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n-Decyl phosphate, as the mono benzyltrimethylammonium salt 1, is readily acetylated by 2,4-dinitrophenyl acetate,
2, in dry acetonitrile (MeCN). Reaction is very strongly inhibited by H2O, and acyl phosphate, 3, is not detected
with >20 vol% H2O. In these aqueous media ester 2 is hydrolyzed, probably with general-base catalysis by 1, and the
acyl phosphate is also slowly hydrolyzed. Potassium dihydrogenphosphate is slowly acetylated by 2, in moist MeCN
in the presence of [18]-crown-6 in heterogeneous conditions, but the yield of acetyl phosphate decreases sharply with
>10 vol% H2O. Sodium n-decyl phosphate is also acetylated by 2 in dry MeCN in the presence of [15]-crown-5. These
acetylations in anhydrous media model enzymic-mediated formation of acyl and other labile phosphates.

Introduction
Energy-rich phosphates (e.g., ATP and acetyl phosphate) have
very important roles in energy transfers.1,2,3 The mechanisms
and catalysis of hydrolysis of acetyl phosphate, and related
energy-rich phosphate compounds, have been extensively
studied,4 and Lehn et al.5 demonstrated that various macro-
cyclic polyamines mediate phosphorylation of phosphate ion.

We recently reported 6 that desolvated n-decyl phosphate ion,
1, in anhydrous acetonitrile, reacts readily with 2,4-dinitro-
phenyl acetate, 2, to form the corresponding acyl phosphate
3 (Scheme 1), an “energy-rich” compound of biochemical

interest. This reaction is strongly inhibited by addition of small
amounts of water and, in aqueous solution, the products are
acetate and 2,4-dinitrophenolate ions formed by hydrolysis of
the ester. In this work, we report further mechanistic details of
the reaction, with special emphasis on the role of water, acting
as an inhibitor, and changing the course of reaction. These
studies are aimed at providing mechanistic insight and chemical
understanding of the role of water (or its absence) in biochemi-
cally important reactions. In Scheme 1 we also show formation
of acetate and 2,4-dinitrophenolate ion by hydrolysis of the
ester, 2, probably with general base catalysis by the phosphate
ion, but we also have to consider possible hydrolysis of the acyl
phosphate 3. We also attempted to acylate inorganic phosphate

Scheme 1
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in relatively dry solvents, although here low ionic solubility is a
major problem, and we used crown ethers in these experiments.

Experimental
Materials

2,4-Dinitrophenyl acetate, 2, and n-decylphosphoric acid were
prepared according to reported methods.7,8

Monopotassium phosphate (reagent grade, Reagen) and
tris(hydroxymethyl)aminomethane (Tris; ultrapure grade,
Aldrich) were used without further purification. Water was
doubly distilled before use. Acetonitrile (HPLC grade, Aldrich)
was dried with CaH2 (Aldrich), distilled and stored over
molecular sieves (Aldrich 4 Å) as described.9 Karl Fischer
titrations demonstrated the absence of water in the solvent.

Benzyltrimethylammonium n-decyl phosphate, 1, was pre-
pared by addition of equimolecular benzyltrimethylammonium
hydroxide (methanolic solution, 40 weight %; Aldrich) to aque-
ous n-decylphosphoric acid. The mixture was stirred for one
hour, and solvent was removed in a rotary evaporator. The
molten salt was dried under reduced pressure for 24 hours
and stored over phosphorus pentoxide. An aqueous solution
of 1, 5.5 × 10�3 mol dm�3, had pH 5.54.

Methods

Absorbance spectra (UV–visible) were measured with Perkin-
Elmer Lambda 2S and Hewlett-Packard HP8452A spectro-
photometers, equipped with thermostatted cell compartments
to 0.1 �C. These instruments were also used for kinetic
measurements. The pH was determined with a Hanna Model
HI 9318 pH meter. Tris buffer (pH = 8.0) was used, except
above 90% acetonitrile where it is insoluble.

Kinetic runs were carried out under first-order conditions
with at least a twenty-fold excess of 1. The stock ester solution
was 0.01 mol dm�3 in anhydrous acetonitrile. Reactions were
initiated by mixing 9 mm3 of this stock solution with thermally
equilibrated 1 in a 3 cm3 quartz-stoppered cuvette (10 mm path
length). The final concentration of 2 was 3 × 10�5 mol dm�3.
Acetyl transfer was followed by the increase in absorbance at
363 nm (2,4-dinitrophenolate ion production). All reactions
gave strict first-order kinetics over more than five half-lives.
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Observed first-order rate constants (kobs) were estimated from
linear plots of ln (A � At) against time for at least 90% reaction
by using an iterative least-squares program; correlation co-
efficients, r, were >0.999 for all kinetic runs. Unless specified
otherwise, reactions were followed at 40 �C.

