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Abstract: The second-order rate constants for reactions of hydrogen peroxide, acetohydroxamate, and fluoride anions with 
phosphorylated pyridine monoanions (H2O, 25 0C, ionic strength 1.5) are larger than those of "normal" oxygen nucleophiles 
of the same pKt by factors of 600-, 160-, and 30-fold, respectively. The values of |-|8ig( = 0.70 and 0.86 for reactions of 
phosphorylated pyridines with hydrogen peroxide and fluoride anions are smaller than predicted by a plot of \-0i$} against 
the pATa of normal oxygen nucleophiles; however, they fit a plot of |-|8lg} against log k for the reactions of oxygen nucleophiles 
with a phosphorylated pyridine. Thus, the transition-state structure, as measured by {—jSlgJ, follows the reactivity, not the basicity 
of the nucleophiles. This is consistent with a thermodynamic origin for at least some of the rate enhancements for the a-effect 
nucleophiles and fluoride ions, such that the ratio of the phosphorus to proton basicities is larger for hydrogen peroxide and 
fluoride ion than for normal oxygen bases; i.e., the rate enhancements for these nucleophiles may reflect an enhanced thermodynamic 
affinity for the phosphoryl group that influences the stability and structure of the transition state. The observed changes in 
transition-state structure are not predicted for rate enhancements from hydrogen bonding in the transition state or from weak 
solvation of the a-effect nucleophile. 

"a-Effect" nucleophiles, which have a heteroatom adjacent to 
the nucleophilic atom, often react rapidly compared with "normal" 
oxygen or nitrogen bases of comparable pKt and have been found 
to have high reactivity with several phosphorus(IV) substrates.2"14 

The reason for this high reactivity has not been established, al
though several explanations have been proposed.2-4 

We present data here that show that the rate constants and 
structure of the transition state, as measured by /3lg, for the 
reactions of hydrogen peroxide ion, an a-effect nucleophile, and 
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Table I. Second-Order Rate Constants for the Reactions of Nucleophiles 
with Monoanions of Phosphorylated Pyridines" 

nucleophile 

HOO-* 

no-" 
^HOO-MHO-

CH3C(O)N(H)O"' 
CF3CH2O-'' 
F-/ 
(CHj)2AsOf'' 

^rAcac-

P*. 
11.6' 
15.74 

9.4' 
12.4' 
3.2' 
6.16 

pyridine: 
102Jt/M-' s"1 

150 
1.5 

100 

0.7 
0.61 
0.3 
2.0 

phosphorylated 

4-morpholino-
7-picoline: pyridine: 

103*/M-' s"1 106*/M-' S"1 

480 5900 
4.5 31 

110 190 
500 

1.8 11 
1.59 7.0 
0.75 1.6 
2.1 4.4 

"At 25 0C and ionic strength 1.5 (KCl). 'The rate constants were ob
tained with 70% free base for PyrP and PicP and with 70% free base and 
varying free base and 0.1 M total H2O2 for MPP (Figure 1). 'Reference 
20. ''Reference 36. 'Rate constant obtained with 90% free base (Figure 1). 
^The rate constants for PyrP and PicP were obtained with 0.05 M CHES 
buffer, pH 8.3, and the rate constant for MPP was obtained with 0.05 M 
Tris buffer, pH 7.8 (Figure 1). 

of fluoride ion with phosphorylated pyridines (eq 1) are those 
expected for "normal oxygen bases of higher basicity. This is 
consistent with an enhanced thermodynamic affinity of these ions 
for the phosphoryl group; that is, the ratio of phosphoryl basicity 
to proton basicity could be large for hydrogen peroxide and fluoride 
ions compared with "normal" oxygen bases, with the large 
phosphorus basicity providing stabilization in the transition state. 

Nuc + O-

O 

- P - N 

O 
Il 

N u c - P - 0 + N (1) 

Experimental Section 
Materials. 7-Picoline, pyridine, and acetohydroxamic acid were pu

rified by distillation or recrystallization. Aqueous solutions of phospho
rylated pyridine (PyrP),16 7-picoline (PicP), and 4-morpholinopyridine 
(MPP) were prepared as described previously.15'17 4-Morpholinopyridine 
was a gift from Dr. Mark Skoog. 

(15) Skoog, M. T.; Jencks, W. P. J. Am. Chem. Soc. 1984, 106, 
7597-7606. 

(16) The following abbreviations are used: phosphorylated pyridine, PyrP; 
phosphorylated 7-picoline, PicP; phosphorylated 4-morpholinopyridine, MPP; 
2-(cyclohexylamino)ethanesulfonic acid, CHES; tris(hydroxymethyl)amino-
methane, Tris; ethylenediaminetetraacetic acid, EDTA. 
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Figure 1. The dependence on nucleophile concentration of the rate 
constants for reaction of phosphorylated 4-morpholinopyridine monoan-
ion (MPP) with cacodylate ion, fluoride ion, acetohydroxamate ion, 
hydroxide ion, and hydrogen peroxide ion at 25 0C and ionic strength 
1.5 (KCl). The reactions of cacodylate ion were buffered with 0.05 M 
CHES, pH 8.3; those of fluoride ion were buffered with 0.05 M Tris, pH 
7.8; and those of acetohydroxamate and hydroxide ions were buffered by 
the nucleophile, with 90% free base and varying percent free base, re
spectively. For reactions of hydrogen peroxide ion, either the fraction 
anion was varied with 0.1 M hydrogen peroxide (open symbols) or the 
total concentration of hydrogen peroxide was varied with 70% anion 
(closed symbols). 

