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Abstract: Phosphate transfer from the 8-dimethylammonium-naphthyl-1-phosphate monoanion 4m to water
and to a range of nucleophiles shows general acid catalysis by the neighboring NH* group, through the
strong intramolecular hydrogen bond. Reactivity is insensitive to the charge on the nucleophile, so that
fluoride and oxyanions displace dimethylaminonaphthol from the PO3?~ group as effectively as do amines
of the same basicity. Reactivity is (predictably) relatively insensitive to the basicity of the nucleophile and
to the a-effect. A strong intramolecular hydrogen bond is present in the product, but also in the reactant,
as evidenced by major perturbations in the pKa's of the phosphate and dimethylamino groups, to 3.94 and
9.31, respectively, and by ab initio calculations. Rate accelerations are of the order of 10%-fold despite this
stabilization: the strength of the hydrogen bond is evidently significantly enhanced in the transition state.
The evidence suggests that it also depends remarkably strongly on the degree of ionization of the reacting
phosphate group and will be significantly reduced for the neutral PO(OH). group. Thus, the hydrolysis of
the substrate cation 4 shows a correspondingly greater, >108-fold acceleration.

Introduction Scheme 1
HO - o + 0O
Enzyme-catalyzed transfer of the phosphoryl §PQyroup : o— Nu—RZo™
appears always to involve participation by the acceptor nucleo-- ™o o ~or i< \ - o-Mo-
phile, as shown by the observation of inversion of configuration
at phosphoru$2 The mechanism is thus formally associative
in character. However, reactions involving the ® cleavage
of phosphate monoester dianions are highly sensitive to the
basicity of the leaving group, indicating a major dissociative scheme 2
element in the process. Thus, for the displacement of the typical o —o —o
poor leaving groups of biology, such as simple alcohol and sugar H
hydroxyls, assistance from a properly placed electrophile is HO~ NMez NMez e,
essential. In many cases, this is a metal cation, but for enzymes
which do not use an active site metal, a general acid is involved. 4=

The only simple model for general acid catalysis in phosphate-
transfer reactions is the hydrolysis of salicyl phospHatehich
involves efficient intramolecular general acid catalysis of the
attack of both water and (neutral) amine nucleophiles at phos-
phorus 2, Scheme 1§:* However, the choice of amine nucleo-
phile is severely limited to those present in the free base form
below pH 4 (where the COOH groupKp3.76) is protonated),
and reactions with oxyanions such as acetate are not detectabl

To extend our understanding of catalysis of such reactions,
and especially the efficiency of general acid catalysis, we need
model systems active near pH 7. We report our results with the Experimental Section

phosphate esterof 8-(dimethylamino)-I-naphthol (Scheme 2),

which not only (perhaps unexpectedly) meets this requirement

but also (definitely unexpectedly!) transfers thesP@roup to

oxyanions as well as to neutral nucleophii@e work includes

a detailed investigation of the reactions®ivith the o-effect
nucleophile hydroxylamine and its various methylated deriva-

' tives.

Materials. The triester diethyl 8-(dimethylamino)naphthyl phosphate

PR .
university Chemical Laboratory. was prepared as described previolfskhe hydroxylamines, as their

*Universidade Federal de Santa Catarina.
(1) Knowles, J. RAnnu. Re. Biochem.198Q 49, 877-9109.

(2) Thatcher, G. R. J.; Kluger, RAdv. Phys. Org. Cheml996 25, 99—265. (5) Kirby, A.J.; Lima, M. F.; da Silva, D.; Nome, B. Am. Chem. So2004
(3) Bender, M. L.; Lawlor, J. MJ. Am. Chem. Sod.963 85, 3010-3017. 126, 1350-1351.
(4) Bromilow, R. H.; Kirby, A. J.J. Chem. Soc. B972 149-155. (6) Asaad, N.; Kirby, A. JJ. Chem. Soc., Perkin Trans2B02 1708-1712.
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hydrochlorides, other nucleophiles, and inorganic salts were of the Table 1. Rate Constants (s1) as a Function of pH for the

highest purity available and were used as purchased. Hydrolysis of 8-(Dimethylamino)-1-naphthyl Phosphate (4) in
) . . . Water at 60 °C and lonic Strength 1.0 M (KCI)

8-(Dimethylamino)-1-naphthylphosphate lodotrimethylsilane (0.28 . ‘ ‘ .
g, 1.38 mmol) was added to a stirred solution of diethyl 8-dimethy- in the pH region in strong acid
laminonaphthyl-1-phosph&té0.2 g, 0.6 mmol) in dichloromethane (15 pH 2 Kape/S [HCI, M Kaps/HCI kabs/DCI
cm’) at room temperature. After 12 h,.the solvent was removed under g3  g16x 105 05 4.5x% 105 6.167e5
reduced pressure to give a yellow solid. MeOH (10 mL) was added to 0.6 3.5x 10°5 1 1.317x 1074 1.867x 104
the solid, and after the mixture was stirred for 10 min, the solventwas 0.7 3.23x 10°° 1.5 2.583x 104 3.35x 104
removed under vacuum to give a brown solid: mp 4267 °C; vmax 11 1.53x l(TZ 2 4.55x 1(“4 5.267x 10;‘
(KBr)/cm~! 3690-3448 (br, OH), 1654 and 1610 (ArH), 1459 (QH L7 118x10° 25 5517x10%  7.217x 107
1255 (R=0); NMR & (200 MHz; D,0) 7.97 (1H, dd,J 0.8 and 8.3) 30 300<10° 3 7.033 107 9.183x 107

