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Abstract: Our earlier work22 showing rapid phosphoryl transfer in the ternary complex pyridine-2-carbaldoxime-Zn2*-phos-
phorylimidazole is here extended by studies of the effects of (a) substituting Ni2*+ for Zn2*+, (b) substituting a series of phos-
phoramidates for phosphorylimidazole, and (c) substituting pyridine-2-aldehyde hydrazone for pyridine-2-carbaldoxime. The
results with Ni2* are qualitatively similar to those obtained previously with Zn2* and allowed a clearer demonstration of the
need for a protonated imidazole ring in the reactive ternary complex. The rates of transfer for a series of phosphoramidates per-
mit calculation of a Bronsted leaving-group 8 which is similar to that obtained for simple phosphoramidate hydrolysis. No
transfer to the hydrazone is detected. These results are interpreted as showing that the catalysis of phosphoryl transfer by Zn2+
results from both charge-shielding and template effects and that Zn2+ has little direct effect on the phosphoryl group itself.

Introduction

Phosphoryl-transfer reactions are among the most common
in biological systems. The enzymes catalyzing these reactions
generally require divalent metal ions for activity. In the last
decade a great deal of effort has been directed toward under-
standing the mechanism of phosphoryl transfer! and eluci-
dating the possible catalytic roles of metal ions in the reaction.?
Several recent reviews have appeared summarizing work in
this area.!:3

A previous publication from this laboratory reported on the
Zn?*-requiring phosphoryl transfer from phosphorylimidazole
(PIm) to pyridine-2-carbaldoxime (PCA) anion and provided
evidence that this transfer proceeded via the ternary complex
PCA-Zn?*-PIm.22 The importance of this reaction was that
it represented a clear example of anionic oxygen attack on a
phosphoryl dianion, a reaction which though common enzy-
matically had been difficult to demonstrate in model systems.
This paper extends our earlier work by measuring the effect
of varying the leaving-group amine on the rate of phosphoryl
transfer. In addition, the effects of substituting Ni2* for Zn2*+
and pyridine-2-aldehyde hydrazone (PAH) for PCA have also
been determined.

Experimental Section

Materials. Calcium phosphorylimidazole (Plm),22 N-methyl
phosphorylimidazole (N-MeP1m),22 potassium ammonium phos-
phoramidate (PA),%® potassium N-(phenethyl)phosphoramidate
(N-(phenethyl)PA),$ potassium N-(benzyl)phosphoramidate® (V-
(benzyl)PA), and pyridine-2-aldehyde hydrazone (PAH)7 were
prepared as previously described. N-(n-Butyl)phosphoramidate
(N-(n-butyl)PA) was a gift of Professor S. J. Benkovic. Pyridine-
2-carbaldoxime (PCA) and NV, N’-dimethylpiperazine were obtained
from Aldrich and the latter was redistilled before use. ZnSQ4-7H-0,
NiCl,:6H»0, and KCl were Baker Analyzed Reagents. 2-[N-Mor-
pholino]ethanesulfonic acid (Mes) was obtained from Sigma.

Kinetic Procedures. Rates of phosphoryl transfer from phospho-
ramidates to Zn2*-PCA and Ni2*-PCA were measured by a modi-
fication of the modified Martin-Doty procedure of Jencks and Gil-
christ, as described previously.22 Reaction mixtures were generally
0.6 mM in the phosphoramidate under study and were brought to an
ionic strength of 0.5 with KCl. Temperature variation was within
+0.1°C. The pH of reaction mixtures was measured before and after
the kinetic runs and never varied by more than £0.1 pH unit. All ki-
netic runs obeyed first-order kinetics. Reactions were generally fol-
lowed for 2 half-lives and at least six points were taken per run. All
rate constants were measured at least twice. Reproducibility was +5%.
Measurements of pH at 10 °C were by a standard procedure.®
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TableI. Relevant Equilibria
Values used in calculations¢

