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A pentacoordinate oxyphosphorane species is a common 
intermediate or transition state during phosphoryl-transfer 
reactions.12 Hydrolysis of RNAs proceeds via the cyclic 
oxyphosphorane species I.34 Recently, Karplus's group56 and 
ours7-1' carried out ab initio investigations on the reaction profile 
of phosphoryl-transfer reactions using cyclic 2 and acyclic 3 
oxyphosphoranes as model compounds for these reactions (Scheme 
I). These studies indicated that, although dianionic intermediates 
2 and 3, with potential well depths that are at most of the order 
of k^T, do not exist along the gas-phase reaction coordinate,5'6'71"'8'9 

the corresponding monoanionic form designated 2a can be located 
as a stable intermediate on the potential surface.10 

During the acid-catalyzed hydrolysis of hydrogen ethylene 
phosphate and methyl ethylene phosphate in ,80-labeled water, 
the labeled oxygen can be incorporated into the unreacted ester.'2-'3 

In addition, significant phosphoryl migration from the 3'- to the 
2'-hydroxyl group of the ribonucleotide takes place under acidic 
conditions.31415 These results suggest the existence of a pen­
tacoordinate intermediate that can undergo pseudorotation in 
acidic media. By contrast, base-catalyzed hydrolysis is not 
accompanied by 18O exchange,12 and no phosphoryl migration is 
apparent.31415 In accord with the calculations, the latter results 
can be rationalized by assuming the nonexistence of pentaco­
ordinate intermediates in basic media.5'68-1 ° However, we started 
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to wonder whether the conclusions from gas-phase studies about 
the nonexistence of a pentacoordinate intermediate in the base-
catalyzed hydrolysis of phosphate could really be applied to studies 
in solution.9 Indeed, nonexistence of dianionic intermediates 2 
and 3 could be explained by the possibility that they lack the 
ability to delocalize two negative charges stably in the gas phase. 
In accord with this hypothesis, the smallest dianionic oxyphos­
phorane 3b turned out to be the least stable molecule and gave 
no indication of a well in the energy potential.9 This result 
contrasts with results for 3a8 and 3c6 which have wells with a 
depth of the order of k^T. If our hypothesis is correct, any 
dianionic oxyphosphorane should be able to exist as an inter­
mediate once it has been solvated.16 

To examine the solvent effect on the stability of a dianionic 
pentacoordinate intermediate, we carried out 3-21+G* level ab 
initio calculations'7 with respect to water-solvated pentacoordinate 
dianionic oxyphosphorane 3b, the simplest possible (least stable) 
model compound of this type. Initially, we revised the ab initio 
gas-phase reaction profile for the reaction of OH- + H2PO4- -* 
[H3PO5

2] — H2PO4- + OH- at 3-21+G* and 6-31+G* levels 
(see supplementary Table II for details). The reaction profiles 
are essentially the same as the previously calculated 3-2IG* 
profile.9 It is thus confirmed by higher-level calculations that 
dianionic 3b does not exist along the reaction coordinate and the 
hydroxide attack and displacement proceed by a single-step 
mechanism via a pentacoordinate transition state. However, as 
we expected, the solvation of 3b with water molecules allows 
dianionic 3b to exist as the pentacoordinate intermediate on the 
potential surface.18 The location of the solvated intermediate 
with six water molecules was carried out by two-step geometry 
optimizations. First, the solvated system was optimized under 
Cs symmetry constraints with respect to its equatorial plane. Next, 
starting from this Cs structure, full optimization was carried out 
without any symmetrical constraints at the 3-21+G* level. The 
frequency calculation ensured that the final structure had no 
imaginary frequencies. Thus, it is indeed a pentacoordinate 
intermediate (Figure 1). 