Methods. Reactions of 5 x 10"4 M PyrP, 2 x 10"4 M PicP, and 1 x 
\Cr* M MPP at 25.1 ± 0.1 8C and ionic strength 1.5 (KCl) were followed 
spectrophotometrically at 260-262, 258, and 305 nm, respectively. The 
reactions were first order for >3 f 1/2. Endpoints for the reactions of the 
phosphorylated pyridines with fluoride ion and of PyrP with hydrogen 
peroxide ion were determined after >10 /,»; endpoints for the reactions 
of PicP and MPP with hydrogen peroxide ion were determined from the 
absorbance at 5 f1(/2, which was corrected to the infinity value by mul
tiplying the observed change in absorbance by 1.031;18 the endpoint 
determined by this method gave a calculated change in total absorbance 
within 1% of that observed at 10 r1/2 for reactions of PicP and MPP. The 
second-order rate constants for fluoride and hydrogen peroxide ions were 
determined from >8 individual rate measurements with 0-1.5 M fluoride 
ion and 0-0.01 M hydrogen peroxide ion. The pH was determined at the 
end of each reaction. 

The concentration of a stock solution of hydrogen peroxide was de
termined by titration with potassium permanganate," and values of 2̂60 
= 17 and 230 M-1 cm"1 were obtained for HOOH and HOO", respec
tively. The concentration of HOO" in reaction mixtures was determined 
prior to the addition of substrate according to the equation; A2M = 
17([H2O2IKX - [-0OH]) + 230["0OH]; [ H A L was determined from 
the concentration of the stock solution. The concentrations of hydrogen 
peroxide anion calculated from the absorbance at 260 nm agreed within 
~ 5% with the values calculated from the total hydrogen peroxide con
centration, the amount of hydroxide anion added, and the pKt of hy
drogen peroxide of 11.6.20 In addition, the observed pH values of re
action mixtures were those expected for the calculated acid/base ratio 
and ptCi = 11.6. Reactions with hydrogen peroxide anion were carried 
out in the presence of I X 1O-4M EDTA and were followed with a 
Perkin-Elmer Lambda 4B spectrophotometer, which followed Beer's law 
up to the observed maximum absorbance of ~3.5 from hydrogen per
oxide anion and PicP. 

(18) Reference 4a, pp 561-564. 
(19) Maehly, A. C; Chance, B. Methods Biochem. Anal. 1954, /, 

357-424. 
(20) Jencks, W. P.; Regenstein, J. In Physical and Chemical Data. 

Handbook of Biochemistry and Molecular Biology, 3rd ed.; Fasman, G. D., 
Ed.; CRC Press:. Cleveland, OH, 1976; Vol. 1, pp 305-351. 
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Figure 2. The dependence of log k for reactions of phosphorylated 4-
morpholinopyridine (MPP) on the pfC, of the nucleophile with a-effect 
nucleophiles and fluoride ion (closed symbols) and "normal" oxygen 
nucleophiles (open symbols; ref 21). The rate constants and p£„ values 
are statistically corrrected. Abbreviations: Succ", succinate dianion; 
Cac", cacodylate ion. 

Results 
Figure 1 shows the dependence of the rate constants for the 

disappearance of phosphorylated 4-morpholinopyridine (MPP)16 

on the concentration of fluoride, acetohydroxamate, and hydrogen 
peroxide anions; the dependence on the concentration of cacodylate 
and hydroxide ions is shown for comparison (note the different 
scales for the y axis in Figure 1). Second-order rate constants 
obtained from the slopes of these and similar plots with PyrP and 
PicP are listed in Table I. Varying the fraction of hydrogen 
peroxide present as the anion did not affect the second-order rate 
constant for its reaction with MPP (Figure 1) and 0.01-0.02 M 
HOOH at pH 7.8 gave <10% increase in the rate of disappearance 
of PyrP (not shown). The formation of fluorophosphate from the 
reaction of fluoride ion with PyrP and PicP has been observed 
previously in reaction mixtures that contain the phosphorylated 
pyridine generated in situ from acetyl phosphate and the pyridine.12 

Discussion 
The Bronsted-type correlation in Figure 2 shows that the 

second-order rate constants for the reactions of fluoride ion and 
the a-effect nucleophiles hydrogen peroxide ion and aceto
hydroxamate ion with phosphorylated pyridines are large relative 
to those for ordinary oxygen nucleophiles. Fluoride ion, aceto
hydroxamate ion, and hydrogen peroxide ion deviate positively 
by factors of 30, 160, and 600, respectively, from a line of slope 
0.16 drawn through the values21 of log k and pA^ for a group of 
oxygen nucleophiles. The dashed lines show that fluoride, ace
tohydroxamate, and hydrogen peroxide ions behave like oxygen 
nucleophiles of pKt ~ 11, 22, and 28, rather than their actual 
pATa values of 3.2,9.4, and 11.6, respectively, and the rate constant 
for fluoride is only slightly smaller than that for trifluoroethoxide 
ion. 