Measured values 29.2°C 10 °C
PCAH,* = PCAH + Ht 1.5 X 104 M?¥ 1.5 X 1074 M 4X107°M
PCAH = PCA- + H* 9 X 10-!1,¢7 X 10~ M4
PImH™ = Plm?~ + H* 1X10"7,¢1.6 X107 M4 1.12X 107" M
PAH™ = PA?" + H* 7.1 X 1079 M/
N-(benzyl)PAH~ = N-(benzyl)PA2~ + H* 1.4 X 1079 M/
N-(phenethyl)PAH™ = N-(phenethyl)PA2~ + H* 7.2 X 10710 MS
N-(n-butyl) PAH ~ = N-(n-butyl)PA2~ + H* 1.1 X 1071° M/
Zn2*-PCAH = Zn2*-PCA~ + H* 3X 10771 X 1076 M¢ 1 X106 M 78X 107'M
Ni2*-PCAH = Ni2*-PCA~ + H* 1.5X 106,72 3.6 X 1076 M’ 3.6 X107 M
PCAH + Zn?* = Zn2*-PCAH 150 M~1¢ 150 M™! 340 M1
PCAH + Ni2* = Ni2t-PCAH 8600 M1 A 8600 M1

@ Where appropriate, values used in calculations were estimated from measured values using known AH values for similar processes. # This
work, u = 0.5, 25 °C. Determined by spectrophotometric titration at 295 nm. € 25 °C,seeref 9. 4 u = 0.5,40.1 °C, see ref 2a. ¢ u = 1.0, 39
°C,seeref 10./ u=0.2,20°C, seeref 6a. £ u = 0.5, 25 °C, see ref 2a. # 25 °C, seeref 11. ! This work, u = 0.5, 25 °C. Determined by spec-

trophotometric titration at 315 nm.

Equilibrium constants relevant to this work are summarized in
Table 1,

Results

Rates of phosphoryl transfer from several phosphoramidates
to Zn2* and Ni2* complexes of PCA were measured as a
function both of pH and M2*-PCA concentration. In all ex-
periments the total metal-ion concentration ([M2*]t1) was
always equal to the total PCA concentration ([PCA]t). The
concentration of the M2+-PCA complex was calculated from
eq 7 in Scheme I. M2*-PCA was always in large excess over

Scheme 1. Phosphoryl Transfer from Phosphoramidates
to M**~PCA

PCAH,* M**-PCAH
M.pp
uKHLA + M7 1lKHAM )
PCAH M**-PCA~
HX* |
M**-PCAH RNH'POS| (L
Aapp
11KHAM + ﬂKm = | HX (2)
M**-PCA~ R,NPO,*~ 1lKHx
-
k
HX — M**-PCAP + R,NH (3)
rate = kou.q[ R,NHPO, Ip (4)
k
k(vlvsd = /fll (5)
1+ ———
K., [M*-PCA],
k/q
ku;' =
" T ¥ (g /K, + (K /g (5a)
where
1+ (KHAM/UH*)
K = M2+_ M2+ = i L
My, = L PCA]/[M**][PCA], = K T H (/Ko (6)
[M**-PCA), = [M**-PCAH] + [M**-PCA™]
‘ Y1+ 4Ky [M*]) -1
=[M"*) - (7)

2K,
[M**]; = [PCA]; = [M™*] + [M**-PCA]
= [PCA), + [M*-PCA], (8)

app

[PCA] = [PCAH.*] + [PCAH] (9)
Ky = [M*-PCAH)/[M™][PCAH] (10)
K., = [X1/IM**-PCA][R,NHPO,],
= LE (11)
(1 + (ay-/K oy + (Kyyp/ase))
X} = [H2X+] + [HX] + [X7] (12)
+
[R,NHPO,)}, = [R,NHPO,*"] + [R,NPO,*"] (13)
fl =1+ (a}r/KH_,X) + (KHX/aH*) (14)
+
K, = [HX)/[M**-PCA~][R,NHPO,""] (15)
[R,NHPO,}; = [R,NHPO,], + [X], (16)
(1 + (K o/ Knan)
g =1 4 2 EuoeKuw) o

K [M**-PCA],

Ky = qK K JM™-PCA] /(1 + (K [M**-PCALKyan/K i x)
(18)

Ky = (Kyx + (Kuye/ K [M**-PCA]))/q (19)

phosphoramidate so that pseudo-first-order rate constants were
obtained. Rate data are summarized in Tables IT and II.

Reliable kpsq values could only be obtained below pH 6.5
because precipitates were formed above this pH.

