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Probing Potential Medium Effects on Phosphate Ester Bonds
Using 80 Isotope Shifts on 3'P NMR
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Dipolar aprotic cosolvents, such as DMSO and acetonitrile, accelerate the rates of hydrolysis of
phosphate monoester dianions. It has been speculated that the rate acceleration arises from the
disruption of hydrogen bonding to the phosphoryl group. An aqueous solvation shell can stabilize
the dianionic phosphoryl group by forming hydrogen bonds to the phosphoryl oxygens, whereas
solvents such as DMSO are incapable of forming such bonds. It has been proposed that the loss of
stabilization could result in a weakened P—OR ester bond, contributing to the observed faster rate
of hydrolysis. Computational results support this notion. We have used the *0O-induced perturbation
to the 3'P chemical shift to ascertain whether solvent changes result in alterations to the P—O(R)
bond. We have studied 0'80-labeled methyl, ethyl, phenyl, p-nitrophenyl, diethyl p-nitrophenyl,
triphenyl, and di-tert-butyl ethyl phosphate in the solvents water, methanol, chloroform, acetonitrile,
dioxane, and DMSO. The results suggest no significant solvent-induced weakening of the phosphate
ester bonds in any of the solvents tested, and this is unlikely to be a significant source for the

acceleration of hydrolysis in mixed solvents.

Introduction

Phosphoryl transfer reactions are ever-present in
biochemistry. The hydrolysis of phosphate monoesters,
most commonly tyrosine, serine, and threonine phos-
phates, by phosphatases is involved in cell signaling and
regulation. The substrates for most phosphatases are
believed to be the dianion forms, which have very slow
rates of uncatalyzed hydrolysis; the estimated half-life
for attack by water on alkyl phosphate dianions is 1012
years at 25 °C.1

The rate of hydrolysis reactions of phosphomonoester
dianions is strongly affected by the medium. The rate of
hydrolysis of the p-nitrophenyl phosphate (pNPP) dianion
is accelerated by up to 10° in 95% DMSO? and an increase
of over 106-fold has also been reported in acetonitrile
containing 0.02 M water as compared to that of water

(1) Lad, C.; Williams, N. H.; Wolfenden, R. Proc. Natl. Acad. Sci.
U.S.A. 2003, 100, 5607—5610.

(2) Abell, K. W. Y.; Kirby, A. J. Tetrahedron Lett. 1986, 27, 1085—
1088.
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alone. It has been speculated? that this increase in rate
is due to the disruption of hydrogen bonding to the
phosphoryl group, resulting in a weakening of the P—O
ester bond. One way to rationalize this effect is that the
loss of stabilizing hydrogen bonds results in a greater
contribution from a resonance form consisting of meta-
phosphate and the ester group oxyanion. If it occurs, such
an effect would make hydrolysis of the phosphate ester
easier in the presence of dipolar aprotic cosolvents. The
enthalpy of activation for the aqueous hydrolysis of the
(pNPP dianion, AH* = 30.6 kcal/mol, is reduced to AH*
= 20.7 + 0.6 kcal/mol in 95:5 DMSO/H,0.2 This observa-
tion is consistent with the hypothesis that, relative to
the aqueous reaction, in the mixed solvent the dianionic
reactant is destabilized more than the transition state,
as illustrated in Figure 1. Other conclusions are also
possible; for example, the reactant energies could be
similar, but the transition state more stable in the mixed
solvent, relative to pure water.

(3) Grzyska, P. K.; Czyryca, P. G.; Golightly, J.; Small, K.; Larsen,
P.; Hoff, R. H.; Hengge, A. C. J. Org. Chem. 2002, 67, 1214—1220.
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FIGURE 1. Diagram of reaction coordinate for phosphate
ester hydrolysis showing a previously hypothesized origin of
the different AH* values in water (red) and 95:5 DMSO/water
(blue).

TABLE 1. P-O Ester Bond Lengths for Methyl, Phenyl,
and p-Nitrophenyl Phosphate Dianions from Previously
Reported? Calculations at the HF/6-31++G** Level®

leaving group/pK,

OMe/ OPh/ OpNP/

15.5 9.95 7.14
P—0 in water, 1.663A 1.699A 1.729A
HF/6-31++G**, PCM ) ) )
P—-0O in DMSO, 1.680 A 1.725 A 1.866 A
HF/6-31++G**, PCM
P—O0 in bond order in DMSO 0.96 0.91 0.60

relative to that in HoO

@ The bond orders were calculated using the bond length of each
respective phosphate ester in water as D(1) in the Pauling
equation.

