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The spontaneous hydrolysis of phosphate ester monoanions is
relatively easy, but the reaction of water with simple phosphate
ester dianion appears to be the slowest biomimetic reaction whose 105 k (s1)
spontaneous rate has been measured in Watéh an estimated 137 °C
half-time of ~10% years at room temperature in the absence of a 1.0
catalyst® So unreactive is the methyl phosphate dianion that the '
monoanion remains a major target of water attack even in 1 M
KOH, where it constitutes approximately one part irf D the
total methyl phosphate that is present. Because water attack on 0.
phosphate ester dianions is so sluggish, enzymes that catalyze water 0 10
attack at the phosphorus atom of dianionic forms of their substrates (OH-), mol/liter
(fructose 1,6-bisphosphatase, protein phosphatase-1, and 'r_los'toi—‘igure 1. Apparent first-order rate constants ¥sfor hydrolysis of methyl
1-phosphatase, for example) exceed other known enzymes in thephosphate at 137C, plotted as a function of increasing concentrations of
rate enhancements that they produce. Here, we report an alternative.iOH (a), NaOH @), KOH (d), or RbOH ) up to their limits of

mode of cleavage of methyl phosphate that involves hydroxide Solubility.
attack at the carbon atom of methyl phosphate and proceeds at a
rate proportional to the square of the concentration of lithium

2

hydroxide. 5|
Using PTFE-lined reaction vessels to examine the hydrolysis of

methyl phosphate in strongly alkaline solutions at elevated tem- logk (s -1)

peratures as described earfi@ve observed no significant variation 137°C |

in rate as the concentrations of KOH or RbOH were raised to their

solubility limits at room temperature. Pronounced increases in rate 6

were observed in the presence of NaOH or LiOH (Figure 1).
The activity of water is much reduced at high concentrations of T T T

NaOH?# and the hydrolysis of some phosphate ester dianions has 0 0.4 0.8

been shown to proceed much more rapidly in aqueous solutions log [LiOH]

that contain aprotic solven®$. Thus, the enhanced rates observed Figure 2. Apparent first-order rate constants fsfor hydrolysis of methyl

in concentrated sodium hydroxide might be considered to arise, atphosphate, at 137C, plotted as a logarithmic function of increasing

least in part, as an indirect effect of changes in the activity of solvent concentrations of LiOH. The slope of the regression line is 2.1.

water. However, water activity has been shown to be very much

less depressed in LiOH than in equivalent molalities of NaOH at ofthe complexes formed by these cations with the methyl phosphate
dianion in water, from a difference between the inherent rates of

elevated temperaturéd/Ve confirmed that result by direct mano- . ; : S
. . reaction of their complexes with the hydroxide ion, or from both.
metric measurements of the vapor pressure of water, observing a : . .
Plotted as a function of reciprocal temperature (Kelvin), the

water activity coefficient of 0.87 over a saturated solution of LiOH . .
at 25°C. Thus, a reduction in water activity seemed unlikely to logarithm of the apparent rate constant for hydrolysis in the presence
) ' of 4.4 M LiOH yielded a linear Arrhenius plot (Figure 3) that could

explain the rate-enhancing effect of LiOH. . .
The hvdrolvsis of methvl phosphate was found to proceed at a be extrapolated to yield an apparent first-order rate constart (3
ydroly y! phosp P 10° s1) at 25°C. Adopting the rate expression in eq 1, that

rate that was roughly proportional to teguareof the concentration ! . : .

. . e o . apparent first-order rate constant is equivalent to an actual third-
of LiIOH (Figure 2). To test the possibility that two lithium ions 10 M -2 w1 o

. . . . . ) order rate constankd) of 1.5 x 10719 M2 s71, at 25°C. The

might be involved in this reaction, we examined the effects of . . ) . .