Phosphoryl Transfer to Ni2*~PCA. The results for the
transfer from PIm and N-MePIm to Ni2*-PCA are qualita-
tively similar to what was found earlier with Zn?*-PCA.22 The
rate of transfer from PIm reaches a saturating value with re-
spect to Ni2*-PCA concentration (Figure 1), providing evi-
dence that transfer proceeds via a ternary PIm-Ni2*-PCA
complex, and the pH-rate profile at close tosaturating Ni2+-
PCA shows a well-defined optimum at pH 4.0-4.5 (Figure 2),
consistent with the idea that the reactive form of the ternary
complex requires both a protonated imidazole ring and an
oxime anion. Further evidence for this is that the rate of
phosphory! transfer from N-MePIm, where the imidazole ring
must remain positive when the pH is increased, shows no
downturn in rate above pH 4.5. The Ni2+*-PCA results differ
quantitatively from the Zn?*-PCA results in two important
respects. First, the pH optimum is almost two pH units lower
than for Zn2*-PCA (6.0) and second, kobsd at the pH optimum
(0.066 min—!) is only one-third k,psq at the pH optimum for
Zn2t-PCA (0.195 min™!).

Attempted Phosphoryl Transfer to PAH and Zn?*-PAH.
Several attempts, all unsuccessful, were made to demonstrate
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5659
Table II.  kqpsa (min~!) for Phosphoryl Transfer to 0.1 M PCA in the Presence of 0.1 M Zn2* or 0.1 M Ni* as a Function of pH¢

PA N-(n-butyl)PA N-(n-butyl)PA N-(phenethyl)PA N-(benzyl)PA Plm N-MePlm

Zn2+ Zn2+ Zn2+ Zn2+ Zn2+ Ni2+ Nij2+
pH 29.2°C 29.2°C 10.0 °C 10.0°C 10.0°C 10.0 °C 29.2°C
3.55 0.030 0.034
4.0 0.0245 0.0156 0.0070 0.0077 0.0064 0.051 0.053
4.5 0.055 0.0345 0.0100 0.020 0.0174 0.066 0.073
5.0 0.113 0.090 0.0161 0.046 0.057 0.046 0.067
5.5 0.247 0.224 0.0244 0.174 0.167 0.022 0.066
5.75 0.277 0.333 0.0392 0.195 0.233
6.0 0.283 0.364 0.0488 0.231 0.272
6.25 0.247 0.420 0.0518 0.283 0.310
6.5 0.239 0.485 0.0542 0.289 0.310

@ For Zn2*-PCA in the pH range 5.5-6.5 and Ni2*-PCA in the pH range 5.0-5.5 kinetic runs were self-buffered. All other runs were buffered
with added 0.05 M N, N’-dimethylpiperazine.

Table II.  k,ueq for Phosphoryl Transfer at Fixed pH and Varying [PCA]t = [M2*]t

N-(phenethyl)

PA N-(n-butyl)PA  N-(n-butyl)PA PA N-(benzyl)PA Plm N-MePlm
Zn2+ Zn2+ Zn2+ Zn2+ Zn2+ Ni2+ Ni2+

[M2*]tor 29.2°C 29.2°C 10.0 °C 29.2°C 10.0 °C 29.2°C 29.2°C
[PCA]T,M pHS50¢ pH6.5% pHS.0¢ pHé6.5° pH 5.0¢ pH 5.0¢ pH 6.5% pH 5.5 pH 5.5°%

0.01 0.015 0.086 0.0030 0.0446 0.019 0.031 0.0059

0.020 0.0108

0.025 0.024 0.193 0.0229 0.140 0.0040 0.045 0.105

0.030 0.0159 0.033

0.050 0.056 0.216 0.045 0.277 0.0059 0.072 0.204 0.0182 0.046

0.075 0.083 0.238 0.066 0.38 0.0098 0.095 0.350

0.080 0.0220 0.058

0.100 0.114 0.239 0.090 0.49 0.0161 0.120 0.311 0.0220 0.066

0.120 0.127 0.083 0.44 0.0169

0.140 0.45

0.150 0.132 0.100 0.0154 0.01%0 0.082

@ For [M2*]1 = 0.05 M, runs were self-buffered. Below this concentration runs were buffered with added N,N’-dimethylpiperazine (0.05
M). & For [M2+]1 = 0.05 M, runs were self-buffered. Below this concentration runs were buffered with added 0.05 M Mes.

