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Conclusions 
(a) Pteridine, the parent ring of a well-known class of 

natural products, appears to be the strongest base within 
the diazinodiazine series. Taking into account that isomers 
are being compared, it is likely that this feature is main- 
tained in condensed phase. The preferred protonation site 
of pteridine is N1. 

(b) Pyrazino[2,3-~]pyridazine (4) is predicted to be 
protonated a t  N1. The energy differences among the 
cation protonated at N1 and the rest are so significant that, 
even in solution, protonation at  N1 may be largely pre- 
dominant. In the light of these results and former results 
from our work,8 explanations offered by Glidewell e t  al.3 
concerning the reactivity of 1 should be partly revised. 

(c) The basicity of any a-nitrogen is quite enhanced 

(d) The basicity of N2 or N3 of 2,3,m,n-tetraazana- 
phthalenes is larger than that of N1 or N2 of 1,2,n,n- 
tetraazanaphthalenes. 

(e) The basicity of an a-nitrogen is much lower when 
another a-nitrogen (para) is present in the same ring. 

(f) The basicity of a P-nitrogen is lower when another 
P-nitrogen lies in the opposite position of the other ring 
(diago). 
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Although it has been widely assumed that N-hydroxy-N-aryl amides decompose in acidic solution by acid- 
catalyzed N-0 bond heterolysis, we have found that the N-hydroxyacetanilides la-e largely decompose by the 
alternative amide hydrolysis pathway. The immediate products of hydrolysis, the hydroxylamines 2a-e, can 
be detected by direct or indirect methods, but these materials also decompose via the Bamberger rearrangement 
under the reaction conditions. Only the p-EtO- and p-Me0-substituted N-hydroxyacetanilides (la and lb) exhibit 
any sign of N-0 bond heterolysis, and only as a minor component (ca. 7 % )  of the overall hydrolysis. No change 
in mechanism could be found for Id in H2S04 solutions as concentrated as 9 M. The lack of reactivity of la-e 
to N-0 bond heterolysis is largely due to unfavorable protonation of the OH group. Protonation of the carbonyl 
oxygen is favored over the hydroxyl oxygen by ca. 7 orders of magnitude. 

It is widely assumed, with little supporting evidence, that 
N-hydroxy-N-arylacetamides decompose in acidic aqueous 
solution via N-0 bond heterolysis to yield N-acetyl-N- 
arylnitrenium ions (Scheme I, path a).l Sulfuric, meth- 
anesulfonic, and carboxylic acid esters of such compounds 
have recently been shown to undergo uncatalyzed N-0 
bond heterolysis under various conditions to yield nitre- 
nium ion ~ p e c i e s , ~ - ~  but the chemistry of N-hydroxy-N- 
arylamides in H 2 0  has not been investigated in detail. 
Acid hydrolysis of the amide functionality followed by 
Bamberger rearrangement5 of the resulting N-aryl- 

(1) See, for example: (a) Calder, I. C.; Creek, M. J.; Williams, P. J.; 
Funder, C. C.; Green, C. R.; Ham, K. N.; Tange, J. D. J.  Med. Chem. 1973, 
16, 499-502. (b) Calder, I. C.; Creek, M. J.; Williams, P. J. Chem.-Biol. 
Interact. 1974, 8, 87-90. (c) Calder, I. C.; Williams, P. J. Chem.-Bid. 
Interact. 1975,11,27-32. (d) Gemborys, M. W.; Gribble, G. W.; Mudge, 
G. H. J. Med. Chem. 1978,21,649-652. (e) Yoshioka, T.; Uematsu, T. 
J.  Chem. SOC., Perkin Trans. 2 1985, 1377-1381. 

(2) (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.; Pelecanou, M.; Pollack, L. J. Am. Chem. 
SOC. 1986, 108, 112-120. (c) Novak, M.; Pelecanou, M.; Zemis, J. N. J.  
Med. Chem. 1986, 29, 1424-1429. (d) Novak, M.; Roy, A. K. J. Org. 
Chem. 1985, 50, 571-580. 

(3) Gassman, P. G.; Granrud, J. E. J.  Am. Chem. SOC. 1984, 106, 
1498-1499 and 2448-2449. 
(4) Underwood, G. R.; Kirsch, R. B. J. Chem. SOC., Chem. Commun. 

1985, 136-138. 
(5) (a) Bamberger, E. Chem. Ber. 1894, 27, 1347-1350, 1548-1557; 

1895,28,245-251; 1900,33,3600-3622. (b) Sone, T.; Tokuda, Y.; Sakai, 
T.; Shinkai, S.; Manabe, 0. J.  Chem. SOC., Perkin Trans. 2 1981,298-302. 
(c) Kohnstam, G.; Petch, W. A.; Williams, D. L. H. J.  Chem. SOC., Perkin 
Trans. 2 1984, 423-427. 
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hydroxylamines (Scheme I, path b) would also appear to 
be a viable reaction possibility in the absence of experi- 
mental data. 

