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UAKS Solute Radii for Intermediates

The UAKS original radii R'Op) and adjusted radiili'op) for oxygen atom®), connected to phos-
phorus in the intermediates (1) are listed in Table S1, caegbavith those IR(ng andR(> ) of
oxygen atom®yy andO g in the nucleophile and leaving groups of transition stalasing the
calculation, we note that the original UAKS solute rd@ﬁjp in the intermediates have the same
values of more charge@yy in TS1 andOy4 in TS2, i.e,R{)p = MIN(R}fQ, RGs,), where TS is
TS1 or TS2. In order to make these radii consistent, we usevenaging strategywhereby the

radii of oxygen atoms connected to phosphorus in the intéiaibes were set to the average radii
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I TS1 TS2
Leaving Group Ro, Ro, Roy, Roy Row, Roy

(CH3),CHO™ 1.445 1.513 1.445 1.580 1.580 1.445
CH3CH,CH,O™ 1.445 1.513 1.445 1.580 1.580 1.445
CH3CH,O™ 1.440 1.507 1.440 1.575 1.575 1.440
CH3O™ 1.433 1.501 1.433 1.568 1.568 1.433
HOCH,CH,O™ 1.445 1.513 1.445 1.580 1.580 1.445
CICH,CH O™ 1.445 1.513 1.445 1.580 1.580 1.445
FCH,CH,O™ 1.445 1.513 1.445 1.580 1.580 1.445
CHCCH20 1.445 1.513 1.445 1.580 1.580 1.445
CRCHxO™ 1.454 1.522 1.454 1.589 1.589 1.454

Table S1: Original and adjusted UAKS solute ramgg and Ii{)p, A) of oxygen atomsQ@p) con-

nected to phosphorus in the intermediates (I), compare thidse R(T)fg and Rgﬁu) of Ony and
O.q in transition states (TS1 and TS2Dy\, and O g4 are oxygen atoms in the nucleophile and
leaving group, respectively.

of oxygen atoms of leaving group and nucleophile in traosistates, i.eI?\"Op =3(R52 +RG3).

Lg



Free Energies and Brgnsted Correlations

UFF UAKS Expt.

Leaving Group AG]  AG  AG, AG AGT  AG; AGZ’é AG pKa
(CHz)2.CHO™ 20.63 20.62 26.36 -3.65 2040 18.09 24.15 -12.94 171
CH3CHxCH,O™ 19.26 19.46 24.52 -3.45 18.84 15.80 23.00 -11.45 16.1
CH3CH;O™ 20.76 20.73 26.37 -1.87  20.20 17.24 23.56 -9.37 16
CH30™ 19.33 1950 24.75 -2.53 19.45 16.35 22.67 -8.37 15.54
HOCH,CH,O™ 18.71 17.05 20.10 -8.37 1949 1759 23.52 -14.62 15.07
CICH2CH,O™ 1757 16.45 18.92 -8.89 18.57 16.07 20.67 -21.04 14.31
FCH,CH,O™ 18.13 16.93 2051 -7.48  20.64 16.29 21.75 -19.02 14.2
CHCCH20O 1730 15.78 18.23 -9.29 1769 1436 18.11 -18.50 13.55
CRCH,O™ 16.37 1295 14.00 -13.16 17.14 12.45 15.66 -22.81 12.37
CH3CHS™ 1464 - -35.14 16.46 .- - -31.89 10.61
CH3S™ 1532 .- - -34.42 1594 ... - -31.30 10.33
PhO" 1514 ... -+ -25.07 16.24 ... - -25.42 9.95
3-CNPhO 1442 ... - -28.81 1453 .- - -30.15 8.61
4-CNPhO 13.03 .- - -32.53 1455 .- - -31.60 7.95
pP-NO,PhO” 12.41 .- -+ -35.02 1450 .- - -32.68 7.14
2,3,5,6-RPhO” 1138 .- - -38.08 1139 .- - -39.24 5.53
CH3COO 1231 ... - -34.64 1158 ... -+ -36.70 4.46