The activation parameters were determined from kobs values
at six different temperatures, varying between 25 and 50 �C, by
reacting 1 with 2, 1.57 ×  10�3 mol dm�3, except the parameters
calculated for anhydrous acetonitrile ([1] = 1.1 × 10�3 mol
dm�3).

Infrared spectra. Infrared spectra were run on a Perkin-Elmer
Model 2000 FTIR instrument. The following procedure is typ-
ical. A solution of 1 (4.68 × 10�5 mol) in 25 cm3 of acetonitrile
was stirred at 25 �C in a stoppered flask. A small amount of an
acetonitrile stock solution 0.105 mol dm�3 2 (1.17 × 10�5 mol)
was injected into the stirred mixture. At the end of reaction
solvent was removed in a rotary evaporator and the residue was
dissolved in 1 cm3 of acetonitrile. Direct observation of the
acetyl phosphate, 3, was made by transferring a sample of this
solution into a sodium chloride IR cell, path length 0.5 mm.
The infrared spectrum had a carbonyl absorption at 1754 cm�1,
absent in the spectra of the reactants and consistent with the
presence of an acyl phosphate.10,11

Trapping of the acetyl phosphate. The acetyl phosphate, 3,
was quantitatively identified by following the method of Lip-
mann and Tuttle for the determination of acyl phosphates.6,12

The procedure was that detailed above (see infrared studies). At
the end of reaction, solvent was removed and 1 cm3 of water
was added to the residue. This solution was added to a mixture
of 1 cm3 of hydroxylamine solution and 1 cm3 of acetate buffer,
and the mixture was left for 10 minutes. Then, 1 cm3 of HCl
solution and 1 cm3 of FeCl3 were added (concentrations were as
described 12) and the solution was filtered. The solution became
purple (500 nm) due to complexation of the hydroxamic acid
with Fe3� (FeCl3 does not absorb between 480 and 540 nm). We
note that hydroxylamine reacts with 2 and it was necessary to
follow formation of acetyl phosphate to completion by infra-
red or ultraviolet spectrometry before using this colorimetric
method.

Some experiments were made with KH2PO4 in MeCN or
moist MeCN and, even in the presence of [18]-crown-6, reac-
tion was in heterogeneous conditions. We examined the
products by the method of Lipmann and Tuttle 12 and by IR
spectrometry, as described above.

Results and discussion
Reaction between 2,4-dinitrophenyl acetate and desolvated
n-decyl phosphate ion

The reaction of desolvated n-decyl phosphate ion, 1, and 2,4-
dinitrophenyl acetate, 2, occurs quantitatively at 40 �C (Fig. 1).
Rate constants of acyl transfer were determined by following
the appearance of 2,4-dinitrophenolate ion at 363 nm and the
reaction is strictly second order with an isosbestic point at 316
nm. The first-order dependence on n-decyl phosphate concen-
tration is limited only by the solubility of 1 in acetonitrile or
acetonitrile–water. Plots of kobs against [n-decyl phosphate] in
absence and presence of small amounts of water are linear with
zero intercepts (Fig. 2), and give the second-order rate con-
stants reported in Table 1 for 1 in the range 3.80–13.2 mol�1 s�1

dm3 (limited by the solubility of the salt). Second-order rate
constants, k2, were reproducible to within ±2%.

The absorbance at 363 nm at complete reaction was that of a
solution of the equivalent amount of 2,4-dinitrophenolate and
1 in dry acetonitrile, demonstrating the stoichiometric form-
ation of phenolate ion. In addition the IR signal of ester 2 at
1786 cm�1 disappears in the reaction with an excess of 1.

Formation of the acetyl phosphate, 3, is confirmed by exam-
ination of its infrared spectrum. Examination of the spectra as
a function of time revealed that when the ester and n-decyl
phosphate ion are mixed in acetonitrile, the carbonyl band of
ester disappears, and a new band appears at 1754 cm�1. The

Fig. 1 The time course of reaction of 2,4-dinitrophenyl acetate
(3.0 × 10�5 mol dm�3) and benzyltrimethylammonium n-decyl phos-
phate (1.1 × 10�3 mol dm�3) in anhydrous acetonitrile at 40 �C. Spectra
were recorded at 10 (a), 30 (b), 59 (c), 120 (d), 150 (e), 270 (f) and 600 s
(g) after mixing the reactants. The final spectrum is of the products.