0.09 - 0.09

o]

[¢]
0.06 | 0.06 - /

Kopsg (min~1)
Kobsd (min-1)

o

0.03 le 0.03

0.00 | ] | | 0.00 ] I |
3.5 4.0 4,5 5.0 5.5 6.0 0.00 0.05 0.10 0.15 0.20
pH {Ni2*—PCAl,
Figure 1, Plot of kobsa for phosphoryl transfer to Ni2*-PCA from PIm Figure 2. Plot of kqpsq for phosphoryl transfer to Ni2*-PCA from PIm (®)
(®) and N-MePlm (0) at 29.2 °C. [Ni2*]1 = [PCA]r = 0.1 M. and N-MePlm (0) at 29.2°Cat pH 5.5.
phosphoryl transfer from PIm to PCH or Zn2*-PAH in re- for periods up to 20 h. In these experiments we looked for

action mixtures ranging from equimolar (0.04 M) to a tenfold phosphorylated PAH by methods similar to that used to detect
excess of either species (0.1 M/0.01 M) at pH 4-5.5at 40 °C the formation of PCAP (see Methods), by thin layer chro-
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Figure 3. Plot of kqpsq for phosphoryl iransfer 10 Zn?*-PCA from PA (@)
and .N-(n-butyl)PA (0) at 29.2 °C. [Zn?*]1 = {PCA]T = 0.1 M. Lines
are theoretical and are drawn from eq 5 using parameter values listed in
Tables | and 1V,

matography, and by looking for an increase in the rate of in-
organic phosphate release.

Phosphoryl Transfer to Zn2*-PCA. Data obtained for
phosphoryl transfer from a given phosphoramidate to
Zn?*-PCA may be adequately fitted according to the general
model presented in Scheme I, in which transfer proceeds via
formation of the ternary complex phosphoramidate-M2+-
PCA, denoted X, and the reactive form of the complex has a
net neutral charge. The appropriateness of the model is illus-
trated in Figures 3 and 4, where the data obtained for transfer
from PA and N-(n-butyl)PA to Zn2*-PCA at 29.2 °C are
plotted together with lines predicted from eq 5.

Similar agreement of the data to the theoretical lines was
found for PIm and N-MePIm at 29.2 °C (using data obtained
previously?2) and N-(n-butyl)PA, N-(phenethyl)PA, and
N-(benzyl)PA at 10 °C. Values of Kyam and Kynp used for
the construction of these lines are listed in Table I. Values of
k. Ka, Ky,x, and where appropriate Kyx were determined by
a computerized nonlinear least-squares fitting of the data to
eq S and are summarized in Table IV. Ky is evaluated for
PIm and phosphoramidate, but for the other phosphoramidates
no downturn in rate was seen up to pH 6.5 and it was assumed
that in these cases X~ is present in negligible concentrations
below pH 6.5, so that Kjx could not be determined. From the
results summarized in Table IV, it can be seen that the fitting
procedures yielded reasonably reliable values for Ka and k,
but with the exception of PIm, K xy, was not well determined.

Table IV, Fitted Parameters

0.5 f—

04

kopsg (min~1)

0.2 -

0.1

0.10 0.15
[2Zn2+-PCAl,

Figure 4. Plot of kqpsa for phosphoryl transfer to Zn2+~PCA at 29.2 °C
from PA at pH 5 (®) and 6.5 (®), and from N-(n-butyl)PA at pH 5 (D)
and 6.5 (O). Lines are theoretical and are drawn from eq 5 using parameter
values listed in Tables I and 1V.

This can be understood as follows. If eq 5 is rewritten as eq Sa,
then the only term containing Kxy, is K. From eq 18 it is clear
that at intermediate values of Ka[Zn2*-PCA):(Knam/KxH,)
K depends on both Kxn, and Kyam, while at extreme high
values such that Kao[Zn?*-PCA)(Kyam/Kxn,) > 1, K
becomes essentially independent of Kyyjam and at extreme low
values, such that Ka[Zn?*-PCA]((Kuam/KxH,) < 1, Kj,and
thus kopsq, becomes independent of Kxu, Since pH-rate
profiles for all of the phosphoramidates were done at the same
[Zn2*-PCAY);, variation in dependence of K1 on K xy, depends
on the value of K s. Thus, for PImat 29.2 °C, Kais 1SOM™!
and Kxy, is well determined, while for N-benzyl phosphora-
midate, K is 10 M~1 and Kxu, cannot be estimated. For the
other phosphoramidates with K4 in the range 20-50 M~1,
estimates for Kxy, are very uncertain.