Table S2: Calculated free energies (kcal/mol) at 8 transition statesG7), intermediates
(AG;) and products/&G) relative to reactants in RNA transesterification model tieas with dif-
ferent leaving groups as well as their experiment&gin water at 25C. AG}'é andAGZé are free
energy barriers of early and late transition states (TS1T&8R), respectively. All the experimen-
tal pKas are taken from IUPAC chemical data series (No. 28)cept those of ethylene glycol
and 2,3,5,6-tetrafluorophenol, which are from CRC HandBaoid Bourneet al.,* respectively.
The [Kjs of ethylene glycol and acetic acid have been correctedtétisscal factors by adding
log(p/q), where p and q are the number of reactive positioagable in the acid and in the base,
respectively?-®
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Figure S1: Linear free energy relationships between caled|logarithmic rate constants (idg
and log?) at 80°C and experimentaliys at 25C of leaving groups (top) and between calculated
logarithmic equilibrium constants (Iégq) and experimentallf,s of leaving groups (bottomk?
andk? are rate constants for early and late transition states @F8I1TS?2), respectively. Rate
constants are obtained from density-functional calcofetiwith PCM solvation model and UFF
(left) and UAKS (right) radii. Red down triangle, blue up tr@le, yellow square, purple round and
green diamond symbols correspond to alkyl, hetero-alkyd, phenyl and acid leaving groups, re-
spectively. Filled and empty symbols stand for TS1 and T&&ectively. Regression parameters
for R are given as well as linear correlation coefficient for r



Relationship of Bond length and Bond order

Bond order analysis for bonds in the transition states of moekections has been done using
the NBO programt® of the Gaussian09 in the M06-2X/6-31++G(d,p) level of tlyeaith PCM
implicit solvation and UFF and UAKS radii. The bond lengthy @nd Wiberg bond indices (N)
of the forming bonds (P-Nu) and breaking bonds (P-Lg) in th@gition states are given in the
Table S3 and S4 for UFF and UAKS models, respectively. Tha ohethe tables show that UFF
and UAKS give almost the same bond lengths and bond orderfsriming bonds and breaking
bonds in the transition states. The maximal difference oiddength and bond order between the
two radii models are very small, 0.10 and 0.04 A, respegtjwa data obtained with both UFF and

UAKS models are combined for bond order analysis.

TS1 TS2

Leaving Group | Re-nu Rpo1g [ NP-nu Npotg | Reonu Rpog [ Nponu Npoig
(CH3),CHO™ 2.29 1.72 | 0.31 0.82| 1.73 2.42 | 0.82 0.21
CH3CH,CH, O~ | 2.30 1.72 | 0.30 0.82 | 1.73 2.43 | 0.82 0.21
CH3CH>,O™ 2.29 1.72 | 0.31 0.81| 1.73 2.45 | 0.82 0.20
CH30~ 2.30 1.72 | 0.30 0.81| 1.72 2.46 | 0.83 0.19
HOCH,CH,O~ 2.32 1.73 | 0.29 0.78 | 1.73 2.37 | 0.82 0.22
CICH,CH,O™ 2.33 1.73 | 0.29 0.78 | 1.73 2.38 | 0.82 0.22
FCH,CH,O~ 2.35 1.72 | 0.27 0.80 | 1.73 2.39 | 0.82 0.22
CHCCH2O 2.37 1.72 | 0.26 0.79 | 1.73 2.39 | 0.82 0.22
CRCH,O~ 2.36 1.74 | 0.27 0.76 | 1.73 2.35| 0.82 0.24
PhO 2.38 1.76 | 0.26 0.72
3-CNPhO 2.40 1.77 | 0.25 0.70

4-CNPhO 2.43 1.78 | 0.24 0.69

p-NO,PhO~ 2.45 1.78 | 0.23 0.68

2,3,5,6-RPhO~ 2.45 1.80 | 0.23 0.66

CH3COO~ 2.46 1.79 | 0.22 0.67

Table S3: The bond lengthBp_ny andRp_g (A) and Wiberg bond indices\p_ny and Np_Lg
of forming bonds (P-Nu) and breaking bonds (P-Lg) in the diton states of model reactions
obtained from density-functional calculations with PCMwsion and UFF radii.

