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of the solvent in vacuo, the crude product was purified by HPLC 
(p-Porasil, 15% ethyl acetate in hexane). There was obtained 
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C19H2803: C, 74.96; H, 9.27. Found: C, 74.85; H, 9.14. 
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65.5 mg 22% of recovered aldol and 74 mg (25%) of crystalline 
ketone 26, mp 70.0-70.5 "C: R, 0.63 (hexane-ethyl acetate, 2:l); 
IR (CHC13) 3400, 1682 cm-~; 1H NMR (CDC13) (360 MHz) 6.71 
(9, 1 H), 5.10 (br S, 1 H), 3.37 (9, 3 H), 3.27 (AB q, 2 H, J = 8.7 
H ~ ,  = 38.4 H ~ ) ,  2.60 (m, 1 H), 2.58 (AB q, 2 H, J I 10.8 H ~ ,  
pvAB = 78.3 Hz), 1.5-2.5 (m, 9 H), 1.68 (d, 3 H, J = 1.4 Hz), 6.99 
(d, 3 H, J = 6.5 Hz), 0.82 (d, 3 H, J = 6.5 Hz). Anal. Calcd for 
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The hydrolysis reactions of N-(pivaloy1oxy)-p-acetotoluidide (la), a model for the carcinogenic metabolites 
of polycyclic aromatic amides, were investigated by a combination of UV spectroscopy, product analyses, and 
HPLC methods at 70 "C over the pH range 2.0-8.0. Under these conditions la undergoes exclusive N-0 bond 
cleavage to yield products characteristic of processes involving nitrenium ion pairs. In many ways the reactions 
of la in aqueous solution parallel those of the analogous sulfuric acid ester, lb. However, two unique products, 
3-(pivaloyloxy)-4-methylacetanilide (2b) and 4-acetotoluidide (9), which have no analogues in the reactions of 
l b  under these conditions, were isolated. The first-order rate constant for the decomposition of la, which is 
independent of pH and buffer composition, is (380 f 60)-fold less than the corresponding rate constant for l b  
under the same conditions. The characteristics of the hydrolysis reaction of la are considerably different from 
those of the N-acetoxy-N-arylacetamides which undergo a considerable amount of acyl transfer under similar 
conditions. These results indicate that pivalic acid esters may be more appropriate models for the proximate 
carcinogens derived from N-hydroxy-N-arylacetamides than are the acetic acid esters if, indeed, nitrenium ions 
are the ultimate carcinogens. 

Sulfuric acid esters appear to be important carcinogenic 
metabolites of polycyclic N-aryl-N-hydroxyamides.12 The 
chemistry of a series of N-(sulfonatooxy)acetanilides, which 
are monocyclic analogues of the polycyclic sulfuric acid 
esters, has been the subject of a number of investigations 
in this lab~ratory.~ In aqueous solution these compounds 
decompose via heterolytic N-O bond cleavage to yield tight 
nitrenium ion-sulfate ion pairs which undergo internal 
return to yield rearrangement products, and solvent-sep- 
arated ion pairs which are attacked by external nucleo- 
philes or reducing  agent^.^ The closely related methane- 
sulfonic acid esters of the N-hydroxyacetanilides, inves- 
tigated by Gassman and Granrud, behave in a similar 
fashion.* 

Carboxylic acid esters of the N-hydroxyacetanilides are 
also of interest since they present the opportunity to in- 
vestigate the  effect of the leaving group on the chemistry 

(1) Several recent reviews include: Miller, J. A. Cancer Res. 1970,30, 
559-576. Kriek, E. Biochim. Biophys. Acta 1974,355,177-203. Miller, 
E. C. Cancer Res. 1978,38,1479-1496. Miller, E. C.; Miller, J. A. Cancer 
1981,47, 2327-2345. 

(2) DeBaun, J. R.; Miller, E. C.; Miller, J. A. Cancer Res. 1970, 30, 
577-595. Weisburger, J. H.; Yamamato, R. S.; Williams, G. M.; Grant- 
ham, P. H.; Matsuahima, T.; Weisburger, E.  K. Ibid. 1972,32,491-500. 
Kadlubar, F .  F.; Miller, J. A,; Miller, E. C. Ibid. 1976, 36, 2350-2359. 
King, C. M.; Phillipps, B. J .  Bid .  Chem. 1969, 244, 6209-6216. 

