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Abstract: The rates of transfer of a series of polar aliphatic acyl groups (-0.3 < a* < 1.05) from p-nitrophenol to hydroxide, 
to the thiol anion of iV-acetyl-L-cysteine, and to a series of phosphonate dianions have been determined in aqueous solution. 
The rate constants for the alkaline hydrolysis of ten p-nitrophenyl esters can be correlated reasonably well (r = 0.981) to the 
single-parameter Hammett-Taft equation based on the polar substituent constant. The reaction constant for the alkaline hydrolysis 
is p* = 2.9 with an interval estimator (90% confidence) of ±0.3. The p* value for the thiolysis reaction is only slightly larger 
(16 ± 13%) than the corresponding value for the alkaline hydrolysis reaction. These kinetic p* values are essentially identical 
with the equilibrium p* for hydroxide or thiolate addition to aldehydes (Kanchuger and Byers). To the extent that gem diolate 
and thiohemiacetalate formation are appropriate model reactions for the formation of the anionic tetrahedral intermediates 
in the corresponding acyl transfer reactions, the magnitude of the kinetic p* values suggests that the transition states for the 
alkaline hydrolysis and for the thiolysis reactions are similar, in geometry and charge distribution, to the tetrahedral intermediates. 
Acyl transfer from p-nitrophenol to phosphonate dianions involves an uncatalyzed nucleophilic displacement by the oxy dianion. 
The p* value for the reaction of (chloromethyl)phosphonate with the p-nitrophenyl esters is 2.4 (±0.3). The second-order 
rate constants for the reactions between the phosphonates and p-nitrophenyl acetate, p-nitrophenyl chloroacetate, and p-
nitrothiophenyl acetate show a small sensitivity to the basicity (p£a2) of the nucleophile (/3„u<. ~ 0.3). An explanation of the 
magnitudes of the p* and f}nM values, and of the anomalously low reaction rates (relative to oxy monoanions and amines of 
comparable basicities) for acyl transfer to the phosphonates, is that electrostatic interactions and desolvation of the oxy dianion 
make substantial contributions to the activation energy barrier for nucleophilic attack. 

Structure-reactivity relationships have been used extensively 
in mechanistic investigations of carbonyl displacement reactions.1,2 

The dependence of the rates of acyl transfer reactions on such 
parameters as acceptor and leaving group basicities and on isotopic 
substitution (primary and secondary kinetic isotope effects) is a 
valuable probe of the mechanism of this prevalent class of reac
tions. Many factors influence the nature of any chemical reaction 
however, and, therefore, no single probe can yield an unambiguous 
picture of the transition state. Linear free-energy relationships, 
involving various nucleophiles and leaving groups, have been used 
extensively to provide a clearer characterization of acyl transfer 
reactions, but less use has been made of polar aliphatic acyl 
substituent effects in the study of these reactions. 

Displacement reactions at the carbonyl carbon of p-nitrophenyl 
acetate have been investigated with an extensive series of nu
cleophiles.3,4 The reactivity of oxy anions is dependent on the 
basicity of the nucleophile. Most of the oxygen nucleophiles 
examined have been monoanions. Three oxy dianions examined 
by Jencks and Carriuolo4 (phosphate, arsenate, and carbonate) 
show negative deviations (by more than an order of magnitude) 
from the Bronsted correlation (/3 = 0.8) based on the reaction 
of over 45 nucleophiles with p-nitrophenyl acetate. Since many 
biochemical reactions involve nucleophilic attack by an oxy dianion 
(phosphate), we were interested in the comparison of the mech
anistic aspects of acyl transfer to oxy dianions with those of 
reactions involving acyl transfer to other nucleophiles. Phos
phonates provide a structurally homogeneous set of oxy dianions 
which covers a reasonably wide range of pATa values. We report 
here a study of the effect of phosphonate basicity on the rate of 
some acyl transfer reactions. The effects of polar aliphatic acyl 
substituents on the phosphonate-catalyzed hydrolysis of p-nitro
phenyl esters are compared with the effects on acyl transfer to 

(1) For some comprehensive reviews on acyl transfer reactions see: (a) 
Bruice, T. C; Benkovic, S. J. "Bioorganic Mechanisms"; W. A. Benjamin: 
New York, 1966; Chapter 1. (b) Jencks, W. P. "Catalysis in Chemistry and 
Enzymology"; McGraw-Hill: New York, 1969. (c) Fersht, A. R. J. Am. 
Chem. Soc. 1971, 93, 3504-3515. (d) Gandour, R. D.; Schowen, R. L., Eds. 
"Transition States of Biochemical Processes"; Plenum Press: New York, 1978. 
(e) Jencks, W. P. Ace. Chem. Res. 1980, 13, 161-169. 

(2) Hupe, D. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 451-464. 
(3) Bruice, T. C; Lapinski, R. J. Am. Chem. Soc. 1958, 80, 2265-2267. 
(4) Jencks, W. P.; Carriuolo, J. /. Am. Chem. Soc. 1960, 88, 1778-1786. 

hydroxide and to JV-acetyl-L-cysteine. The utility of the Taft 
reaction constant, p*, as an index of transition state structure is 
discussed. 

Experimental Section 
Materials. p-Nitrophenyl Esters. The p-nitrophenyl esters of acetic 

(PNPA) and trimethylacetic acid were obtained from Aldrich Chemical 
Co. The p-nitrophenyl esters of propionic acid, butyric acid, and N-
carbobenzoxyglycine were obtained from Sigma Chemical Co. p-
Nitrophenyl formate was from Alfa and p-nitrothiophenyl acetate 
(PNTPA) was obtained from Polysciences, Inc. The purity of the p-
nitrophenyl esters was checked by monitoring the absorbance at 400 nm 
before and after basic hydrolysis in 0.1 M NaOH. 

p-Nitrophenyl chloroacetate was prepared from chloroacetyl chloride 
(Aldrich) and p-nitrophenol in ethyl acetate containing ~4% (v/v) tri-
ethylamine (0 0C). The amine hydrochloride was removed by filtration 
and the ethyl acetate was removed by rotory evaporation. The residue 
was dissolved in ether and acidified with HCl gas to precipitate remaining 
traces of the triethylamine. After filtration the diethyl ether solution was 
concentrated by rotory evaporation. Addition of petroleum ether resulted 
in the formation of white crystals: mp 96-98 0C (lit.5 mp 95-97 0C); 
NMR6 (CDCl3) S 4.4 (s, 2 H), 7.5 (d, 2 H), and 8.5 (d, 2 H). 

The remaining p-nitrophenyl esters were prepared by coupling p-
nitrophenol to the corresponding carboxylic acids in the presence of 
dicyclohexylcarbodiimide in ice-cold ethyl acetate by the general method 
of Bodanszky and duVigneaud.7 The esters were crystallized from 
hexane-toluene (1:1). Yields varied between 51% (bromoacetate) and 
86% (4-bromobutyrate). The properties of the crystalline esters follow. 
p-Nitrophenyl iodoacetate: mp 80-82 0C (lit.8 76-77 0C); NMR (CD-
Cl3) S 4 (s, 2 H), 7.5 (d, 2 H), and 8.5 (d, 2 H). p-Nitrophenyl brom
oacetate: mp 88-91 0C; NMR (CDCl3) 6 4.2 (s, 2 H), 7.6 (d, 2 H), and 
8.6 (d, 2 H). p-Nitrophenyl 4-bromobutyrate: mp 55-58 0C; NMR 
(CDCl3) 5 2.3 (q, 2 H), 2.9 (t, 2 H), 3.6 (t, 2 H), 7.5 (d, 2 H), and 8.5 
(d, 2 H). 

p-Nitrophenyl 3-bromopropionate was prepared by adding dicyclo
hexylcarbodiimide (41 g, 0.2 mol) to an ice-cold solution of 3-bromo-
propionic acid (26.2 g, 0.17 mol) and p-nitrophenol (18.1 g, .13 mol) in 

(5) Koehler, K.; Skora, R.; Cordes, E. H. J. Am. Chem. Soc. 196«, 88, 
3577-3581. 

(6) 1H NMR spectra were recorded on a JEOL 100-MHz spectrometer 
and chemical shift values (6) are reported relative to Me4Si. 

(7) Bodanszky, M.; du Vigneaud, V. J. Am. Chem. Soc. 1959, 81, 
5688-5691. 