’ H ’ } ! . < 3.1 2.86x 10°° 3.5 8.683x 1074 0.00116
7.65 (1H, dd,J 0.9 and 7.8), 7.72 (lH, dd, 2.0 and 7.32) 7.55 (3H, 3.2 3.31x 105 4 0.00106 0.00137
dt,J 1.5 and 7.4), 3.41 (6H, s)jc (200 MHz; D,O) 145.71, 138.41, 3.6 5.12x 1075 45 0.00122 0.00156
135.96, 130.07, 127.16, 125.92, 124.92, 123.99, 120.40, 119.14, 46.90; 4.0 8.83x 10°° 5 0.00135 0.00167
3P NMR (MeOD)6 = 1.81;m/z (+ve FAB) 268.0760 (99.2, MH) 42  885x10° 5 0.0013
CuH1sNOLP requires M, 268.0739). 50  150x10°* 6 0.0015
L ) ' R . 5.1 1.45x 104 7 0.0016 0.00199

Kinetics. Reactions were started by adding/800f a stock solution 6.0  1.55x 104 8 0.0015 0.00179
of the substrate (6.6& 10~3M) in water to 3 mL of reaction mixture 6.1 1.57x 104 9 0.00138
containing a large excess (up to 1 M) of the nucleophile, ensuring 7.0 1.57x 104 10 0.00121 0.00133
strictly first-order kinetics for the reaction with the substrate. Reactions 7.0~ 1.60x 107 12 7.7x 1074 7.92x 1074

- i L 7.8  1.58x 10°*
were followed at 60.0C for at least five half-lives by monitoring the 8.0 157% 10-4

appearance of 8-(dimethylamino)-1-naphthol at 320 nm on either a g’y 1.55% 10-4

Varian Cary 50 or a Hewlett-Packard 8453 diode-array spectropho- g g 1.33x 104

tometer, both equipped with thermostated cell holders. The pH of the 9.2 9.16x 10°°

reaction mixture was measured at the end of each run at’60.@sing 9.5 7.50x 1075

a Hanna Instruments model pH 200 pH-meter. Observed first-order 9.6~ 4.00x 10—:

rate constantskf,9 were calculated by nonlinear least-squares fitting 1?)?) %1;§ ig5

of the absorbance vs time curve (Hewlett-Packard -W&ible i i

ChemStation software or the Scanning Kinetics program of the Cary aBuffers, etc. used: pH 2, HCI; pH 3.0-4.0 formate; 4.6-5.5 acetate;
50): correlation coefficients were always better than 0.999. Second- 5.5-7.0 bis-Tris; 7.5-9.0 TRIS; 9.6-10 borate; pH> 10, NaOH.

order rate constants were obtained by linear regression analysis from
slopes of plots of the observed first-order rate constants against the
concentration of the nucleophile and (first-order) rate constants for

hydrolysis from the intercepts of these plots. Solutions of hydroxylamine - 4 -
nucleophiles were self-buffered between pH 5.5 and 7.0 (aqueous ""m
standard NaOH (0.1 M; Merck) was added to aqueous amine é‘% -
hydrochloride). Other buffers used are detailed in Table 1. 2

NMR spectra were measured in® at 25°C using a BRUKER -5
Avance DPX 400 spectrometer at 300 ¥l and**C chemical shifts
are referred to internal sodium 3-(trimethylsilyl) propionate (TSP) and
0%'P to external 85% KPQO,. Values of pD of solutions in ED were
obtained by adding 0.4 to the observed pH-meter reading 4C60

Products of the Reaction.The single detectable organic product Figure 1. pH-—rate profile for the hydrolysis of phosphate estet 60°C
was 8-(dimethylamino)-1-naphthol, identified by its BVis absorption and ionic strength 1.0 M (KCI). The main curve shows the fitIq®, 60
and NMR spectrum. The initial phosphorus-containing product of attack °C): the %§5hedd thFIVte_ istth?dph:ﬁt? 8Pf(3fi|e Iﬁflthe_ h);dlfOWSif]trC]’flthﬁ

; ; . ; ; corresponding die riester (die -(dimethylamino)-1-na| 0s-
by a nucleophllg N-u will be Nu-P&'; hydroxylamine and its . phate ?also atg6OC).6yThe open circleysQ) show dgta for 2,4-dini?ropl¥err1]yl
N-methylated derivatives are expected to act as oxygen nucleophiles, h
. . ) L . phosphate at 39C, for comparison.

since hydroxylamine reacts with the dianion of 2,4-dinitrophenyl
phosphate (an ester of similar reactivity4m) to give NHLOPQ?™,
which is stable under the conditions of the reacfion.

Here, x; and ym are the mole fractions of the zwitterionic
and monoanionic formgz and4m, respectively.
Results and Discussion The rate and equilibrium constants derived from the least-
. . . squares fit give Ka(1) = 3.94+ 0.06, K42) = 9.31+£ 0.05,
Hydrolysis of 8-(Dimethylamino)-1-naphthyl Phosphate. andkn for the hydrolysis of the monoanictm = 1.60+ 0.06
The pH-rate profile for the hydrolysis of the phosphate . 104 51 The data at low pH givé, = 1.0+ 0.33x 1075
monoester shows that it is hydrolyzed rapidly (half-life 72 <1 ¢5r the spontaneous hydrolysis of the zwitterémandki
min at 60°C) between pH 4 and 9 (Table 1 and Figure 1). The — g 04 2.0x 10-5L mol-L s for its apparent acid-catalyzed
points in Figure 1 are experimental, the solid curve calculated ya5ction (see below). The dianio#?~ does not react at a
by fitting to eq i, which describes the different equilibria and | easurable rate under the conditions.