(3) (a) Novak, M.; Pelecanou, M.; Roy, A. K.; Andronico, A. F.; 
Plourde. F. M.: Olefirowicz. T. M.: Curtin. T. J. J. Am. Chem. SOC. 1984. 
106, 5623-5631. (b) Novak, M.;Roy, A. K. J. Org. Chem. 1985, 50, 
571-580. (c) Pelecanou, M.; Novak, M. J. Am. Chem. SOC. 1985, 107, 
4499-4503. 

(4) (a) Gassman, P. G.; Granrud, J. E. J. Am. Chem. SOC. 1984, 106, 
1498-1499. (b) Gassman, P. G.; Granrud, J. E. Ibid. 1984,106,2448-2449. 

of ester derivatives of N-hydroxy amides. In addition, 
carboxylic acid esters apparently are also important car- 
cinogenic metabolites of certain N-aryl-N-hydroxy amides.l 
N-acetoxy-N-arylacetamides have been used as model 
proximate carcinogens in a large number of in vivo and in 
vitro studies,'r5 and a number of studies involving the 
solution chemistry of N-acetoxy-N-arylacetamides have 
ap~eared.~? '  However, these acetic acid esters undergo 
facile acyl transfer r e a c t i ~ n s ~ ~ , ~ ~  which complicate the in- 
vestigation of the chemistry of the N-0 bond in such 
compounds. 

Accordingly, we have synthesized and investigated the 
aqueous solution chemistry of N-(pivaloy1oxy)-p-aceto- 
toluidide (la). The bulky pivalic acid ester was chosen so 
that the acyl transfer side reaction would be suppressed. 

(5) Kriek, E.; Reitsema, J. Chem.-Biol. Interact. 1971, 3, 397-400. 
Scribner, J. D.; Naimy, N. K. Cancer Res. 1975, 35, 1416-1421. Westra, 
J. G.; Kriek, E.; Hittenhausen, H. &em.-Biol. Interact. 1976,15,149-164. 
Bartsch, H.; Malaveille, C.; Stich, H. F.; Miller, E. C.; Miller, J. A. Cancer 
Res. 1977, 37, 1461-1467. Scribner, J. D.; Scribner, N. K. Chem.-Bid. 
Interact. 1979, 26, 47-55. Heflich, R. H.; Hazard, R. M.; Lommel, L.; 
Scribner, J. D.; Maher, V. M.; McCormick, J. J. Ibid. 1980, 29, 43-56. 
Saffhill, R.; Abbott, P. J.  Ibid. 1983, 44, 95-110. 

(6) (a) Scribner, J. D.; Miller, J. A.; Miller, E. C. Cancer Res. 1970,30, 
1570-1579. (b) Scribner, J. D.; Naimy, N. K. Ibid. 1973, 33, 1159-1164. 
(c) Scribner, J. D. J.  Org. Chem. 1976,41,3820-3823. (d) Scribner, J. D.; 
Smith, D. L.; McCloskey, J. A. Ibid. 1978,43, 2085-2087. ( e )  Scribner, 
J. D.; Scribner, N. K.; Smith, D. L.; Jenkins, E.; McCloskey, J. A. Ibid. 
1982,47, 3143-3145. 

(7) (a) Scott, C. M.; Underwood, G. R.; Kirsch, R. B. Tetrahedron 
Lett. 1984.25.499-502. (b) Underwood. G. R.: Kirsch. R. Ibid. 1985.26. 
147-150. (c) Underwood, G. R.; Kirsch; R. J.'Chem. Soc., Chem. Com: 
mum. 1985, 136-138. 
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Hydrolysis of N-(Pivaloy1oxy)-p-acetotoluidide 

This particular model compound was also chosen because 
the  corresponding sulfuric acid ester, lb, is reasonably 
representative of the class of compounds to which it be- 
longshb and because lb undergoes some unusual reactions 
with nucleophiles t ha t  are also characteristic of ester de- 
rivatives of t he  well-known carcinogen N-hydroxy-N- 
acetyl-2-aminofl~orene.~ Indeed, la  undergoes exclusive 

0 
A C  - N ~ O - C - C ( C H ~ ) ~  Ac - N -0 -SO3- @ o  H +  

C H I  

0 
C H I  

E 

N-0 bond cleavage in aqueous solution; however, its rate 
of decomposition is 380-fold slower than tha t  of lb, under 
identical conditions. The characteristics of the hydrolysis 
reactions of la  are compared and contrasted herein to 
those of 1 b which we recently reported in this journal.3b 
Although there are many similarities between the reactions 
of la  and lb, there are also some differences which are of 
interest. The  results of this study clearly indicate that the 
pivalate esters are superior to their acetate ester analogues 
as sources of arylnitrenium ions, which are thought to be 
the ultimate carcinogens derived from aromatic amides.l 