(8) Lorand, L.; Brannen, W. T., Jr.; Rule, N. G. Arch. Biochem. Biophys. 
1962, 96, 147-151. 
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500 mL of ethyl acetate. The mixture was stirred for 2 h at 0 0 C and 
then at room temperature for an additional 4 h. The mixture was filtered 
and washed with water (2X, 300 mL) and dried over MgSO4. The 
solvent was evaporated and the residue was mixed with 250 mL of ether. 
The small amount of precipitate (dicyclohexylurea) was removed by 
filtration and the ether was evaporated to yield 30 g of a pale yellow 
viscous oil. TLC indicated the presence of a small amount of impurity. 
However, since basic hydrolysis of this material produced nearly (96%) 
a stoichiometric amount of p-nitrophenoxide, no attempts were made to 
further purify the material; NMR (CDCl3) i 3.3 (t, 2 H), 3.7 (t, 2 H), 
7.5 (d, 2 H), and 8.5 (d, 2 H). 

p-Nitrophenyl 3-(dimethylphosphono)propionate was prepared from 
the 3-bromopropionate ester via an Arbuzov reaction. Freshly distilled 
trimethyl phosphite (25 mL, 0.21 mol) was added to 22 g of the p-
nitrophenyl 3-bromopropionate (~0.08 mol). The mixture was stirred 
and heated to initiate the reaction. Once reflux temperature (111 0C) 
was reached heating was stopped and the mixture was allowed to cool 
to room temperature. Excess trimethyl phosphite was removed by dis
tillation at 3 mm, yielding a light red viscous residue. The residue gave 
two spots on TLC (silica gel, toluene/ether, 1:1), one near the origin and 
one (corresponding to p-nitrophenyl 3-bromopropionate) with an Rf of 
0.78. The two components were separated batchwise on silica gel: The 
residue from the Arbuzov reaction was dissolved in ether and mixed with 
silica gel. The gel was washed with ether and then washed with acetone. 
The acetone filtrates were collected and evaporated to yield a pale orange 
oil (14 g). This material showed a single spot on TLC (CH3OH/ 
benzene, 4:1; acetone/CHCl3, 1:9) and was ~95% pure as judged by 
release of p-nitrophenoxide after alkaline hydrolysis; NMR (acetone-<4) 
6 2.2 (d of t, 2 H), 3.0 (d of t, 2 H), 3.8 (d, 6 H) 7.5 (d, 2 H), and 8.5 
(d, 2 H). JH.P = 20 Hz. 

Phosphonates, The disodium salt of fluorophosphate was obtained 
from Alpha and purified by the method of Nowak and Mildvan;9 chlo-
romethylphosphonic acid was obtained from Chem Service, West 
Chester, PA. Phosphonoacetic acid was prepared from (triethyl-
phosphono)acetate (Aldrich Chemical Co.) by the method of Swyryd et 
al.10 (Trichloromethyl)phosphonic acid was prepared by acid hydrolysis 
of the diethyl ester of the phosphonate. The diethyl ester was prepared 
by the Arbuzov reaction11 between carbon tetrachloride and triethyl 
phosphite (Aldrich Chemical Co.). (2-Bromoethyl)phosphonic acid was 
prepared by acid hydrolysis of diethyl (2-bromoethyl)phosphonate 
(Aldrich Chemical Co.). Acid hydrolysis of dimethyl methylphosphonate 
(Alfa) and of diethyl ethylphosphonate (Pfaltz and Bauer) resulted in 
the corresponding phosphonic acids.12 The acid hydrolysis conditions 
and the subsequent purification of the phosphonic acids were essentially 
those employed by Kluger et al.13 for the preparation of methyl-
phosphonic acid. Allylphosphonic acid was synthesized by the Arbuzov 
reaction between allyl bromide and trimethyl phosphite followed by io-
dotrimethylsilane-catalyzed hydrolysis14 of the dimethyl ester so obtained. 

The phosphonic acids (and the sodium salts) are very hygroscopic. 
The phosphonates were dried by suspending the crystals in benzene or 
toluene and azeotroping off the water. The samples were stored in vacuo 
over P2O5. The purity of the phosphonates was checked by TLC (PEI-F 
cellulose plates, 1 M NaCl) and by 31P NMR (JEOL FX 60). The 
concentration of the phosphonate solutions used for the kinetic mea
surements was determined by potentiometric titration (Brinkmann pH 
meter Model E512, Metrohm AH combination glass electrode). The 
thermodynamic pK,2 values used were those of Kresge and Tang15 

(XPO3
2-, X = CH3", ClCH2-), those of Huebel and Popov16 (phospho

noacetic acid), or those obtained by the method of Kresge and Tang.15 

Spectrophotometric measurements were carried out with a Beckman 
3600 spectrophotometer (with variable temperature control accessory). 
This instrument was used for most of the kinetic measurements but for 
the few very rapid reactions (with rate constants >1 min"1) a Dionex 
Model D-IlO stopped-flow spectrophotometer [interfaced with a Bio-
mation 810 transient recorder17 and a strip-chart recorder] was used. 

Methods. General. The ester solutions (~ 0.05 M) were made up in 
either dioxane (dried by being passed through an alumina column and 

(9) Nowak, T.; Mildvan, A. S. Biochemistry 1972, 11, 2819-2828. 
(10) Swyryd, E. A.; Seaver, S. S.; Stark, G. R. / . Biol. Chem. 1974, 249, 

6945-6950. 
(11) Kosolapoff, G. M. J. Am. Chem. Soc. 1944, 66, 109-111. 
(12) Crofts, P. C; Kosolapoff, G. M. J. Am. Chem. Soc. 1953, 75, 

3379-3383. 
(13) Kluger, R.; Wasserstein, P.; Nakaoka, K. J. Am. Chem. Soc. 1975, 

97, 4298-4303. 
(14) Morita, T.; Okamoto, Y.; Sakurai, H. Tetrahedron Lett. 1978, 

2523-2526. 
(15) Kresge, A. J.; Tang, Y. C. / . Org. Chem. 1977, 42, 757-759. 
(16) Heubel, P.-H. C; Popov, A. I. J. Solution Chem. 1979, 8, 615-625 

(1979). 

stored under N2) or acetonitrile (distilled from P2O5). The ionic strength 
of the reaction mixture was maintained with NaCl. The reactions were 
initiated by the addition of 5-10 nL of the ester solution to a thermally 
equilibrated cuvette containing 1.1 mL of the other reactants. The final 
ester concentration in the reaction mixture was generally in the range of 
2-7 X 10-4 M with the p-nitrophenyl esters and ~ 3 X 10~5 M with 
p-nitrothiophenyl acetate. The final concentration of organic solvent was 
less than 1% v/v. The rates were measured by observing the absorbance 
due to p-nitrophenoxide (400 nm) or to p-nitrothiophenoxide (412 nm). 
The reactions were first order for at least 3 half-lives and were generally 
followed through 5 half-lives. End points were checked by the addition 
of 10 ^L of 5 N NaOH to the reaction mixture. First-order rate con
stants were determined graphically and by a least-squares fit from plots 
of In (A - A1) vs. time, using 15 points/run. The internal standard 
deviations of the rate constants (within one run) were consistently less 
than ±0.8%. Rate constants were determined at least in triplicate for 
each reaction. Plots of the pseudo-first-order rate constant vs. the con
centration of the thiolate species of 7V-acetyl-L-cysteine or the concen
tration of the phosphonate dianion were found to be linear and inde
pendent of pH. 

Solvent Isotope Effects. Solutions were prepared in deuterium oxide 
(99.8%, Norsk Hydro, Oslo, Norway). The reaction components (other 
than the esters) were prepared by dissolving them in D2O and evaporating 
the solution prior to making up the final reaction mixture. The pD values 
were estimated from the formula: pD = pH (meter reading) + 0.41,18 

and adjusted with either NaOD (40% in D2O) or DCl (38% in D2O). 
The concentration of "OD (or of "OH) was calculated from the measured 
pD(H) values and the thermodynamic quantities for the ionization of 
D2O (and H2O) reported by Shoesmith and Lee." pD(H) fluxuations 
during any kinetic run did not exceed 0.05 units. 