The plots of log k against the pATa of the pyridine leaving group 
in Figure 3 give slopes of/S1, = -0.86 and -0.70 for reactions of 
phosphorylated pyridines with fluoride ion and hydrogen peroxide 
ion, respectively. The data for cacodylate and trifluoroethoxide 
ions that are shown for comparison give slopes of /3lg = -0.98 and 
-0.82, respectively. The rate constants and values of JS1, are similar 
for fluoride and trifluoroethoxide ions despite the 9-unit difference 
in the p£a of these ions; the rate constants are larger for hydrogen 
peroxide ion than for trifluoroethoxide ion, and /3lg is less negative 
for hydrogen peroxide ion despite the similar pAfa values (Figure 
3; Table I). The differences in slope that correspond to changes 
in 0 l g are shown more clearly by the logarithmic correlation in 
Figure 4 of the ratio of the rate constants for reactions with 
hydrogen peroxide and trifluoroethoxide ions (top) and fluoride 

(21) Herschlag, D.; Jencks, W. P. J. Am. Chem. Soc. 1989, / / / , 
7587-7596. The slope of the line and the size of the deviations in Figure 2 
are consistent with the data, but are not exact. 
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Figure 3. The dependence of log k for reactions of phosphorylated 
pyridines (Table I) on the pK„ of the pyridine leaving group (ref 21) for 
hydrogen peroxide ion, fluoride ion, trifluoroethoxide ion, and cacodylate 
ion. 

Figure 4. The dependence of the ratio log Ii1Zk2 for the second-order 
reactions of phosphorylated pyridines with hydrogen peroxide and tri
fluoroethoxide ions (top) and fluoride and cacodylate ions (bottom) on 
the p/i, of the pyridine leaving group (Table I; ref 21). 

and cacodylate ions (bottom) with the p£a of the pyridine leaving 
group. If the values of /3,g were not different these lines would 
have a slope of zero. 

Figure 5 shows that the values of {-fiig\ for fluoride and hy
drogen peroxide ions fall well below the correlation line for (-0IgI 
and the pKa of the "normal" oxygen nucleophiles. The dashed 
lines in Figure 5 show that the values of (-/3ig| would fall on the 
line if the pKa values of fluoride ion and hydrogen peroxide ion 
were 11 and 22, respectively; these values are comparable to the 
apparent pATa values for their nucleophilic reactivity of 11 and 28 
in Figure 2. 

The correlation in Figure 6 of the reactivity of nucleophiles 
toward a phosphorylated pyridine with |-(3lg), instead of their p£a 

values, shows that fluoride and hydrogen peroxide ions (closed 
symbols) behave like the "normal" oxygen nucleophiles (open 
symbols). The line in Figure 6 is a least-squares fit to all of the 
data. 

8 12 16 
pKnuc + log p/q 

Figure 5. The dependence of (-/3,,) for reactions of phosphorylated 
pyridine monoanions on the pK, of the nucleophile for "normal" oxygen 
nucleophiles (open symbols; ref 21) and for hydrogen peroxide and 
fluoride ions (closed symbols; Figure 3). 
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Figure 6. The dependence of |-/3lg) for reactions of phosphorylated 
pyridine monoanions on log k for reaction of the nucleophile with 
phosphorylated 4-morpholinopyridine monoanion (MPP) (Figure 3 and 
ref 21). The line is a least-squares fit to all of the data. The deviations 
for formate ion (X) and bicarbonate ion (+) are discussed in the text. 
The rate constants are statistically corrected. Abbrevations: Succ", 
succinate dianion; CaC, cacodylate ion. 

These data suggest that fluoride and hydrogen peroxide ions 
behave like oxygen nucleophiles of pK3 = 11 and ~ 2 5 , respec
tively, in both reactivity and transition state structure. 

Thermodynamic Contributions to the a-Effect. The origin, or 
the explanation, of the "a-effect" is still not clear. Many factors 
affect nucleophilic reactivity, and it is unlikely that a single factor 
is responsible for all of the rate enhancements that have been 
observed for a-effect nucleophiles.2"4 However, an enhanced 
affinity of many oxygen and nitrogen a-effect compounds, com
pared with "normal" bases of comparable pKa, has been observed 
for addition to carbonyl compounds, carbocations, and an ole
fin.22"28 Correlations of the thermodynamic stability of addition 

(22) Jencks, W. P.; Carriuolo, J. J. Am. Chem. Soc. 1960, 82, 1778-1786. 
Jencks, W. P. Prog. Phys. Org. Chem. 1964, 2, 104-110. 

(23) (a) Gerstein, J.; Jencks, W. P. J. Am. Chem. Soc. 1964, 86, 
4655-4663. (b) Hine, J.; Weimar, R. D., Jr. J. Am. Chem. Soc. 1965, 87, 
3387-3396. 

