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Abstract: The kinetics of hydrolytic ring opening of the five-membered cyclic phosphate ester glycero-l,2-cyclic 
phosphate was measured at 0-26° in aqueous acid solutions up to 0.5 M perchloric acid, and in alkaline solutions up 
to 3 M sodium hydroxide. The hydrolysis is subject to considerable acid and base catalysis, but is extremely slow 
in the pH range 3-10. Both in acid (0.1 M HClO4) and in alkaline (1 M NaOH) solutions, the activation energy is 
only 15.0 and 15.8 kcal/mole, respectively. It is thus much lower than for the hydrolysis of open-chain dialkyl hy
drogen phosphates. The deuterium oxide solvent isotope effect on the rates of hydrolysis in acid (0.2 M HClO4) and 
alkaline (1.5 MNaOH) solutions is appreciable: k-Dl0jkmo = 2.25 and 1.5, respectively. In alkaline solutions the 
rate of hydrolysis is linearly related to the function (//_ + log [H2O]), where //_ is the basicity function and [H2O] is 
the concentration of water. 

Five-membered cyclic esters of phosphoric acid are 
important as intermediates which can be isolated 

in the enzymatic, acid, and alkaline hydrolysis of 
ribonucleic acid.1 Unsubstituted dialkyl phosphates, 
such as dimethyl hydrogen phosphate, are stable to 
alkali,2 but dialkyl phosphates containing a hydroxy 
group in the /3 position to the phosphoryl group undergo 
very rapid hydrolysis in alkaline media.3 Also, the 
loss in optical activity in the degradation of L-glyceryl-
phosphorylcholine and of L-a-lecithin was more rapid 
than could be accounted for by simple hydrolysis.4 

A rapid reversible migration of the phosphoryl group 
to the neighboring hydroxy substituent was therefore 
assumed to occur in this reaction, as well as in the 
hydrolysis of phospholipids.6 The reversible ring 
closure to five-membered cyclic phosphates is common 
to a wide variety of natural compounds and has been 
studied on several model systems.6 The mechanism 
proposed involves ring formation by nucleophilic 
attack of the /3-hydroxy group on the phosphorus atom 
with displacement of the alkoxy group. This scheme 
is in agreement with the 180-tracer experiments, which 
proved that the hydrolysis product contains one oxygen 
atom from the solvent.7 It also explains the lability 
of ribonucleic acid to alkaline hydrolysis, in contrast 
to the stability of deoxyribonucleic acid, which lacks 
the hydroxy group. 

Monoalkyl dihydrogen phosphates, with a hydroxy 
group in the /3 position to the ester bond, such as the 
glycero cyclic phosphates,8 and sugar phosphates9 
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undergo rapid reversible rearrangement in acid solu
tion to the neighboring position. The intramolecular 
nature of this reaction was revealed by tracer studies.10 

The ring opening of ethylene hydrogen phosphate in 
acid and alkaline solutions was studied extensively in 
order to understand its rapid hydrolysis in contrast 
to the stability of open-chain and six-membered cyclic 
phosphate esters.11 The remarkable reactivity of 
ethylene phosphate was explained at first by the strain 
in the five-membered ring, l l b and later by weakening of 
bonds, which is caused by the smaller double-bond 
character in the ring l l e compared with the acyclic and 
six-membered cyclic phosphates. Simultaneously with 
hydrolysis, ethylene hydrogen phosphate in acid solu
tions was found to undergo oxygen exchange with the 
solvent at comparable rates. l l d A common mechanisn 
for the hydrolysis and exchange was therefore postu
lated, which assumed the reversible formation of an 
intermediate complex or transition state involving 
pentacovalently bonded phosphorus. None of the 
previous results seems to provide a completely satis
factory explanation of the special reactivity of the five-
membered cyclic phosphates. 