We have examined the hydrolysis of the N-hydroxy- 
acetanilides la-e in HC1 solutions in the pH range 0.3-3.0 
at 50 "C and found that these compounds undergo reaction 
primarily via path b t o  yield the corresponding hydrox- 
ylamines 2a-3, which also decompose under these condi- 
tions, but which can be detected either directly by HPLC 
or UV spectroscopy or indirectly by product study com- 
parisons. Path a is a minor contributor (<lo%) to the 
hydrolysis of only la  and lb. Examination of the hy- 
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drolysis of the unsubstituted compound Id in aqueous 
sulfuric acid provided no evidence for a change in mech- 
anism up  to  9 M H,S04 (ca. 60 wt 70 H2SOI).  

N-Hydroxyphenacetin (la) is a metabolite of the an- 
algesic phenacetin (31, which appears to be responsible, 
at least in part, for the toxic and carcinogenic effects of 
3.6 N-hydroxy derivatives of polycyclic aromatic amides 
such as 2-acetylaminofluorene also appear to be proximate 
carcinogens? I t  has been suggested that  la decomposes 
into the liver toxin N-acetyl-p-benzoquinone imine (4)s by 
way of a nitrenium ion intermediate (eq 1) and that this 

AcNOH ACN ACN 

Novak et  al. 

OEI 0 
4 5 - 

may be biologically Our results indicate that 
eq 1 is a very slow and inefficient route to 4 and not likely 
to  be important in vivo. 

Experimental Section 
The synthesis and purification of la- and 2a-e have been 

described.%- The N-hydroxyamides la-e show no sign of de- 
composition when stored at -25 OC after recrystallization, but the 
hydroxylamines 2a-e do decompose slowly after purification even 
at -25 OC. These materials were used as quickly as possible after 
recrystallization from henzene/hexane mixtures. All solvents used 
in synthesis of these compounds and isolation of reaction products 
were reagent grade and were purified, if necessary, by standard 
methods. 

Kinetic Measurements. All kinetics in HCI solutions were 
performed in 5 vol % CH3CN/H20 at  50.0 i 0.1 OC under a N, 
atmosphere. Ionic strength was maintained at 0.5 M with KCI 
for all HCI solutions. H,SO, solutions, which contained no 
CH3CN, were made from reagent grade acid and were titrated 
against standardized NaOH solutions. Procedures for purification 
of solvents, preparation of solutions, maintenance of a N, at- 
mosphere in thunberg cuvettes, and general methods for following 
reaction kinetics by UV spectroscopy and HPLC methods have 
been 

Initial concentrations of la+ and 2a-e of ca. 5.0 X lo6 M were 
obtained by injection of 15 rL of ca. 0.01 M CH,CN (or 0.01 M 

(6) (a) MeLean, S.; Davies, N. W.; Watson, H.; Favretto, W. A,; Big- 
nd, J. C. Drug. Met. Disp. 1981,9,255-260. (b) Eyanagi, R.; Shigematsu, 
H.; Yoshida, K.; Yaahimura, H. J. Phormocobio-Dvn. 1985,8,9&105. (e) 
Mulder. C.. J.; Hinson, J. A,. Gillerre, J. R. Riochrm. I'hormornl. 1977. 
26. lR!?-196. (d, Mulder, G .  J :  Hinson. J .  A.; CIIIP~~P.  .I. H. Borhrm.  
Pharmocol. 1978.27, 164-1649. lei Vaueht..I. B.: MrC.arwv. P. I%.: Lee. 
M.-S.;Garner, C: D./ Wang,C. Y.jLinsm%-Bedkar, E. M.fKing, C. M: 
Cancer Res. 1981.41.3424-3423. (0 Camus, A,-M.; Frieson, M.; Croisy, 
A.; Bartsch, H. Cancer Res. 1382.42, 32019208, 

(7) For Recent Reviews See: Miller, E. C.; Miller, J. A. Cancer 1981, 
47,2327-2345. Garner. R. C.: Martin. C. N.: Clavson. D. B. In Chemical 
Carcinogens, 2nd ed.; Searle. C. E., Ed.; ACS Monograph 182: American 
Chemical Swiety: Washington, DC, 1984; Vol. 1, pp 175-276. 