Values of log k are plotted against the pK, of the leaving-
group amine in Figure 5. A line drawn through the points for
N-(n-butyl)PA, N-(phenethyl)PA, and N-(benzyl)PA gives
a Bronsted 3 of 0.8 £ 0.1. The negative deviation from the
Bronsted line seen for PIm and N-MePIm is similar to what
was seen for phosphoramidate hydrolysis®® and may be at-
tributed, as previously,®® to a delocalization of positive charge
over the aromatic ring system. However, the negative deviation
of the k value for PA from the Bronsted line for phosphoryl

pK, of
leaving Temp,

No. Phosphoramidate amine ¢ °C k, min™! Ka, M1 Kxn, X 105, M Kxy X 107, M
1 PA 9.38 29.2 0.50 £ 0.08 S2+12 1.4+1.0 24+ 1.1
2 Plm 7.2 29.2 0.285 £ 0.037 147 £ 25 0.54 £ 0.16 1.3+£0.7
3 N-MePlm 7.2 29.2 0.98 £0.17 26 = 8 0.75-2.0
4 N-(n-butyl)PA 10.77 29.2 0.86 £ 0.10 16+ 4 8.8 £ 85
4 N-(n-butyl) PA 10.77 10.0 0.074 £ 0.011 47 £ 22 1.3+£20
S N-(phenethyl)PA 9.83 10.0 0.50 £0.13 35+15 >0.5
6 N-(benzyl)PA 9.33 10.0 0.97+ 0.27 10£5 >0.5

¢ See ref 6a.
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Figure §, Bronsted plot of log k (Table IV) at 10.0 °C vs, the pK, of the
leaving amine. Values for PA, PIm, and N-MePIm are estimated by
multiplying the values obtained at 29.2 °C by the k 10.0°/ k29.2¢ ratio ob-
tained for N-(n-butyl)PA (equal to 0.086).

transfer is unexpected on the basis of the hydrolysis rate data.
The neutral ternary complex, which we have denoted HX in
Scheme I, has four plausible isomeric forms I-IV (Figure 6).
Although all four can assume the appropriate geometry for
phosphoryl transfer, I would be expected to be the most reac-
tive, since phosphoryl-transfer reactions show strong depen-
dence on the conjugate acidity of the leaving group, which
should fall in the order RN*H; > RNH,-Zn2* > RNH,, and
in addition, in I the attacking nucleophile is the oxime anion,
which should be more potent than the protonated oxime, as in
IT or IV. Thus, the explanation of the low & value for PA could
be that the fraction of HX in the isomeric form I derived from
PA is very much lower than the fraction of HX derived from
the three other phosphoramidates. Support for this hypothesis
comes from the result that K 4 is higher for PA than it is for the
other phosphoramidates (Table IV) and by the a priori con-
sideration that the fraction of XH present in the isomeric forms
IIT or IV should increase with decreasing basicity and in-
creasing ligand strength of the amine moiety of the phospho-
ramidate. Of the four aliphatic phosphoramidates, the amine
moiety of PA is not only the least basic (Table IV), but also
would be expected to be the strongest amine ligand for
Zn?*-PCA, since the amine moieties of the other phospho-
ramidates have bulky substituents, which should considerably
reduce their affinities for Zn2*+-PCA.

A problem in assessing the significance of the observed 8
value is that unreactive isomers of XH may also be stoichio-
metrically important for N-(n-butyl)PA, N-(phenethyl)PA,
and N-(benzyl)PA, so that the rate constants used in obtaining
B may only be lower limits for the microscopic rate constants
for phosphoryl transfer via isomer I. Based on the K  values,
we would expect the value of & to be lower with respect to the
microscopic constant for N-(n-butyl)PA than for N-(ben-
zyl)PA, so that the observed 8 may be more negative than the
B value for phosphoryl transfer via isomer I, although it should
be pointed out that the fitted K4 values for these three phos-
phoramidates all have large error ranges and that furthermore
there is no obvious a priori reason, as there is for PA itself, why
the isomeric forms I1I and IV should be more favorable for
N-(n-butyl)PA than for N-(benzyl)PA.