. ; L S catalytic effect of lithium hydroxide shows no evidence of saturation
varying the component ions of lithium hydroxide independently . R .
by varving the concentrations of LiCl and KOH. neither of which even at its solubility limit (Figures 1 and 2), and thus the reactivity
cgtal Zesgmeth | bhosphate hvdrolvsis b itself’ The rate of hvdro- of the lithium complex can be estimated only as a lower limit. Even
vsi >\//v ¢ ndytpv rp with tz firyt 3\’/ ) f.th ncenr >t/i N at that lower limit, at which the presumed complex is incompletely
ysis was found to vary € first power of the concentratio formed, the apparent first-order rate for hydroxide attack at the

]?_f It'th'um at fct(;nstant hyflrc;?(lde ;ohn gont_:gnt_ratlont and, tW't:' the carbon atom of lithiated methyl phosphate (Scheme 1c){s1®°
Irst power of the concentration of hydroxide 1on, at constant con- -, o4 >g °C, exceeding the first-order rate constants fer@P

_centrations of ”thil.Jm or sodium (data not shown). Thu_s, hydrolysis cleavage of either the monoanion or the dianion of methyl phosphate
in concentrated LIOH appears to proceed by hydroxide attack on (Table 1)
the monolithium complex of the methyl phosphate dianion. The '
more rapid hydrolysis of the lithium than the sodium salt (Figure

J— —_— 1 + -
1) may arise from a difference between the dissociation constants d[MeP]/dt= k;[MeP][Li"][OH"] 1)
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Figure 3. Arrhenius plot of the common logarithm of the apparent first-
order rate constant () for hydrolysis of methyl phosphate, plotted as
function of the reciprocal of temperature (Kelvin).

Scheme 1. Methyl Phosphate Reactions
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After hydrolysis had been carried to completion in 4.4 M LiOH
containing 90% K0, at 130°C, the methanol product was found
to be 88% enriched O, indicating that hydrolysis proceeds by
cleavage between the oxygen and carbon atom of the monolithium
complex (Scheme 1c). As expected for nucleophilic displacement
at carbon, no reaction<(1%) could be detected for isopropyl or

neopentyl phosphate under the same conditions, and ethyl phosphate (9)

was found to be~20-fold less reactive than methyl phosphéte.
Many enzymes act on phosphoric ester substrates by facilitating

oxygen attack at the phosphorus atom, rather than at the carbon (10)

atom. One of the few exceptions is glycogen phosphorylase (E. C.
2.4.1.1) reacting with glucose 1-phosphate to add single glucose
residues at the 4-OH group at the terminus of glycogen, in the
direction of reaction that is favored thermodynamicélyo metal

ion is involved in the action of glycogen phosphorylase, and no
covalent intermediate has been detected thu&¥fianwould be of
interest to learn the extent to which the anomeric structure of

Table 1. Rates of Methyl Phosphate Reactions in Scheme 1
kas (579) koo (571) AH* (kcal/mol) TAS* 55 (kcal/mol)
(ap 4 x 10710 8x 10°6 +30 -0.2
(b)P 2 x 10720 1.4x 10713 +47 +2.1
(c) >3 x 107° >8 x 1077 +17 <—12
(c 1.5x 10710 4.4x 1078 +17 -14

a References 1 and 2. These values were estimated by extrapolation
from the behavior of aryl phosphates (ref 2) and from the behavior of methyl
phosphateri 1 M KOH as described in ref 3. Nominal values of apparent
first-order rate constants observed in 4.4 M LiOH (this work). The
dissociation constant of the +icomplex of the methyl phosphate dianion
is unknown, but exceeds 4.4 M (see teft)Third-order rate constants (M
s71) calculated from values of apparent rate constants in footnote c, using
eq 1.

glucose 1-phosphate enhances its intrinsic susceptibility toward
attack by oxygen nucleophiles at C-1, in view of the extremely
sluggish rate of spontaneous P/O cleavage of methyl phosphate
dianiort and the fact that C/O cleavage of methyl phosphate must
be slower still. Somewhat more closely resembling the present
reaction, in that the carbon atom under attack is not anomeric, is
the reaction catalyzed by methionine adenosyltransferase (E. C.
2.5.1.6), in which the sulfur atom of methionine reacts with the
C-5 atom of ATP to formS-adenosylmethionine. These reactions,
like the decarboxylation of OMP, appear to be among the more
formidable challenges that have been overcome during the evolution
of modern enzymes.
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