(8) Blair, T. A.; Boobis, A. R.; Davies, D. S. Tetrahedron Lett. 1980, 
21, 4947-4950. Dahlin. D. C.; Nelson, S. D. J.  Med. Chem. 1982, 25, 
885-886. Miner. D. J.; Kissinger, P. T. Bioehem. Pharmocol. 1979,28, 
3285-3290. Dahlin. D. C.; Miwa, G. T.: Lu, A. Y. H.; Nelson, S. D. Prac. 
Natl. Acod. Sa. U.S.A. 1984,81,1327-1331. Corcoran, G. B.; Mitchell, 
J. R.: Vaishnav. Y. N.; Homing, E. C. Mol. Phormoeol. 1980,18,536542. 
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Figure 1. Repetitive UV absorbance scans collected during the 
hydrolysis of l e  in pH 0.3 HCI at  50 "C. Initial concentration 
of l e  is 5.0 X 10" M. Cycle time is 10 min. The first scan is 
labeled for clarity. 

aqueous solutions for kinetics in H,SO,) solutions of the appro- 
priate material into 3.0 mL of the kinetic solution. Repetitive 
wavelength scans were used to determine appropriate wavelengths 
for kinetic analysis. These were 245 nm for la and lb, 242 nm 
for le and 2e, 242 nm and 222 nm for Id and 2d, and 250 nm 
and 225 nm for le and 2e. Absorbance vs time data were fit to 
the first-order rate equation or to the equation for consecutive 
first-order processes (eq 2) as described The pH 

(2) 

of HCI solutions was determined after reaction at 50.0 i 0.1 "C 
with an Orion Model 701A digital pH meter equipped with a 
Radiometer GK 2402C combination electrode. Measurement of 
pH of standardized solutions established a constant correction 
between mete? reading and pH in the pH range 0.3-3.0 

(3) 

Product Analysis. Product studies were performed in solu- 
tions identical with those used in the kinetic studies except for 
higher initial concentrations of 1 or 2 (ea. 1.0 X lo4 M). Pro- 
cedures fur isolating products and quantifying yields by HPLC 
methods have been published.kb The HPLC conditions used in 
this study were: F-Bondapak C-18 column, 50150 MeOH/H,O 
eluent, 1 mL/min, UV detector at 225 or 250 nm. 

Products were identified by comparison to commercially 
available materials (?-,a, 9, 10) or to materials available from 
previously published studies (6, 11).2b,d A sample of 7a (3- 
chloro-4-phenetidine) was prepared by decomposition of 2a in 
concentrated HCI at room temperature under N,. The hydro- 
chloride salt of 7a was purified by recrystallization from con- 
centrated HCI. The neutral form was extracted from 5% NaHCO, 
with CH,CI,. After rotary evaporation a yellowish oil, which 
solidified unon refrieeration. was obtained mD 21-23 OC (lit? 

A, = A, exp(-k,t) + A, exp(-k,t) + A, 

pH = meter reading - 0.05 

mp 24 W;'.UMR t k i  sait,'gu MHZ. ~cI)~J,sO) 6 1.30 (3 H ,  t. 
J = 6.97 Hz) ,  4.03 (2 H. q, J = fi.97 Hz), 6.u (3  H, s, broad). 6.95 
(1 H. dd. J = 2.57, 8.80 HZJ. 7.13 (1 H, d, J = 2.57 Hz). 7.44 ( 1  
H, d, J = 8.84 Hz). 

Most products were stable to the reaction conditions in the 
absence of O,, but both p-benzoquinone (10) and 3-chloro-4- 
hydroxyacetanilide (11) decompmed at moderate rates. Yields 
of 10 and 11 were determined by fitting concentration (A3 vs time 
data to eq 4, where k, and k, are rate constants for the formation 

A, = A, (k , / (k ,  - kJ)(exp(-k,t) - exp(-k,t)) (4) 

and decomposition of 10 and 11 and A, is the yield of IO or 11 
in appropriate units. 

Product studies performed with N-acetyl-p-benzoquinone imine 
(4) and N-(piva1oyloxy)phenacetin (12) were carried out as de- 
scribed elsewhere.zb,c 

pKa Measurement for Protonated le. Measurements of the 
ionization constant of protonated le were made at  25 "C to 
decrease interference from the hydrolysis reaction. Solutions were 
prepared by injection of 15 rL  of a freshly prepared 0.01 M 
aqueous solution of le into 3.0 mL of a standardized H,SOa 
solution incubated at 25 "C for 15 min. Wavelength scans showed 
that an isosbestic held at 234 nm throughout the concentration 
range 0.1-9.0 M HISOI and the wavelength of largest absorbance 
change (ca. 0.2 AU) was 255 nm. Absorbance at  255 nm was 

(9) Hurst, G. W.; Thorpe, J. F. J.  Chem. Soe. 1915, 107, 934-941. 
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Table I. Pseudo-First-Order Rate Constants for Hydrolysis 
of le and Bamberger Rearrangement of 2e in HCl 

Solutions" 
Bamberger 

rearrangement 
rate constants 

for 2e:d k3, 
PHb kl, s-l kz, X104 s-l X104 s-l 
0.31 (2.12 f 0.01) X 6.90 f 0.50 7.83 f 0.03 
0.31 (1.99 f 0.03) X lodd 7.61 f 0.20d 
1.01 (4.33 f 0.01) X 5.47 f 0.48 5.48 f 0.06 
1.32 (2.15 f 0.01) X 3.06 f 0.39 3.70 f 0.03 
"Conditions: 5 vol % CH3CN/Hz0, fi  = 0.5 M (KCl), T = 50.0 

f 0.1 OC. Each rate constant was determined from a single exper- 
iment. Error limits are estimated from the standard deviations of 
the fit and appropriate propagation formula. bf0.02 at 50 "C. 