Experimental Section 
All solvents used were reagent grade and were purified, if 

necessary, according to commonly known procedures. Reported 
melting points are uncorrected. MelSi was used as an internal 
standard for NMR spectra. The synthesis of l a  from N- 
hydroxy-p-acetotoluidide and pivaloyl chloride has been previously 
de~cribed.~ 

Kinetic Measurements. All kinetics were performed in 5 vol 
% CH3CN-H20. Procedures for purification of solvents, prep- 
aration of solutions, and monitoring the progress of the reactions 
by UV absorption spectroscopy have been de~cribed.~" 

Kinetic experiments were carried out at 70.0 * 0.1 "C over the 
pH range 2.0-7.5 in HC1 solutions and in acetate or phosphate 
buffers. Total buffer concentration was 0.05 M, and ionic strength 
was maintained at 0.50 M in all solutions with KC1. The con- 
centration of la used was ca. 5 X M. Absorbance vs. time 
data were collected, as long as isosbestic points held, by monitoring 
the changes in UV absorbance at the wavelength of maximum 
absorbance change at each pH (between 216 and 220 nm in all 
cases). Pseudo-first-order rate constants were calculated by a 
nonlinear least-squares fit of the absorbance vs. time data to the 
standard first-order rate eq~a t ion .~"J~  

Kinetics of the decomposition of la and formation of individual 
hydrolysis products were carried out a t  70.0 & 0.5 "C by HPLC 
methods previously described.3a The progress of the hydrolysis 
reactions run at pH 2.4,4.7, and 6.7 was followed on a p-Bondapak 
C-18 column with 6/4 MeOH/H20 serving as eluent. The hy- 
drolysis reaction run at pH 7.8 was followed on an Ultrasphere- 
Octyl column (Beckman) with 6/4 MeOH/H20 serving as eluent. 
Absorbance was monitored at 250 nm in all cases. Peak area vs. 
time data were fit to the standard first-order rate equation as 
described above. 

Product Analyses. Product studies were carried out in so- 
lutions identical with those used in the kinetic measurements 
except that the concentration of la employed waa higher (ca. 1.25 
mM). Analyses of reaction mixtures were performed by isolation 
of products or by HPLC methods as previously described.3a Two 
sets of column conditions were needed to achieve adequate sep- 
aration of all products. These were as follows: p-Bondapak C-18 
column, 1/1 MeOH/H20 eluent, 1 mL/min; Ultrasphere-Octyl 
column, 1/1 MeOH/H,O eluent, 1 mL/min. All products, save 
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2a, 2b, and 10, are known compounds which were previously 
isolated, purified, and identified in the study of the hydrolysis 
of lb.3byc Isolation and characterization of 2a, 2b, and 10 are 
outlined below. 
2-(Pivaloyloxy)-4-methylacetanilide (2a). This compound 

was isolated from hydrolysis reaction mixtures by extraction into 
CHzClz and was purified by repetitive preparative layer chro- 
matography (silica gel GF 250; 4/1 CH2C12/EtOAc eluent): mp 
129.5-130.5 "C; IR (KBr) 3230,3045,2980,1750,1662,1510,1103 
cm-'; 'H NMR (250 MHz, CD2C12) 6 7.85 (1 H, d, J = 8.1 Hz), 
7.04 (1 H, d, J = 8.1 Hz), 6.93 (1 H, s, br), 6.90 (1 H, s), 2.33 (3 
H, s), 2.08 (3 H, s), 1.38 (9 H, s). Anal. Calcd for C14H19N03: 
C, 67.45; H, 7.68; N, 5.62. Found: C, 67.72; H, 7.84; N, 5.54. A 
compound with identical chromatographic, physical, and spectral 
properties was prepared from the reaction of 2-hydroxy-4- 
methylacetanilide (3)3b with pivaloyl chloride in dry CH2C12 in 
the presence of N-ethylmorpholine. 
3-(Pivaloyloxy)-4-methylacetanilide (2b). This material was 