In the present study, the hydrolysis of glycero-1,2-
cyclic phosphate (I) to glycero-1-phosphate (II) and 
glycero-2-phosphate (III) was chosen as a model system, 

CH2OH 

CHCK.p02H 

CH2O 
I 

in an effort to elucidate its mechanism by a detailed 
kinetic analysis. This cyclic ester I had been shown to 
be formed during the acid-catalyzed hydrolysis of the 
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Figure 1. First-order rate constants for the hydrolysis of glycero-
1,2-cyclic phosphate at 0° as a function of pH. 

open-chain esters II and III.8,10 Available data on 
the hydrolytic reactivity of glycero-l,2-cyclic phosphate 
indicate that it is stable for 72 hr at room temperature 
in the pH range 3.5-8 and is completely hydrolyzed 
in 3 hr at pH 1.5 or in 0.1 N sodium hydroxide.12" In 
0.1 N hydrochloric acid, the half-time is less than 10 
min.12c 

Experimental Section 

Materials. Glycero-l,2-cyclic phosphate, which had previously 
been prepared in low yields by a variety of methods,12 was obtained 
in the present work by a procedure used previously for synthesis of 
cyclic ribonucleoside phosphates.13 Disodium 2-glycerophosphate 
(5 g, Sigma Chemical Co.) was converted into the free acid by pass
ing it through the H+ form of Dowex 50 WxI2 cation exchanger. 
The solution was diluted with water to 40 ml. After adding con
centrated ammonia (6.5 ml), formamide (50 ml, Fisher Reagent), 
and a solution of dicyclohexylcarbodiimide (25 g, Fluka AG) in 
(-butyl alcohol (150 ml), the mixture was refluxed for 1 hr. The 
r-butyl alcohol was then distilled off; the remaining solution was 
diluted with water (150 ml) and was extracted four times with ether. 
The remaining aqueous solution was evaporated under reduced 
pressure, finally at 10 mm to remove traces of water and formamide. 
The residue was dissolved in acetone, and a solution of barium 
iodide in acetone (5 g in 100 ml) was added. The oily precipitate 
was washed repeatedly with acetone and after drying at 60° under 
vacuum was turned into a white powder containing barium 1,2-
glycerophosphate, yield (based on disodium glycero-2-phosphate) 
70 %. Its purity was tested by paper chromatography1213 (ascending, 
in isopropyl alcohol-5 N ammonia, 2:1). Only one spot (R( 
0.7) was found, and none at the position expected for 2-glycerophos
phate (Rt 0.35). For purification, the product was dissolved sev-
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eral times in water and precipitated with acetone. Potentiometric 
titration, using a Radiometer TTTl pH meter with a SRB2c titri-
graph recorder, of a sample of the free acid (prepared using Dowex 
50 cation exchanger) with sodium hydroxide resulted in a single 
break, as required for a monobasic acid. Anal. Calcd for C6H12-
O10P2BaH2O: equiv wt, 230.7; C, 15.6; H, 3.07; P, 13.4. 
Found: equiv wt, 224; C, 15.3; H, 3.1; P, 13.5. 

Deuterium oxide solutions were prepared by adding deuterium 
oxide (99.8 g/100 g of deuterium; Norsk Hydro Electrisk, Kvaelsto-
faktieselskab) up to 10 ml to a volumetric flask containing 70% 
perchloric acid or solid sodium hydroxide. The final concentra
tion of deuterium was 99%. 

Kinetic Methods. Hydrolytic ring opening of monobasic glycero-
1,2-cyclic phosphate resulted in formation of a mixture of the 
dibasic acids glycero-1- and -2-phosphates. The progress of the 
reaction was followed by bringing an aliquot of the reaction 
mixture rapidly with either 1 N perchloric acid or 1 N sodium 
hydroxide to approximately pH 3-4, and then titrating potentio-
metically with 0.07 /V sodium hydroxide. The differences in the 
two breaks in the titration curve were taken as proportional 
to the concentration of the reaction product. First-order kinetics 
were observed for each run. The subsequent hydrolysis of the 
resulting glycerol-1- and -2-phosphates to glycerol and ortho-
phosphate is negligible under the conditions causing rapid ring 
opening.8d The errors in rate constants were about ±3-8%. 