Fig. 2 First-order rate constants for the reaction of 1 with 2 as a
function of n-decyl phosphate concentration, at 40 �C, in acetonitrile
with (�) 0.06 M H2O; (�) 0.20 M H2O; (�) 0.44 M H2O.

Table 1 Effect of water on second-order rate constants for acyl trans-
fer reaction between 2,4-dinitrophenyl acetate (3 × 10�5 mol dm�3) and
n-decyl phosphate in acetonitrile, at 40 �C

[H2O]/mol dm�3 k2/dm3 mol�1 s�1 a

0.44
0.33
0.20
0.11
0.06
0.00

3.80
4.64
5.41
6.53
7.29

13.2
a k2 values are within 5% of the mean.
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appearance of the carbonyl signal, at 1754 cm�1, absent in the
spectra of the individual starting materials, demonstrates the
presence of the acetyl phosphate 3, since this signal is that of
the carbonyl stretching vibration of acyl phosphates.10,11

Formation of acetyl phosphate was shown by its trapping,
by an adaptation of the method of Lipmann and Tuttle.12

The molar absortivity of the complex of Fe3�–hydroxamic
acid (εmax = 925 dm3 mol�1 cm�1, at 500 nm), was employed to
demonstrate that the yield (>98 ±1%) of the acetyl phosphate
is quantitative in anhydrous acetonitrile.

Kinetic effect of water on the reaction of 2 with n-decyl
phosphate ion

Addition of small amounts of water inhibits the reaction
between ester, 2, and n-decyl phosphate ion, 1. The kinetic data
in Table 2 extend results previously reported 6 and confirm the
strong inhibition of acyl transfer by water. These observations
clearly demonstrate the key role of water in inhibiting acyl
transfer, because solvation of phosphate anion by water
strongly decreases its nucleophilicity.13 The preferential solv-
ation of ions by water in mixed solvents is well documented in
the literature, and many examples illustrate the importance of
specific solvation of cations and desolvation of anions in
dipolar aprotic solvents.10,11,14

The reaction involves an anionic transition state, 4, which
may be similar in structure to a hypothetical tetrahedral inter-
mediate and in that event negative charge should be stabilized
by interaction with the hydrogenphosphate.

Activation parameters

Activation parameters were calculated for the reaction of 2,4-
dinitrophenyl acetate with n-decyl phosphate in acetonitrile in
the absence and presence of defined amounts of water (Fig. 3).
Values of ∆G‡, ∆H‡ and ∆S‡ are calculated at 40 �C (Table 3).
Values of ∆H‡ increase with increasing concentration of water
in the reaction medium, reflecting the sharp decrease in nucleo-
philicity of n-decyl phosphate ion. Changes in ∆S‡ are signifi-
cant: values are high and negative (�169.0 and �210.9 J K�1

mol�1, in 99 and 100% acetonitrile, respectively). Indeed, addi-
tion of 1 vol% water makes ∆S‡ less negative by ca. 42 J K�1

mol�1, probably because of release of water in forming tran-
sition state 4. The negative ∆S‡ suggests a highly associative
mechanism by which the ester interacts with the n-decyl phos-

Table 2 Effect of water on first-order rate constants for the reaction of
2,4-dinitrophenyl acetate (3.0 × 10�5 mol dm�3) with benzyltrimethyl-
ammonium n-decyl phosphate (1.57 × 10�3 mol dm�3) in acetonitrile,
at 40 �C

[H2O]/mol dm�3 103 kobs/s
�1 a

0.00
0.06
0.11
0.20
0.33
0.44
0.66
0.88
1.10
1.28
1.76
2.21
2.65
3.55
4.46 c

4.46 d

15.0 b

10.5
9.55
7.74
7.01
5.80
3.81
2.70
2.14
1.57
1.03
0.393
0.221
0.177
0.0548
0.0227

a kobs values are within 2% of the mean. b Value extrapolated from the
second-order constant for reaction in anhydrous acetonitrile (Table 1).
c In buffer Tris 5.0 × 10�2 mol dm�3; pH = 8.0. d In the absence of
buffer.

phate ion. A good relationship is obtained between ∆H‡ and
∆S‡ (Table 3, plot not included); the data show that a decrease
in T∆S‡ is thermally balanced by a decrease in ∆H‡. Thus,
the enthalpy changes are almost completely lost in ∆G‡. We
believe that the experimental result comes from a balance of the
increase in nucleophilicity of the phosphate ion and the relative
inability of water to solvate the charge-dispersed transition
state, 4.