isolated and purified in the same manner as 2a: mp 112-112.5 
"C; IR (KBr) 3295,3120,2960,2920,2870,1748,1665,1610,1550, 
1509, 1115 cm-'; 'H NMR (250 MHz, CD2C12) 6 7.29 (1 H, s), 7.18 
(1 H, s, br), 7.15 (2 H, s), 2.11 (3 H, s), 2.10 (3 H, s), 1.37 (9 H, 
9). Anal. Calcd for C14H1a03: C, 67.45; H, 7.68 N, 5.62. Found 
C, 67.68; H, 7.78; N, 5.66. A compound with identical chroma- 
tographic, physical, and spectral properties was prepared from 
the reaction of 3-hydroxy-4-methylacetanilide (6)3b with pivaloyl 
chloride in dry CHzClz in the presence of N-ethylmorpholine. 
2-Hydroxy-4-methylpivalanilide (10). When authentic 2a, 

synthesized as indicated above, was incubated in pH 6.7 or 7.8 
phosphate buffer two products were formed as 2a decomposed. 
These materials were extracted into CH2C1, and were purified 
by preparative layer chromatography as indicated above. One 
of these compounds was identical with 2-hydroxy-4-methyl- 
acetanilide (3).3b The other compound, 10, had the following 
physical and spectral properties: mp 135-136 "C; IR (KBr) 3430, 
3100,2970,2870,1640,1611,1601,1540,1282 cm-'; 'H NMR (250 
MHz, CD2C12) 6 8.88 (1 H, s), 7.55 (1 H, s, br), 6.84 (1 H, d, J = 
8.0 Hz), 6.79 (1 H, d, J = 1.0 Hz), 6.68 (1 H, dd, J = 1.0, 8.0 Hz), 
2.28 (3 H, s), 1.33 (9 H, 8).  Anal. Calcd for C12H17N02: C, 69.54; 
H, 8.27; N, 6.76. Found C, 69.21; H, 8.31; N, 6.63. A compound 
identical with 10 was synthesized by reaction of 2-hydroxy-4- 
methylaniline (Aldrich) with pivaloyl chloride in dry ether in the 
presence of N-ethylmorpholine. 

Results 
Repetitive wavelength scans confirmed tha t  the  hy- 

drolysis reactions of la  at 70 "C followed a first-order 
pattern for at least three half-lives at pH <6.0. At higher 
pH the  reaction noticeably deviated from first-order be- 
havior at a n  earlier point. This was later determined to 
be due to the  base-catalyzed decomposition of one of the 
initial hydrolysis products (see below). Since this subse- 
quent reaction was relatively slow in the pH range studied, 
no at tempt  was made to  fit absorbance vs. t ime data to  
an equation for consecutive first-order processes.3b Instead, 
absorbance vs. time data were collected at each p H  for as 
long as the initially observed isosbestic points held (always 
at least 1.8 half-lives), and these data were fitlo t o  the  
first-order rate equation to obtain hobs+ In all cases sat- 
isfactory fits were obtained; however, t he  values of kobsd 
at higher pH were determined with less precision than  
those at lower pH since in these cases the  reaction was 
followed for less time. 

T h e  data presented in  Table I show that ,  within ex- 
perimental error, h o h d  is insensitive to  changes in pH and 
buffer composition over the  p H  range studied. T h e  av- 
erage value of h o w  for la of (1.17 f 0.10) X lo4 s-l is (380 
f 60)-fold less than  the  first-order rate constant for the  
decomposition of lb at 70 "C [(4.4 f 0.6) X s-l] ex- 
trapolated from data taken in the temperature range from 
20 to 50 oC.3a9b 

The pH dependence of the  isosbestic points is an  in- 
dication that  the nature of the hydrolysis products changes 

(8) (a) Scribner, J. D. J. Am. Chem. SOC. 1977, 99, 7383-7384. (b) 
Meerman, J. H. N.; Beland, F. A.; Ketterer, B.; Srai, S. K. S.; Bruins, A. 
P.; Mulder, G. J. Chem.-Biol. Interact. 1982,39, 149-168. 

(9) Novak, M.; Brodeur, B. J. Org. Chem. 1984,49, 1142-1144. 
(10) Wentworth, W. E. J. Chem. Educ. 1966, 42, 96-103. 
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the peak area vs. time data for the HPLC peak corre- 
sponding to 4, 5, and 712 did not fit a first-order pattern 
either. The peak area for these components a t  the com- 
pletion of the reaction was considerably lower (by -30%) 
than that predicted from data taken in the first half-life 
of the hydrolysis reaction. 