KIE data® indicate that a similar transition state
occurs in the reaction in both solvent systems, indicating
that the rate acceleration does not result from a mecha-
nistic change. The transition state is very loose, resem-
bling the anionic leaving group and metaphosphate, with
little nucleophilic participation. With respect to charge
distribution, the charge of —2 on the phosphoryl group
in the reactant is much more dispersed in the transition
state; the phosphoryl group retains about a unit of
negative charge, with the remainder on the leaving
group.

Computational results,? reproduced in Table 1, suggest
that upon going from water to DMSO, the P—O ester
bond becomes significantly weaker. In these computa-
tions, solvent molecules were not explicitly added, and
solvation was modeled using polarizable continuum
models (PCM) for DMSO and water. The Pauling equa-
tion* (eq 1, where D(n) is the bond length for a bond order
of n, and D(1) is the bond length for a bond order of unity)
can be used to estimate the degree of bond order loss
implied by the calculations. If the Pauling equation is
rearranged to the form of eq 2, and the computed P—O

(4) Pauling, L. The nature of the chemical bond, 3rd ed.; Cornell
University Press: Ithaca, NY, 1960; pp 255—260.
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TABLE 2. Bond Lengths from Analysis of the P—O
Ester Bond of pNPP in DMSO/Water Mixtures by Raman
Spectroscopy®

%DMSO Rbridging (A) Pauling bond order
0 1.623 1.00
25 1.624 1.00
50 1.626 0.99
60 1.627 0.98
70 1.628 0.98
80 1.630 0.97

distance for each ester in water is assigned to a bond
order of unity, the resulting relative bond order (n) in
DMSO calculated for each ester is shown in the bottom
row of Table 1.

D(n)=D(1) — 0.6 log n 1)
D(DMSO) — D(H,0) = —-0.6 logn (2)

The calculations predict significant medium-induced
effects on the ester bond for pNPP, and smaller effects
for phosphates with more basic ester groups. It is noted
that the calculations also predict an effect of the ester
group on the P—O bond length. Subsequent experimental
investigations have not found such an effect.5¢

An investigation® using Raman spectroscopy of pNPP
in water/DMSO mixtures determined that the bridging
P—OR bond weakens by a small extent as the amount of
DMSO increases (Table 2). The Pauling bond orders in
Table 2 were calculated using the bond length of 1.623
A found in pure water as D(1). In 80% DMSO, the highest
DMSO content for which measurements could be ob-
tained, a change in bond order of 0.03 is implied by these
data. This is much smaller than the computationally
predicted effect for pNPP in pure DMSO. DMSO at 80%
still contains 11 M concentration of water, leaving open
the question of whether a more complete change of
medium might result in significant ester bond weakening
effects.

To assess a broad range of organic solvents for poten-
tial solvation-induced changes in bonding in phosphate
esters, we have measured the ¥0-induced perturbation
to the 3P chemical shift (Ad,) in a series of phosphate
esters, using the solvents water, DMSO, dioxane, aceto-
nitrile, chloroform, and methanol, to ascertain whether
changes in solvent result in a significant alteration to
either the P—OR ester bond or the nonbridging P—O
phosphoryl bonds.

In this study, the phosphate esters were synthesized
with a mixture of 10 and 30 at the position(s) of interest,
shown in Figure 2. The 3'P NMR spectra of ¥0O-labeled
phosphate esters show from two to four resonances,
depending on the number of %0 atoms present. The
180-labeled analogue always gives a more upfield signal
than that with 0. Published data show that the
magnitude of this isotope-induced shift (Ad, = 660 —
0180) is proportional to the P—O bond order; Ad, in-
creases from ~0.016 ppm for single bonds up to ~0.041
ppm for double bonds.”8

(5) Cheng, H.; Nikolic-Hughes, I.; Wang, J. H.; Deng, H.; O'Brien,
P.J.; Wu, L.; Zhang, Z. Y.; Herschlag, D.; Callender, R. J. Am. Chem.
Soc. 2002, 124, 11295—-11306.

(6) Sorensen-Stowell, K.; Hengge, A. C. J. Org. Chem. 2005, 70,
4805—4809.

(7) Cohn, M.; Hu, A. J. Am. Chem. Soc. 1980, 102, 913—916.
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FIGURE 2. Positions of 180 labeling in the phosphate esters
studied by NMR. Red indicates the bridging oxygen, and
purple indicates the nonbridging oxygens.