reactions in solution (Scheme 3). The plateau in the pHrate profile is defined by the two
ionizations, identified (by UV-vis spectroscopy and the varia-

Kops = KetolH 1 + Koty + Ktm (i) tion of the’H NMR chemical shifts of adjacent-€H protons)

as the second dissociation of the phosphate (appakers.p4)

(7) Domingos, J. B.; Longhinotti, E.; Bunton, C. A.; Nome,J=Org. Chem. and that of d_imethylammo_nium NHgroup (p_(app9.31). The_se_
2003 68, 7051-7058. pKy's are shifted substantially compared with those for similar
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Scheme 3 for four phosphate monoesters derived from phenols vttsp
Nuc between 4.11 and 9.95. Interpolation using this plot gives an
O_ C|) O—CI) o— Cl) initial estimate of 2.5t 1.5 for the effective K, of the naphthol

leaving group of4m.)

NM62 O &NMeg NM62

It is not possible to estimate an effective molarity (EM
for catalysis by the MgNH™ group of 4m because the
corresponding intermolecular general acid catalyzed reaction is
too slow to measure: we know only that it must be high.

Alternative, though less specific, measures of efficiency are (a)
the rate acceleration for the particular reaction under given
\ l conditions and (b) the (related) estimated effectixg pf the
O/H\,\"\Ae2 leaving group (as compared with the rate of hydrolysis of an
0 ester ArOP@ lacking the intramolecular catalytic group). (a)
Nuc—P—0 OO The estimated rate enhancement for the hydrolysis of the
" . . o
\o - monoanion4m, compared with an aryl phosphate dianion
derived from a naphthol of, 9.4 (based on the recent results
5 of Lad et al., which add a key point to the earlier linear free
energy relationship), is 2.4 10° at 60°C and 8.8x 1(° at 39
°C1213(b) This translates into an effectiviKpof the leaving
H0: /éaw” group of4m of 5.2 at 39°C (in the case of the triesté&" the
o HLNMez U0 M Nive, figure is 3.45)
This acceleration clearly results from the intramolecular
OO pH<3 (EtO),PO,H + OO interaction of the adjacent ionising groups, which may involve
some through-space electrostatic contribution but is based
6+ 5+ primarily on the stronger intramolecular hydrogen-bond which
develops between NHand the leaving group oxygen in the
unperturbed groups. TheKp of the dimethylammonium N#H transition state for POAr cleavagé? The strong intramolecular
is higher by some 4.7 units than the apparekt, pf 4.63 hydrogen bond in the product dimethylaminonaphthol has been
reported for the triester diethyl 8-dimethylaminonaphthyl-1- well-characterizet and is the basic design feature of this model
phosphaté, which falls in the general region expected for a System'® We have shown previously that the strong intramo-
naphthylamine. We conclude (see below) that the basicity of lecular hydrogen bond in the prodigtlike that in the salicylate
the POAr oxygen is significantly greater in the phosphate monoaniorB, is the key to efficient general acid cataly$i$:1’
dianion ArOPQ2~. This results in rather strong hydrogen The product is stabilized by up to 2530 kJ mot™ (based on
bonding between the NH and this bridging oxygen idm, in the elevation of its [z°) and the reactant similarly by 2@5
contrast to the little or none observed to the (less basic) oxygenkJ mol*. Stabilization of the transition state (late for the ®
of the P-OAr group of the corresponding phosphate triester ~ cleavage of monoester dianions) must be greater than that of
(Scheme 4). The triester is hydrolyzed by a mechanism formally the reactant by a further 35 kJ (7.2-7.8 kcal) mot™.

Scheme 4

Et0” S

similar to that shown (Scheme 3) fdm, with slightly more Ab Initio Calculations. Two closely related questions of
efficient general acid catalysis by the neighboring ,Mid* interest for the mechanism suggested in Scheme 3 are the
group® The geometry of course is essentially identical in the strongly perturbedg,'s of the two groups which ionize in the
two cases and patterned on that of Proton Spd&rfgehich pH region and the mechanism by which the dimethylammonium

specifically—and strongly-favors such intramolecular hydrogen group catalyzes phosphoryl transfer, especially to anionic

bonding. (The alternative intramolecular hydrogen bonding, nucleophiles. We suggest above that the key in both cases is
N*H---~O—P, through a ¥,-memberedf ring is not expected  the intramolecular hydrogen bond, and have performed ab initio

to be significant in water, a conclusion supported by the results calculations to define the structure 4 in more detail.

of calculations discussed below.) Gas-phase structures are unlikely to be revealing for a
The strong hydrogen bond to the bridging OAr oxygen in zwitterionic structure in aqueous solution, so we carried out
4m is expected to channel negative charge from the phosphatecalculations using two different approximations for modeling
dianion oxygens to the dimethylammonium center, lengthening solvent water. In Cambridge, we applied a continuum water
the P-OAr bond (we have observed the consequent bond length model!® as implemented in the Jaguar prograt the B3LYP/
changes in the case of a related adétalnd thus making the  6-31G** level 20-22 specifically for4m. In Floriangolis, we
POs2~ group less basic. Thek of an aryl phosphate monoanion
ArOP(OH)Gy is typically close to 6 but is reduced by electron  (12) Lad, C.; Williams, N. H.; Wolfenden, Feroc. Nat. Acad. Sci. U.S.2003
withdrawal in the Ar group: the sensitivity to thépof the (13) i?%}f‘fgﬁfi}gr'vog"& A. GJ. Am. Chem. Sod.967 89, 415-423,

parent phenol ArOH is 0.2& 0.03. (Correlation based on data (14) We note that thelf, of the acetal 8-dimethylammonium-1-methoxymethox-
ynaphthalene (7.40 at 6%, ref 17) is also raised, by about K pnits.