Thiol) sis and Thiol Ester Hydrolysis. JV-Acetyl-L-cysteine (Sigma 
Chemical Co.) was used in the thiolysis reactions. Solutions were pre
pared (in degassed water) immediately before use. The concentration 
of free thiol was determined with Ellman's reagent20 and was found to 
decrease by less than 5% during the course of the longest kinetic runs 
(~5 h). Similarly, the hydrolysis product of the thiol ester (p-nitro-
thiophenoxide) was stable under most of the reaction conditions. How
ever, p-nitrothiophenoxide is not stable in the presence of hydrogen 
phosphonate (phosphite). For example, in the presence of 0.66 M 
HPO3

2- (pH 7.1, 37 0C) a rapid decrease in the absorbance at 412 nm 
was observed following the addition of p-nitrothiophenol (~3 X 10-5 M). 
The absorbance decreased from 0.4 to 0.2 in 1.4 min in a non-first-order 
process. This decrease was not observed in the presence of any of the 
other phosphonates [i.e., the absorbance decreased by less than 20% (pH 
7, 37 0C) in 2 h when the solution was not protected from exposure to 
air]. The hydrogen phosphonate catalyzed hydrolysis of p-nitrothio-
phenyl acetate was followed by the decrease in the thiol ester absorbance 
(monitored at 280 nm). The rate constant obtained in this manner is 
identical with the value obtained by removing aliquots of the reaction 
mixture at various times, adding the sample to a solution of Ellman's 
reagent [1 mM 5,5'-dithiobis(2-nitrobenzoic acid), pH 7], and measuring 
the absorbance at 412 nm.21 

Taft Polar Substituent Constants. The <x* values for most of the acyl 
substituents were obtained from the compilation of Hansch and Leo.23 

The acyl substituent constant for carbobenzyloxyglycine (PhCH2OC(= 
O)NHCH2-, a* = 0.53) was obtained from the substituent constant for 
the carbobenzoxyamino substituent [a* = 1.46, calculated from the 
experimentally determined pKt of carbobenzoxyglycine (=3.80) and the 

(17) Dunn, M. F.; Bernhard, S. A.; Anderson, D.; Copeland, A.; Morris, 
R. G.; Rogue, J.-P. Biochemistry 1979, 18, 2346-2354. 

(18) Covington, A. K.; Paabo, M.; Robinson, R. A.; Bates, R. G. Anal. 
Chem. 1968, 40, 700-706. 

(19) Shoesmith, D. W.; Lee, W. Can. J. Chem. 1976, 54, 3553-3558. 
(20) Ellman, G. Arch. Biochem. Biophys. 1959, 82, 70-77. 
(21) The stoichiometric reaction of Ellman's reagent indicates the presence 

of a product containing a free sulfhydryl group. Incubation of p-nitrothio
phenoxide (50 tiM) with hydrogen phosphonate (0.66 M) at pH 7.1 for 2 h 
at 37 0C resulted in a decrease in absorbance at 412 nm from 0.68 to <0.02. 
Addition of Ellman's reagent (1 mM) resulted in a rapid, and stoichiometric, 
formation of 2-nitro-5-thiobenzoate. The UV spectrum of the reaction mixture 
(prior to the addition of Ellman's reagent) gave no indication of the presence 
of p-nitrophenol, p-nitrophenylphosphonic acid, or nitrobenzene. The rate of 
the reaction is enhanced as the pH is lowered. A possible explanation of the 
hydrogen phosphonate induced decrease in absorbance is deoxygenation of the 
nitro group (to an amino group) by the phosphite species, P(OH)3, in a manner 
analogous to the deoxygenation of nitro and nitroso compounds by alkyl-
phosphites.22 

(22) (a) Sundberg, R. J.; Smith, R. H., Jr., / . Org. Chem. 1971, 36, 
295-300. (b) Sundberg, R. J.; Lang, C-C. Ibid. 1971, 36, 300-304. 

(23) Hansch, C; Leo, A. J. "Substituent Constants for Correlation 
Analysis in Chemistry and Biology"; John Wiley and Sons: New York, 1979. 
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Figure 1. Taft plot for the specific base catalyzed hydrolysis of p-
nitrophenyl esters (27 0C, M = 0.5 M). The various acyl substituents are: 
(a) (CHj)3C-, (b) CH3CH2-, (c) CH3", (d) Br(CH2V, (e) Br(CH2J2-, 
(f) (CH3O)2P(O)CH2CH2-, (g) C6H5CH2OC(O)NHCH2-, (h) ICH2-, 
(i) BrCH2", and (j) ClCH2". The slope of the line (least-squares fit) is 
2.87 and the interval estimator of the slope (90% confidence) is 
2.54-3.20. 

equation of Fastrez24 relating a* to the pKt of substituted acetic acids] 
and the following relationship:25 

^XCH2- = 0.363<r*x - 0.003 (D 

The a* value for Br(CH2J3- (=0.128 ± 0.006) was obtained by substi
tution of the value for Br(CH2)2- (<7* = 0.36) into eq 1. Similarly, the 
a* value for the dimethyl phosphonoethyl substituent (=0.29 ± 0.02) was 
calculated based on the value of 0.80 for the (CH30)2P(=0)CH2-
substituent. 

Results 

I. Polar Aliphatic Acyl Substituent Effects. A. Tbiolysis and 
Specific-Base Catalysis. The rate of formation of p-nitrophenoxide 
from various p-nitrophenyl esters in the presence of hydroxide or 
of N-acetyl-L-cysteine (TV-Ac-Cys) was examined as a function 
of pH (pH >6). Under these conditions the hydrolysis reaction 
is first order in ['OH] and the pseudo-first-order rate constant 
is fcobsd = £ -OH["OH] , indicating no significant uncatalyzed hy
drolysis. The pseudo-first-order rate constant in the presence of 
iV-Ac-Cys is characterized by the following equation: 

_ fcs[iV-Ac-Cys]totai 
o b s d ~ 1 + 10<P*.-PH> + / C - ° H L O H ] 

(2) 

The kinetically determined pATa (9.2) is identical with the pATa of 
iV-Ac-Cys obtained by direct (spectrophotometric and potentio-
metric) titration under these reaction conditions (n = 0.5 M, 27 
0C). With the thiol concentrations employed (10-M(T3 M) the 
hydrolysis reaction was negligible relative to the thiolysis reaction. 

(24) Fastrez, J. J. Am. Chem. Soc. 1977, 99, 7004-7013. 
(25) From a correlation of 20 well-characterized23 polar substituent con

stants (0 < a* < 3.56): ff*xcHj- = 0 3 6 2S (±0.019)u*X- - 0.003 (±0.006); 
r = 0.9942. The figures in parentheses are the 95% confidence intervals. This 
equation is consistent with the customary value of 1/2.8 (=0.357) for atten
uation by a methylene group.26,27 However, there are limits to this general-
ity.28,2' For this reason, and in order to obtain a quantitative assessment of 
the uncertainties in the a* values, the decremental factor for an interposed 
methylene group was reevaluated with a large set of substituent pairs with 
properties similar to those of the substituents used in this study. The data used 
are given as supplementary material. 

(26) Shorter, J. "Correlation Analysis in Inorganic Chemistry"; Charendon 
Press: Oxford, 1973. 

(27) Leffler, J. E.; Grunwald, E. "Rates and Equilibria of Organic 
Reactions"; John Wiley and Sons: New York, 1963. 

Figure 2. Correlation of the reactivity of N-acetyl-L-cysteine and of 
hydroxide with various acyl-substituted esters (27 0C, n = 0.5 M). The 
ordinate is the logarithm of the second-order rate constant (M"1 min"1) 
for the reaction of the thiolate anion with the esters. The substituents 
are the same as those in Figure 1 with the addition of the formyl ester 
(PNPF). The least-squares slope of the line is 1.16 and the interval 
estimator (90% confidence) is 1.03-1.29. The point for the thioester, 
PNTPA, is indicated for comparison and was not used in the correlation. 

These results indicate that the thiolate anion, and not the pro-
tonated thiol, is the only species which reacts at a significant rate 
with these p-nitrophenyl esters. 

