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preparative GLC (gas chromatography gave benzyl-a,a-dz alcohol 
ident i f ied by NMR). 
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El imina t ion  o f  para-substi tuted phenoxides f rom 4-(para-substituted-phenoxy)-2-oxobutanoic acids in aqueous 
solut ion is catalyzed by imidazole, morpholine, diethanolamine, and N,N-dimethylethanolamine. T h e  dependence 
o f  the  pseudo-first-order ra te constant o n  amine concentration is nonlinear, w i t h  a n  in i t ia l  l ine o f  large slope a t  low 
amine concentration which changes t o  a l ine o f  smaller slope a t  h igh  amine concentration. T h e  existence of a carb- 
anion intermediate in the reaction is supported by the result t h a t  a-hydrogen exchange a t  h igh  amine concentration 
is faster than elimination. These findings, coupled w i t h  the results o f  analysis o f  H a m m e t t  p' values for various 
steps o f  the e l iminat ion reaction catalyzed by morpholine, lead us t o  conclude tha t  el imination proceeds via sponta- 
neous decomposition o f  enolates and general-base-catalyzed decomposition of enols. 

A considerable body of evidence indicates that many 
base-catalyzed P-elimination reactions proceed via carbanion 
intermediates.l4 For example, under the experimental con- 
ditions employed, @-elimination of para-substituted phe- 
noxides from 4-(para-substituted-phenoxy)-2-butanones is 
adequately described by the minimal mechanism of Scheme 

Many biochemical reactions such as aldoli~ation,'-~ de- 
carboxylation,l@ carboxylation,* and e l i m i n a t i ~ n l l - ~ ~  are 
thought to occur via proton transfer to form a carbanion in- 
termediate from a-keto acid substrates, and our own interest 

1.5 
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in carbanion chemistry is related in part to our desire to un- 
derstand enzyme catalysis. In order to better understand the 
chemistry of elimination reactions, specifically in compounds 
capable of stabilizing enols, and to  develop potential suicide 
substrates14-16 for those enzymes which utilize a-keto acid 

Scheme I 
k B  

ArOCH,CH,COCH, ArOCH,CHCOCH,-  
k 2 -  BH 

k 
A C H , = C H C O C H ,  + A r O -  
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substrates, we synthesized four 4-(para-substituted-phe- 
noxy)-2-oxobutanoic acids (X = H (l), CH3 (2), CH30 (3), and 
Cl(4)) and studied their base-catalyzed elimination reactions 
(eq 1). This study showed that @-elimination reactions are 
facile, that elimination occurs via general-base-catalyzed 
proton transfer to form carbanions, and that the reaction is 
necessarily more complex than the simple ElcB reaction 
mechanism of Scheme I. 

p - X - C G H ~ O C ~ ~ , ~ C H ~ C O C O ~ -  
-+ P - X - C ~ H ~ O H  + CH2=CHCOCOz- (1) 

Experimental Section 
Apparatus. The apparatus used for collection of rate data was 

previously described.s Calculations were performed on either a 
Hewlett Packard 2700 calculator using the first-order kinetics data 
and linear regression programs from the program library provided 
or on a Hewlett Packard H P  25 calculator. The plots of the pseudo- 
first-order rate constarits vs. concentration of base were fitted to 
curves by the CDC 6400 computer of the State University of New York 
at  Buffalo, using the NLIU 2 curve-fitting program from the program 
library of the State University of New York at  Buffalo. NMR spectra 
were taken on either Varian A-60 or T-60 instruments with Me4Si as 
an internal standard, and the proton signals are reported in 6 values 
downfield from Me4Si. Melting points were taken in open capillary 
tubes in a Mel-Temp apuaratus and are uncorrected. 

Reagents. All inorganic reagents were Fisher Certified ACS Grade, 
except D20 (99.e% D). Stohler Isotope Chemicals, DCl (t9% D), and 
KOD (98% D), Aldrich Chemical Co. All organic reagents were pur- 
chased from Aldrich Chemical Co. Tap-distilled water was redistilled 
through a Corning aGlsl still before use. 