The value of £ for N-MePIm is a factor of 3.3 as large as
that for PIm, yet their rates of monoanion hydrolysis differ by
only 15%. As above, we can explain these results on the basis
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Figure 6. Plausible isomers for the neutral form of the ternary complex
phosphoramidate-Zn2*-PCA.
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Figure 7. Plausible isomers for the neutral form of the ternary complex
Plm-Zn?*-PCA.

of the greater stoichiometric importance of unreactive neutral
ternary complexes for PIm than for N-MePIm, and this is a
particularly attractive hypothesis in this case, since of the four
plausible isomers of XH for PIm (Ia-IVa, Figure 7) only the
reactive one (Ia) can also be formed from N-MePIm and K 4
for PIm is much larger than it is for N-MePIm (Table IV). It
should be pointed out that this hypothesis contradicts our
earlier suggestion? that PIm bound Zn2*-PCA primarily
through the phosphate, which was based primarily on the resuit
that the apparent association constants (Kapp) (determined
graphically) of PIm to Zn?*-PCA were similar at pH 4.8 (53
M=1) and 6.4 (62 M~!). Substituting the parameter values
listed in Tables I and IV into eq 11 gives Kpp values of 34 M~!
at pH 4.8 and 112 M~ at pH 6.4. Thus the basis for our earlier
suggestion was apparently incorrect.

Discussion

Previously* we suggested that protonation of the imidazole
ring was necessary for phosphoryl transfer in the ternary

Hsu, Cooperman | Metal-Ion Catalysis of Phosphoryl Transfer
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Table V. Phosphoramidate Hydrolysis vs. Intracomplex Transfer Rate Constants

Hydrolysis rate

Intracomplex transfer Intracomplex

Phosphoramidate constants, M~! min~—! ¢ rate constant, min™! hydrolysis, M
N-(n-butyl)PA 3.53x 1077 0.26°% 7.4 X 103
N-(phenethyl)PA 2,43 x 10-6 1.75¢ 7.2 X 105
N-(benzyl)PA 5.11 X 10—¢ 3.4¢ 6.7 X 10°

4 Reference 6a, 20 °C. ¢ 20 °C, interpolated from results at 10 and 29.2 °C (Table 1V). ¢ Constant at 10 °C multiplied by k2ge/ 4 0° {equal

to 3.5) for N-(n-butyl)PA.

complex PIm-Zn2*-PCA, based on the known unreactivity
of the PIm dianion toward hydrolysis, and a slight downturn
in rate above pH 6.1. Since our rate data were only reliable up
to pH 6.5 due to precipitation problems, our suggestion, though
reasonable, was not clearly demonstrated. Transfer via the
PIm-Ni2*-PCA complex has a much lower pH optimum and
thus, as seen in Figure 1, the downturn in rate at high pH, as
well as the absence of a downturn for N-MePIm, is much more
clearly demonstrated, confirming our earlier suggestion.

_For all of the phosphoramidates examined, the rate data for
phosphoryl transfer within the ternary complex are adequately
accounted for assuming that only PCA anion is reactive as a
nucleophile and that PCAH, in which the oxime oxygen is
protonated, is not. This does not prove that PCAH is inert, but
it must be at least 20-50 times less reactive than PCA anion,
Furthermore, PAH, which can presumably form a ternary
complex analogous to that formed by PCA, but with a nitrogen
in place qf the oxime oxygen, is also very unreactive as a nu-
cleophile. This order of nucleophilicity in the ternary complex,
oxyanion much greater than either neutral hydroxy group or
weak base amine, contrasts sharply with that found in a pre-
vious study!? of the reactivity of various nucleophiles toward
N-phosphoryl-4-methylpyridinium ion, in which the relative
second-order rate constants fell in the order: weak base amine
(acethydrazide, 11) >> oxyanion (OH™, 1.3) ~ neutral hydroxy
group (H;0, 1.0). The very low reactivity of phosphoryl di-
anions toward anion attack, exemplified by the above result,
has been ascribed to a strong charge repulsion between the two
reactive centers,' so that the high relative reactivity of PCA
anion in the ternary complex can reasonably be attributed to
a charge shielding effect of Zn2*.