The dependence of the second-order rate constant for the 
specific-base-catalyzed hydrolysis (log k-0H) of various acyl-
substituted p-nitrophenyl esters on the Taft polar substituent 
constant is illustrated in Figure 1. The data fit the linear free-
energy relationship: 

log A:-OH (M"1 min"1) = 2.87 (±0.32)<T* + 2.83(±0.20) (3) 

n = 10, r = 0.981 

The figures in parentheses are the 90% confidence limits. The 
second-order rate constant for the reaction of the thiolate form 
of N-Ac-Cys shows a similar sensitivity to polar effects: 

log Zt5 (NI"1 min"1) = 3.43 (±0.42)<r* + 2.76 (±0.20) (4) 

n = 10, r = 0.978 

p-Nitrophenyl formate shows a positive deviation from each of 
these correlations (eq 3 and 4). This ester is ~ 5 0 times more 
reactive with hydroxide, and with 7V-Ac-Cys, than is predicted 
on the basis of the polar substituent constant for hydrogen (<T*H 
= 0.49). This deviant behavior of the hydrogen substituent is 
observed frequently in linear free-energy relationships. Hine28 

has pointed out the unreliability of <r*H as a measure of the polar 
character of the hydrogen substituent, and Hupe et al.30 have 
recently analyzed the enhanced reactivity of formate esters, relative 
to substituted alkanoates. The formate ester, however, does not 
deviate from the correlation of log fcs with log k-oii (Figure 2). 
This correlation is described by the equation 

log ks = 1.16 (±0.13) log fc-oH - 0.386 (±0.033) (5) 

B= 11, r = 0.9911 

Equation 5 indicates that the specific-base-catalyzed hydrolysis 

(28) Hine, J. "Structural Effects on Equilibria in Organic Chemistry"; 
John Wiley and Sons: New York, 1975; pp 92-96. 

(29) Ritchie, C. D. /. Phys. Chem. 1961, 65, 2091-2093. 
(30) Pohl, E. R.; Wu, D.; Hupe, D. J. J. Am. Chem. Soc. 1980, 102, 

2759-2762. 
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Figure 3. Taft plot for the reaction of (chloromethyl)phosphonate with 
various p-nitrophenyl esters (27 0C, M = 2.8 M, pH 7.8). The letters 
indicate esters described in Figures 1 and 2. 

and the thiolysis of p-nitrophenyl esters are nearly equally sensitive 
to the polar effects of the acyl substituent. The thiolester, p-
nitrothiophenyl acetate (PNTPA), does not fit this correlation. 
The reaction of PNTPA with the anion of TV-Ac-Cys is 700 times 
more rapid than is predicted on the basis of its reactivity with 
hydroxide. Similar deviations of thiolesters from linear free-energy 
relationships based on oxygen esters have been observed.2'30,31 

B. Nucleophilic Attack by Phosphonates. The reaction of 
methyl phosphonate with p-nitrophenyl acetate (PNPA), with 
PNTPA, and with p-nitrophenyl 3-bromopropionate was examined 
in H2O and in D2O at various pL (pH or pD) values. There is 
no significant general-base catalysis in these reactions. For ex
ample, the pseudo-first-order rate constant for the reaction of 
methylphosphonate with PNPA is linearly dependent on the 
phosphonate buffer concentration (0.3 to 1 M) at pH 7.2. The 
pseudo-first-order rate constants for the reactions of methyl
phosphonate with these esters are characterized by the following 
relationship: 

^obsd -
^2 ""[P]TOT 

1 + 10(p*'"pL) + k-OL[~OL] (6) 

where [P] T 0 T is the total concentration of the phosphonate. The 
pAfa (corresponding to the second ionization constant of me-
thylphosphonic acid under the reaction conditions: 37 0C, n = 
2 M) is 7.62 (±0.08) in H2O and 8.15 (±0.10) in D2O. The 
solvent isotope effects for the specific-base-catalyzed hydrolysis 
of the three esters are identical, within the level of precision 
attained in these experiments, and equal to 0.6 (±0.1) = koK/kOD. 
The second-order rate constants for the reaction of the phosphonate 
dianion with each of these esters (k2

Um) in H2O and in D2O are 
identical: *H3o

limMD2o
lim = 1-03 (±0.05). 

The dependence of the rate of formation of p-nitrophenoxide 
from various p-nitrophenyl esters on the polar acyl substituent 
constant was examined in the presence of a phosphonate dianion. 
The reactions were carried out at pH 7.8 in the presence of 0.3-1.0 
M (chloromethyl)phosphonate. Potentiometric titration of 
(chloromethyl)phosphonic acid, under the reaction conditions (27 
0 C and n = 2.8 M), yields a ptfa2 value of 5.9. Thus, at pH 7.8 
the phosphonate is present in over 98% as the reactive dianionic 
species. Plots of the observed pseudo-first-order rate constant for 
p-nitrophenoxide formation vs. the (chloromethyl)phosphonate 

(31) Hupe, D. J.; Wu, D.; Shepperd, P. J. Am. Chem. Soc. 1977, 99, 
7659-7662. 

(32) (a) DeTar, D. F. J. Org. Chem. 1980, 45, 5166-5174. (b) DeTar, 
D. F. J. Am. Chem. Soc. 1980, 102, 7988-7990. 

Figure 4. Dependence on basicity of the reactivity of phosphonates with: 
(A) p-nitrophenyl chloroacetate (27 0C, /t = 1-5 M), (B) p-nitrothic-
phenyl acetate (37 0C, n = 2 M), and (C) p-nitrophenyl acetate (37 0C, 
Ii = 2 M). The various phosphonates, XPO3

2" (and thermodynamic 
pATas) are: -F (4.8), -CCl3 (4.93), -H (6.58), -CH2Cl (6.59), -OH 
(7.50, statistically normalized to correspond to the phosphonates, pK^"" 
= 7.20 + log 2), -CH2CH2Br (7.69), -CH2CH=CH2 (7.85), -CH3 
(8.00), -CH2CH3 (8.34), and -CH2CO2" (8.69). The Bronsted coeffi
cient for each of these lines is ~0.3. 

concentration are linear and the intercept (at [ClCH2PO3
2"] = 

0) yields a value of the rate constant for hydroxide attack. This 
value (at n = 2.8 M) is approximately 15% larger than the value 
obtained at an ionic strength of 0.5 M for each of the esters 
examined. A Taft plot illustrating the dependence of the sec
ond-order rate constant for the (chloromethyl)phosphonate-cat-
alyzed release of p-nitrophenoxide on the polar acyl substituent 
constant is shown in Figure 3. The equation of this line is 

log k2 (M-1 min"1) = 2.42 (±0.29)<r* - 2.49 (±0.24) (7) 

n = 8, r = 0.9903 

This equation was derived by using the data for all the alkyl-
substituted esters with polar substituents (i.e., a* > 0). If the 
two nonpolar alkyl esters (p-nitrophenyl propionate and p-nitro
phenyl pivalate) are included in the correlation analysis, the slope 
(=2.30) and the intercept (=2.40) are not significantly altered, 
but the correlation coefficient is reduced (/• = 0.978). Although 
a poorer correlation is obtained when data with a* < 0 are included 
in the analysis, the single a* parameter accounts for over 95% 
(r2 = 0.956) of the variance in the data. 

The calculated rate constant (eq 7) for the reaction of (chlo-
romethyl) phosphonate with p-nitrophenyl formate is 5 X 10"2 M"1 

min"1 and the observed value is 1.8 (±0.4) M"1 min"1. Thus, the 
positive deviation of the formate ester seen in the structure-re
activity correlations for the alkaline hydrolysis (eq 3) and thiolysis 
(eq 4) reactions is also apparent in the reaction of the (chloro-
methyl)phosphonate dianion with the p-nitrophenyl esters. The 
formate ester shows no significant deviation in the correlation 
between the rate constants for the (chloromethyl)phosphonate-
catalyzed release of p-nitrophenoxide and those for the specific-
base-catalyzed hydrolysis of the various acyl-substituted p-
nitrophenyl esters: 

log k2 = 0.80 (±0.07) log fc-oH - 4.63 (±0.44) (8) 

/ I= 11, /• = 0.988 

II. Effects of Phosphonate Basicity. The dependence of the 
second-order rate constant (k^) for the reaction of phosphonates 
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with PNTPA and with PNPA Gu = 2 M, 37°) on the p#a2 of the 
nucleophile is illustrated in Figure 4 (B and C). The logarithm 
of the rate constant for the PNTPA reaction is linearly dependent 
on the phosphonate pATa: 

log Jt2 = 0.31 (±0.03) pATa2* - 3.69 (±0.08) (9) 

n = 9, r = 0.992 

In this series of reactions the pKa2 of each of the nucleophiles is 
greater than the pKt of the thionitrophenol leaving group (pAfa 
= 4.5). A least-squares fit of the data with PNPA yields a slope 
of 0.34 (±0.05) (r = 0.982). Similarly, the reaction of the 
phosphonates with p-nitrophenyl chloroacetate (M = 1.5 M, 27 
0C) can be characterized by the Bronsted equation with /3 = 0.32 
(±0.05) (/• = 0.987). The pAfa of the p-nitrophenol leaving group 
is 7.14. Although the data for the reaction of the phosphonates 
with the p-nitrophenyl esters gives a reasonable fit to a linear 
dependence of log Jc2 on pK^ over the range of basicity examined, 
the data are not extensive enough to rule out the possibility of 
a break around pAfa = 7 (corresponding to Ap̂ fa = 0). 