The decomposition of authentic 2a13 at 70 OC in pH 6.7 
and 7.8 buffers was studied by HPLC methods. A t  both 
pH values 2a decomposed exclusively to 3 and 10. Pseu- 
do-first-order rate constants for the decomposition of 2a 
were calculated from peak area vs. time data. These were 
(9.1 f 0.5) X s-l a t  pH 7.8 and (9.7 f 0.8) X lo4 s-l 
at pH 6.7. Preliminary results indicate that the rate of this 
reaction is insensitive to buffer concentration. Under the 
same conditions the isomeric material, 2b, was considerably 
more stable. After 8 h of incubation of authentic 2b13 at 
70 OC in pH 7.8 buffer, only traces of 3-hydroxy-4- 
methylacetanilide (6) could be detected. After this same 
amount of time in the same buffer, the decomposition of 
2a was essentially complete. 

Table I. First-Order Rate Constants for the Hydrolysis of 
la at 70 "C 

buffera PHb i04kobsd, s-1 
K2HP04/KH2P04 7.23 1.00 f 0.08 
K,HPO,/KH,POa 6.64 1.32 f 0.08 
K,HPO;~KH,PO; 
KOAc/HOAc 
KOAc/HOAc 
KOAc/HOAc 
KOAc/HOAc 
KOAc/HOAc 
HCl 
HC1 
HCl 

6.02 
5.66 
5.30 
4.69 
4.12 
3.77 
3.12 
2.42 
2.11 

1.11 f 0.01 
1.16 f 0.01 
1.06 f 0.02 
1.19 f 0.02 
1.21 f 0.02 
1.11 f 0.02 
1.15 f 0.01 
1.24 f 0.01 
1.32 f 0.04 

aIonic strength = 0.50 M (KCl). Total buffer concentration = 
0.05 M. bf0.02 a t  70 "C. 

with pH. Table 11, which lists the yields of products iso- 
lated after five to six hydrolysis half-lives for la, shows that 
this is the case. The products 4-8 were also observed 
among the hydrolysis products of lb.3b 

The rearrangement product 2-(pivaloyloxy)-4-methyl- 
acetanilide (2a) decomposes into 2-hydroxy-4-methyl- 
acetanilide (3)l' and 2-hydroxy-4-methylpivalanilide (10) 
in the more basic buffers (see below). The combined yields 
of 2a and its decomposition products 3 and 10 are ap- 
proximately constant under all conditions, so that it ap- 
pears that the yield of 2a is insensitive to pH. This was 
also the case for the analogous product isolated from the 
hydrolysis of 1 b, 2-(sulfonatooxy)-4-methylacetanilide.3b 
The other rearrangement product, 3-(pivaloyloxy)-4- 
methylacetanilide (2b), has no analogue in the reactions 
of lb. This material is stable under all the pH conditions 
examined so that its decreased yield in the phosphate 
buffers is real. The reduction product 4-acetotoluidide (9) 
is formed in moderate yields in the more basic buffers. 
Although acetanilide reduction products are commonly 
observed when the N-(su1fonatooxy)acetanilides undergo 
hydrolysis in the presence of reducing agents,3Gc they have 
not been observed when these compounds undergo hy- 
drolysis in ordinary phosphate buffers. 

The progress of the hydrolysis reaction was followed by 
HPLC methods which allowed the concentrations of la 
and individual hydrolysis products to be monitored sep- 
arately?Gb Rate data obtained at four different pH values 
from these studies are presented in Table 111. The de- 
composition of la always followed a first-order pattern 
with rate constants which ranged from 1.0 X low4 to 1.4 
X s-l. These values are in good agreement with the 
rate constant obtained by spectrophotometric methods 
[(1.17 f 0.10) X s?] and indicate that the decompo- 
sition of la is not catalyzed by either acids or bases in the 
pH range of this study. At pH 2.4 and 4.7 all hydrolysis 
products were formed in a first-order manner with rate 
constants that were equivalent, within experimental error, 
to the rate constant for the decomposition of la. At  pH 
6.7 this general pattern was followed with the exception 
of the concentration vs. time data for 2a. Under these 
conditions 2a decomposed slowly. As it did, two new 
products, 3 and 10, appeared. At  pH 7.8 this trend was 
more pronounced: 2a decomposed more rapidly and 
greater yields of 3 and 10 were observed. However, the 
isomeric material, 2b, continued to be produced in a 
first-order manner. The formation of the reduction 
product, 9, was characterized by a lag phase. At  this pH, 