This catalytic effect of Zn?* would be in addition to its ob-
vious role in acting as a template by bringing together both
nucleophile and phosphoryl dianion within the ternary complex
and thus converting a second-order reaction into a first-order
one. A similar conclusion can be reached from more quanti-
tative considerations. Table V compares the rate constants for
phosphoryl transfer to Zn?*-PCA with those obtained for
ﬁhosphoramidate hydrolysis. Assuming that, as above, the

vdroxide rate is a factor of 1.3 faster than the H,O rate leads
to a ratio of 5 X 105 M for the rate constant for intracomplex
PCA attack divided by the second-order rate constant for hy-
droxide ion attack. Hydroxide ion is some 10 pH units more
basic than the Zn2*-PCA anion and the Bronsted nucleophilic
3 for oxyanion attack on phosphodiester monoanions is 0.3.!2
Even assuming a much lower 8 of 0.1 for oxyanion attack on
phosphoramidate monoanion zwitterions gives a rate factor
for intracomplex transfer vs. second-order nucleophilic attack
of Zn2*-PCA anion on phosphoramidate of 5 X 106 M. This
is an extremely large value for a template effect2d-14 and
suggests an additional role for Zn?*, which we are attributing
to charge shielding.

Although Benkovic and Sampson®? reported a leaving-group
8 of —1.0 for the hydrolysis of phosphoramidate anions pre-
dominately in the zwitterionic form, a plot of their data for just
the three phosphoramidates used to obtain a 3 value in this
study (Figure 5) gives a value of —0.83. Thus for these three
phosphoramidates the 8 value for intracomplex phosphoryl

transfer is essentially identical with that obtained for hydrol-
ysis, so that, as judged solely by this criterion, the presence of
Zn?* has little distorting effect on the structure of the transi-
tion state in phosphoryl transfer. It is true, as pointed out above
(see Results), that our observed § value may reflect substitu-
tion effects on both rate and isomerization equilibrium con-
stants, and therefore that the 8 value for the rate constant may
be less negative than that observed, but unless the difference
were large, i.e., more than 0.2 log unit, which is unlikely, the
conclusion that Zn?* doesn’t have a distorting effect on the
transition state would remain unchanged, since one would
expect a less negative 8 for the more powerful nucleophile
Zn2*-PCA anion tHan for water,12:15

In a related study on phosphate diester monoanions, Steffens
et al.2¢ have measured a Bronsted leaving-group 8 of —0.7 for
the Zn?*-catalyzed hydrolysis of substituted phenyl esters of
lactic acid phosphate, which is considerably lower than the
value of —1.2 measured for hydrolysis in the absence of Zn2*,
Unfortunately, the rate data for the Zn?*-catalyzed reaction
were obtained at a Zn2* concentration much lower than that
required for saturation, so that the value of —0.7 reflects
substituent effects on both the hydrolysis rate constant and on
the binding constant of Zn2* to lactic acid O-phenyl phos-
phate. Nevertheless, it is unlikely that differences in Zn?*
binding would be sufficient to alter the qualitative conclusion
that the leaving-group 3 is significantly less negative in the
presence of Zn?* than in its absence.