There is no net change of charge in formation of the transi-
tion state, but there is extensive delocalization, with a possible
interaction of a phosphate hydrogen with the carbonyl oxygen.
Formation of such a transition state will be entropically costly,
but the partial charge neutralization will decrease ∆H‡.

A comparison between our data and the activation data
reported in the literature for the pyridine-catalyzed hydrolysis
of ester 2 (Table 4) shows a good agreement, with high negative
values of the entropy of activation and low values of the
activation enthalpy, in both cases.

Influence of water on overall reactions between 2,4-dinitrophenyl
acetate and n-decyl phosphate ion

Reaction of 2 with 1 in anhydrous acetonitrile quantitatively
forms the acetyl phosphate 3 (Table 5). In buffered aqueous
solution (pH = 8.0) with KH2PO4, 0.1 mol dm�3, the reaction is
exclusively ester hydrolysis. The strong influence of water on the

Fig. 3 Influence of temperature on kobs for the reaction between
2,4-dinitrophenyl acetate and benzyltrimethylammonium n-decyl
phosphate in acetonitrile with 0.13 (�), 0.25 (�), 0.46 (�), and 1% (�)
of water.

Table 3 Activation parameters for the reaction between 2,4-
dinitrophenyl acetate and n-decyl phosphate in acetonitrile in the
absence and presence of traces of water

[H2O]/
mol dm�3

Ea/kJ
mol�1 a

∆H‡/
kJ mol�1 a

∆S‡/J K�1

mol�1 b
∆G‡/
kJ mol�1

0.44
0.33
0.20
0.11
0.06
0.00

39.8
36.5
34.2
29.4
27.7
25.6

37.1
33.9
31.6
26.8
25.1
23.0

�169
�178
�184
�198
�203
�211

73.3
72.8
72.4
71.9
71.6
70.1

a Ea and ∆H‡ values are accurate to within ±1 kJ mol�1. b ∆S‡ values
are accurate to within ±3.3 J K�1 mol�1.
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course of these reactions between the ester and n-decyl phos-
phate, is shown by the yields of products (Table 5). Addition of
5 vol% of water to acetonitrile markedly reduces the yield of the
acetyl phosphate. We could not detect it in 30 vol% water by
Lipmann and Tuttle’s test, or by infrared spectral analysis, and
finding only hydrolysis products of the ester.

The yields reported in Table 5 may not represent all the acetyl
phosphate, 3, formed during reaction, because some of it may
hydrolyze. A test of the stability of 3 in acetonitrile with various
water contents, showed that with 5, 10 and 20 vol% water, 3
suffered about 10, 20 and 40% hydrolysis over 72 hours,
at 25 �C. As the concentration of water increases, the kinetic
stability of 3 decreases and its hydrolysis products are detected.
However, in the range of 0–10 vol% water, the results in Table 5
reflect only formation of 3 in the reaction of ester, 2, with 1,
with essentially no hydrolysis. The failure to detect acyl phos-
phate, 3, in aqueous media may be due to its rapid hydrolysis.

KH2PO4 is too insoluble in anhydrous acetonitrile, even in
the presence of crown ethers, to allow a study similar to that
reported for 2 (Scheme 1). Nonetheless, after stirring a solution
of 2 in acetonitrile, in the presence of [18]-crown-6, with added
KH2PO4, for 72 hours, we saw a weak IR signal at 1754 cm�1,
which was not present in these conditions without crown ether.
These results indicate that the crown ether solubilizes some
inorganic phosphate, which reacts in solution with the ester.
This reaction, however, is very slow and we could not estimate
the yield.

We then carried out a similar experiment, but with addition
of a little water. The salt did not appear to dissolve, but reaction
was faster. Addition of 2 and 5 vol% of water gave acetyl phos-

Table 4 Activation parameters for reactions envolving 2,4-
dinitrophenyl acetate, 2, as substrate

Solvent Conditions
∆H‡/
kJ mol�1 a ∆S‡/e.u. b

Water c

Water c

Water d

MeCN d

Benzene e

MeCN
MeCN–water 1%

Pyridine-catalyzed
Alkaline solution
With morpholine
Crown-ether/KAc
Crown-ether/KAc
Our results
Our results

36.4
46.0
38.1
43.5
23.0
23.0
37.2

�30.0
�13.4
�19.0

9.3
19.4

�36.0
�27.6

a ∆H‡ values are accurate to within ±1 kJ mol�1. b ∆S‡ values are
accurate to within to ±0.5 eu. c A. R. Butler and I. H. Robertson,
J. Chem. Soc., Perkin Trans. 2, 1975, 660. d W. P. Jencks and M.
Gilchrist, J. Am. Chem. Soc., 1968, 90, 2622. e I. M. Kovach, J. Org.
Chem., 1982, 47, 2235.