The observation of a substantial effect with the neutral acetal group suggests

(8) Alder, R. W.; Bowman, P. S.; Steele, W. R. S.; Winterman, DJ.RChem. strongly that it is due primarily to the intramolecular hydrogen-bond, rather
Soc., Chem. Commuh968 723-724. than to an electrostatic interaction.
(9) Staab, H. A.; Saupe, BRngew. Chem., Int. Ed. Endl988 27, 865-879. (15) Grech, E.; Nowicka-Scheibe, J.; Olejnik, Z.; Lis, T.; Pawelka, Z.; Malarski,
(10) Bond, A. D.; Kirby, A. J.; Rodriguez, El. Chem. Soc., Chem. Commun. Z.; Sobczyk, L.J. Chem. Soc., Perkin Trans.1®96 343-348.
2001, 2266-2267. (16) Kirby, A. J.Acc. Chem. Red.997, 30, 290-296.
(11) Kirby, A. J.Adv. Phys. Org. Chem198Q 17, 183-278. (17) Kirby, A. J.; Percy, J. MJ. Chem. Soc., Perkin Trans.1®89 907—912.
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Scheme 5 Scheme 6. Bifurcate Hydrogen Bonding Involving the N*H Group
-0 of 4ma
5.9 0% Ok o no -
:P\ : Sy A ~o / OH A\ w0
HO NMe, o) LNMeg 0 NMe, Me Me 0= Me ; PO -

N exl
O =0~ NP

added 15 discrete water molecules, designed to represent the A B

inner solvation shell of the P9 group (GAMESS prograr?® a . .

RHF/6-31G(d) level*), and compardan with methyl phosphate disci?:e\,(vja?gr fﬁﬁi;ﬁ“ﬁ;ﬁﬁ‘f{ﬁg tléiltr.]g the continuum maklek(d
and with 1-naphthyl phosphate, the cognate system lacking the

dimethylammonium group. Minimizations gave the zwitterion system (torsion angle CCNH 38)3to allow a second, weak
4m in both environments, without the need for geometrical H-bond (N-H---O 3.03 A, bond angle 136Bfrom the N"H
restriction when solvent was present. Detailed calculational to a water molecule solvating one of the-©~ group. These
results are included in the Supporting Information to this paper. arrangements are summarized in Scheme 6.

The lowest energy minimum found using the continuum Detailed Mechanism. We know that-other things being
model has the zwitterionic stuctudem, consistent with the equat-longer bonds (including the-PFO bonds of phosphate
experimental evidence that the proton is attached to naphthy-esters) break more easiyThe increasing electron withdrawal
lamine nitrogen rather than the normally more basic phosphatewhich makes RO a better leaving group (and ROH a stronger
dianion group. The next lowest minimum is the tautorder acid) polarizes a POR bond in the sense™R~ and so
(Scheme 5), higher in energy by 21 kJ mo{compared with lengthens it. Evidently, sufficiently strong hydrogen bonding
an experimentdt ApK, with difference of 3.3, corresponding  to the leaving group oxygen can have the same effect, as shown
to 19 kJ mot?). A third minimum, corresponding to the-fD by the significant lengthening of the-fD(C) bond of4m
cleavage products, metaphosphate aftamd the naphthol P,  revealed by both calculations. This lengthening of theCRC)
is 72 kJ mot? higher in energy. (This figure can be compared bond from compound to compound, together with the associated
with the experimental value fokH* for hydrolysis of 126 kJ reduction in the mean PCbhond length, can be seen as progress
(30.06+ 0.80 kcal) motl). The geometry calculated for the along the reaction coordindtegfor P—-O cleavage, although the
hydrogen-bonding geometry in the prodiis closely similar overall result for reactarddm is a net stabilization. Further
to that found in the crystal structute. lengthening of this bond during the course of thermal vibration

In both environments, the scissile-®(C) bond is signifi- leads to reaction.
cantly lengthened (1.702 A in the continuum model, 1.693 A The final stage of the reaction involves rotation of the catalytic
with discrete water molecules present: compared with 1.667 N*—H bond into the plane of the aromatic system to set up the
and 1.648 A for the 1-naphthyl and methyl phosphate dianions). strong intramolecular hydrogen bond in the prodejcs a result
The ammonium proton is involved in bifurcate hydrogen of the increasing electron density on the leaving group oxygen
bonding to the adjacent-FO(C) and to a second more basic driven by the cleavage of the-fO bond and the transfer of the
center. In the absence of a discrete water molecule the strongesPOz~ group to a molecule of water. (There is no water molecule
H-bond (N-H---O 2.479 A, bond angle 16 7torsion angle “in position"—along the extended -©P bond-in the calculated
CCNH —43.£4) in the continuum model is fromNH to a (P)Or structureB.)