(24) Sander, E. G.; Jencks, W. P. J. Am. Chem. Soc. 1968, 90, 4377-4386. 
(25) Sander, E. G.; Jencks, W. P. J. Am. Chem. Soc. 1968, 90, 6154-6162. 
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compounds or products with the rate constants for the reactions 
of these substrates, which include both a-effect and normal nu-
cleophiles, show that in many instances the additional stabilization 
of the transition state is proportional to the stabilization of the 
product. This suggests that there is a thermodynamic origin for 
at least some of the enhanced reactivity of a-effect nucleophiles 
in Bronsted-type correlations of log k with basicity toward the 
proton.23"27 

There is some evidence that the enhanced reactivity of a-effect 
nucleophiles in methyl transfer from methyl phenyl sulfate is also 
reflected in changes in the structure of the transition state. 
Hydrogen peroxide ion and hydrazine react rapidly compared with 
normal oxygen and nitrogen nucleophiles of similar basicity, and 
the transition states for reactions with the a-effect nucleophiles 
exhibit less bond cleavage to the leaving group, as measured by 
linear free energy relationships, than the transition states for other 
nucleophiles. There is also less bond cleavage to the leaving group 
with increasing pKa and, presumably, with increasing product 
stability of the non-a-effect nucleophiles.29,30 This is the change 
in transition-state structure that is predicted from Hammond 
effects when there is an increase in the thermodynamic stability 
of the bond to the nucleophile.31 Thus, the change in the structure 
of the transition state for reactions with the a-effect nucleophiles 
is also consistent with a thermodynamic origin of the kinetic 
a-effect. 

These observations for reactions at carbon suggest that the 
enhanced reactivity and change in the structure of the transition 
state for phosphoryl transfer to a-effect nucleophiles also results 
from an enhanced thermodynamic affinity of a-effect bases, in 
this case toward the phosphoryl group. The decrease in |-/3lg| with 
increasing pKa of normal oxygen nucleophiles for phosphoryl 
transfer from phosphorylated pyridines is in the direction expected 
for a decrease in the amount of bond cleavage to the leaving group 
in the transition state with an increase in the thermodynamic 
stability of the product (Figure 5).32 The larger decrease in |-|8lgJ 
for hydrogen peroxide ion than for normal oxygen nucleophiles 
of comparable pA"a (Figure 5) is consistent with a larger ther
modynamic stability of the product of the reaction with the a-effect 
nucleophile, as expected for a normal Hammond effect. 

The reaction of fluoride ion with phosphorylated pyridines also 
exhibits increased reactivity and a smaller value of (-0IgI than are 
expected for a normal oxygen nucleophile of comparable pATa. The 
enhanced reactivity and change in transition-state structure with 
fluoride ion may also be thermodynamic in origin, because there 
is evidence that fluoride ion has a high affinity for phosphorus,33 

which may be even larger than that of oxygen bases of comparable 

(1) Values of AT6, = 2000 and 300 have been determined for 
displacement by fluoride ion of w-nitrophenolate and phenolate 
ions, respectively, from aryl isopropyl methylphosphonates (eq 
2).34 An extrapolation of log K91 to that for a substituted phenol 

(26) Dixon, J. E.; Bruice, T. C. / . Am. Chem. Soc. 1971, 93, 3248-3254. 
Dixon, J. E.; Bruice, T. C. / . Am. Chem. Soc. 1971, 93, 6592-6597. 

(27) Ritchie, C. D. Can. J. Chem. 1986, 64, 2239-2250. 
(28) Bernasconi, C. F.; Murray, C. J. J. Am. Chem. Soc. 1986, 108, 

5251-5257. 
(29) Buncel, E.; Chuaqui, C; Wilson, H. J. Org. Chem. 1980, 45, 

3621-3626. Buncel, E.; Wilson, H.; Chuaqui, C. J. Am. Chem. Soc. 1982, 
104, 4896-4900. 

(30) It has also been suggested that bonding to the a-effect nucleophiles 
in the transition state for methyl transfer is greater than bonding to normal 
nucleophiles (ref 29). However, the extent of bonding to the nucleophiles was 
estimated from f3„x values that were obtained by comparison of rate constants 
for one oxygen nucleophile and one nitrogen nucleophile; this comparison does 
not necessarily give the value of/3nuc for either oxygen or nitrogen nucleophiles. 

(31) Evans, M. G.; Polanyi, M. Trans. Faraday Soc. 1938, 34, 11-29. 
Leffler, J. E. Science 1953, 117, 340. Jencks, W. P. Chem. Rev. 1985, 85, 
511-527. 

(32) Figure 6 of ref 21 illustrates how Hammond and anti-Hammond 
effects on the reaction coordinate predict the observed change in transition 
state structure with a change in the thermodynamic stability of the product 
for this reaction. 

(33) Kirby, A. J.; Warren, S. G. The Organic Chemistry of Phosphorus; 
Elsevier: Amsterdam, 1967; pp 4-10, Corbridge, D. E. C. Phosphorus, an 
Outline of its Chemistry, Biochemistry and Technology, 3rd ed.; Elsevier: 
Amsterdam, 1985; pp 34-40. 

O O 
I l * e q I l 

R O - P - O A r + F , * R O - P - F + OAr (2) 
I I 

CH3 CH3 

of PK11 = 3.2, the p£a of fluoride ion, gives K- = 5 X 105. This 
suggests that the basicity of fluoride ion toward the phosphonate 
group is ~5 X 105 larger than that of a phenolate ion with the 
same basicity toward the proton. 