The dianionic oxyphosphoranes 2a,7c 3a,8 and 3c,6 possessing 
methoxyl groups, have some tendency to exist as intermediates 
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Figure 1. Stereoview of the fully optimized (3-21+G* level of accuracy) 
complex of dianionic oxyphosphorane 3b with six water molecules. The 
hydrogen connected to O3 (numbering is the same as in Scheme I) is 
located axially, with an H-O3-Pi-O5 dihedral angle of 2.7°. The internal 
geometries of the water molecules in the complex are slightly distorted 
(H-O-H angles 104.9-109.8°;O-Hlengths,0.963-l.012 A) as compared 
with the geometry of the 3-21+G*-optimized water molecule (H-O-H 
= 111.0°; O-H = 0.964 A). The dashed lines indicate 0 - H distances 
of less than 2.1 A, suggesting an interaction between the hydrogen and 
the respective oxygen. 

on the potential surface, whereas the smaller 2b5 and 3b,9 which 
have hydroxyl groups, exist only as transition states (calculated 
at the 3-21G* or 3-21+G* level). By contrast, monoanionic 2b 
(3-21G*)5and3b(3-21+G* and 6-31+G*)19can both be located 
on the potential surface. The results of natural bond orbital 
(NBO) analysis for 3-21+G*-optimized transition structures of 
3b and 3a suggest that methoxyl groups, as compared with 
hydroxyl groups, have a tendency to delocalize the negative 
charge.20 The NBO analysis for water-solvated 3b indicates that 
water solvation has a qualitatively similar effect to that of alkyl 
groups: it reduces the negative charge of 3b, thus causing the 
dianionic compound to behave in a manner more characteristic 
of a stable monoanionic compound. The stability of the charged 
intermediate is, thus, greatly increased in the presence of water 
molecules by the delocalization of negative charge. The NBO 
charge of dianionic oxyphosphorane 3b, when it is solvated with 
six water molecules, is reduced from -2.000 to -1.755. The water 
molecules accommodate part of the negative charge. 

In conclusion, we have shown that even the least stable dianionic 
3b can exist, once it is sufficiently hydrated, as a stable 
pentacoordinate intermediate (Figure 2). Since naked dianionic 
3b, monohydrated 3b, and dihydrated 3b cannot exist as 
intermediates, the extent of hydration is, of course, important.18 

Nevertheless, the results presented here lead us safely to the 
conclusion that, in aqueous solution, when species are sufficiently 
hydrated, any pentacoordinate oxyphosphorane can exist as an 
intermediate. Thus, the lack of 18O exchange and the lack of 
phosphoryl migration under basic conditions should be interpreted 
as a consequence of a high-energy barrier to pseudorotation,921 

and such results should not be taken as supportive evidence for 
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Figure 2. Schematic representations of reaction profiles for OH - + H2PO4
-

— [H3PO5
2I — H2PO4- + OH-. (a) Ab initio calculations indicate that 

the pentacoordinate intermediate does not exist along the gas-phase 
reaction coordinate. Thus the reaction takes place in a single-step 
mechanism in the gas phase. The activation energy of the reaction is 
calculated to be 92 kcal/mol at the 3-21+G* level (the total energies of 
OH-, H2PO4-, and [H3PO5

2] are -74.995 74, -638.349 57, and 
-713.198 07 au, respectively), (b) However, the present workshows that 
solvation with water molecules allows dianionic oxyphosphorane species 
to exist as the pentacoordinate intermediate. Solution-phase phosphoryl-
transfer reactions can thus take place via a pentacoordinate intermediate 
not only under acidic but also under basic conditions. 

the nonexistence of pentacoordinate intermediates. Solution-
phase RNA hydrolysis and phosphate migration reactions can, 
thus, take place via a pentacoordinate oxyphosphorane inter­
mediate not only under acidic but also under basic conditions. 

Supplementary Material Available: Table of NBO charges of 
3a and 3b; table of geometries of 3b (transition-state and water-
solvated minimum) (2 pages). Ordering information is given on 
any current masthead page. 
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