Discussion 
N-Acetoxy-N-arylacetamides have been used for some 

time as model proximate carcinogens in both in vitro and 
in vivo studies.'~~ They have been used in place of the 
analogous N-(su1fonatooxy)-N-arylacetamides largely be- 
cause of their relative ease of synthesis and greater sta- 
bility. These compounds were widely thought to undergo 
predominant, if not exclusive, N-0 bond cleavage to yield 
nitrenium ions which are presumed to be the ultimate 
carcinogens.' In an early study, the observation of non- 
linear plots of rate constants vs. salt concentration for the 
hydrolysis of several N-acetoxy-N-arylacetamides was in- 
terpreted in terms of reversible formation of nitrenium 
ion-acetate ion pairs.6a However, recently it has been 
shown that, under the same conditions as in the earlier 
study, the same N-acetoxy-N-arylacetamides specifically 
labeled with l80 in the ester carbonyl do not undergo l80 
scrambling which would be required if ion pairs were 
formed rever~ibly.~" Furthermore, the solvolysis of N- 
acetoxy-N-acetyl-4-aminobiphenyl under these conditions 
was shown in another labeling study to proceed entirely 
by C-0 bond cleavage to yield N-hydroxy-N-acetyl-4- 
aminobiphenyl and acetic acid.7b The acetic acid ester 
corresponding to l a  also undergoes exclusive C-0 bond 
cleavage in 60/40 a~etone/H,O.~~ Other workers have 
shown that several other N-acetoxy-N-arylacetamides 
undergo acyl transfer reactions under various condi- 
t i o n ~ . ~ J ~  It is now clear that under many conditions the 
predominant, if not exclusive, reaction of N-acetoxy-N- 
arylacetamides is acyl transfer. If nitrenium ions are the 
ultimate carcinogens derived from aromatic amides then 
the N-acetoxy-N-arylacetamides are poor models for the 
proximate carcinogens. 

However, the products isolated from the hydrolysis re- 
actions of the pivalic acid ester (la) in 5% CH3CN-H20 
(Table 11), demonstrate that this compound undergoes 
exclusive N-0 bond cleavage. The products 4-8 were 
previously isolated from the hydrolysis reactions of the 
corresponding sulfuric acid ester, lb ,  and are indicative 
of a process which involves a nitrenium ion intermediate.3b 
The products 2a and 2b are similar to those previously 
attributed to internal return, with rearrangement, of a tight 
nitrenium ion-sulfate ion The methanesulfonic 

(11) Traces of 3 were isolated during the hydrolysis of lb  also (ref 3b). 
Small amounts of this compound are probably formed by direct attack 
of H20. 

(12) See footnote c, Table 111. 
(13) Synthesized as described in the Experimental Section. 
(14) Barry, E. J.; Gutmann, H. R. J. Biol. Chem. 1973,248,2730-2737. 
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Table 11. Yields of Products Obtained from the Hydrolysis of la at 70 "C under Various pH Conditions" 
0.005 M HC1, 1/1 KOAc/HOAC, 1/1 KZHP04/KHzPO4, 9/1 KZHP04/KHzPO4, 

product pH 2.4b*c pH 4.7b3d pH 6.7b3d pH 7.gbrd 
2-(pivaloyloxy)-4-methylacetanilide (2aY 45 f 5 45 f 7 35 f 5 11 f 2 
3-(pivaloyloxy)-4-methylacetanilide (2b) 10 f 1 10 f 2 5 f l  2 f 1  

4-hydroxy-4-methylcyclohexa-2,5-dien-l-one (4) 15 f 2 28 f 2 23 f 3 12 f 2 

3-hydroxy-4-methylacetanilide (6) 13 f 1 2 f l  g 

4-acetotoluidide (9) 3 f l  12 f 2 
2-hydroxy-4-methylpivalanilide (10)f k! 2 f 1  4 f 1  10f  1 

2-hydroxy-4-methylacetanilide (3)f k! k! 6 f 2  16 f 3 

4-hydroxymethylacetanilide (5) 3 f l  3 f l  3 f l  3 f l  

3-methyl-4-hydroxyacetanilide (7) 11 f 1 4 f l  13 f 1 23 f 3 
2-chloro-4-methylacetanilide (8) 5 f 1  6 f 1  5 f 1  3 f l  

"Initial concentration of la was ca. 1.25 mM. Yields are reported with respect to la initially present. bYields determined by HPLC. 
Isolation of products was used to check yields in some cases. 'Ionic strength = 0.50 M (KC1). dIonic strength = 0.50 M (KCl). Total buffer 
concentration = 0.05 M. 'This product decomposes into 3 and 10 in the more basic buffers. fProduct of the decomposition of 2a. #Less 
than 0.5%. 