(the P-O~ bond concerned is correspondingly lengthened, 1.558 The mechanism of hydrolysis @m is simply represented
compared with 1.515 0.001 A for the other two PO™). The as4m— 5 (Scheme 3, Nue= H,0). The involvement of water
charge on the NH group is further delocalized through a weaker as a nucleophile is typically weak but essential in such phosphate
hydrogen bond (NH---O 2.805 A, bond angle 105Bto the transfer reactions, enforced by the high energy of the meta-
leaving group oxygen. phosphate intermediate BOwhich would be produced by an

With discrete water molecules present each of the thre@ P~ unassisted @L(P) process. This conclusion is based on the
centers is strongly solvated by H-bonding to two or three waters general experience that BOtransfer goes with inversion of
and the intramolecular H-bond is stronger-(N---O 2.607 A, configurationt though the reaction shows little (sometimes$ho
bond angle 1233. It is still out of the plane of the aromatic ~ sensitivity to the reactivity of the nucleophile, and hydrolysis
shows an entropy of activation near zero, generally considered
(18) Marten, B.; Kim, K. C., C.; Friesner, R. A.;; Murphy, R. B.; Ringnalda, M. typical of a unimolecular proced%.The hydrolysis of4m

N.; Sitkoff, D.; Honig, B.J. Phys. Chem1996 100, 11775-. .
(19) Jaguar 4.2, S., Inc., 2000. follows the usual pattern, being controlled by the enthalpy term,
(20) Hehre, W. J.; Radom, L. S., P. v. R.; Pople, J.Ab. Initio Molecular AH* = 125.84+ 3.3 kJ (30.06+ 0.80 kcal) mof?, with a

Orbital Theory; Wiley: New York, 1986. . " . .

(21) Becke, A. Dj’, Che%, Phys1993 98, 5648-5652. significantly positive entropy of activatiolS* = 59.04+ 9.9

59 St . eiogor . o 555 B % B, I (141 2.3 cal K mol. The involvement of the general
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A Su, S. J.; acid is expected to have no significant effect on the entropy
‘1"2”?52'7]1-3'%?“9“'5' M.; Montgomery, J. Al. Comput. Cheml993 term, since the proton transfer takes place within a strong

(24) The [Ko's used are the observed value of 9.31 for the dimethylammonium hydrogen bond which remains in place throughout the reaction.
group of4m and for4- the typical observed value of 6.0 for the second i ; At
dissociation of an aryl phosphate monoester. For comparison, observed enthalpies of activation are-38B

(25) Metaphosphate is not expected to exist for a significant length of time in
real water: (26) Kirby, A. J.; Varvoglis, A. GJ. Chem. Soc. B968 135-141.
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201 T T T ° T T ] Scheme 7
- H0: 7 \O
"o HOT]
~ /P\A H\+ H\ _,H\‘*‘
2 L HO™ ~O  (CNMe, 0" “NMe,
('Jxo
e D) =t o QO
1.0 |-
4+ 5+
0.5 - The estimated rate enhancement for the hydrolysid of
compared with a dialkyl aryl phosphatederived from a
ole naphthol of (X, 9.4, is over 18 at 60°C, substantially greater
0 than the rate enhancement estimated above for the hydrolysis
HCI (DCI), M of the monaniordm. This is not unexpected because there is
or hvdlrolvi f’h A i dHl little or no H-bonding stabilization of the reactant when the
Figure 2. Rate constants for hydrolysis of phosphate estarconcd H ; il
(O©) and DCI @) at 60°C. The curve is based on points calculated from eq phosphate group Ii neutral, as mdl(_:ated by the %bsen«gekp
ii, usingki = 2.92 x 103 51 and s = —1.48. 4.63 of the MeNH* group of the diethyl este8*.® The rate

constant for the reaction &f" (as suggested in Scheme 7) is

and 26 kcal/mol for the hydrolysis of the dianions of phdayl ~ 33.6 times faster than the corresponding reaction of the diethyl
and 2,4-dinitropheny? phosphate, respectively, which show ester (Scheme 4). We attribute this to a combination of electronic

similar, positive entropies of activation ef7 cal K1 molL. and steric effects resulting from the replacement of the two OH
(For the hydrolysis of salicyl phosphaBeAH* = 23.5 kcal/ ~ Protons of4* by ethyl groups.
mol, with AS" = —1.2 cal¥) Reactivity is controlled in each Deuterium Isotope Effects.A small inverse solvent deute-

case primarily by the enthalpy term: the entropy of activation rium isotope effect is observed over the whole range of acid

indicates that the involvement of water as a nucleophile in these concentration used. In the linear region of the rate vs [HCI] or

reactions is comparable to its involvement in the solvation shell [DCI] plots (belav 5 M acid), the apparent second-order rate

of the phosphate dianion reactant. Presumably the weakconstants are 3.8 10 #and 3.0x 104 M~1s1, respectively,

involvement of the nucleophilic water is balanced by the release giving ku/kp = 0.78. This is consistent with the mechanism of

of water from the strongly solvated BO group as its charge ~ Scheme 7, with the inverse isotope effect for the protonation

decreases. equilibrium partially offset by (small) normal kinetic isotope
Hydrolysis in Strong Acid. Hydrolysis under strongly acidic  effects for the attack of water as a nucleophile4snand the

solutions, from 0.5 to 12 M HCI or DCI, shows a rate profile accompanying intramolecular proton transfer.

qualitatively similar to those observed for the acid hydrolyses  The reaction was also followed in both® and O at pH

of many esters and amides, with rate constants increasing up topD) 7.0, as a function of hydroxylamine concentration. The

a maximum at abdu7 M HCI or DCI (Figure 2 and Table 1)  observed intercepts and slopes of the second-order plots give

and then falling at higher acid concentrations. This is behavior kinetic isotope effects for the reactions4rh with water Kn,o/

expected for a substrate which is reactive as the conjugate acickp,0 = 1.46+0.04) and with NHOH (ku,0/kp,0 = 1.67+ 0.05).