Discussion 
Px7) as an Index of Transition-State Structure. The Taft reaction 

constant for the transfer of 10 acyl-substituted p-nitrophenyl esters 
to hydroxide is p*acyl = 2.9 (±0.3). Although the dependence of 
the specific-base-catalyzed hydrolysis of esters has been examined 
extensively as a function of the leaving group,1 the effect of al
terations in the structure of the acyl group on the hydrolysis rate 
has received only modest attention. Many of the investigations 
of ester hydrolysis have dealt with alkanoates containing alkyl 
group substitution at the acyl carbon. Basic hydrolysis of these 
esters shows a lack of a linear free-energy relationship based solely 
on the inductive substituent constant.26"32-33 For example, Hancock 
et al.34 have shown the importance of both steric and hypercon-
jugative effects, in addition to inductive effects, in the saponifi
cation of methyl esters (40% dioxane, 35 0C, p* = 1.75). The 
nine compounds examined were methyl esters of aliphatic car-
boxylic acids. The contributions of factors such as steric and 
hyperconjugative effects, as well as solvation effects,2,29"31,35 are 
expected to be more significant in those reactions involving com
pounds which cover a narrow range of c* values, especially if these 
values are near zero. Indeed, it has been cogently argued29,36 that 
all alkyl groups should have identical inductive effects (i.e., a* 
= 0). It is necessary, therefore, to examine a series of compounds 
that cover a wide range of a* values in order to assess the im
portance of polar effects in a particular reaction. In this study 
the (7* values for the various acyl substituents ranged from -0.3 
to +1.05, corresponding to a span of reactivities (in the specif
ic-base-catalyzed hydrolysis of p-nitrophenyl esters) of nearly four 
orders of magnitude. The largest deviations from the least-squares 
correlation to the Taft equation, based solely on the polar sub
stituent constant (Figure 1), occur with the two esters containing 
acyl substituents [CH3CH2- and (CH3)3C-] with a* < 0. These 
esters also deviate from the Taft plot for the thiolysis reaction 
but in the correlation of the thiolysis rates with the hydrolysis rates 
(Figure 2), the deviations are not as significant. In this latter 
correlation (ks vs. koll) the steric effects of the substituents are 
expected, at least partially, to cancel out. 

There have been relatively few studies of transacylation reac
tions utilizing systematic variations in the electronic character 
of the acyl substituent, and most of these have dealt with aryl 
rather than with aliphatic groups. Kirsch et al.37 have carried 
out a comprehensive examination of the rates of alkaline hydrolysis 
of 24 phenyl benzoates containing substituents in both the aryl 

(33) Istomin, B. I.; Finkelshtein, B. L.; Eliseeva, G. D. Zh. Org. Khin. 
1980, 16, 2268-2277; Chem. Abstr. 1981, 94, 46617a. 

(34) Hancock, C. K.; Meyer, E. A.; Yager, B. J. / . Am. Chem. Soc. 1961, 
«5,4211-4213. 

(35) Pohl, E. R.; Hupe, D. J. / . Am. Chem. Soc. 1980, 102, 2763-2768. 
(36) (a) Charton, M. J. Am. Chem. Soc. 1969, 91, 6649-6654. (b) 

Charton, M. Ibid. 1977, 99, 5678-5688. 
(37) Kirsch, J. F.; Clewell, W.; Simon, A. J. Org. Chem. 1968, 33, 

127-132. 

Table I. Substituent Effects on Aldehyde Equilibria and 
p-Nitrophenyl Ester Reactivities 

ArCHO + "OH p = 2.24" ArCO2NP + "OH p = 2.01b 

RCHO+"OH p* = 3.00e RCO2NP+"OH p* = 2.9 
(±0.3) 

RCHO+ "SR' p* = 2.97e RCO2NP+"SR' p* = 3.4 
(±0.4) 

RCHO + H2O RCO2NP + "OH 
R = H- tfobsd/ R = H- fcobsd/ 

pealed _ pealed _ 5g 
324d 

R = Ph- /fobsd/ R = Ph- kohsdl 
j^calcd _ pealed _ 

10"3 e 1.4 X IO"3 ' ' 
CH3CLO+"OH KnIKu= LCO2NP+"OH kjy/ku = 

1.30s 1.24^ 
CH3CLO+"SR KD/Ku= LCO2NP+ "SR k^lk^ = 

1.18* 1.03" 

° Reference 46. b Reference 37. c Reference 45. 
d Greenzaid, P.;Luz, Z.; Samuel, D . / . Am. Chem. Soc. 1967, 
89, 749-756. Kc!dcd is based on p* = 1.6845 and CT*H = 0.49. 
e pealed i s b a s e d o n * _ x j« a n d CT*ph _ 0 g 0 /fccalcd i s b a s e d 

on eq 3 (text), fcobs° is from ref 37. g Based on the measured 
values55 ofKD/Ku (=1-37 for D2O addition; 1.25 for RSD addi
tion) and corrected by a factor of 0.943 for the secondary deuter
ium isotope for ionization of the uncharged tetrahedral adduct 
[see: Okano, V.;DoAmaral, L.;Cordes, E. H. / . Am. Chem. Soc. 
1976, 98, 4201-4203]. RSH = (3-mercaptoethanol. h Reference 
35, RSH = (3-mercaptoethanol. 

group and the leaving group. The specific-base-catalyzed hy
drolysis of the /7-nitrophenyl benzoates (33% CH3CN, p. = 0.3 
M, 25 0C) is characterized by a Hammett reaction constant of 
pacyi = 2.01 (±0.01). The Hammett reaction constant can be 
approximated in terms of the Taft reaction constant by the fol
lowing relationship:38 

p* = 1.38 (±0.19)p (10) 

Thus, the pacyl value obtained by Kirsch et al.37 corresponds to 
a p* value of ~2.8, indicating essentially equal sensitivities to 
electron-withdrawing substituents in the acyl portion of the ester 
for the alkaline hydrolyses of p-nitrophenyl benzoates and alka
noates (p* = 2.9). 

The p*acyi value for the reaction of p-nitrophenyl esters with 
the thiolate species of /V-acetyl-L-cysteine is very similar to the 
value for alkaline hydrolysis. The p*acyi values for these reactions 
can be compared with the p* values for addition of hydroxide (p*^ 
= 3.00) or of thiolates (p*«, = 2.97) to aldehydes.45 The value 
of p*^ for the equilibrium addition of the nucleophile to a series 
of aldehydes provides a useful reference for the interpretation of 
the kinetic p*acyi value. Equilibria additions to the carbonyl group 
can be considered as analogues of tetrahedral intermediate for
mation in the corresponding acyl transfer reactions. Sander and 
Jencks47 have demonstrated a linear free-energy relationship 
between equilibrium constants for the addition of a series of 
nucleophiles to the carbonyl group of various aldehydes and the 
rate constants for the nucleophilic reactions with PNPA. The 

(38) Equation 10 is an average of the ratios of five pairs of equilibria for 
which p and p* have been measured: ionization of (a) XCO2H [p* = 1.7O3'] 
vs. ArCO2H [p = 1.00], (b) XCH2CO2H [p» = 0.66324] vs. ArCH2CO2H [p 
= 0.49*], (c) XCH(OA)2 [p* = 1.3241] vs. ArCA(OH)2 [p = 1.1142I, (d) 
XPO3H" [p* = 1.2343] vs. ArPO3H" [p = 0.94944I, and (e) hydroxide addition 
to XCHO [p* = 3.004S] vs. ArCHO [p = 2.2448J. The ratios (p*/p) range 
from 1.19 (gem-diol ionization) to 1.70 (carboxylic acid ionization). 

(39) Takahashi, S.; Cohen, L. A.; Miller, H. K.; Peake, E. G. / . Org. 
Chem. 1971, 36, 1205-1209. 