Results 

The pH dependence of the ring opening of glycero-
1,2-cyclic phosphate is presented in Figure 1. The 
rate is seen to be extremely small in the pH range 
3-10 and to rise steeply in more acid and alkaline media. 
Observed first-order rate constants at several tempera
tures, and in various solvents, are listed in Tables I, II, 
and III for the acid, intermediate (pH 3-10), and al
kaline regions, respectively. In the acid region, an in-
Table I. First-Order Rate Constants for Hydrolysis of 
Glycero-1,2-cyclic Phosphate (initially 0.02 M) as a Function 
of Perchloric Acid Concentration" 

HClO1, 
M 

0.0505 
0.101 
0.1016 

0.202 
0.303 
0.404 
0.500 
0.505 
0.20 
0.20c 

0.101 
0.101 

Temp, 
0C 

0 
0 
0 
0 
0 
0 
0 
0 

3.8 
3.8 

11.9 
25.8 

103/c„bsd, 
sec - 1 

0.025 
0.12 
0.094 
0.37 
0.56 
1.19 
1.51 
1.58 
0.61 
1.37 
0.35 
1.37 

0 Each rate constant is derived from at least two separate kinetic 
runs. b In the presence of NaClO4; ionic strength = 0.505. ' In 
deuterium oxide solution. 

Table II. Hydrolysis of Glycero-1,2-cyclic phosphate in 
Moderately Acid and Alkaline Solutions 

PH 

3.0 
3.0 
3.0 
4.9 
4.9 
4.9 
7.3 

10.0 
11.5 
11.98 
12.15 
12.79 

Temp, 
0C 

0 
55 

100 
0 

55 
100 

0 
0 
0 
0 
0 
0 

Time, 
hr 

65 
2 
6 

65 
2 

22 
45 
60 

% 
reactio 

0 
0 

<10 
0 
0 
0 
0 
0 
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Table III. First-Order Rate Constants for Hydrolysis of Barium 
Glycero-l,2-cyclic phosphate Initially 0.02 Was a Function of 
Sodium Hydroxide Concentration and of Basicity Function H-

NaOH, 
M 

0.5 
1.08 
2.16 
2.16» 
2.7 
2.1" 
3.24 
1.45 
1.08 
1.08 

H-' 

13.71 
14.05 
14.42 

14.58 

14.72 

H- + log 
[H2O] 

13.70 
14.02 
14.37 

14.51 

14.63 

106A:, 
s e c - 1 

3.20 
6.88 

16.7 
15.4 
28.8 
27.5 
36.9 
11.60 
21.8 
87.8 

" Initial concentration of substrate, 0.04 M. h The substrate was 
sodium glycero-l,2-cyclic phosphate. e Data for H- are from G. 
Yagil, J. Phys. Chem., in press. We wish to thank Dr. Yagil for 
providing us with these data in advance of publication. 

crease in the ionic strength (addition of 0.4 M NaClO4) 
had no appreciable effect on the rate of hydrolysis. 
Also, in the alkaline medium, no difference in the rates 
of hydrolysis was found for the sodium or barium salts 
of the substrate. These results are in contrast to reports 
on the hydrolytic ring opening of ethylene phosphate, 
which was found to be subject to a considerable ionic 
strength effect, and to catalysis by barium ions. l la 

The deuterium oxide solvent effect on the acid-catalyzed 
ring opening of glycero-l,2-cyclic phosphate results 
in a marked increase in rate in the deuterated solvent 
(see Table I). In alkaline solutions too (in 1.5 M 
NaOH), the solvent isotope effect is appreciable, 
kDto/kmo = 1.5 ± 0.1. 

Discussion 

In previous attempts to understand the remarkable 
reactivity of five-membered cyclic phosphates, by com
parison with the acyclic esters, much emphasis was given 
to the particular ring strain presumed to exist in the 
five-membered ring.ub This hypothesis of ring strain 
found support in the higher heat of reaction for al
kaline-catalyzed hydrolysis of the cyclic methyl ethylene 
phosphate (28.5 kcal/mole) by comparison with the 