Measured at 225 nm. 

hydrolysis rate constants for lec 

Measured at 250 nm. 

plotted vs Halo for 14 solutions in the range 0.1-9.0 M H2S04, and 
the data were fit to eq 5 (Ke, cHA, tA were treated as variable 

( 5 )  

parameters). The standard deviation of the fit was excellent 
(f0.003 au) and both cHA and tA were in good agreement with 
values determined graphically. 

Results and Discussion 
All studies were performed under a Nz atmosphere since 

2a-e and several of the hydrolysis products are subject to 
air oxidation under the reaction conditions. The sensitivity 
of N-arylhydroxylamines to air oxidation under similar 
conditions has been noted p r e v i o u ~ l y . ~ ~ ~ ~  Repetitive 
wavelength scans of the hydrolysis of la-e a t  pH 0.3 and 
50 "C were not consistent with a simple first-order process. 
The repetitive wavelength scan for l e  shown in Figure 1 
is typical. Absorbance vs time data taken a t  either 250 
or 225 nm for l e  were fit well by eq 2, the rate equation 
for two consecutive first-order processes. Rate constants 
obtained from those fits in the pH range 0.3-1.3 are shown 
in Table I. One of the rate constants ( k , )  is strongly pH 
dependent, and a plot of log kl  vs pH has a slope of -1.0. 
The other rate constant ( k z )  barely changes with pH. 
Under the same conditions 2e decomposes in a first-order 
manner. The rate constant for this reaction ( k 3 )  is also 
reported in Table I. Although there is significant uncer- 
tainty in the measured values of k z  due to the relative 
magnitude of the amplitude factors A, and A2, the two rate 
constants k z  and k3  are equivalent within experimental 
error. I t  was shown previously that the rate constants for 
the Bamberger rearrangement of ring-substituted N- 
phenylhydroxylamines reach a plateau in acid solution at 
pH < pK, of the conjugate acid of the h y d r ~ x y l a m i n e . ~ ~ * ~  
The pK, of the conjugate acid of 2e can be estimated to 
be 1.4 f 0.1 from a correlation of pK, vs B for a number 
of N-phenylhydro~ylamines.~~-~ 

Similar results were obtained for Id and 2d. Absorbance 
vs time data taken a t  pH 0.33 and 222 nm for Id fit eq 2 
to give two rate constants, (1.40 f 0.14) X s-' and (3.47 
f 0.32) X s-l. Under the same conditions 2d decom- 
posed in a first-order manner with a rate constant, also 
determined from data taken a t  222 nm, of (3.81 f 0.02) 
X s-l. The kinetics of the Bamberger rearrangement 
of 2d have been investigated in detail,5b,c so we did not 
examine this reaction further. Instead absorbance data 
for the hydrolysis of Id were taken at 242 nm, a wavelength 
a t  which the rearrangement of 2d shows no significant 
absorbance changes, and fit to the first-order rate equation 

A = e~~(ha/(Ka + ha)) + c A ( K e / ( K e  + he)) 

(10) Yates, K.; Stevens, J. B.; Katritzky, A. R. Can. J. Chem. 1964,42, 
1957-1970. 

Table 111. Second-Order Hydrolysis Rate Constants for 
la-ea 

N-hydroxy- kH, X104 N-hydroxy- kH, X104 
amide M-I sF1 amide M-1 s-l 

la  3.34 f 0.07 Id 3.50 f 0.06 
lb 3.18 f 0.20 le 4.42 f 0.08 
I C  3.01 f 0.12 

ODetermined from the data in Tables I and I1 from the equa- 
tion: log kH = log kl + pH. The values are reported with their 
standard deviations. 

to obtain kl. These pseudo-first-order rate constants were 
found to be linearly dependent on [H+]. It has been shown 
that the Bamberger rearrangement of 2c yields the imine 
5 ,  which subsequently undergoes hydrolysis into 4- 
hydroxy-4-methylcyclohexa-2,5-dien-l-one, 6, (eq 6).5a,c 

NHOH NH 0 

,343 HOC' 'OH H3C' .OH 

6 - 5 2c - 
Accordingly, as previously reported,k we observed biphasic 
kinetics for the rearrangement of 2c a t  pH 1.30. Two rate 
constants, (1.9 f 0.1) X s-l, 
were obtained from absorbance vs time data taken at 242 
nm. The larger constant has previously been shown to be 
associated with the first process of eq 6, while the smaller 
rate constant is associated with the hydrolysis of 5 into 6.k 
Under identical conditions the hydrolysis kinetics of l e  
were also biphasic with rate constants of (1.58 f 0.01) X 
lo" and (1.32 f 0.03) X lo4 s-l. The former rate constant 
(identified as k , )  depends linearly on [H+] while the latter 
is essentially pH independent in the pH range 0.3-2.0. The 
smaller of the two rate constants observed for the rear- 
rangement of 2c is numerically equivalent to this latter 
rate constant and shows the same lack of pH dependence. 
No rate constant corresponding to the 2c - 5 process was 
detected, but this is not surprising since 2c could not build 
up to significant levels in the sequence shown in eq 7. In 

IC -, 2c -, 5 + 6 (7) 

the pH range of our study the rate constant for the de- 
composition of 2c into 5 is always a t  least (6.5 X 102)-fold 
larger than the rate constant for the hydrolysis of IC. 