TABLE 3. Isotope Shifts for a Series of Phosphate
Esters and Inorganic Phosphate®8

compound, formal P-O Adp= 0160— 5180

position of 180 bond order (ppb)
ATP B-y bridging 1 16.5
ADP a-f bridging 1 16.6
inorganic phosphate trianion 1.25 20.5
ADP f-nonbridging 1.33 21.5
ATP y-nonbridging 1.33 22.0
ATP f-nonbridging 1.5 28.5
diethyl pNPP 2 40.0

The magnitudes of isotope shifts result from a combi-
nation of two factors: the first derivative of nuclear
shielding with respect to bond length (the magnitude of
which increases with increasing bond order) and anhar-
monicity, the manifestation of an altered bond length
arising from substitution by the heavier isotope.>? The
degree of anharmonicity has been shown to vary depend-
ing on molecular structure, making the relative contribu-
tions from these two factors variable and difficult to
correlate with any one property. However, the cumulative
data have led to the observation that, within the same
or similar functional groups, the magnitude of isotope
shift is proportional to bond order.®~!1

Values of Ad, from published data of 80-isotopomers
of ATP and ADP,”® inorganic phosphate, and a phospho-
triester® (Table 3) have been plotted as a function of
formal P—O bond order in Figure 3. The observation that
this fit does not pass through the origin suggests that
the correlation may not be linear at lower bond orders.
Alternatively, this may reflect the fact that the P—O bond
order for each ester is only a formalism, and may not
reflect the true bond order. A fit of the same data forced
through the origin yields a slightly poorer correlation,
with r2 = 0.91.5 While the exact mathematical relation-
ship between Ad, and bond order is uncertain, it is clear
that there is a systematic relationship. The correlation
between Ad, and P—O bond order in phosphate esters
bond order has been further demonstrated by the linear
relationship between the magnitude of Ad, and the P—O
stretching frequencies in methyl, dimethyl, and trimethyl
phosphates.’> The correlation was also found in our

(8) Lowe, G.; Sproat, B. S. J. Chem. Soc., Chem. Commun. 1978,
565—566.

(9) Jameson, C. J. J. Chem. Phys. 1977, 66, 4983—4988.

(10) Jameson, C. J. In Encyclopedia of Nuclear Magnetic Resonance;
Grant, D. M., Harris, R. K., Eds.; John Wiley: London, 1995; Vol. 6,
pPp 2638—2655.

(11) Risley, J. M.; Van Etten, R. L. In Isotope Effects in NMR
Spectroscopy; Diehl, P., Fluck, E., Guenther, H., Kosfeld, R., Seelig,
J., Eds.; Springer—Verlag: Berlin, 1990; Vol. NMR, 22, pp 81—168.
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FIGURE 3. Graph of the isotope shift data in Table 3. The
line represents a least-squares fit to the data, and obeys the
relation Adp = (23.8) x (bond order) — 8.4, with r2 = 0.97.

previous work in water with different counterions for
various phosphate monoesters. 180-isotope shifts in 3P
NMR have been used in a number of other studies of bond
order for phosphate”®1213 and phosphorothioate!4~17 es-
ters. Thus, a significant difference in bond order will be
accompanied by a difference in isotope shift well within
the range of detectability.

Measurements of 80-isotope shifts on 3C NMR of
carbons in C—O bonds for a number of compounds in
various solvents have been reported. The results have
shown an independence of significant solvent effects for
formal bond orders ranging from 1.0 to 2.0. For n-propyl
[carbonyl-¥0]benzoate, the same isotope shift of 33 &+ 1
ppb is observed in CDCl;, DMSO-ds, pyridine-ds, benzene-
dg, and methanol-d,.'® Similar isotope shifts are also
found for 1-phenyl-ethanol-'80 in several solvents: 23 +
1 ppb in CDCl3, 21 + 1 ppb in benzene-dg, and 20 + ppb
in pyridine-d;s.'® The results suggest the isotope shift for
C—O0 bonds is independent of the solvent and solely
dependent upon the C—O bond order. A similar trend is
seen in the isotope shifts for acetonel[carbonyl-80] (50
ppb) and benzoic acid[carbonyl-¥0] (31 ppb) in both
CDCl; and D20.1° A very small (up to 4.2 ppb) dependence
of the isotope shift on solvent is reported for 1-methyl-
cyclohexanol, 1-cyclohexylethanol, and 1-octanol, which
was attributed to variations in the ability of solvents to
hydrogen bond to the alcohol, indirectly affecting the
C—O0O bond.? No dependence of the isotope shift for
carbonyl-80 compounds was found.?® These results show
that the neutral compounds in these studies do not

(12) Lowe, G.; Potter, B. V. L.; Sproat, B. S. J. Chem. Soc., Chem.
Commaun. 1979, 733—735.