(40) Jaffe, H. H. Chem. Rev. 1953, 53, 191-261. 
(41) Hine, J.; Koser, G. F. J. Org. Chem. 1971, 36, 1348-1351. 
(42) Stewart, R.; VanderLinden, R. Can. J. Chem. 1960, 38, 399-406. 
(43) Shames, S. L.; Byers, L. D. / . Am. Chem. Soc, following paper in 

this issue. 
(44) Jaffe, H. H.; Freedman, L. D.; Doak, G. O. J. Am. Chem. Soc. 1953, 

75,2209-2211. 
(45) Kanchuger, M. S.; Byers, L. D. J. Am. Chem. Soc. 1979, 101, 

3005-3010. 
(46) Greenzaid, P. J. Org. Chem. 1973, 38, 3164-3167. 
(47) Sander, E. G.; Jencks, W. P. / . Am. Chem. Soc. 1968, 90, 6154-6162. 
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correspondence of the activation volumes in the hydrolysis of 
p-nitrophenyl esters48 and the volume changes accompanying 
hydration of the corresponding aldehydes49 supports the appro
priateness of aldehyde hydration as a model for the formation of 
the tetrahedral intermediate in ester hydrolysis. Additional 
parallels between equilibria involving aldehydes and rates involving 
the corresponding p-nitrophenyl esters are summarized in Table 
I. 

Acyl transfer reactions in which the nucleophile (thiolate or 
oxy anion) is more basic than the leaving group involve rate-de
termining expulsion of the leaving group from the tetrahedral 
intermediate.2'30 Formation of the tetrahedral intermediate is 
expected to be rate limiting in the alkaline hydrolysis and the 
thiolysis of p-nitrophenyl esters since the pAfa of water (=15.7), 
or of iV-acetylcysteine (=9.2), is greater than that of p-nitrophenol 
(=7.1). The ratio of the kinetic and equilibrium reaction constants, 
P*acyi/P*«i> therefore, can be utilized as an index of the degree 
of advancement of the reactants in the transition state toward the 
anionic tetrahedral intermediate. For alkaline hydrolysis of p-
nitrophenyl esters, p*aCyi/p*ai is ~ 1 , indicating a nearly tetrahedral 
transition state structure. This is consistent with: (1) the high 
sensitivity (/3nuc = 0.7) of the rate constants to the basicity of 
various aryl oxide acyl acceptors (p#a > 7) for acyl transfers from 
p-nitrophenol,2 (2) the large secondary kinetic isotope effect for 
alkaline hydrolysis of p-nitrophenyl formate (kD/kH = 1.24),35 

and (3) the carbonyl oxygen kinetic isotope effects on the 
methanolysis of p-bromophenyl benzoate (k{6/kis = 1.018) and 
phenyl benzoate (k16/kli = 1.024) which indicate extensive 
conversion of the carbonyl carbon-oxygen bond from a double 
bond to a single bond in the transition state.50 Thus /J*acyi/p*eq. 
as well as /3nuc and the 2H- and 180-isotope effects, indicate a nearly 
tetrahedral transition-state structure for acyl transfer to oxygen 
nucleophiles (which are more basic than the leaving group). The 
nearly identical values of p*acyi/P*eq f°r thiolysis (with N-
acetylcysteine) and alkaline hydrolysis of p-nitrophenyl esters 
suggest a nearly tetrahedral transition-state structure for each 
of these reactions. Structure-reactivity studies with substituted 
phenyl acetates (/3lg = 0.3) indicate similar transition-state 
structures for thiolysis and hydrolysis2 but other studies [e.g., 
dependence of rate constant on thiol basicity2,30 and secondary 
kinetic isotope effects35] suggest a transition state for thiolysis 
which is more reactant-like than that for alkaline hydrolysis. The 
ambiguity in the transition-state structure for thiolysis of p-
nitrophenyl esters can be resolved by a comparison of the transition 
state with the tetrahedral intermediate. The relationship between 
the transition-state structure and the tetrahedral intermediate can 
be assessed from an estimation of the free-energy content of these 
two species. The change in standard free energy for the addition 
of ̂ -acetylcysteine to p-nitrophenyl acetate in forming the anionic 
tetrahedral intermediate can be estimated by the method of 
Guthrie.51 The estimated free-energy change for formation of 
this intermediate is +15.2 kcal/mol.52 If the "transition state" 
for thiolysis of p-nitrophenyl acetate is isoenergetic with the 
tetrahedral intermediate the predicted rate constant for the re
action is 2.7 X 103 M'1 min"1.53 The observed rate constant for 
the reaction of ^-acetylcysteine with p-nitrophenyl acetate (27 
0C, ix = 0.5 M) is 5.9 X 102 M"1 min'1. Hupe and Jencks2 

(48) Lockyer, G. D., Jr.; Owen, D.; Crew, D.; Newman, R. C, Jr. J. Am. 
Chem. Soc. 1974, 96, 7303-7307. 

(49) Lewis, C. A., Jr.; Wolfenden, R. J. Am. Chem. Soc. 1973, 95, 
6885-6688. 

(50) Mitton, C. G.; Schowen, R. L. Tetrahedron Lett. 1968, 5803-5806. 
(51) Guthrie, J. P. / . Am. Chem. Soc. 1978, 100, 5892-5904. 
(52) This is based on the calculated equilibrium constant for the addition 

of ethyl thiolate to acetic acid [log K = -13.151] to give the anionic tetrahedral 
intermediate. The a* values for RS- were assumed to be identical for R = 
CH3CH2- and R = HC(C02-)(NHAc)CH2- The replacement of the hy-
droxyl moiety (<r* = 1.55) by the p-nitrophenyl moiety (a* = 2.20) results 
in a stabilization of the tetrahedral intermediate by ~2.6 kcal/mol [=-
2.3«7"(2.97)(2.20 - 1.55), where the figure 2.97 is the p* value for the 
formation of the thiohemiacetalate45]. 

(53) Calculated from the equation: In A = In (/tbT/A) - &G*/RT, where 
fcb is Boltzmann's constant and h is Planck's constant.5* 

(54) Eyring, H. J. Chem. Phys. 1935, 3, 107-115. 

determined the rate constant for the reaction of ethylthiolate (p£a 
= 10.35) with p-nitrophenyl acetate to be 1.2 X 103 M"1 min"1 

(25 0C, p. = 1 M). These results support the contention that the 
transition state for thiolysis of p-nitrophenyl esters is structurally 
similar to the anionic tetrahedral intermediate. The smaller 
secondary kinetic isotope effect for thiolysis of p-nitrophenyl 
formate than for alkaline hydrolysis (or for oxy anion attack) 
observed by Pohl and Hupe35 is paralleled by a smaller secondary 
equilibrium isotope effect for thiol addition to acetaldehyde than 
for water addition.55 One must, therefore, be cautious in at
tributing the smaller kinetic isotope effect in the thiolysis reaction 
to a transition state in which the acyl carbon is more sp2-like in 
this reaction than it is in the specific-base-catalyzed reaction. Pohl 
and Hupe35 present a detailed analysis of effects from sources other 
than hybridization changes which may contribute to a smaller 
kinetic isotope effect in the thiolysis reaction than in the hydrolysis 
reaction. Schowen et al.56 also present a lucid analysis of the 
various factors which can contribute significantly to the magnitude 
of kinetic isotope effects in acyl transfer reactions. 

The Taft reaction constant, p*, is a measure of the sensitivity 
of a reaction to polar effects. The magnitude of p* will be in
fluenced by charge and bonding (bond moment) differences be
tween the reactants in the ground state and transition state through 
electrostatic interactions (field effect) and electron withdrawing 
(inductive) effects. A reasonable model for the inductive com
ponent of p*n for formation of the anionic tetrahedral intermediate 
is thiohemiacetal formation (p* = 1.65) or aldehyde hydration 
(p* 1.68).45 The ionization of these addition adducts [p*j0„ = 
j 324i,45,5i] provides a measure of the electrostatic contribution 
to the p*^ value. Based on these model equilibria the experimental 
p* value is expected to be influenced nearly equally by electrostatic 
(~44%) and inductive (~56%) effects. The magnitude of p*acvi> 
therefore, will be sensitive to the total charge around the acyl 
carbon atom in the transition state, relative to the ground state, 
but is expected to be relatively insensitive to the redistribution 
of this charge among the reacting atoms of the nucleophile and 
leaving group and the carbonyl oxygen. This is in contrast to the 
Bronsted coefficient which is sensitive to localized changes in 
effective charge on the nucleophile d8nuc) or on the leaving group 
(/3lg).

2 Thus, p*acyl will be less sensitive than /3 to any imbalance 
in the extent to which a change in charge and a change in bond 
order have taken place in going from the ground state to the 
transition state. 