Kinetics. All reactions were carried out a t  30 f 0.1 "C in aqueous 
solution and at  an ionic strength of 1.0 M maintained with KC1. The 
pH of solutions was measured and found to  be constant, i0 .02 pH 
unit, for all serial dilutions of constant catalytic buffer ratio. In ad- 
dition, the pH of reaction solutions was taken after each run, and the 
pH change never exceealed 0.08 pH unit; pH drift occurred in the very 
dilute buffers. Reactions were run under pseudo-first-order conditions 
with substrate concentration -2 X M. The reactions were ini- 
tiated by addition of the substrate in ethanol to amine or hydroxide 
solutions, except in cases where the reaction proved to be too fast to 
monitor by these conditions. For reactions which had pseudo-first- 
order rate constants greater than -8.5 min-l, 3 mL of the amine or 
hydroxide solution, which had been equilibrated at  a temperature of 
30 "C in a constant-temperature bath, was rapidly added to a cuvette 
containing the Fubstraw using an Oxford macro-transfer pipet. Re- 
actions were monitore'd by following the appearance of phenol or 
phenoxide, depending on the pH, a t  the following wavelengths 
(compound, phenol, phenoxide): 4-phenoxy-2-oxobutanoic acid (l),  
278, 286 nm; 4-(p-cres~oxy)-2-oxobutanoic acid (2), 286, 296 nm; 4- 
(p-anisoxy)-2-oxobutanoic acid (3) ,  304, 309 nm; 4-(p-chlorophe- 
noxy)-2-oxobutanoic a'zid (4), 294, 310 nm. 

Products. The course of the reaction of each of the compounds 1-4 
with 0.04 M KOH was scanned from 210 to 410 nm. In each case, the 
appearance of para-subrtituted phenoxides was confirmed by spectral 
comparisons using authentic para-substituted phenols. Relatively 
strong absorption of phenoxides coupled with the presumed insta- 
bility of 2-oxobutenoic acid2 prevented detection of this acid by UV 
spectroscopy. Reaction of 4-(p -chlorophenyl)-2-oxobutanoic acid with 
0.04 M KOD in D20 w i i s  monitored by NMR spectrometry. The re- 
action product showed tin absorption a t  6 6.38 which we attribute to 
vinyl protons in an tu.P-msaturated carbonyl system. A signal at  6 6.38 
was found for the unstable pyrolysis products of 4-N~V-diethyl- 
amino-2-oxobutanoic acid.'; The amount of p-cresoxide ion formed 
on reaction of 2.5 X IO.-" M 2 in 0.04 M KOH was quantitated. After 
reaction, the concentration of p-cresoxide ion was 2.58 X M, 
calculated from the absorbance (0.703) a t  296 nm and the molar ex- 
tinction coefficient 2.73 X lo3 M-' cm-', which was obtained from 
the data of Lang.IR 

Syntheses. Diethoxyacetic acid, bp 81 "C (0.3 mm), was prepared 
in 83% yield by the method of Moffett.Ig 

Benzyl Diethoxyacetate. A solution of saturated aqueous K&O3 
was added dropwise to 22.5 g (0.15 mol) of diethoxyacetic acid until 
no more COz was evol.ved, and the p H  was between 7.5 and 8. The 
water was then evaporated in a rotary evaporator, and the carboxylate 
salt was added to 28.9 g (0.228 mol) of benzyl chloride in 300 mL of 
dimethylformamide. The mixture was heated to  90 "C with stirring 
for 1 h. Benzene was added to the cooled mixture which was then 

washed with three portions of water. The organic solution was col- 
lected and dried (MgS04), and benzene and DMF were removed on 
a rotary evaporator. Distillation gave a forerun of benzyl chloride 
followed by benzyl diethoxyacetate: yield 37.5 g (76%); bp 99-101 "C 
(0.05 mm); NMR (CDC13) 1.22 (t, 6 H), 3.64 (q,4 H), 4.91 (s, 1 H), 5.19 
(s, 2 H), 7.31 (s, 5 H). 

2-Carbobenzoxy- 1,3-dithiane. The method of ElielZ0 was used. 
A solution of 4.6 g (42.4 mmol) of 1,3-propanedithiol and 13.6 g (57.1 
mmol) of benzyl diethoxyacetate in 50 mL of CHC13 was added 
dropwise to a refluxing solution of 12 g (85.2 mmol) of boron trifluo- 
ride etherate in 100 mL of CHC13. The solution was refluxed for 0.5 
h, cooled, and washed with 80 mL of H20, 80 mL of 10% aqueous 
K2C03, and then with two 80-mL portions of HzO. The CHC13 solu- 
tion was dried (MgS04) and CHC13 removed in a rotary evaporator, 
leaving crystals which were recrystallized twice from hexane: yield 
9 g (62%); mp 72-75 "C; NMR (CDC13) 1.79-2.32 (m, 2 H), 2.47 (t, 1 
H), 2.55 (t, 1 H), 3.41 (m, 2 H), 4.25 (s, 1 H). 6.25 (s, 2 H), 7.41 (s, 5 
W .  
2-(~-Para-substituted-phenoxy)ethyl-2-carbobenzoxy-l,3- 