(2) A high affinity for phosphorus is also suggested by the rapid 
reaction of fluoride ion with the phosphate triester 2-(2,4-di-
nitrophenoxy)-2-oxodioxaphosphorinane, with a rate constant equal 
to that expected for an oxygen nucleophile of p£a ~ 10, and by 
the slow reaction with H2O of the fluoro product, which undergoes 
hydrolysis at least 103-fold more slowly than the starting material, 
a 2,4-dinitrophenyl ester with a leaving group of pKa = 4.1.7,20'35 

Although the fast reaction of fluoride ion might be attributed 
to decreased steric repulsion relative to the oxygen nucleophiles, 
this would not explain the decrease in the value of (-/3[g). Formate 
ion reacts 20-fold faster than acetate ion, presumably as a result 
of less steric repulsion.36 However, the value of (-;8ig) = 0.98 for 
formate ion is that expected for a nucleophile with its p£a of 3.8 
(Figure 5),21,37 so that the rate constant for formate ion falls above 
the correlation line of h8lg) and reactivity, as shown by X in Figure 
6. It is possible that the reactivity of fluoride ion would be still 
larger if it were not so strongly solvated. 

The extent of nucleophilic involvement, as measured by 0mc 
for reactions of carboxylate ion nucleophiles, and the amount of 
the increased reactivity for hydrogen peroxide and fluoride ions 
are both greater for reactions of MPP than for the more reactive 
phosphoryl donors PicP and PyrP. The values of /3nuc = 0.29,0.25, 
and 0.25 for reactions of carboxylate nucleophiles with the Mg2+ 

complexes of MPP, PicP, and PyrP, respectively, correspond to 
a positive pxf coefficient and suggest that there is more bond 
formation in the transition state for the relatively unreactive 
MPP.2138 The ratios of the rate constants for reaction with 
hydrogen peroxide and hydroxide ions are 190, 110, and 100 for 
MPP, PicP, and PyrP, respectively (Table I), and the corre
sponding ratios for reaction with fluoride and cacodylate ions are 
4.4, 2.1, and 2.0 (Table I). The larger increases in the reactivity 
of hydrogen peroxide and fluoride ions with MPP also correspond 
to a positive pxy coefficient and are consistent with a thermody
namic effect that gives more stabilization of the transition state 
with more bond formation. Because a number of different factors 
can affect the stability and structure of a transition state, such 
a correlation might be expected to hold only for reactions of a 
series of similar compounds. There is also a correlation between 
the amount of the enhanced reactivity of nitrogen a-effect nu
cleophiles and the value of /3nuc for reactions at sp2 carbon centers.39 

This correlation may represent, in part, a thermodynamic a-effect 
because large kinetic a-effects and large values of /3nuc are observed 
in addition-elimination reactions in which bond formation to the 
nucleophile is complete in the rate-limiting transition state of bond 
cleavage.40 

Are Hydrogen Bonding and Solvation Responsible for the a-
Effect? The decreased extent of bond cleavage in the transition 

(34) Davis, G. T.; Demek, M. M.; Sowa, J. R.; Epstein, J. J. Am. Chem. 
Soc. 1971, 93, 4093-4103. 

(35) The observation that 15% of the fluoro product disappeared in 2 
months at room temperature gives an upper limit of k «• 10""8 s"1 for the rate 
of phosphorus-fluoride bond cleavage, which is ~ 103-fold smaller than the 
rate constant of k = 7 X 10"s s"1 for hydrolysis of the starting dinitrophenyl 
ester that is obtained from the second-order rate constant in Table VI of ref 
7. 

(36) Herschlag, D.; Jencks, W. P. J. Am. Chem. Soc., preceding paper in 
this issue. 

(37) Herschlag, D.; Jencks, W. P. / . Am. Chem. Soc. 1989, 111, 
7679-7586. 

(38) These values of /}„uc were obtained for the reactions of substituted 
acetate ions with Mg2+ bound to the phosphorylated pyridine substrate. A 
similar trend in /3nuc is obtained from data in the absence of Mg2+ (ref 21). 

(39) Dixon, J. E.; Bruice, T. C. / . Am. Chem. Soc. 1972, 94, 2052-2056. 
(40) Palling, D. J.; Jencks, W. P. J. Am. Chem. Soc. 1984, 106, 

4869-4876. Morris, J. J.; Page, M. I. J. Chem. Soc, Perkin Trans. 2 1980, 
220-224. 
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state for reactions of phosphorylated pyridines with hydrogen 
peroxide ion, compared with normal oxygen nucleophiles of the 
same pATa, would not be expected if the rate enhancement were 
caused by either hydrogen bonding in the transition state or weak 
solvation of the hydrogen peroxide ion. 

Transition-state stabilization by intramolecular hydrogen 
bonding has been proposed as an explanation of the a-effect in 
several systems.2,3'6,41'42 This may be responsible for the 30- and 
50-fold faster reactions of hydrogen peroxide ion than of methyl 
hydroperoxide ion with p-nitrophenyl sulfate and p-nitrophenyl 
methylphosphonate ions, respectively.9,42 However, the similar 
rate enhancements for reactions of hydrogen peroxide and methyl 
hydroperoxide ions with carboxylic acid esters provide no evidence 
for assistance by hydrogen bonding,22 and the enhanced reactivity 
of hydrogen peroxide ion in acid-catalyzed addition to aldehydes 
is unlikely to result from hydrogen bonding.24 Finally, the 40-fold 
faster reaction of bicarbonate than of acetate ion with phospho
rylated pyridines presumably involves intramolecular solvation 
with hydrogen bonding,36 yet its value of hSig! = 1.00 is not 
smaller than expected for an oxygen nucleophile of p£a = 3.8 
(Figure 5);21 in fact the value of | - |3 l g | for bicarbonate deviates 
positively in the correlation of (-jSlgi and reactivity (Figure 6, +), 
while hydrogen peroxide ion follows the correlation. Bicarbonate 
shows the behavior that is expected for an additional interaction, 
such as hydrogen bonding, that increases log k but does not change 
the structure of the transition state. 