and becomes fully protonated at high acid concentrations: the The results are consistent with nucleophilic attack4on in

fall in rate in this latter region is accounted for by the decreasing both cases: kinetic solvent deuterium isotope effects are

activity of water, which acts as a nucleophile. Consistent with typically small for the hydrolysis of phosphate monoester

this picture, the data can be fit reasonably well to eq i dianions!® no doubt because of the weak involvement of the
nucleophile in the rate determining transition state, and the same

Kons = Kiawx s = kiaan/(ay + K (i) is evidently true for the reaction with hydroxylamine. (The

reaction with hydroxylamine is discussed in more detail below.)
The curve in Figure 2 is derived from eq ii usikg= 2.92 x Further evidence consistent with this mechanistic interpreta-
103 s%; the mole fractiony; of the substrate catiodt tion (Scheme 3) comes from a proton inventory study, conducted

(calculated using a Ky of —1.47, corresponding to half- for the pH-independent reaction dim at 60.0°C, pH 8.0
protonation in 4.3 M HCI) and activities for water and HCI (at  (phosphate buffer 0.01 mol£, 1 mol L™ KCI). The solvent
25 °C) based on the data of Randall and Yodhg. isotope effect in mixtures of HOHh(= 1-0) and DOD ( =

It seems clear that this reaction, the apparent acid-catalyzed0—1) shows a linear dependencelafio on the atom fraction
hydrolysis of the zwitteriodz, actually represents the kinetically ~n of deuterium (Figure 3) This result is consistent with the
equivalent spontaneous hydrolysis of the catin by the Gross-Butler equation in its simplified formki/ko =1 + n(®7
mechanism shown in Scheme 7. (Addingag][4*] term does — 1)), indicating that only one transition-state proton transfer
not improve the fit to eq ii)4* is unlikely to undergo further is involved in the reaction. The isotope effégio/ko,0 observed
protonation on the phosphate group (next to the positively for the water reaction of 2,4-dinitrophenyl phosphate is close

charged group in thperi-position) in any but very strong acid, ~ to unity;*¥thus, the overall small normal isotope effekiti/kp)
and its estimatedky, is a normal 5-6 units lower than that of ~ observed for the reaction dfnis consistent with a small degree

the conjugate baséz. In terms of reactivity4™ is effectively of proton transfer from the NHgroup in the transition state.
an activated triester: The small isotope effect is also consistent with the Brgnsted
(27) Randall, M. R.; Young, L. EJ, Am. Chem. S0d.928 50, 989-1004. (28) Khan, S. A.; Kirby, A. JJ. Chem. Soc. B97Q 1172-1182.
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Figure 3. Proton inventory plot for the hydrolysis @m at 60 °C and
ionic strength 1.0M (KCI).
0
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102 « Figure 5. Reaction o4m with hydroxylamine. Rate constants at 8D as
¢} a function of pH for the reaction ofm in the absence (dotted curve) and
10° L ° - presence of 0.6 M) and 1.0 M @) NH,OH. The curves are calculated
'.'m O o, using equations i and iii and the rate constants listed in Tables 1 and 2.
0 10*L o -
xg hd Table 2. Rate Constants for the Reaction of 4m with
= 10° L o - Hydroxylamine
o b (a) At Fixed Total ((NHOH] + [NH3™OH]), as a Function
otk . - of pH at 60°C and lonic Strength 1.0 M (KCI)
* NH,OH] 0.6 M NH,OH] 1.0 M
107 L . | [NHOH] [NH,OH]
pH kobs (571) pH kubs- (571)
L e — 17 2.56x 10°5 3.0 4.30x 10°5
20 0 20 40 60 80 100 2.2 2.27x 10°5 3.6 6.88x 1075
% DMSO (v/v) 3.7 4.40x 1075 45 1.61x 1074
) . . ) 4.2 9.13x 1075 5.5 3.05x 10
Figure 4. Rates of hydrolysis of phosphate monoester dianions as a function 4.7 1.66x 104 5.8 3.31x 104
of dimethyl sulfoxide concentration. Data are for 4-nitrophenyl phosphate 5.2 2.07x 104 6.5 4.30x 104
at 39°C (#), 2,4-dinitrophenyl phosphate at 3€ (0),3 and4m at 25°C 6.1 2.69x 104 75 4.35x 10°4
(®). Solutions of4m in water at pH 7.0 (0.01 M phosphate buffer, ionic 6.5 2.94% 104 7.8 4.336x 104
strength 1.0 M (KCI)) were diluted with the organic solvent. 71 3.18x% 104 8.5 4.34x% 10-4
7.6 3.17x 1074 8.7 4.26x 1074
Brnuc Of 0.19 (see below) and a transition state that is early on 8.0 3.36x 103 9.3 3.23x 1Cf‘5‘
the reaction coordinate for bond formation to, and thus any g'g g‘l"%i ig 13'8 %ggi igs
consequent proton transfer from, the nucleophile. 8.7 3.39x 104 ' '
Solvent Effects.The hydrolytic cleavage of the dianions of 8.8 3.17x 1074
. N . 4
phosphate monoesters with good leaving groups is strongly g-g g-ggx ig4
.y . . . . X
accelerated by the addition of dipolar aprotic solvents to the g7 0.85x 1075

aqueous reaction mediuth?® In principle, the hydrolysis of
4m, which involves neutralization of charge in the transition
state, might be expected to show an enhanced effect. We have

(b) As a Function of [NHOH] at pH= 7.0 and 60°C
and lonic Strength 1.0 M (KCI).