Table 111. First-Order Rate Constants Obtained from 
HPLC Experiments at 70 "C 

material 
conditionsa observedb 104kow, s-l 

0.005 M HCl, pH 2.4 la 1.39 f 0.23 
2a 1.10 f 0.30 
4, 5, 7 c  1.01 f 0.10 
6 0.99 f 0.17 

2a 1.21 f 0.24 
2b 0.97 f 0.22 
4, 5, 7c 1.02 f 0.06 

K2HP04/KHzP04, 0.05 M, pH 6.7 la 1.30 f 0.05 
4, 5, 7c 1.17 f 0.15 

KZHPO4/KHzPO4, 0.05 M, pH 7.8 la 1.42 f 0.06 
2b 1.03 f 0.26 

KOAc/HOAc, 0.05 M, pH 4.7 la 1.02 f 0.10 

Ionic strength = 0.5 M (KCl). Initial concentration of la was 
ca. 1.25 mM. bAliquota (2 pL) were removed from the reaction 
mixture and subjected to HPLC analysis by one of the methods 
described in the Experimental Sections. Under the conditions 
employed these materials were not resolved into separate peaks. 

acid esters of the N-hydroxyacetanilides also yield similar 
products which appear to arise from nitrenium ion inter- 
mediates! No N-hydroxy-p-acetotoluidide, which would 
be indicative of an acyl transfer reaction,%"' was detected. 

The kinetics of the decomposition of la also resemble 
that previously observed for the N-(su1fonatooxy)acet- 
anilides.hb In both cases the first-order rate constant for 
the decomposition of the ester in aqueous solution is in- 
dependent of pH and buffer composition (see Table I). 
The hydrolysis rates of esters of N-hydroxy compounds 
which do undergo acyl transfer are very sensitive to pH 
and buffer ~oncentration.'~J~ It appears that the bulky 
pivalic acid esters, in which the acyl transfer reaction is 
suppressed, would be better models for proximate carci- 
nogens than the acetic acid esters if nitrenium ions are, 
indeed, the ultimate carcinogens.'6 

8-'1 is (380 f 60)-fold less than the corresponding rate 
constant for lb  extrapolated to 70 "C from data taken at  
lower temperatures.3apb The value of A log kobd of 2.58 f 
0.07 is comparable to ApK, for pivalic acid and HS04- of 
ca. 3.1.17 The rate of decomposition of Ar(Ac)N-OX in 
aqueous solution is, therefore, very sensitive to the pK, of 

The average value of koM for la [(1.17 f 0.10) X 

(15) McCarthy, D. G.; Hegarty, A. F.; Hathaway, B. J. J. Chem. Soc., 
Perkin !l'ram. 2 1977, 224-231. McCarthy, D. G.; Hegarty, A. F. Ibid. 
1977,231-238. 

(16) We me currently studying the reactions of the sulfuric and pivalic 
acid esters of N-hydroxy-N-acetyl-2-aminofluorene. 

(17) 'CRC Handbook of Chemistry and Physics", 61st ed.; CRC Press: 
Boca Raton, FL, 1980; pp D-164-D-167. 

XOH. The N-0 bond appears to be completely, or nearly 
completely, broken in the rate-determining transition state 
of the reaction. 

During the hydrolysis reactions of lb  it was possible to 
detect a number of unstable intermediates identified as 
11 and the cis and trans isomers 12 and 13, which subse- 
quently decomposed into the hydrolysis products 4-7.3b 

A c - N / H  

In the present case it was not possible to detect these 
intermediates, but 4-7 were observed. Since the yields of 
these materials depended on pH in the same manner as 
was previously observed for lb,3b it is likely that 11-13 are 
also intermediates in the hydrolysis of la. Rate constants 
for the decomposition of the intermediates at 40 "CBb were 
all larger than koM measured for la at  70 "C. Since these 
rate constants must be even larger at 70 "C than at 40 "C, 
there is little likelihood that the intermediates involved 
could be detected in the present case. 

All the N-(su1fonatooxy)acetanilides undergo a rear- 
rangement process which leads to 2- or 4-(su1fonatooxy)- 
 acetanilide^.^"^ Since the yield of these products could not 
be significantly altered by the addition of nucleophiles or 
reducing agents, which did alter the yields of other prod- 
ucts, it was proposed that these species were formed by 
internal return of a tight ion pair. The combined yields 
of the analogous product 2a and its decomposition prod- 
ucts, 3 and 10, are also essentially invariant to pH changes 
(Table 11). It is likely that 2a also arises from the internal 
return of a tight ion pair. The decomposition of 2a into 
3 and 10 appears to be a specific-base-catalyzed process, 
and it must involve intramolecular participation by the 
amide functionality, since the isomer of 2a, 2b, is stable 
under these conditions. At least one of the products, 10, 
must be formed by nucleophilic participation of the amide 
nitrogen, a reaction for which there is considerable in- 
termolecular precedent.'* 