It has also been suggested that the rate enhancement of a-effect 
nucleophiles could reflect easier desolvation of these nucleophiles 
than of normal nucleophiles. Strong solvation can cause a de
creased reactivity of a nucleophile if /3nuc is small, but it has no 
effect if /3 = 1.0;43 conversely, a nucleophile that is more weakly 
solvated than other nucleophiles will be more reactive for a given 
observed p#a if #nuc is small. The reactive, desolvated species of 
a strongly solvated nucleophile has a higher pATa and reactivity 
than the observed pKa and reactivity: if only 1% is desolvated 
the observed log k and pKa will be 2 units smaller than log k and 
the pKa of the desolvated species. Therefore, the observed value 
of -/3 l g for the strongly solvated molecule will be the relatively 
small value that is expected for the more basic, desolvated species 
and, conversely, the value of -(3lt will be relatively large for a 
nucleophile that does not require desolvation for reaction, for a 
given observed pKa. This is the opposite of what is observed for 
a-effect nucleophiles. 

A solvation mechanism also predicts that when /3 is < 1.0 there 
should be an a-effect for proton abstraction when the proton 
transfer is direct and not through an intervening water molecule; 
in contrast, an a-effect that arises from an enhanced affinity for 
carbon and phosphorus compared with protons should give no rate 
enhancement for proton transfer. Hupe and Wu have shown that 
hydrogen peroxide ion, acetohydroxamate ion, and a series of 
oximates behave like normal oxygen bases for the deprotonation 
of 4-(p-nitrophenoxy)-2-butanone to form the carbanion at C-3; 
i.e., deviations for the a-effect bases in a plot of log k against the 
pKa of the base are 52-Wd.44 Similarly, Bruice and coworkers 
have shown that there is no a-effect for nitrogen bases such as 
hydrazine and hydroxylamine in the deprotonation of nitro-
ethane.45 There is evidence that proton abstraction from carbon 
acids is direct,46 even for normal carbon acids such as hydrogen 
cyanide and thiazolium ions.47 These results do not support a 
desolvation mechanism for a-effect compounds. 

(41) Jencks, W. P. J. Am. Chem. Soc. 1958, 80, 4585-4588. 
(42) Mclsaac, J. E., Jr.; Subbaraman, L. R.; Subbaraman, J.; Malhausen, 

H. A.; Behrman, E. J. J. Org. Chem. 1972, 37, 1037-1041. 
(43) Jencks, W. P.; Brant, S. R.; Gandler, J. R.; Fendrich, G.; Nakamura, 

C. J. Am. Chem. Soc. 1982, 104, 7045-7051. 
(44) Hupe, D. J.; Wu, D. J. Am. Chem. Soc. 1977, 99, 7653-7659. 
(45) Gregory, M. J.; Bruice, T. C. J. Am. Chem. Soc. 1967, 89, 

2327-2330. Bruice, P. Y. J. Am. Chem. Soc. 1984, 106, 5959-5964. 
(46) Hibbert, F. In Comprehensive Chemical Kinetics; Bamford, C. H., 

Tipper, C. F. H., Eds.; Elsevier: Amsterdam, 1977; Vol. 8, pp 97-196. 
(47) Bednar, R. A.; Jencks, W. P. J. Am. Chem. Soc. 1985, 107, 

7126-7138. Washabaugh, M. W.; Jencks, W. P. J. Am. Chem. Soc. 1989, 
/ / / ,674-683. 

Is There an a-Effect in the Gas Phase? The affinity of hydrogen 
peroxide ion is 106-fold greater toward a reri-butyl cation than 
toward a proton in the gas phase, whereas the affinities of 
methoxide and phenoxide ions toward the methyl cation are only 
103-fold greater than that toward a proton.23b Methoxide and 
phenoxide ions have a higher and lower gas phase proton affinity, 
respectively, than hydrogen peroxide ion,48 so that the greater 
affinity of hydrogen peroxide for an alkyl cation suggests that there 
is a thermodynamic a-effect in the gas phase.23b 

The following data have been cited as providing evidence against 
a kinetic a-effect in the gas phase and have led to the suggestion 
that solvation is responsible for the kinetic a-effect; however, there 
are uncertainties in the interpretation for each of these pieces of 
evidence. 

(1) Hydroxide and hydrogen peroxide ions react with methyl 
formate in the gas phase to give the same ratios of proton transfer, 
carbonyl addition, and methyl transfer. Because the product 
distribution is the same for the normal and a-effect nucleophiles 
and because no a-effect was expected for proton transfer, it was 
suggested that the a-effect does not occur in the gas phase.49 

However, the kinetic a-effect in solution is small or absent when 
the Bronsted /3 value, which measures the dependence of reactivity 
on the pA"a of the base, is small. Thus, an a-effect would not be 
expected in these gas-phase reactions if the values of fl are small; 
these /3 values have not been determined in the gas phase.2,38,50,51* 
Furthermore, the comparable rates of removal of a proton from 
the methyl and the carboxylic acid groups of acetic acid by hy
droxide and fluoride ions in flowing afterglow experiments51b 

suggest that the low selectivity in the reaction with methyl formate 
may not provide a measure of relative nucleophilicity. 