examined the hydrolysis ¢fm in a range of mixed solvents [NH;OH], M hvs (57 in 0 s (5%) in DO
and find effects in the expected direction, but relatively small 81 > 10w 10-4 1.28x 10
. . . . . . X

rate enhance_ments. Typlcal_ results are illustrated in Figure 4 02 242 104 158x 104
for the reactions of4m, which also includes data for the 0.4 2.85x 1074 1.92x 1074
hydrolysis of the dianions of 2,4-dinitrophenyl and 4-nitrophenyl 0.6 3.35x l(Ti 2.17x 1(ri

i i ; ; 0.8 3.83x 10~ 2.48x 10~
phosphate, in the presence of increasing amounts of dimethyl 10 2 30% 10-4 579x 104

sulfoxide. Qualitatively similar effects are observed with other
water-miscible solvents. As in other ways, the hydrolysis of
4m is typical of the hydrolysis of the dianion of a phosphate the efficiency of catalysis by this-effect nucleophile as a
monoester with a good |eaving group, no doubt because thefunction of pH Reactions with a small number of other
key intramolecular hydrogen bond is present throughout the nucleophiles, measured for comparison, produced the unex-
reaction and the general acid is not separately solvated. pected results described below.

Reactions of 8-(Dimethylamino)-1-naphthyl Phosphate Results for the reaction with hydroxylamine are shown in
with Nucleophiles. The reaction oft with 0.6 and 1.0 M (total) ~ Figure 5 and Table 2. (Hydroxylamine is known to react through

NH,OH was measured over the pH range1® to categorize ~ ©0Xygen with phosphate mono-, di-, and triesteas; discussed
above). The reaction shows the expected bell-shape, with a rate

(29) Abell, K. W. Y.; Kirby, A. J. Tetrahedron Lett1986 1085-1088. maximum in the region where the nucleophile is present as the
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Table 3. Second-Order Rate Constants for the Reactions of 4m between oxyanion nucleophiles and frudianions even of
with Nucleophiles at 60 °C and lonic Strength 1.0 M activated phosphate monoesters. We presume that electrostatic
nucleophile (concd) PKa K (L mol™1s™?) repulsion normally disfavors the aniedianion reaction. The
H.0 -1.74 2.88x 10°° effect need not be very large to make such slow reactions

F'IZPQg 1391 12-%%1%‘:’5 undetectable: Herschlgfyestimates a maximum 50-fold elec-
uoriae . . . .

MeONH, 162 35% 105 tros_tatlc effect on the rgte_ of attr?lck_ by_ fluoride on the

Formate 3.81 7.& 10°5 p-nitrophenyl phosphate dianion, at high ionic strength in water

Acetate 4.81 6.% 1075 at 95°C.

MeNOH 5.20 2.02x 1074 : : T L ;

NH,OH 564 5 43¢ 10-4 To investigate the an|o1=_1d|an|on reaction in more deta_ll, we

NH,OH in D,0O 1.45+ 0.03x 104 measured thermodynamic parameters for the reaction with

MeNHOH 6.18 3.6x 104 fluoride anion, which will show minimal steric effects. A

2— . .. .. .
HPOy 6.51 1.04x 107 disadvantage is its low basicity, which means that the second-

order rate constants were measured (at 60, 70, af@)B8gainst

the background of the faster hydrolysis reaction. Within this
- caveat, the results are strongly suggestive. The enthalpy of
- activationAH* is a massive 169.4 2.9 kJ (41.1+ 0.7 kcal)

- mol~1, substantially offset by a very large positive entropy of
- activation,AS" = 176+ 9 J (42.0+ 2.9 cal) K mol~1. This

- increase of 10 kcal/mol inH¥ compared with attack by water

is consistent with significant electrostatic repulsion disfavoring
the anion/dianion reaction: it reflects also the cost of desolvating
Figure 6. Bransted plot for catalysis of the hydrolysis din by a lone pair of the tlightly solvated fluoride anipn to allow it to
nucleophiles, in aqueous solution at®&D. Points are for water, phosphate ~ @ct as a nucleophile. By way of compensation the release of
mono- and dianion, formate and aceta®,(fluoride (O), and hydroxy- water involved will contribute to the large positive entropy of
lamine and its various methylated derivatives)(Data from Table 3. activation. In practical terms, the overall effect of this unusual
combination of thermodynamic parameters is to make the
fluoride reaction substantially more sensitive to temperature than
competing reactions, so that it rapidly becomes relatively more
significant at higher temperature.

The Bragnsted coefficient (slope of the least squares line drawn
in Figure 6) isBhc= 0.194 0.01) for the reactions with oxygen
nucleophiles. This is smaller, as would be expected, than that

— (0.50) measured for the triester diethyl-8-dimethylamine-naph-
Kabs = Ko Ken(NU) 2,002 (i) thyl phosphat&+ but significantly higher than the value of zero
observed for the reactions of (necessarily neutral) nucleophiles
with the dianion of 2,4-dinitrophenyl phosphafe monoester
dianion hydrolyzed at a similar rate #m (Figure 1). This,
together with the identical Brgnsted coefficientf,c = 0.19
=+ 0.01 for the attack of (substituted pyridine) nucleophiles on

free base and the substrate as the monoatngrwith the NMe
group protonated. The pHrate constant profile for the reaction
betweend and hydroxylamine was fitted to eq iii, whekg-

(Nu) is the second-order rate constant for the reaction of the
monoaniordm with neutral hydroxylamine and the termg,on
andynm are the mole fractions of the two reactive species.