The isomeric material, 2b, in which the pivaloyloxy 
group is a t  the 3-position, is also formed during the hy- 
drolysis of la. No analogous 3-(sulfonatooxy)acetanilides 
have been detected in the reactions of the sulfuric acid 
 ester^.^ Since direct attack of the pivalate ion on the 
3-position of the aromatic ring of the nitrenium ion is an 
unlikely process, a sequence that begins with the tight ion 
pair, 14a, and involves a 1,2-migration, as shown in eq 1, 
~~ 

(18) March, J. "Advanced Organic Chemistry", 2nd ed.; McGraw-Hill: 
New York, 1977; pp 389-390.. 



4888 J. Org. Chem. 1985,50,4888-4893 

Scheme I 

ACIN-H 

6 $Lon CHI 

appears to be the most reasonable explanation for the 
formation of 2b. The decreased yield of 2b at higher pH 

Ac.,, A c - N - H  

1 9  IS - I b  

can be explained if the 1,2-migration is an acid-catalyzed 
process. Meta-substitution products have been reported 
previously to result from the reactions of certain nucleo- 
philes with N-acetoxy-N-acetyl-2-aminofluorene.8 Results 
obtained by Gassman and G r a n r ~ d ~ ~  and ourselves3b in- 
dicated that such products were obtained by an addi- 
tion-elimination sequence, as in eq 2. However, the ob- 

CH, 
, V A  

servation of 2b in the present study suggests that an al- 

ternative process, favored by others,8b which involves a 
l,Bmigration, as in eq 1, is also possible. In any case, the 
mechanism of eq 2 cannot explain the formation of sig- 
nificant amounts of 2b because the concentration of free 
pivalic acid present during the hydrolysis reaction is always 
considerably less than 1 mM, so that it cannot compete 
effectively with other nucleophiles present in solution. 

Acetanilides are formed when N-(su1fonatooxy)acet- 
anilides undergo hydrolysis in the presence of reducing 
agentse3 However, the hydrolysis of the N-(sulfonato- 
0xy)acetanilides in ordinary phosphate buffer does not 
yield these products. The 4-acetotoluidide (9) isolated 
during the hydrolysis of la in phosphate buffers is, 
therefore, an unusual product. The HPLC data taken at 
pH 7.8 indicate that the formation of 9 is coupled to a 
decreased yield of at least one of the products 4, 5, and 
7.12 At  the present time we do not have sufficient data to 
speculate intelligently about the mechanism of formation 
of 9 under these conditions. 

Scheme I presents a mechanistic interpretation con- 
sistent with the observations made during the hydrolysis 
reactions of la. With the exception of the path leading 
to 2b, Scheme I is essentially identical with that presented 
earlier to explain the hydrolysis reactions of lb.3b No 
pathway leading to 9 is included since we currently do not 
have an adequate explanation for its origin. The decom- 
position of 2a into 3 and 10 has been left out for the sake 
of clarity. We have no evidence that requires internal 
return of the tight ion pair, 14a, to la ,  although internal 
return with rearrangement to form 2a and 2b does occur. 
In fact, the formation of the tight ion pair may be the 
rate-determining step of the reaction. 
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Mn(II1) tetraarylporphyrins 2 and 3, bearing a pyridine or an N-alkyl-substituted imidazole function anchored 
by an aliphatic chain, are extremely efficient catalysts for olefin epoxidations carried out with NaOCl under 
aqueous-organic two-phase conditions. Reaction rates are strongly increased by lowering the pH of the aqueous 
phase, and a t  pH 9.5 catalyst turnovers are in the range of 0.8-3.3 per s at 0 OC. At the lower pH values rates 
are only slightly affected by the presence of a phase-transfer catalyst, whereas the latter becomes important at 
the pH of commercial bleach (12.5-13.0). A similar behavior has been found for epoxidations catalyzed by Mn(II1) 
tetraphenylporphyrin 1, carried out in the presence of a molar excess of 3-pycoline or N-hexylimidazole. The 
latter is a particularly efficient axial ligand. 

Synthetic metalloporphyrins are efficient models of the 
cytochrome P-450 family of monooxygenase enzymes and 
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have been largely used as catalysts in oxidations of organic 
substrates.' The discovery that manganese(II1) tetra- 
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