(2) Calculations of reaction energy profiles suggest that the 
barrier for methyl transfer from CH3Cl to hydroxide ion in the 
gas phase is smaller than for transfer to hydrogen peroxide ion 
by only ~ 3 kcal/mol, despite the ~ 16 kcal/mol greater basicity 
of hydroxide ion.52 This difference could provide evidence against 
a significant a-effect in the gas phase only if /3„uc for methyl 
transfer in the gas phase is very small. If /3nuc is 0.3 or larger for 
normal nucleophiles, then the rate constant for HOO" will show 
a positive deviation from a line of slope 0.3 through the rate 
constant for HO" and there will be an a-effect. However, if the 
value of /3nuc for normal nucleophiles is 0.2 then an a-effect for 
the reaction would not be expected because reactions with small 
values of /3nuc give little or no kinetic a-effect, as noted above.2,39,50 

(3) Ab initio calculations for reactions of methyl fluoride in 
the gas phase suggest that the geometry of the transition state 
varies with reactivity in the same way with both a-effect and 
normal nucleophiles.53 However, this does not provide evidence 
against the a-effect in the gas phase. Figure 6 shows that a-effect 
and normal nucleophiles follow a single correlation of |-/3lg) with 
reactivity for phosphoryl transfer in water and similar behavior 
has been observed for methyl transfer in methanol (see above).29 

Ab initio calculations also suggest that the transition state energy 
and overall energy for reaction with methyl fluoride follow a single 
correlation for both a-effect and normal nucleophiles.54 Such 

(48) Benson, S. W.; Nangia, P. S. J. Am. Chem. Soc. 1980, 102, 
2843-2844. Taft, R. W. Prog. Phys. Org. Chem. 1983, 14, 247-350. 
Bartmess, J. E.; Mclver, R. T., Jr. In Gas Phase Ion Chemistry; Bowers, M. 
T., Ed.; Academic Press: New York, 1979; Vol. 2, pp 88-121. 

(49) DePuy, C. H.; Delia, E. W.; Filley, J.; Grabowski, J. J.; Bierbaum, 
V. M. J. Am. Chem. Soc. 1983, 105, 2481-2482. 

(50) Hoz, S.; Buncel, E. Tetrahedron Lett. 1984, 25, 3411-3414. 
(51) (a) It has been suggested that the identical partitioning between the 

three reactions of methyl formate that occurs whether hydroxide ion or hy
drogen peroxide ion is the base and the large difference in proton affinity of 
these ions may indicate that 0 = 0 for the reactions (ref 2 and 50). However, 
equivalent partitioning requires only that 0 for all three reactions of methyl 
formate be the same. Alternatively, larger values of /3 for the two reactions 
at carbon than for the proton abstraction reaction could be masked by a kinetic 
a-effect. (b) Grabowski, J. J.; Cheng, X. / . Am. Chem. Soc. 1989, / / / , 
3106-3108. 

(52) Evanseck, J. D.; Blake, J. F.; Jorgensen, W. L. J. Am. Chem. Soc. 
1987, 109, 2349-2353. 

(53) Wolfe, S.; Mitchell, D. J.; Schlegel, H. B. / . Am. Chem. Soc. 1981, 
103, 7692-7694. 
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a correlation is consistent with a thermodynamic origin for a 
kinetic a-effect in the gas phase and with analogous correlations 
of rates and equilibria for a-effect and normal nucleophiles for 
reactions in solution (see above). It cannot be emphasized too 
strongly that the a-effect represents unusual reactivity relative 
to the proton basicity of a nucleophile.2"4 

Origin of the a-Effect. Greater basicity toward carbon or 
phosphorus than toward the proton for a-effect nucleophiles 
compared with normal nucleophiles can account for at least some 
of the observed kinetic a-effects, as described above.22"28 There 
may be a differential stabilization that arises from the largely 
covalent character of bonds to carbon and phosphorus compared 
with the more ionic character of bonds to hydrogen. The het-
eroatom substituent of an a-effect base may cause a smaller 
decrease in the ability of the base to participate in a covalent bond 
for a given decrease in charge on the basic atom, compared with 
an electron-withdrawing substituent on a normal base.55 This 
suggestion is supported by ab initio calculations that give a larger 
difference in Mulliken charge and a smaller difference in HOMO 
energy for hydrogen peroxide ion relative to methoxide ion than 
for formate ion relative to methoxide ion.56,57 However, the 

(54) Wolfe, S.; Mitchell, D. J.; Schlegel, H. B.; Minot, C; Eisenstein, O. 
Tetrahedron Lett. 1982, 23, 615-618. 

(55) Filippini, F.; Hudson, R. F. J. Chem. Soc., Chem. Commun. 1972, 
522-523. 

(56) Hudson, R. F.; HanseH, D. P.; Wolfe, S.; Mitchell, D. J. J. Chem. 
Soc, Chem. Commun. 1985, 1406-1407. Hudson, R. F. In Nucleophilicity; 
Harris, J. M., McManus, S. P., Eds.; American Chemical Society: Wash
ington, DC, 1987; pp 195-208. 