In the cases of Id and l e  the Bamberger rearrangement 
of the corresponding hydroxylamines 2d and 2e is slow 
enough that they should be directly detectable in hy- 
drolysis reaction mixtures of Id and le at pH 11.5. In fact, 
a t  pH 1.0 HPLC analysis a t  early reaction times of hy- 
drolysis mixtures of Id or l e  indicated the presence of 
materials with retention times equivalent to 2d (11.4 min) 
or 2e (19.4 min). These species decayed away in a manner 
consistent with that of the authentic compounds. It is clear 
from the kinetic data and these results that  path b of 
Scheme I is significant for the hydrolysis of lc-e. 

Both 2a and 2b decompose very rapidly under our re- 
action conditions with half-lives of less than 10 s. The 
kinetics of the relatively slow hydrolysis of l a  and lb  are 
still biphasic in nature, however. This is due to the slow 
decomposition of the hydrolysis products 10 and 11 (see 
below). I t  was possible to obtain kl, the pseudo-first-order 
rate constants for the hydrolysis of l a  and lb, from fits 
of absorbance vs time data to eq 2. 

The values of k ,  determined for la-d in HC1 solutions 
in the pH range 0.3-3.0 are reported in Table I1 in the 
microfilm edition (see supplementary material). In all 
cases plots of log k ,  vs pH were linear with slopes ranging 

and (1.22 f 0.01) X 
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of 3-chloro-4-phenetidine (7a). The hydrolysis of la yields 
one additional product, 3-chloro-4-hydroxyacetanilide (1 1). 
At pH 0.3 both 10 and 11 decompose slowly a t  rates about 
10-fold slower than la. To accurately determine yields of 
these products it was necessary to fit concentration vs time 
data to eq 4 as described in the Experimental Section. 
This increased the calculated yields by ca. 30% over the 
highest yields of both 10 and 11 observed during the course 
of the hydrolysis (ca. 6.5 h after initiation of the reaction). 
We have previously shown that N-(pivaloy1oxy)phenacetin 
(12) decomposes in >90% yield by way of a nitrenium ion 
species (13) into N-acetyl-p-benzoquinone imine (4), which 
is subsequently hydrolyzed in solutions containing KC1 into 
10 and 11 (eq 8).2c A t  pH 0.3 and 50 "C, the yields of 10 

AcN 0 ACNH 

Table IV. Yields of Hydrolysis Products of la and lc-e and 
Bamberger Rearrangement Products of 2a and 2c-e" 

70 yieldb 
wroduct from 1 from 2 

From la and 2aC 
1,4-benzoquinone (10) 
3-chloro-4-hydroxyacetanilide (1 1) 
3-chloro-4-phenetidine (7a) 

4-hydroxy-4-methylcyclohexa-2,5-dien-l-one (6) 
2-chloro-4-methylaniline (712) 

4-aminophenol (9) 
4-chloroaniline (8) 
2-chloroaniline (7d) 

From IC and 2cd 

From Id and 2dd 

9 2 f 9  9 7 i 9  
6 f l  
tracee tracee 

7 2 f 5  6 8 f 8  
2 0 i l  2 1 1 1  

4 7 i 8  4 8 f 8  
1 6 f 1  1 6 i 2  
8 f l  8 i l  

From le  and 2ed 
2,4-dichloroaniline (7e) 7 0 f 6  7 4 i 8  

Conditions the same as in kinetic study except for initial con- 
centrations of 1 or 2 (ca. 1.0 X M). bDetermined from HPLC 
peak integration by triplicate injections after ca. 8 half-lives as 
calculated from the kinetic data, unless otherwise indicated. pH 
= 0.3. Both 10 and 11 are unstable under these conditions so their 
yields were determined from eq 4 as described in the Experimental 
Section. dpH = 1.0. eLess than 1%. 

from -0.98 to -1.01, The values of kH, the second-order 
rate constants for acid-catalyzed hydrolysis of la-e, are 
reported in Table 111. These rate constants exhibit very 
little sensitivity to the ring substituent. The rates of de- 
composition of ring substituted N-(su1fonatooxy)- or N- 
(pivaloy1oxy)acetanilides in aqueous solution are very 
sensitive to substituents (p' = -4.0 to -6.0) as expected 
for reactions involving rate limiting N-0 bond heteroly- 
sis.za*b The suhstitutent effect for protonation of the OH 
group in 1 (Scheme I) is not known, but it would be ex- 
pected that p = -1.0 on the basis of analogy to similar 
protonation equilibria.ll It is clear that  the lack of sen- 
sitivity of kH to substituent effects is not consistent with 
a significant N-0 bond heterolysis component (Scheme 
I, path a). 