Acyl Transfer to Pbosphonates. The hydrolysis of p-nitrophenyl 
esters and p-nitrothiophenyl acetate is catalyzed by dianions of 
phosphonic acids (Figures 3 and 4). These reactions most likely 
involve an uncatalyzed nucleophilic attack by the phosphonate. 
This conclusion is based on: (1) the pH dependence of the reaction, 
(2) the magnitude of the Taft reaction constant (p*acyi = 2.4), 
(3) the absence of a kinetic solvent isotope effect (&H2O/£D2O

 = 

1.03 ± 0.05), (4) the requisite linear dependence of the first-order 
rate constant on phosphonate buffer concentration, (5) the 103-
to 104-fold smaller rate constant for the (chloromethyl)-
phosphonate (pKa = 6.6) reaction than for the imidazole (pKt = 
7) reaction with the p-nitrophenyl esters, and (6) the magnitude 
of the entropy of activation for the reaction with methyl-
phosphonate (AS* = -14 eu43). Nucleophilic, rather than pro-
tolytic, catalysis by the phosphonates is consistent with the general 
observation of nucleophilic catalysis of the hydrolysis of esters 
with good leaving groups. The acetate-catalyzed hydrolysis of 
p-nitrophenyl acetate, for example, involves preferential (56%) 
nucleophilic catalysis57 and the phosphate dianion catalyzed hy
dropses of p-nitrophenyl acetate,4 2,4-dinitrophenyl acetate,5 and 
phenyl dichloroacetate5 show no evidence of general acid/base 
catalysis. 

The reaction of (chloromethyl)phosphonate with p-nitrophenyl 
esters is slightly less sensitive to polar acyl substituents (p*acyi = 

(55) Lewis, C. A., Jr.; Wolfenden, R. Biochemistry 1977,16, 4886-4890. 
(56) (a) Hogg, J. L.; Rodgers, J.; Kovach, I.; Schowen, R. L. / . Am. Chem. 

Soc. 1980, 102, 79-85. (b) Kovach, I. M.; Hogg, J. L.; Raben, T.; Halbert, 
K.; Rodgers, J.; Schowen, R. L. / . Am. Chem. Soc. 1980, 102, 1991-1999. 

(57) Gold, V.; Oakenfull, D. G.; Riley, T. /. Chem. Soc. B 1968, 515-519. 
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2.4) than are the reactions with either hydroxide or the N-
acetylcysteine thiolate (p*acyi

 = 3). The equilibrium p* value for 
formation of the tetrahedral adduct of the phosphonate dianion 
and the ester is expected to be somewhat larger than p*^ for 
hydroxide (or thiolate) addition of the carbonyl group. This larger 
p*eq value reflects an electrostatic component not present in the 
corresponding reactions of the monoanionic nucleophiles. This 
additional electrostatic component (p*2) corresponds to the ion
ization of the anionic tetrahedral intermediate (T"): 

O 0" 0" 

U , - '** I , '»*> I 
RCOR + XPO3H v ^ RC—OR v RC—OR + H 

0 0 

H O — P = O " 0 — P = O 
X X 

T " T 2 -

The value of p*^ for formation of the tetrahedral intermediate, 
T"2, is equal to p*i + p*2, where p*i («3) is the reaction constant 
for the step corresponding to formation of the tetrahedral inter
mediate with monoanionic nucleophiles (hydroxide and thiolate). 
The value of p*2 is estimated to be ~0.4. This is based on p* 
= 1.05 for the first ionization of phosphonic acids58 and an at
tenuation factor of 0.36 for the interposed carbon atom (eq 1) 
and of 1.07 for the interposed oxygen atom.59 This yields a value 
of p*„ =» 3.4 for the formation of the dianionic tetrahedral in
termediate. 

The ratio of the kinetic and equilibrium reaction constants, 
P*acyi/P*eq = 0-7, f°r acyl transfer to phosphonate dianions is 30% 
smaller than the corresponding value for reactions involving acyl 
transfer to the monoanions (hydroxide and thiolate). The smaller 
value may be the result of either (a) a more reactant-like transition 
state in the phosphonate reaction than in hydrolysis or thiolysis 
or (b) a more product-like transition state in the phosphonate 
reaction (i.e., rate-limiting breakdown of T2-). Since the basicity 
of the nucleophile, (chloromethyl)phosphonate (pKi2* - 6.6), is 
similar to that of the p-nitrophenol leaving group (p/sTa = 7.1), 
expulsion of the phosphonate and the phenol from the tetrahedral 
intermediate should occur with nearly equal ease if basicity is the 
major influence on the partitioning. Although basicity is un
doubtedly important in determining the partitioning of the tet
rahedral intermediate between reactants and products, the relative 
leaving ability of the phosphonate and p-nitrophenol is controlled 
to some extent by other effects. Polar acyl substituents, for 
example, are expected to destabilize the transition state for 
phosphonate expulsion more so than for phenoxide expulsion as 
a result of the greater electron demand for expulsion of the oxy 
dianion (p*n = -3.4) than for expulsion of the monoanion (p*^, 
= -3). Thus, the relative basicities of the nucleophile and of the 
leaving group does not provide a quantitative answer to the 
question of whether formation or breakdown of the tetrahedral 
intermediate is rate limiting. Other considerations, however, 
indicate that the rate-limiting step in the reaction of phosphonates 
with the p-nitrophenyl esters is formation of the tetrahedral in
termediate: (1) The Bronsted coefficient for the reaction of a 
series of phosphonates with p-nitrophenyl acetate (37 0C) or with 
p-nitrophenyl chloroacetate (27 0C) is 0.33 (±0.01). To the extent 
that the change in effective charge on the attacking nucleophile 
(=/3nuc) reflects changes in bond order, the magnitude of the 
Bronsted coefficient suggests an early transition in these two sets 
of reactions. Acyl transfer reactions involving rate-determining 
formation of the tetrahedral adduct with thiol anions or oxy anions 
are also characterized by a /3nuc value ~0.3.2,30 The reaction of 
phosphonates with p-nitrothiophenyl acetate most likely involves 
rate-determining formation of the tetrahedral intermediate since 

(58) Based on p = 0.76 for the first ionization constant or aryl phosphonic 
acids" and the conversion factor of 1.38 (eq 10). 

(59) Based on a correlation of 13 pairs of substituent constants (-0.2 < 
ff*x < 1.3): <r*XO- = 1.068(r*x + 1.777, r = 0.9950. The data used are given 
as supplementary material. 

(60) Kirsch, J. F.; Jencks, W. P. J. Am. Chem. Soc. 1964, 86, 837-846. 

each of the nucleophiles (4.8 < p£a2 < 8.7) is more basic than 
the leaving group (p£a = 4.5). The /3„uc value for this series of 
reactions is 0.31 (Figure 4). (2) Imidazole is more reactive than 
phosphonates of comparable basicity by several orders of mag
nitude. At 27 0C the ratio of second-order rate constants for the 
reaction of imidazole (pAfa = 7) and (chloromethyl)phosphonate 
(p£a = 6.6) is 50 M"1 min-74.9 X 10~3 M"1 min"1 = 104 with 
p-nitrophenyl acetate (M = 2.8 M) and 1.8 X 103 M"1 min-1/1-4 
M"1 min"1 = 1.3 x 103 with p-nitrophenyl chloroacetate {n = 1.5 
M). This enhanced reactivity of imidazole over that of (chloro-
methyl)phosphonate is similar to the relative reactivities of im
idazole and the phosphate dianion toward p-nitrophenyl acetate 
(fciM/*>i = 4.7 X 103)4'60 or 2,4-dinitrophenyl acetate (km/kpi 
= 8.6 X 102).5 The rate-limiting step in the nucleophilic imid-
azole-catalyzed hydrolysis of p-nitrophenyl acetate (or 2,4-di
nitrophenyl acetate) is formation of the tetrahedral intermedi
ate.60,61 Imidazole is generally found to be ~103 times more 
reactive than phosphate in reactions involving rate-determining 
formation of the carbonyl-nucleophile adduct. The enhanced 
reactivity of imidazole, relative to phosphate, however, is not 
expected to be as pronounced in reactions involving rate-deter
mining breakdown of the tetrahedral intermediate.62 Nucleophilic 
catalysis of phenyl dichloroacetate hydrolysis by imidazole, for 
example, involves rate-determining breakdown of the tetrahedral 
intermediate [p£a(leaving group) - pKa(nucleophile) = 3]. The 
relative reactivity of imidazole and phosphate nucleophiles toward 
phenyl dichloroacetate is 102. (3) Formation of the tetrahedral 
intermediate involves a dynamic coupling of covalent bond for
mation and desolvation of the nucleophile.2'30'35,56 It is expected 
that desolvation of the dianionic phosphonate makes a greater 
contribution to the activation energy barrier for formation of the 
tetrahedral intermediate than does desolvation of oxy monoanions 
in the corresponding reaction with these less solvated nucleo
philes.43 This more extensive solvent reorganization in acyl 
transfers to oxy dianions than in acyl transfers to monoanions will 
destabilize the transition state for phosphonate attack to a greater 
extent than the transition state for p-nitrophenoxide expulsion from 
the tetrahedral intermediate. 