A'-Nitrosoamides,1 lactams,2 and sultams3 are hydrolyzed far 
more rapidly than the corresponding amido precursors, and as 

(1) (a) White, E. H. J. Am. Chem. Soc. 1955, 77, 6011. (b) White, E. 
H. J. Am. Chem. Soc. 1955, 77, 6014. (c) White, E. H.; Aufdermarsh, C. 
A., Jr. J. Am Chem. Soc. 1961, 83, 1174. (d) White, E. H.; Aufdermarsh, 
C. A., Jr. J. Am. Chem. Soc. 1961, S3, 1179. (e) White, E. H.; Elliger, C. 
A. J. Am. Chem. Soc. 1967, 89, 165. (0 White, E. H. Organic Synthesis; 
Wiley: New York, 1967. (g) White, E. H.; Woodcock, D. J. The Chemistry 
of the Amino Group; Wiley: New York, 1968. (h) White, E. H.; Dzadzic, 
P. M. J. Org. Chem. 1974, 39, 1517-1519. 

(2) (a) White, E. H.; Roswell, D. F.; Politzer, I. R.; Branching B. R. J. 
Am. Chem. Soc. 1975, 97, 2290-2291. (b) White, E. H.; Helinski, L. W.; 
Politzer, I. R.; Branchini, B. R.; Roswell, D. F. /. Am. Chem. Soc. 1981,103, 
4231-4239. 
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a-effect compounds and normal bases: hydroxide, methoxide, 
hydrogen peroxide, and hypofluorite ions, follow a single corre
lation of Mulliken charge and HOMO energy, while formate ion 
deviates from this correlation. This suggests that it may be formate 
ion that is unusual, rather than the a-effect bases. 

Electron-density difference maps from X-ray structural analysis 
show that formation of a covalent bond between two oxygen or 
nitrogen atoms results in a decrease in the electron density between 
the two atoms, while the electron density between carbon and 
oxygen or nitrogen atoms is increased upon bond formation.58 

This indicates that the electronic configuration of the a-effect bases 
is different from that of the normal bases. It is conceivable that 
this difference is related to the origins of the a-effect. 

(57) It has been suggested from these gas-phase calculations that the 
proton affinity of hydrogen peroxide ion is abnormal compared with hydroxide 
and methoxide ion because of an "abnormally large" decrease in Mulliken 
charge for the basic oxygen atom of hydrogen peroxide ion (ref 56). However, 
analysis of substituent effects for normal and a-effect bases in solution provides 
no indication of an abnormal proton affinity for the a-effect bases (ref 2 and 
Hall, H. K., Jr. J. Am. Chem. Soc. 1957, 79, 5441-5444). In addition, it has 
been argued that an abnormally low proton basicity does not account for the 
observed kinetic a-effects in solution (ref 2). 

(58) De With, G.; Harkema, S.; Feil, D. Acta Crystallogr. 1975, 31 A, 
S227-S228. Wang, Y.; Blessing, R. H.; Ross, F. K.; Coppens, P. Acta 
Crystallogr. 1976, 32B, 572-578. Coppens, P.; Lehman, M. S. Acta Crys
tallogr. 1976, 32B, 1777-1784. Hope, H.; Ottersen, T. Acta Crystallogr. 
1979, 35B, 370-372. Ottersen, T.; Hope, H. Acta Crystallogr. 1979, 35B, 
373-378. Savariault, J.-M.; Lehmann, M. S. /. Am. Chem. Soc. 1980,102, 
1298-1303. Ottersen, T.; Almlof, J.; Carle, J. Acta Chem. Scan. 1982, A36, 
63-68. Dunitz, J. D.; Seiler, P. J. Am. Chem. Soc. 1983, 105, 7056-7058. 

"active" amides and peptides they can serve as substrates for 
hydrolytic enzymes (eq I);4 they are readily prepared by nitrosation 

" ^ ^ N ' N2O4. etc. - - ^ N ' 
H I 

1 

'H, N2, ROH (+alkenes) (1) 

(3) White, E. H.; Lim, H. M. /. Org. Chem. 1987, 52, 2162-2166. 
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Abstract: The inhibition of a-chymotrypsin with 13C-enriched alanine- and phenylalanine-based JV-nitrosoamides, as ac
tive-site-directed and enzyme-activated inhibitors, results in the alkylation (benzylation) of side chains and also of the amide 
linkages of the protein backbone (both at O and N). 13C NMR spectra of the denatured inhibited enzyme (in Gdn-HCl) indicate 
that alkylation has occurred at O, N, S, and C sites. 13C NMR spectra of the amino acid mixtures from fully hydrolyzed 
inhibited enzymes show that the pattern of alkylation is strikingly different for inhibitions by the alanine- and phenylalanine-based 
inhibitors. In the case of the phenylalanine-based inhibitor, approximately equally intense signals are observed at 52.32, 51.31, 
36.78, and 32.91 ppm, while with the alanine-based inhibitor, a major signal appears at 52.35 ppm, with minor signals appearing 
at 36.83 and 32.9 ppm. Chromatographic and NMR evidence is presented to indicate that the 52.32-52.35-ppm signal stems 
from TV-benzylglycine. The chemical shift data suggest that the 51.31-ppm signal stems from N-benzylserine and the 
36.78-36.83-ppm signal from 5-benzylcysteine. Mechanisms are presented to account for the formation of those products. 