Results of detailed product analyses €or the hydrolysis 
of 1 and Bamberger rearrangement of 2 are presented in 
Table IV. It is obvious that lc-e and 2c-e yield the same 
products in essentially equivalent yields. The products 
observed for 2c-e are those expected for Bamberger re- 
arrangement in the presence of significant C1- concentra- 
t i ~ n . ~  The dienone 6 has been observed previously in both 
the Bamberger rearrangement of 2 ~ ~ ~ , ~  and the hydrolysis 
of N-(sulfonatooxy)-p-acetotoluidide.2d Decomposition of 
2c-e by path a of Scheme I would have yielded ring 
chlorinated and hydroxylated acetanilides.* Although 
these species are hydrolyzed under the reaction conditions, 
they decompose slowly enough to be easily detected. For 
example, 2- and 4-chloroacetanilide are hydrolyzed to the 
corresponding anilines with half-lives in excess of 24 h a t  
pH 1.0 and 50 "C. The half-life of Id a t  pH 1.0 is 5.6 h. 
Neither chloroacetanilide or any other acetanilide could 
be detected by HPLC a t  any time during the hydrolysis 
of Id. It  appears that  2c-e undergo hydrolysis in dilute 
acid only by path b of Scheme I. An upper limit of ea. 1% 
can be placed on the amount of material hydrolyzed by 
path a on the basis of our inability to detect products for 
this path. 

The product data for la and 2a do show some differ- 
ences, which are attributable to path a. The Bamberger 
rearrangement of 2a yields p-benzoquinone (10) and traces 

(11) Yates, K.; Stevens, J. B. Can. J .  Chen. 1965, 43, 529-537. 

0 OH - - 4 O  lo I! OEt 12 

and 11 obtained from either 4 or 12 are 11 f 1% and 84 
f 2%, respectively. The decomposition of l a  by path a 
of Scheme I should also yield 4, which would then yield 
10 and 11 in the same proportions observed for authentic 
4. In this way we calculated that path a accounts for 7 f 
1 % of the decomposition of la a t  pH 0.3. The rest of the 
hydrolysis of l a  occurs via path b. A t  pH 1.0 and 2.0 we 
found essentially equivalent results. The decompositibn 
of l b  under these conditions also yields 10 and 11 in the 
same proportions as observed for la. Previously the iso- 
lation of 10 from acid hydrolysis mixtures of la was taken 
as evidence for the formation of 4 via eq 1, and it was 
assumed, based on this observation, that path a was the 
major hydrolysis reaction for la.la In fact, 10 is produced 
by both hydrolysis paths of Scheme I and cannot be used 
to distinguish between them. 

After correction of kH for la and l b  for the proportion 
of hydrolysis by path a, a correlation of log kH for la-e vs 
u gave p = 0.33 f 0.05 ( r  = 0.964). A correlation of hy- 
drolysis rate constants for a series of ring substituted 
acetanilides (14) in 1.0 M H2S04 at 100 "C gives p = 0.54 
f 0.07 ( r  = 0.941).12 This low sensitivity to substitutent 
effects can be shown to be due to compensating effects in 
the protonation step of eq 9 (pK, vs u gives p = -1.4)13 and 

0 H+ *OH H 0 ?H 
CH3CN-R CH3CN-R CHjC-N-R + products (9) 

Ar K, Ar kH20  HJAr 

1 RZOH 

lj R = H  

the attack of H20 on the protonated amide, kH of eq 9 
( p  = 1.9).12 The similarity in sensitivity to sugstituent 
effects indicates that in dilute acid the hydrolyses of 1 and 
14 occur by the same mechanism. 

We examined the hydrolysis behavior of Id in H2S04 
from 0.1 to 9.0 M acid to determine if a change in aHIO 
might lead to a change in mechanism and to compare the 
hydrolysis of Id with that of acetanilide in H2s04.'2~'4 The 
pK, of protonated Id was determined by spectrophoto- 
metric titrations in H2S04 solutions at 25 "C. Absorbance 
data collected a t  255 nm f i t  a theoretical titration curve 
(eq 5) only if the HA acidity scalelo was used. It has pre- 
viously been shown that titrations of acetanilide and its 

(12) Giffney, C. J.; O'Connor, C. J. J.  Chem. SOC., Perkin Trans. 2 

(13) Giffney, C. J.; O'Connor, C. J. J.  Chem. SOC., Perkin Trans. 2 

(14) Bender, M. L. Chem. Reu. 1960,66,53-113. O'Connor, C. Q. Rev. 

1975, 1357-1360. 

1975, 706-712. 

Chem. SOC. 1970,24, 553-564. 