(13) Cohn, M.; Hu, A. Proc. Natl. Acad. Sci. 1978, 75, 200—203.

(14) Arnold, J. R. P.; Lowe, G. J. Chem. Soc., Chem. Commun. 1986,
1487—-1486.

(15) Baraniak, J.; Frey, P. A. J. Am. Chem. Soc. 1988, 110, 4059—
4060.
(16) Frey, P. A.; Sammons, D. Science 1985, 228, 541—545.
(17) Iyengar, R.; Eckstein, F.; Frey, P. A. J. Am. Chem. Soc. 1984,
106, 8309—8310.

(18) Vederas, J. C. J. Am. Chem. Soc. 1980, 102, 374—376.

(19) Risley, J. M.; Van Etten, R. L. J. Am. Chem. Soc. 1980, 102,
4609—4614.

(20) Diakur, J.; Nakashima, T. T.; Vederas, J. C. Can. J. Chem.
1980, 58, 1311-1315.
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FIGURE 4. Bridge-labeled phosphate esters used in this
study. All monoesters were used as their bis(tetrabutylam-
monium) salts.

undergo significant changes in bonding in the solvents
studied. However, the phosphate esters in the present
study are dianionic, with resonance-stabilized charges
that could be affected by solvation more than the less
polarized bonds of the carbon compounds.

Results and Discussion

We previously synthesized several alkyl (methyl, ethyl,
and phenethyl) and aryl (phenyl and p-nitrophenyl)
phosphate monoesters with a mixture of 0 and 20 at
the ester position and measured the Ad, values for the
bis(tetrabutylammonium) salt forms in water.® In this
work, we have also included the triester di-tert-butyl
ethyl phosphate with a mixture of %0 and !0 in the ethyl
ester position and obtained Ad, values for all of the esters
in the solvents water, DMSO, dioxane, acetonitrile,
chloroform, and methanol. This solvent set covers a range
of polarities, and includes protic and aprotic members.
Figure 4 identifies each phosphate ester studied. The
data for the bridge-labeled phosphate esters in the
different solvents are shown in Table 4.

From the correlation shown in Figure 3, a solvent-
induced change in bond order of 0.1 should result in a
difference in Ad, of ~2.4 ppb; for a bond order change of
0.05, a Ad, difference of ~1.2ppb is expected. If the P—O
bond is affected by solvation as much as the calculations
predict, then compound 5a should give a Ad, value in
water that is about 9.5 ppb greater than that in DMSO.
The magnitude of Ad, for 5a in pure DMSO could not be
obtained, but the values in water and 50% DMSO are
very similar: in water Ad, = 19.8 &+ 0.4 ppb and in 50%
DMSO A6, = 20.7 £+ 0.2 ppb. The calculations lead to
the expectation of a greater Ad, by about 2.2 ppb for
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phenyl phosphate (4a) in water than DMSO, but a
difference of 1.2 in the opposite direction is observed. For
methyl phosphate (1a) a Ad, in water that is ~1.0 ppb
higher than DMSO is expected, but the small difference
of 0.7 ppb that is observed is in the opposite direction
and the values for ethyl phosphate are indistinguishable
in water and DMSO. These data indicate that the
calculations significantly overestimated the degree of
bond order effects caused by the solvent change from
water to DMSO.

In only a few cases are significant differences in isotope
shifts observed from solvent to solvent. The Ad, values
for ethyl phosphate (2a) in dioxane, acetonitrile, and
chloroform range from 2.0 to 2.5 ppb higher than in
water, DMSO, and methanol. No such differences in
these solvents are noted for any of the other esters,
including the triester (6), where the labeled ester group
is also ethyl. A reasonable rationalization for the larger
magnitude of Ad,, for ethyl phosphate in these solvents
is not evident. If the difference arose from a difference
in the degree of anharmonicity in these solvents, then a
similar trend should be seen in all of the esters, but this
is not present in the data.