acyclic analog, dimethyl hydroxyethyl phosphate (23.0 
kcal/mole).llc'e It seems, however, that more con
sideration should also be given to specific kinetic ef
fects. Only in acid and alkaline solutions are the five-
membered cyclic phosphates very sensitive to hydrolytic 
ring opening (see Table IV). In the intermediate range, 
pH 3-12, the reactivity is very small, and may be similar 
to that of open-chain dialkyl phosphates. For di
methyl phosphate2 at 100° at pH 3.33, k = 7.2 X 
1O-8 sec - 1 ; for glycero-l,2-cyclic phosphate at the same 
temperature at pH 4.9, we got an upper limit, k < 1O-7 

sec -1. A precise comparison is difficult, due to the very 
low rates of reaction for both the cyclic and acyclic 
monoanions and since the point of bond cleavage is 
unknown for either type of ester in the monoanion 
state. This result is difficult to explain merely by ring 
strain. If the five-membered ring is strained, it should 

be very reactive even as the monoanion, and not only 
by acid and alkaline catalysis. 

A self-consistent molecular orbital method was used 
to compute the charge distributions and energies caused 
by 2p-3d orbital interactions in various acyclic and 
cyclic phosphate esters.14 These calculations suggest 
that the net positive charge on the phosphorus atom is 
larger for the five-membered cyclic phosphates than for 
the acyclic esters. Reaction is assumed to be due to 
attack of nucleophilic reagents, primarily H2O and 
OH - , occurring either only on the phosphorus atom 
(for the cyclic esters), or partly on the phosphorus atom 
(for acyclic esters). The increased rate of hydrolysis 
of the five-membered cyclic esters would thus seem to 
be consistent with the larger net positive charge on 
their phosphorus atom compared with that of the 
acyclic phosphate esters. These calculations were, 
however, made for the anions of the cyclic and acyclic 
dialkyl phosphates. Our results show that there is no 
marked difference in reactivity of the anions of the 
cyclic and acyclic dialkyl phosphates toward nucleo
philic attack by water. The enormous differences ap-

(14) R. L. Collin, J. Am. Chem, Soc, 88, 3281 (1966). 

Table IV. Comparison of Kinetic Parameters for Cyclic and Open-Chain Dialkyl Hydrogen Phosphates 

Ref 

I 2 ^ - P O 8 H b 1.87X10 -3 16.3= -27 0.2XlQ- 3 16.0 - 2 8 
CH^*- CHj 

C2H5O 

^ r u 8 n 

*H,» 

1. m o l e - 1 

sec-1 , 50° 
A£, 

kcal/mole 
ASso0," 

eu 

ATOH," 

1. m o l e - 1 

sec - 1 , 50° 
AE, 

kcal/mole 
AS 6 0 O," 

eu 

PO8H b 5.5 XlO -" 25.4" -19 1.75 X 10"10 23.4 - 3 3 

CHA 
I >02H d,f 9.0 XlO"2 15.0 -19 
CH8O' 

CH2OH 

CHOv. 

I NP02H e 3.8 XlO - 1 15.0 - 1 8 50XlO - 3 15.8 - 2 2 
CH2O 

CHjO. 

.PO2H fg 1.7 X 1O-9 31 - 5 2.4 X 1O-10 28.2 - 1 7 
CH3O' 

» All the rate constants were extrapolated to 50°. h Reference H g . c £ calculated from rate constants given for two temperatures. d Ref-
erencellb. * Present work. /Reference2; Ph.D. Thesis, J. R. Cox, Jr., Harvard University, 1959. « Reference 11a. 
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H.+log[H20] 

Figure 2. Plot of first-order rate constants for the hydrolysis of 
glycero-l,2-phosphate at 0° against H- + log [H2O]. 

pear for nucleophilic attack by OH - , as well as in the 
formation or decomposition of the conjugate acid. It 
would be interesting to extend the molecular orbital 
calculations also to the neutral molecules and conjugate 
acids of the cyclic and acyclic esters. 