Acid-Catalyzed Hydrolysis of N-Hydroxyacetanilides 
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Figure 2. Repetitive UV absorbance scans collected during the 
hydrolysis of Id and Bamberger rearrangement of 2d in 2 M 
H,SO, at 50 O C .  Initial concentrations were 5.0 X 1 P  M in both 
cases. Cycle times were intially 5 min and then 15 min for both 
compounds. The first scans are labeled. (A) Repetitive wave- 
length scans for Id. (B) Repetitive wavelength scans for 2d. 

Table V. Pseudo-First-Order Hydrolysis Rate Constants 
for Id in H2kOIS 

conen of HSO.. M H.b k..c sd .. - ~~ . .I 

0.1 0.85 (2.90 0.01) x 10-5 
1.0 -0.31 (3.53 + 0.01) x 104 
2.0 -0.88 (6.99 f 0.06) X lo4 
3.0 -1.25 (1.01 * 0.02) x 10-3 
4.0 -1.58 (1.14 0.02) x 10-3 
5.0 -1.88 (1.06 + 0.02) x 104 
6.0 -2.18 (8.55 + 0.15) X lo4 
7.0 -2.45 (6.13 + 0.17) X lo4 
8.0 -2.73 (3.46 + 0.06) X lo4 
9.0 -3.03 (1.40 + 0.01) X lo4 

' T  = 50.0 + 0.1 'C. Initial concentration of ld was 5.0 x lCr5 
M. 'See ref 10. <Determined at 242 nm from a single experiment. 

ring-substituted derivatives in H2S04 are best correlated 
by the HA scale.13 The pK, of the conjugate acid of Id 
determined by this method is -1.68 * 0.02. The OH group 
has a rather weak effect on acidity since at the same tem- 
perature the pK, of protonated acetanilide is -1.54 0.04J3 
Repetitive wavelength scans of the hydrolysis of Id and 
2d in H2S04 (Figure 2) showed the same behavior that was 
observed in dilute HC1. The presence of 2d was ascer- 
tained from fits of absorbance vs time data at 222 nm for 
both Id and 2d in 2 M H2S04. The UV absorbance scan 
at  the completion of the reaction was consistent with that 
of 4-aminophenol(9) in all H2S04 solutions from 0.1 to 9.0 
M. This material has previously been identified as the only 
product of the Bamberger rearrangement of 2d in con- 
centrated H2SO,.hC Absorbance vs time data taken at 242 
nm fit the first-order rate equation well. Pseudo-first-order 
hydrolysis rate constants, k, ,  are reported in Table V. 
These show a maximum in the hydrolysis rate at about 4.0 
M H2SOI. This is a familiar aspect of acid-catalyzed amide 
hydrolysis, including hydrolysis of acetanilides,'2 which has 
been explained by a decrease in the rate of the second step 
of eq 9 with decreasing aH A plot of the Yates r 
function" (log k ,  - log (hA/& + h ~ ) ) )  vs log aHp15 was 
linear for all data at [H2S04] Z 2.0 M (r = 0.998). The 
slope of 2.0 * 0.1 is somewhat smaller than that typically 
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observed for amide hydrolysis (2.6-3.5),".'2.'4 but the lin- 
earity of the plot up to  9.0 M H2S04 indicates that no 
significant unimolecular process (such as path a of Scheme 
I) is taking place."-'' We did not examine the hydrolysis 
of Id beyond 9.0 M H2S04 because it is known that  ace- 
tanilide undergoes ring sulfonation in concentrated H2S04 
(>14.0 M),'6 and a unimolecular hydrolysis process also 
begins to  compete with the bimolecular process for a 
number of substituted acetanilides in highly concentrated 
H2S04 P12.0 M)."J7 It appears that  Id undergoes 
acid-catalyzed hydrolysis in dilute and moderately con- 
centrated acid solutions by a mechanism identical with 
that  of ordinary amides. There is no evidence for the 
process of path a in Scheme I in acid solutions up to 9.0 
M H$04. Similar mechanistic conclusions have previously 
been reached for the acid-catalyzed hydrolysis of benzo- 
hydroxamic acids and related species.'s 

The pseudo-first-order hydrolysis rate constant for l d  
in 1 M H,S04 a t  50 "C is 13.3-fold larger than that esti- 
mated from interpolation of rate data for acetanilide in 
1 M H2S04 at various temperatures."J6 After compen- 
sation for pK, differences this implies that kH8 (eq 9) for 
Id is ca. 18-fold larger than that for acetanilide. We found 
a similar acceleration of amide hydrolysis by the sulfonoxy 
group in the acid-catalyzed hydrolysis of N-(sulfonato- 
oxy)-3-bromoacetanilide (15).19 

AcNOSO; 

11 
OMe 

E 
The lack of reactivity of 1 via eq 10 is due to the very 

unfavorable protonation of the OH group. The overall rate 
constant for the process of eq 10 is k,/K,,. An estimate 