It is also noted that in chloroform, Ad, is reduced for
the two aryl phosphates relative to other solvents. Phenyl
phosphate (4a) has a Ad, value of 15.7 ppb in chloroform,
about 3.5 ppb lower than the values in the other solvents;
for p-nitrophenyl phosphate (5a), the reduction is smaller,
about 2 ppb. This observation is consistent with a small
weakening of the ester bond. These aryl phosphates
might be more susceptible to this effect due to the more
polarizable nature of the aryl oxide moiety compared to
an alkoxide.

It is noted that the Ad, values for the aryl phosphates
are consistently higher than those for the alkyl phos-
phates. The reason for this slight increase in AJ, is
uncertain, but it has been speculated that it may be
related to the conjugation of the oxygen with the delo-
calized phenyl ring, resulting in greater nuclear shielding
by the heavier aromatic group.? Another possibility is a
difference in the relative contribution of anharmonicity
to the isotope shift in the phenyl esters compared to the
alkyl esters. Since this difference is consistent across all
of the solvents studied, it implies that isotope shifts are
most reliably compared within similar groups such as
within alkyl esters and aryl esters. The results suggest
that there are no significant differences in the ester bond
in the solvents examined in this study, with the exception
of the aryl esters in chloroform, which are small.

To assess whether any change to the P—O bond in
the nonbridging oxygen atoms occurs, Ad, values for

TABLE 4. Adp Values from 3P NMR of Mixtures of 160-180 Bridge-Labeled Phosphate Esters

Aoy, (ppb)

ester deuterium oxide DMSO dioxane acetonitrile chloroform methanol
la 13.6 £ 0.2 129+ 0.1 14.2 £ 0.1 14.4 £ 0.2 14.3 £0.1 14.1 £ 0.5
2a 144+ 0.1 145+ 0.1 17.0+ 04 17.0 £ 0.2 16.3 £ 0.2 14.94+0.9
3a 13.3+04 N/A® N/A® N/Ab N/Ab N/A®
4a 19.1+0.9 20.3 +1.3 214+04 199+1.1 15.7 £ 0.6 19.1+0.6
5a 19.8+ 04 20.7 + 0.2¢ N/Ab N/A? 18.2+ 1.0 20.2 +0.9
6 N/Ab 14.8+0.1 14.3 +£0.1 14.8 +£0.1 15.6 £ 0.4 15.6 £0.1

@ Value was obtained in 50% DMSO0/50% H20; peaks were not resolvable in higher fractions of DMSO. ® N/A: Resolution of the peaks

could not be achieved.
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TABLE 5. Adp Values (per 80 Atom) from 3'P NMR of Mixtures of 10 and 80 Nonbridge-Labeled Phosphate Esters®

Aoy, (ppb)

ester deuterium oxide DMSO dioxane acetonitrile chloroform methanol
1b 2494+ 0.8 28.9 +£ 0.7 2754+ 0.1 28.9+0.3 25.14+0.6 26.7+0.9
2b 23.7+ 0.4 24.8 + 0.0 24.0 +0.1 24.2 +0.1 24.0 +0.1 28.5+0.1
3b 23.8+ 0.4 N/A¢ N/A¢ N/A¢ N/A¢ 27.34+0.7
7 2354+ 0.3 N/Ac N/Ac N/Ac N/Ac N/Ac
4b 22.8 +0.2 234 +1.2 28.9+0.9 28.2+ 1.0 241+ 0.6 24.0 + 0.6
5b 20.7 + 0.4 23.3 £ 0.4° N/A¢ 22.74+0.2 21.1 £0.1 22.2 4+ 0.6
8 N/Ac 41.0 £ 0.0 41.24+0.2 41.24+0.2 40.6 +£ 0.2 39.44+0.2
9 N/Ac 41.1+£0.1 41.14+0.5 41.0+0.1 40.3 £0.2 38.7+04

@ In the monoesters, the isotope shift between the 1603- and the 1803-labeled species was obtained and divided by 3, to give the per
atom Adp. ® Value was obtained in 50% DMSO/50% Hy0; peaks were not resolvable in higher fractions of DMSO. ¢ N/A: Resolution of the
isotopomers could not be achieved. First four entries are alkyl esters, followed by aryl esters.

