014 0.1564 

 
a: Charge difference between TS and the reactant state, #Q = Q(TS) – Q(RS). Note that 
for mechanism 2, the TS was averaged over the TS value for synchronous and 
dissociative pathway as both pathways provide similar activation free energies. For 
mechanism 1, the TS was evaluated only for the dissociative pathway. 



Table 8S: Calculated gas-phase reaction energies (!Egas,0), reaction free energies in 
aqueous solution (!Gr,0), gas-phase activation free energies (!Egas

‡), and activation free 
energies in aqueous solution (!G‡) for reaction 1 involving "#$ substituted methyl 
triphosphate analogs.a 
 
––––––––––––––––––––––––––––––––——————–––––––––––––––––––– 
    !Egas !Gr !Egas

! !G! 
X Enantc pKa4 ––––––––––––––––––––––––––––––––––– 
  kcal/mol 
–––––––––––––––––––––––––––––——————–––––––––––––––––– 
CF2  7.8  -12.8 -26.5 -29.4 15.8  
CFCl S 8.4 -14.2 -26.2 -30.3 15.8 
CClF R 8.4 -12.8 -26.5 -30.0 14.5 
CCl2  8.8 -12.6 -26.3 -29.0 17.6 
O  8.9 -15.9 -27.1 -27.2 16.4 
CHF S 9.0 -13.1 -24.3 -25.4 15.5 
CFH R 9.0 -11.8 -26.0 -28.4 15.5 
CBr2  9.3 -12.5 -23.5 -30.2 16.2 
CHCl S 9.5 -14.9 -23.7 -23.9 21.1 
CClH R 9.5 -12.7 -27.1 -25.2 11.4 
CHBr S 9.9 -13.5 -24.0 -25.6 20.7 
CBrH R 9.9 -12.4 -26.2 -28.5 15.2 
CFCH3 R 10.2 -10.6 -26.9 -25.1 15.9 
CCH3F S 10.2 -11.9 -23.7 -24.9 16.2 
CH2  10.5 -12.6 -22.1 -23.9 19.1 
CHCH3 S 11.6 -12.1 -21.3 -22.8 18.6 
CCH3H R 11.6 -11.8 -20.9 -25.8 16.5 
C(CH3)2  12.3 -11.5 -19.7 -23.8 19.9 
Slopec   0.48 1.74 1.51 0.86 
Rc   0.51 0.93 0.81 0.76 
–––––––––––––––––––––––––––––––––––––––––––––—–––––––––––––– 
a Note that the data in this table utilize the reactant and product protonation states shown 
in eq 1 (reaction 1) to evaluate energy differences.  
b The R- or S-enantiomers. Atoms bound to the chiral center (bridging C) are ordered 
with the lowest atomic number atom pointing away and the remaining atoms from P" to 

P$ to the remaining substitutent are ordered clockwise in the R-form. This means that 

when looking from P" to bridging C to P$, the heavier substituent is on the left in the R-
form.  
c Slope and R denote slope of the linear interpolation of energy as a function of pKa and 
the correlation coefficient, respectively. Enantiomer energies were averaged. 
 