+ 
AcNOH 

1 

+ 
AcyOH AsNOH, ACN+ 

of k, for l b  of 2.6 X lo's-' can be obtained from the rate 
constant for N-0 bond heterolysis of N-(pivaloyloxy)-4- 
methoxyacetanilide (16) at 50 "C (1.12 X 10.' s-')'~ and 
PI, for this process (-0.8)." This value and the overall 
second-order rate constant for the reaction of eq 10 for l b  
obtained from the kinetic and product study data (2.2 X 

M-' 9.') provide an estimate of pK,, for the hydroxyl 
protonated conjugate acid (17b) of l b  of -9 f 2. This 
estimate appears to be reasonable since substitution of the 
acetamido group for H in NH4+ lowers the pK, by 6.0 
units?' The pK, of 17a would be similar to  that of 17b 
and the other memters of the series would be even stronger 
acids. Since N-0 bond heterolysis is highly sensitive to  
ring substitution, k ,  will be significantly smaller for all 
N-hydroxyacetanilides with ring substituents less electron 
donating than p-MeO, and the reaction of path a in 

(16) Barnett. J. W.: OConnor. C .  J. J.  Chem. Soc.. Perkin Trans. 2 
1973, 220-222. ' 
(17) Vinnik, M. I.; Medvetskaya, I. M.; Andeeva. L. R.; Tiger, A. E. 

R w s .  J .  Phys. Chem. 1967,41,128-132. Vinnik, M. I.; Medvetskaya, I. 
M. Russ. J. Phys. Chem. l967,41, $47451. 

(18) Buglass, A. J.; Hudson, K.; Tillett, J. G .  J .  Chem. Soe. B 1971, 
123-126. Mollin, J.; Kueerova, T. Collect. Czech. Chem. Commun. 1976, 
d l ~  !lRR.&!lRPd .. , ._ - - ._ - .. 

(19) Novak, M.; Rovin, L. H.; Peleemou. M.: Mulero. J. J.: Laserman. 

(20) Novak, M.; Roy, A. K. J.  0 
R. K. J.  Org. Chem. 1987,52, 2002-2010. 

(15) Bunnett, J. F. J .  Am. Chem. Soe. 1961,83,4956-4967. 
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Scheme I will not compete with hydrolysis of the amide 
bond (path b). Suggestions that acid catalyzed N-0 bond 
heterolysis of N-hydroxy-N-arylamides may be important 
in vivo processesla@ must be viewed with suspicion in view 
of these results. Supplementary Material Available: Table 11, pseudo- 

first-order rate constants for the hydrolysis of la-d in dilute HCl 
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Electronic oxidative bisdecarboxylation of photoadducts of 2,5-dihalo-1,2-dihydrophthalic anhydride and 
anthracene gave the corresponding energy-rich heterodimers 12 and 13. The quantum yields of the formation 
of the excited anthracene from 12 and 13 by the irradiation of 280-nm light were 0.65 and 0.25, respectively. 
We assumed that the heterodimers of 12 and 13 form biradicaloid intermediates during thermal retro [4ss + 
4ns] cycloaddition and consumed their stored energy without any visible light. However, we observed emission 
light from 340 to 460 nm through a glass filter and the formation of anthracene using Nd-YAG laser IR light 
(1.06 pm) by the multiphoton absorption, when fine powders of 12 and 13 were used. 

Heterodimers of arenes are a group of important ener- 
gy-rich molecules. Although benzenelC and condensed 
aromatic hydrocarbons, such as anthracenela and naph- 
thalene,lb undergo photodimerization, the synthesis of 
these energy-rich heterodimers has not been accomplished 
by photocycloaddition of benzenes and other arenes. A 
few heterodimers have been synthesized by an application 
of photocycloaddition of substituted 1,3-cyclohexadienes 
to arenes followed by conversion of substituents to an 
olefinic bond using carefully controlled methods.2 A de- 
sirable and economical route to heterodimers is direct 
oxidative bisdecarboxylation of photocycloadducts of 
1,2-dihydrophthalic anhydrides and arenes. However, 
when the diacid derived from 1 was subjected to electronic 
oxidative bisdecarboxylation directly under a variety of 
conditions, the expected heterodimer 2 was not detected 
among the products (Scheme I).3 Now we have overcome 
this difficulty by the introduction of halogen atoms on the 
bridgehead of [4as + 4as] photoadducts (8 and 9). Thus 
we report here the synthesis and photoconversion to ex- 
cited anthracene through the adiabatic process of hetero- 
dimers 12 and 13. The kinetic behavior of thermal retro 
[4xs + 4ns] cycloaddition of these heterodimers was also 

Scheme I 

1 2 

Scheme I1 

lp X=F, Y=COOH 
1 j  x=c,  Y = C Y  

Scheme 111 

electrolysis 
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(London) 1978,186. (b) Teitei, T.; Wells, D.; Sasse, W. H. F. Tetrahedron 
Lett. 1974,367. Blank, N. E.; Haenel, M. W. Chem. Ber. 1981,114,1520. 
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minescent and dark reaction pathways for these thermal 
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