Activation Energies. Additional information can be 
gained from the activation parameters. In hydrolysis 
of a dialkyl hydrogen phosphate, the number of product 
molecules (alkyl dihydrogen phosphate and alcohol) is 
equal to that in the reactants (alkyl dihydrogen phos
phate and water), while the hydrolytic ring opening does 
involve a decrease in the number of molecules from the 
reactants (glycero-l,2-cyclic phosphate and water) 
to the product (glycero phosphate). By these con
siderations, the entropy of activation should be 
more negative for the ring opening than for the 
hydrolysis of a dialkyl phosphate. As shown in Table 
IV, the entropy of activation for both the acid and 
alkaline hydrolysis of cyclic and open-chain phosphate 
esters has a very negative value. However, the energy 
of activation is seen to be dramatically lower for the 
cyclic phosphates, in both acid- and alkali-catalyzed 
reactions. Thus, the very rapid acid and alkaline ring 
opening is due to the enormous decrease in activation 
energy. 

Acidic Solutions. The rate of ring opening in acid 
solutions was not linearly related to the acid concentra
tion. The rate constants for the second-order acid-
catalyzed reaction (kH) and for the first-order hydrolysis 
of the neutral molecule (kw) could be estimated1185 

from the observed first-order rate constant (kobsi). 
The rate of the reaction may be represented by 

v = fcobsdUAH] + [A-]} = {kw + fcH[H+])[AH] (1) 

where [AH] and [A~] are the concentrations of the 
neutral molecule and of the monoanion of the substrate, 
respectively. By introducing in the above equation the 
ionization constant K = [H+][A~]/[AH], we get 

"' = *,**{ 1 + Kim+}} = k„ + kH[H+] (2) 

From eq 2, kw and kH can be obtained as intercept and 
slope of the plot of v' against [H+]. 

Due to the difficulty of direct determination of the 
ionization constant K, because of the rapid hydrolysis 
in acid media, various values of K were chosen, from 
0.001 to 1.0, in intervals of 0.01. The best fit for the 
data of Table I, giving the smallest deviations on a 
least-square plot (run on a CDC-1604 computer), was 
obtained for K = 0.38 ± 0.01. The resulting rate 
constants for hydrolytic ring opening of glycero-1,2-
cyclic phosphate at 0° are 

k„ = ( -0 .06 ± 0.1I)IO-3 sec-1 

kH = (5.5 ± 0.3)10-31. mole-1 sec"1 

The negligible value for kw expresses the lack of reactiv
ity in the intermediate pH ranges. 

For the acid-catalyzed ring opening of glycero-1,2-
cyclic phosphate, another mechanistic clue comes 
from the deuterium solvent isotope effect (see Table I). 
Since the rate in deuterium oxide is 2.25 times faster 
than in normal water, this indicates a rapid reversible 
proton transfer and a slow decomposition of the con
jugate acid to the products.u No solvent isotope effect 
seems to have been reported for hydrolysis of open-
chain dialkyl hydrogen phosphates. 

The data on the acid-catalyzed reaction of the glycero-
1,2-cyclic phosphate are in agreement with a trigonal-
bipyramidal structure in the transition state, as sug
gested for other five-membered cyclic phosphates.lld,f 

Alkaline Solutions. In alkaline solutions, the rate of 
ring opening is not linearly related to the O H - con
centration (see Table III). Linear relationships were, 
however, obtained between log kobsd and the functions 
H-, measured at 25°, and H- + log [H2O],16 with 
slopes of 1.07 ± 0.04 and 1.15 ± 0.05. Using earlier 
data" measured at 20°, we got slopes of 0.96 ± 0.04 
and 1.03 ± 0.05, respectively (see Figure 2). 

The above results do not enable us to decide between 
the various mechanisms. However, the high negative 
value of the entropy of activation, and the considerable 
stability of the anion at lower pH, both seem to favor 
a bimolecular mechanism for the hydrolytic opening 
of the five-membered cyclic phosphate, in which the 
hydroxyl anion attack occurs in the rate-determining 
step. The transition state for the hydrolysis of the 
cyclic and acyclic phosphates probably occurs in the 
initial, bond-forming phase, and not in the bond-break
ing phase. Thus, for the cyclic esters, it occurs while 
the ring is still substantially intact.18 

The extraordinary sensitivity of the five-membered 
cyclic phosphate esters to acid and base catalysis, as 
well as their high stability in the intermediate pH range, 
seem to be a unique feature among phosphorus com
pounds. It may thus provide a clue to the important 
role of these cyclic esters in the bifunctional enzymatic 
catalysis. 
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