The bond length and Wiberg bond index of P-O bond in dimethyglsphate anion were also

calculated with the same method, which gives the referesdellst formed single P-O bond. The

5



TS1 TS2

Leaving Group | Re-nu Rpig | Np-nu Npoig | Re-nu RpoLg | Np-nu NpoLg
(CH3),CHO™ 2.22 1.72 | 0.35 0.83| 1.72 2.33 | 0.83 0.26
CH3CH,CH, O~ | 2.22 1.72 | 0.35 0.82 | 1.73 2.33| 0.83 0.27
CH3CH>O™ 2.24 1.72 | 0.34 0.83 | 1.72 2.36 | 0.84 0.25
CH30~ 2.24 1.72 | 0.34 0.82| 1.72 2.36 | 0.84 0.25
HOCH,CH,O~ 2.23 1.72 | 0.35 0.82| 1.72 2.34 | 0.84 0.25
CICH,CH,O™ 2.28 1.72 | 0.32 0.81| 1.73 2.29 | 0.83 0.28
FCH,CH,O~ 2.27 1.72 | 0.32 081 | 1.72 2.31| 0.83 0.27
CHCCH2O 2.29 1.72 | 0.31 0.80| 1.72 2.32 | 0.84 0.26
CRCH,O~ 2.30 1.73 | 0.31 0.78 | 1.72 2.27 | 0.83 0.28
PhO 2.30 1.76 | 0.31 0.73
3-CNPhO 2.36 1.76 | 0.27 0.72

4-CNPhO 2.38 1.76 | 0.27 0.71

p-NO,PhO~ 2.39 1.77 | 0.26 0.70

2,3,5,6-RPhO 2.39 1.79 | 0.25 0.68

CH3COO~ 2.42 1.79 | 0.24 0.67

Table S4: The bond lengthBp_ny andRp_g (A) and Wiberg bond indices\p_ny and Np_Lg
of forming bonds (P-Nu) and breaking bonds (P-Lg) in the diton states of model reactions
obtained from density-functional calculations with PCMwsion and UAKS radii.

calculated bond length and Wiberg bond index of P-O bond #401A and 0.616 and 1.634 A
and 0.641 with UFF and UAKS model, respectively. Here bondtle and bond order from UAKS
model are used as reference to normalize calculated Wilmerg indices.

The correlation between bond lengths and bond orders of BANUP-Lg bonds in the transition
states except ones with leaving alkanethiolate anionsjnwastigated under the assumption that
bond orders vary exponentially with bond distances, asesteg by Linus Pauling'° according

to the following model:
N = No-exp<¥> (1)

where R and N are the bond length (A) and bond order, respdgtiy and Ny are the bond
length and bond order of fully formed bond, respectivelyd &is a constant to determine how

fast the bond order changes with bond length. H&yes chosen from the dimethyl phosphatethe



(Ro=1.64). Ng and C are treated as fitting parameters. The correlationtiequaf bond lengths

and bond orders of P-Nu and P-Lg bonds was obtained from dittimg as follows,

(2)

N = 0.94- exp(1'64_ R)

0.56

The overall root-mean-square error (RMSE) was 0.02. The lengths and bond orders of P-Nu

and P-Lg are plotted in the Figure S2, together with the ¢atice curve of bond lengths and bond

orders.
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Figure S2: The relationship between bond lengths (R, A) amdllmwders (N) of P-Nu (top) and
P-Lg (bottom) bonds in the rate limiting transition statésn@del reactions. Triangle, round and
diamond symbols correspond to alkyl, phenol and acid lepgnoups, respectively.

The figure S2 and the equation 2 show that bond lengths anddydeds of P-O bonds have a

good exponential correlation with a small Root-Mean-Sqiarer, 0.02. The equation 2 is useful



for prediction of bond order of P-O bond by knowing the copeasding bond length or visa versa.
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