180 180
1 |
HaCO—P'80(Bu)sN* H3CH200—FII’180'(BU)4N"
180(Bu)sN* 18O (Bu)4N*
1b 2b
Bi: ium) methyl phospt Bis(tetr. ium) ethyl phosph:
Q—\_O“’O 2
1l 11
-PBO(Bu)N*  HC=CCHO-P'®O7(Bu),N*
180-(Bu),N* 1807(Bu)4N*
3b 7
Bi ium) pt hyl Bis(tetrabutyl ium) propargy| phosph:
180 180
5180 + 5180 +
O0-P'®O(Bu)sN* O,N 0-P'80"Bu)uN
807(Bu)sN* 807 (Bu)4N*
4b 5b
Bis({ ium) phenyl phosp} Bis(tetrabut ium) p-nitrophenyl pt
180 180
1l
o {0 F aonen, Ohrorto-C)
OCH,CHj, o)

s ©
Diethyl p-nitropheny1 phosphate

Triphenyl phosphate

FIGURE 5. Nonbridge oxygen-labeled phosphate esters used
in this study.

160—180 nonbridge-labeled phosphate esters were also
measured in the same solvents. Figure 5 identifies each
phosphate ester by number. The data for the nonbridge-
labeled phosphate esters in each solvent are shown in
Table 5.

If a loss of hydrogen bonding results in an increase in
P—0O nonbridging bond orders as discussed earlier, then
a larger Ao, should result in aprotic solvents. This is
observed in a few cases, but there is no consistent trend.
Phenyl phosphate (4b) shows an increased Ad, in dioxane
and acetonitrile, but not p-nitrophenyl phosphate (5b)
(though a value in dioxane could not be obtained). The
data in Table 4 show no accompanying changes to the
P—OR ester bond in these solvents. In the case of 4b in
chloroform, where an indication of P—OR ester bond
weakening relative to water was noted, the nonbridging
Ad, is increased somewhat (24.1 + 0.6 ppb versus 22.8
+ 0.2 ppb). However, this increase in the nonbridging
Ady is smaller than in DMSO and dioxane, where no
accompanying reduction in the ester bond Ad, occurs.

Among the alkyl esters, relative to its value in water,
methyl phosphate (1b), but not ethyl (2b), shows a larger
Ao, in DMSO, dioxane, and acetonitrile. As the smallest
ester, 1b would permit the most facile solvation of the
charged phosphoryl group. Comparisons with the bridg-

ing P—OR data in Table 4 show that any changes in the
nonbridging P—O bonds of 1b in DMSO, dioxane, and
acetonitrile do not result in an observable effect on the
ester bond.

The data do not show any significant effects from
solvation in the phosphate esters examined in this study,
nor any general or predictable trends in the small
differences in isotope shifts in the tested solvents. This
suggests that the small changes that are observed and
noted above most likely result from idiosyncratic differ-
ences in the solvation shells around specific esters. The
data do not support the notion that specific solvent
properties, such as solvent polarity or hydrogen bond
acceptor or donor ability, will result in significant, or
easily predictable, differences in bonding in phosphate
esters.

Conclusions

In summary, the data do not support a significant
weakening of the ester bond upon transfer from water
to a dipolar aprotic solvent. Nor do the data suggest any
correlation between P—OR bond order and pK, of the
leaving group of the ester bond in any of the solvents.
Any solvent-induced weakening of the ester bond is below
the threshold of detection of the isotope shifts, and is,
thus, probably too small to be a major contribution to
the enhanced rate of hydrolysis observed in DMSO/water
and acetonitrile/water mixtures. The differences in the
isotope shifts in 3P NMR in various solvents are greater
than those reported for alcohols, and carbonyl compounds
using C—O bonds with 3C NMR, but the differences
observed are small and follow no systematic trend. The
results suggest that the increased rate of hydrolysis
observed in the mixed solvents arises from some feature
of the reaction other than weakening of the ester bond,
possibly a difference in the relative stabilization of the
reactant state and transition states in the different
solvent systems. Experiments to assess this possibility
are being explored.

Experimental Section

Phosphorus nuclear magnetic resonance (*'P NMR) spectra
were recorded with a 400 MHz instrument operating at 161.9
MHz. All samples were ~20 mM in total phosphate and
consisted of ~30—40% of the 80-labeled analogue. Five spectra
were obtained for each sample, the isotope shifts obtained were
averaged, and the standard deviations are reported. All 3P
NMR spectra were obtained with the following parameters:
spectral width 8196.722 Hz, acquisition time 0.61 s, total
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number of data points 10000, number of scans 64, pulse delay
of 8.00 us, and pulse width of 60°.
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