Table 5 Yields a of acetyl phosphate and hydrolysed ester in the reac-
tion between 1 and 2 in acetonitrile–water, at 25 �C

Water(%)

Acetyl
phosphate
yield(%)

Hydrolysed
ester
yield(%)

0.00
0.25
0.46
1.00
1.50
3.00
4.00
5.00
6.00

10.00
15.00
20.00
30.00
40.00
50.00

100
95
90
86
76
71
63
52
44
37
24
15
0
0
0

0
5

10
14
24
29
37
48
56
63
76
85

100
100
100

a The yields are accurate to within ±2%.

phate in 60 and 50% yield, respectively. The product was con-
firmed by its infrared spectrum and quantified by the Lipmann
and Tuttle method. The yield of acetyl phosphate decreases
strongly with an increase in water content, and is 40% with 10
vol% water. Acetyl phosphate was not detected by the method
of Lipmann and Tuttle in 30 vol% water, but there was a weak
signal of the carbonyl group at 1754 cm�1.

We also carried out the same experiment with sodium n-decyl
phosphate in the presence of [15]-crown-5, in acetonitrile–Tris
buffer (pH 8.0). The acyl phosphate was obtained in 45% yield,
confirmed by its infrared spectrum and quantified by the
method of Lipmann and Tuttle. These results show that the
benzyltrimethylammonium ion is not essential in the acyl
transfer. Its major role is to solubilize the phosphate ion, but
it may assist reaction by interacting with the low charge density
transition state 4.

On the role of water in the formation of acetyl phosphates

The non-enzymatic model described here represents the first
bioorganic system that mimics the synthesis of energy-rich acyl
phosphates. The strong dependence of the formation of the
acyl phosphate, 3, on the molar composition of the medium
demonstrates the importance of the solvent, not only in
enhancing the nucleophilicity of the organic phosphate, but
also in changing the course of the reaction.

For many reasons, the study of reactivity of compounds in a
dipolar aprotic media provides an important insight into the
understanding of a model system, in comparison to water alone
as solvent.15 Water has both basic and acidic properties, which
are responsible for changes in the relative free energies of the
transition and ground states. These interactions of water are
difficult to detect if it is present in large excess as the bulk
solvent. However, at low concentrations in acetonitrile, the tri-
dimensional hydrogen bonded structure of water is broken and
mobile acetonitrile–water clusters predominate in solution,
with the water molecules hydrogen-bonded to acetonitrile,16,17

but isolated water molecules will solvate a nucleophile because
they are stronger proton donors than acetonitrile. The striking
decrease in the nucleophilic reactivities of the phosphate ions
in acetonitrile by added water is largely due to anionic stabiliz-
ation by hydrogen bonding. Water strongly inhibits acylation,
showing that this kind of interaction is much weaker in the
transition state and the dominant effect of ground-state stabil-
ization is well documented for reactions of anionic nucleophiles
and bases.14c,d

Although acyl phosphates are regarded as “energy-rich” they
can be prepared from inorganic phosphate, or an alkyl
phosphate ion, by the weak acylating agent 2,4-dinitrophenyl
acetate, 2, provided that the reactions are not prohibited by
hydration of the phosphate ions. Aqueous media change the
course of reaction, since solvation promotes simultaneously a
decrease in nucleophilicity, via hydrogen bonding, and favors
phosphate ions action as general bases, activating water
towards the ester, 2. Insofar as the active site of an enzyme can
have a very low water content, the driving force for acylation of
a phosphate ion, or similar reactions, can be related to anionic
desolvation.

The descriptively useful term “energy-rich” is applied to
labile phosphates, e.g., acyl phosphates and triphosphates,
which transfer the phosphoryl moiety in biologically important
reactions. It is important to remark that although the model
chemistry in acetonitrile is not exact, since in the enzyme phos-
phate would be bound to favorably disposed enzyme groups,
the experimental results demonstrate that solvation plays a
major role in this type of reaction. Emphasis is often given to
free energy changes in equilibrium conditions, but the enzymic
(and model) reactions are typically not carried out in these
conditions, although they involve an overall decrease in free
energy.18 We believe that it is desirable to analyze these reactions
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in terms of the kinetics of the individual steps, and in particular
to consider the extent to which the presence, or absence, of
water is of major kinetic importance and can change the course
of reaction.
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