The second-order rate constant and tkg @f (the conjugate
acid, NHTOH, of) the nucleophile derived from the fit are
km(Nu) 254+ 0.3 x 104 L mol~t st and K, = 5.6 & 0.2.

The same reaction was also followed at constant pH (7.0, self-

buffered) as a function of hydroxylamine concentration (in both salicyl phosphat@,# suggests that intramolecular general acid

H,0 and QQ’ see above). The observed slope of the second- catalysis of P@ transfer involves somewhat tighter transition
order plot gives f morej)rejse second-order rate constant Ofsta’tes than the corresponding intermolecular reactions. This
241£0.04 < 10 L mo_I S . . behavior differs from that for reactions at the acetal center of

The rate_ of hydrolysis in _the plateau region was examined 8-dimethylammonium-1-methoxymethoxynaphthalene, which
as a function of concentration (in the range 0.1 to 1 M) for

. . are closely similar for catalyzed and intermolecular reactions
several other, representative, nucleophiles. Second-order rat%vith nucleophiles?

constants were calculated from the expresdigr = ko +
knu[nucleophile], and the results are summarized in Table 3 and
Figure 6. Remarkably, oxyanions react with just as fast as

do neutral amine nucleophiles of simila{p The Brgnsted plot

of Figure 6 shows a least squares line drawn through the four
points for water, acetate, and phosphate mono- and dlanlons.ROPQZ, with a good leaving group: and the reactions with

The points for thex-effect nucleophiles hydroxylamine and its anions (Figure 6) closely parallel those of neutral nucleophiles
N-methyl and N,N-dimethyl derivatives show only modest . 9 yp P
with phosphorylated pyridines.

enhancements, as expected for reactions with the dianion of a .
General base catalysis has never been reported for the

phosphate monoest& Only NH,OMe, which can only react . . . :
through N, shows no rate enhancement, consistent with thereactlons of nucleophiles with these simplesPGsystems. The
’ ' reactions with amines show steric effects and entropies of

oxygen attack mechanism for the other hydroxylamines. e . IO
The attack of oxyanions on the phosphorus center of a activation typical of nucleophilic, bimolecular processes, and

monoester dianion is unique, as discussed in our preliminary o xyicaal s 3. Herschlag, D. Am. Chem. S0d999 121 5837-5845.
communicatior?. Generally, there is no detectable reaction (31) Herschiag, D.; Jencks, W. B. Am. Chem. S0d.989 111, 7587-7596.

Finally we comment, at the suggestion of a reviewer, on why
we are confident that the reactions4sh with nucleophiles do
involve nucleophilic, rather than general base catalysis of
hydrolysis. Apart from its reactions with anions theOgroup
of this system behaves detail as expected for a monoester
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no solvent deuterium isotope effects, and the reactive intermedi-to support a strong hydrogen bond and thus efficient proton-
ates formed on reaction with tertiary amines can be trapped with transfer catalysis. Displacements at the phosphorus center of a
fluoride anion to give phosphofluoridate, stable under the triester ") may involve pentacovalent addition intermediates;
conditions28-30:31The reaction of fluoride witdm itself actually those at the phosphorus centedai will not, and the concerted
shows a positive entropy of activation, hard to reconcile with a mechanism expected for the latter system should for this reason
termolecular process; formate reacts faster than the more basidhave more potential for effective synergy between the bond-
acetate, as found for other, similar reactions of the??PO  formation and bond-breaking processes. In practice the ac-
group?! and the low solvent deuterium isotope effect is not celerations observed are similar for triester and monoester, at
consistent with the involvement of a committed second molecule least in part because of the low sensitivity of the reactions of
of water in the transition state for hydrolysis. All the evidence monoester dianions to the nucleophile, and the significant extent
is consistent with nucleophilic catalysis, albeit with the weak of hydrogen bonding in the reactant. Absolute reactivity can
involvement of the committed nucleophile in the transition state be increased by using-effect nucleophiles, but the-effect is
typical of PQ~ group transfers. also minimized by this low sensitivity. This analysis suggests
that the combination of lower absolute reactivity, reduced
reactant-state hydrogen bonding, and higher sensitivity to the
The plateau rate for the hydrolysis dim represents a  nucleophile expected for phosphate diesters could support
substantial acceleration, achieved by the concerted action of anoptimally effective synergy and, thus, rate enhancements in
external nucleophile and an internal general acid. The synergydiesters derived fromd, where efficient general acid catalysis
involved is not high, as is to be expected for a reaction with a of leaving group departure could tip the balance from a stepwise
low sensitivity to the incoming nucleophile. (We know little  to a concerted mechanism. This work is underway.
about the sensitivity to theky of the general acid, but in the
related reaction of salicyl phosphaehis too is known to be Acknowledgment. We are grateful to EPSRC for a student-
low.%) ship (to N.D.-R.) and to PRONEX, CAPES, and CNPg-Brazil
We concluded previously that the transition state for the for financial support.
intramolecular general acid catalyzed hydrolysis of the diethyl
triester 6™ is significantly different from that expected either
for a triester hydrolyzing at a similar rate or for one with a
comparable leaving group. The same appears to be true for
phosphate monoesters. The trend is the same in the twotases
more bond formation is necessary from the nucleophile (later
TS) to generate the negative charge on the leaving group neededA0502876

Conclusions

Supporting Information Available: Optimized geometries for
8-dimethylammonium-naphthyl-1-phosphade (4m, 4-, and
cleavage product® (Scheme 5)) and for methyl and naphthyl-
1-phosphate. This material is available free of charge via the
Internet at http://pubs.acs.org.
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