Some general conclusions which have emerged from studies
on nucleophilic reactions of phosphorus esters are that nu-
cleophilic attack on phosphate monoester dianions or phos-
phoramidate monoanion zwitterions proceeds either via an
SN1(P) “metaphosphate” mechanism or something very close
to it characterized by highly negative 3 leaving-group values,
that nucleophilic attack on phosphate triesters have essentially
SN2(P) character, characterized by much less negative 3
leaving-group values, and that nucleophilic attack on phos-
phate diester monoanions is somewhat intermediate between
these two extremes, although perhaps more SN2(P)-like.1.16
One possible explanation for the apparent difference seen in
the Zn2* effect in the Steffens et al.2d study and ours is that
the partial charge neutralization which would be expected to
be a consequence of Zn?* binding to the phosphoryl moiety
is sufficient to change a transition state of intermediate char-
acter to one which is more SN2(P)-like, whereas it is insuffi-
cient to significantly change the character of a transition state
which is strongly SN1(P)-like. Further discussion on the nature
of the transition state for the phosphoryl-transfer reaction may
be found in the accompanying paper.%
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Abstract: The reactions of 2,4-dinitrochloro- and fluorobenzene (DNC and DNF) with the alkoxide ions of choline, propargyl
alcohol, and 2,2,2-trifluoroethanol give ether intermediates which react readily with hydroxide ion. The nucleophilicities of
the alkoxides toward DNC and DNF (in parentheses) are: MesN+CH,CH,0~ 19 (27), HC=CCH,0~ 63 (132), CF;CH,0~
11 (10), relative to OH™ in water at 25.0 °C. The second-order rate constants (1044©H, I. mol~! s~!) for reaction of DNF,
DNC, or the ethers toward OH™ are: DNF, 1200; DNC, 1.42; -OCH,CF;3,9.1; -OCH,C=CH, 3.7; -OCH,CH,;N*Mej3, 9.1.
Micelles of hexadecyl(2-hydroxyethyl)dimethylammonium bromide (n-Cj¢H33N+Me,CH,CH2OH Br~, Ia) are effective
reagents toward DNC and DNF at high pH and for ionization of the hydroxy group pK, ~12.3, estimated kinetically for reac-
tions of DNF and DNC in la and up to 0.15 M OH~. In 0.01 M OH™ the reactivity of the 2,4-dinitrophenyl ether of la in mi-
celles of 1a is 260 times that of the corresponding ether of choline in water, and the overall rates of nucleophilic attack on DNF
and DNC in micelles of la are 6000 and 14 000, respectively, relative to reaction in water.

Cationic micelles of the hydroxyethyl surfactants (Ia, b)
and related surfactants are effective reagents in reactions of
phosphate? and carboxylate esters®# and of alkyl halides’ and
carbocations.® It was suggested that the alkoxide moiety of the
zwitterion (II) acted as a good nucleophile.246

+ +

RNMe,CH,CH,O0H = RNMe,CH,CH,0™ + H'
la. R = n-CieH,, 1T
b R =nCp,H,
¢, R = Me

The pK, of choline (Ic) is 13.9,7 so that 11 should be gener-
ated at high pH, especially if R is sufficiently hydrophobic for
micelles to form, because micellization should increase ion-
ization of I. Micelles of Ia, b are crude models for a catalyti-
cally active serine residue in an enzyme 8¢

The catalytic effectiveness of micelles of Ia, b could be ex-
plained in terms other than nucleophilic attack. For example
general acid or base catalysis could be important, and it has
been suggested that hydroxide ions at the surface of micellized
I could be especially reactive.’ However the solvent deuterium
isotope effects in phosphate ester hydrolyses are those expected
for nucleophilic attack by the alkoxide moiety of 11,2 and
micellized Ia is no better a catalyst than the nonfunctional
surfactant cetyltrimethylammonium bromide (CTABr) for
reaction of hexadecyl(2-hydroxyethyl)dimethylammonium
bromide p-nitrobenzoyl ester (II1).!3

0]

. |
n-ClGH%NMeZCHZCHZO———C—O—NOZ Br~

III

Berezin and his co-workers have shown that p-nitrophenyl
esters will acylate surfactants similar to I,* but their experi-
ments were done using an excess of carboxylic ester over the
functional surfactant, so that the substrate could markedly
perturb the micellar structure.

Our aim was to demonstrate formation of an intermediate
formed by nucleophilic attack by micellized IT under conditions
in which the substrate concentration is much lower than that
of the surfactant. The micellar structure should then be little
affected by the substrate, and direct comparison can be made
with other reactions of micellized I or similar surfactants at
high pH.2-¢ The most convenient substrates are 2,4-dinitro-
chloro- and fluorobenzene (DNC and DNF), because nu-
cleophilic attack upon them should give the ether (IV) which
could then be hydrolyzed to 2,4-dinitrophenoxide ion,!4 and
perhaps be spectroscopically detectable.

X
+ NO,
n+CgHy:NMe,CH,CH,0™ +
NO,
n- C16H33NMe2CH9CH2
X= Cl F
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