If the rate-limiting step in the reactions involving acyl transfer 
to the phosphonate dianions is indeed formation of the hypothetical 
tetrahedral intermediate (T2"), the magnitude of the p*acyi value 
indicates that the transition state occurs some 25-35% earlier than 
in the more rapid reactions involving acyl transfer to hydroxide 
or to thiolates. This may reflect a domination of the rate-limiting 
step by desolvation of the oxy dianionic nucleophile. The solvation 
requirement of reactions involving dianionic acyl acceptors is likely 
to contribute to the anomalously low reactivity of the phosphate 
dianion. It is unlikely that the anomously low reactivity of 
phosphate is the result of a proton transfer which traps the tet
rahedral intermediate (T1) as its less reactive tautomer (T2): 

"0 HO OH 0 " 

I I * T . I I 
R C O P = O v R C — O — P = O 

' I ' I 
OAr O- OAr 0 -

T1 T2 
Since the alkoxide is more basic than the dianionic phosphate ester 
(Ap£a ~ 4.2)63 the equilibrium constant for this reaction is in 
favor of T2 (KT ~ 104). If T1 was formed as a discrete inter
mediate, transfer of the proton from the acidic group (pATa ~ 3.8) 
to the basic alkoxide (p£a £ 8) will be very rapid (k > 1012 min"1) 
and the intermediate will be trapped as a species which is not on 
the normal reaction path. This can quantitatively account for the 
low reactivity of phosphate relative to other nucleophiles of 
comparable basicity. However, the phosphate dianion does not 
deviate from the Bransted plots based on the reaction of p-
nitrophenyl acetate, p-nitrothiophenyl acetate, or p-nitrophenyl 

(61) Gerstein, J.; Jencks, W. P. / . Am. Chem. Soc. 1964, 86, 4655-4663. 
(62) Gresser, M. J.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 

6970-6982. 
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chloroacetate with a series of phosphonates (Figure 4). Since the 
tetrahedral intermediate formed in the reaction with the phos
phonates cannot tautomerize and the reactivity of phosphate is 
not abnormal relative to the reactivities of the phosphonates, the 
low reactivities of phosphate and phosphonates (compared to 
monoanionic or neutral acyl acceptors) most likely have a common 
origin. Electrostatic interactions between the incipient carbonyl 
oxy anion and the nonreacting oxy anion on phosphorous as well 
as solvent reorganization undoubtedly contribute to the desta-
bilization of the transition state for acyl transfer to phosphonate 
dianions.4'5'43 Thus, charge neutralization and desolvation of bound 

Carbonyl displacement reactions have been extensively inves
tigated. In particular, structure-reactivity relationships have 
provided a great deal of information on transition-state structures 
of acyl transfer reactions involving esters.1'2 We have recently 
examined the effects of polar acyl substituents on the rates of 
reaction of p-nitrophenyl esters with hydroxide, with the thiol anion 
of ^-acetylcysteine, and with a series of phosphonate dianions.3 

This provides a useful mechanistic framework for the quantitative 
assessment of the various factors which can influence the rate of 
a chemical reaction. Intramolecular reactions have received much 
attention because of their apparent similarity to many aspects of 
enzymatic reactions as well as their utility in the quantitative 
resolution of transition-state structures.2 In this paper we describe 
the intramolecular catalysis of the hydrolysis of p-nitrophenyl 
3-phosphonopropionate. This ester is similar in many respects 
to the monophenyl succinates examined by Gaetjens and Mo-
rawetz4 in one of the earliest investigations of intramolecular 

(1) (a) Johnson, S. L. Adv. Phys. Org. Chem. 1967, 5, 237-330. (b) 
Jencks, W. P. Cold Spring Harbor Symp. Quant. Biol. 1971, 36, 1-11. (c) 
Kirsch, J. F. In "Advances in Linear Free Energy Relationships", Chapman, 
N. B., Shorter, J., Eds.; Plenum Press: New York, 1972; pp 369-340. 

(2) Gandour, R. D. In "Transition States of Biochemical Processes", 
Gandour, R. D., Schowen, R. L., Eds.; Plenum Press: New York, 1978; pp 
529-552. 

(3) Shames, S. L.; Byers, L. D. J. Am. Chem. Soc, preceding paper in this 
issue. 

(4) Gaetjens, E.; Morawetz, H. /. Am. Chem. Soc. 1960, 82, 5328-5335. 

phosphate are methods by which enzymes can bring about the 
substantial rate enhancements in reactions involving nucleophilic 
attack by inorganic phosphate. 
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nucleophilic catalysis of ester hydrolysis by carboxylate. We were 
interested in examining the hydrolysis of the 3-phosphono
propionate ester in order to evaluate the effect of an increase in 
basicity, an increase in negative charge density, and a change in 
geometry of the neighboring group on the intramolecular reaction. 
Also, in view of the fact that there are at least 58 enzyme-catalyzed 
reactions which involve a nucleophilic attack by inorganic 
phosphate,5 the role of the phosphono substituent (a phosphate 
analogue) in the hydrolysis of p-nitrophenyl 3-phosphono
propionate is of particular interest. 

Metal ion catalysis is important in many chemical reactions 
and is of wide prevalence in biochemistry.6 For example, divalent 
metal ions are required as cofactors in enzyme-catalyzed phos-
phoryl transfer reactions.7 Acyl transfer reactions of p-nitrophenyl 
phosphonoacetate seemed to provide an opportunity for exploring 
the effect of the interaction of divalent cations with the phosphono 
substituent on reactivity. We report here the effect of magnesium 
and calcium ions on the alkaline hydrolysis, and on the thiolysis, 
of the dianionic phosphonoacetate ester. 

(5) International Union of Biochemistry. Nomenclature Committee. 
"Enzyme Nomenclature"; Academic Press: New York, 1979. 

(6) Coleman, J. E. In "Progress in Bioorganic Chemistry", Kaiser, E. T., 
Kezdy, F. J., Eds.; John Wiley and Sons: New York, 1971; pp 159-344. 

(7) Benkovic, S. J.; Schray, K. J. In "Transition States of Biochemical 
Processes", Gandour, R. D., Schowen, R. L., Eds.; Plenum Press: New York, 
1978; pp 493-527. 
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Abstract: The rate of release of p-nitrophenoxide from esters of phosphono-substituted carboxylic acids was examined as a 
function of pH(D), temperature, divalent metal ion (Mg2+ and Ca2+) concentration, and acyl acceptor ("OH and the thiolate 
of ^-acetylcysteine). The hydrolysis of /vnitrophenyl 3-phosphonopropionate involves intramolecular nucleophilic catalysis 
by the dianionic phosphono substituent (P-K32* = 7.5) and is characterized by a first-order rate constant of 94 min~' at 37 
0 C A comparison of the rate constant of the unimolecular reaction with that of the corresponding bimolecular reaction (corrected 
for the inductive effect of the acyl substituent and for the phosphonate basicity) yields a rate constant ratio of kmi/kbi = 1 
(±6) X 103M. The magnitude of this rate enhancement is similar to those of analogous intramolecular reactions (e.g., hydrolysis 
of mono-p-nitrophenyl succinate or of p-nitrophenyl 4-(A,,Mdimethylamino)butyrate but, unlike these reactions, the rate 
acceleration resulting from intramolecular nucleophilic catalysis by the dianionic phosphono group is enthalpic in origin (AA//* 
w 8 kcal/mol). The entropy of activation for the intramolecular reaction is less favorable than that for the bimolecular reaction 
(AAS* = 9 eu). The alkaline hydrolysis and the thiolysis rates of p-nitrophenyl phosphonoacetate are accelerated over 100-fold 
by the association of Mg2+ or Ca2+ with the ester. This rate acceleration is attributed to the formation of a six-membered 
bidentate coordination complex between the divalent cation and the incipient tetrahedral intermediate. The metal-promoted 
acyl transfer reactions of p-nitrophenyl phosphonoacetate provide a convenient system for the quantitative assessment of the 
role of metal ions in the catalysis of aqueous reactions. 
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