dithianes. Para-substituted bromophenetoles, with the exception 
of P-bromophenetole (Aldrich Chemical Co.), were prepared by the 
method of Adams and T h o P  (compound, mp, yield): p-CH3,48-50 
"C, 38%; p-CH30, 49-50 "C, 51%; p-C1,40-41 "C, 32%. The following 
general method was employed using 10-60 mmol quantities of the 
6-bromophenetole. a solution of 2-carbobenzoxy-1,3-dithiane in 
DMFhenzene (3:l) was added dropwise to a stirred suspension of an 
equimolar quantity of NaH in 150 mL of DMFhenzene (3:l) a t  0 "C. 
The mixture was stirred at  0 "C for 1 h, and then a 1.2 mol excess of 
the desired para-substituted B-bromophenrtole in a solution of 
DMF/benzene (3:l) was added dropwise with stirring. The temper- 
ature of the mixture was allowed to rise to 25 "C, and the mixture was 
stirred for 15 h a t  25 "C. Benzene was then added to the mixture, and 
the organic layer was washed three times with water. The solvent was 
removed by rotary evaporation, and the product was crystallized and 
recrystallized from hexane. Melting points and yields are as follows: 
p-H,  55-58 "C, 43%; p-CH3,50-53 "C. 55%; p-CH30,63-64 "C, 59%; 
p-C1,55-56 OC, 59%. NMR (CDC13): p - H  1.87 ( t ,  2 H), 2.56 (m, 4 H),  
2.86-3.53 (dtd, 2 H), 4.16 (t, 2 H), 5.16 (s, 2 H),  6.4C7.23 (m, 5 H),  7.26 
(s, 5 H); p-CHs 2.02 (m, 2 H), 2.35 (s, 3 H), 2.67 (m, 2 H), 3.14-3.66 
(dtd, 2 H), 4.3 (t. 2 H), 5.41 (s, 2 H), 6.85-7.4 idd, 4 H),  7.6 (s, 5 H);  
p-CH30 1.89 (m, 2 H), 2.55 (m, 4 H),  2.96-3.54 (dtd, 2 H),  3.72 (s, 3 
H), 4.15 (t, 2 H), 5.21 (s, 2 H),  6.76 (s, 4 H), 7.33 (s, 5 H);p-CI 1.87 (m, 
2 H), 2.6 (m, 4 H), 2.9-3.7 (dtd, 2 H),  4.12 (t, 2 HI, 5.2 is, 2 H) ,  6.73 (d, 
2 H),  7.15 (d, 2 H), 7.31 (s, 5 H). 

Benzyl 4-(Para-substituted-phenoxy)-2-oxobutanoates. Very 
specific conditions, similar to those of Corey and Erickson,22 were 
employed. 2-(~-Para-substi tuted-phenoxy)~thyl-2-carbohenzox~- 
1,3-dithiane (20 mmol) in 5 mL of an acetone solution was added 
dropwise to a stirred suspension of N-chlorosuccinimide and silver 
nitrate (1:4:4.5 mol ratio). The addition was made as rapidly as pos- 
sible while maintaining the reaction temperature at  25 "C by the use 
of an ice bath. After the addition, the mixture was stirred for 5 min 
a t  25 "C; longer times tended to give lower yields. The reaction was 
stopped by cooling the reaction mixture to 0 "C and then adding, at  
1-min intervals, 5 mL each of saturated NaHS03.10% NaHC03, H20, 
and saturated NaC1. Hexane/CH&lz (1:l) was added, and the mixture 
was filtered through Celite. The organic phase was separated and 
dried (MgS04), and the solvent was flash-evaporated to give benzyl 
4-(para-substituted-phenoxy)-2-oxohutanoates, which were crys- 
tallized and recrystallized from hexane/CS:, (31). Melting points and 
yields are as follows: p-H,  49.5-51 "C, 22O10: p-CH3, 66-67 "C, 26%; 

2H),4.37 ( t ,2H) ,5 .43  (~,2H),6.88-7.55 (m.;H).7.6is,5H);p-CHR 
P-CH~O,  4 5 - 4 6 ~ ,  i i ~ / ~ ;  p-c i ,  82.5-84.5 O C ,  9496. NMR: p-H 3.33 (t ,  

$.47is,5~);p-~~~03.1a(t,2~),3.68(~,31i),4.16(t,2~),5.19(~, 
2.33 (s, 3 H), 3.32 (t, 2 H), 4.33 (t ,  2 H) ,  5.36 ( 9 . 2  H) ,  6.75-7.3 (q, 4 H), 

2 H),  6.71 (s, 4 H), 7.26 (s, 5 H);  p-C1 3.31 (t .  2 H) ,  4.29 (t ,  2 H) ,  5.34 
(s. 2 H),  6.72-7.36 (q, 4 H),  7.45 (s, 5 H).  
4-(Para-substituted-phenoxy)-2-oxobutanoic Acids 1-4. 

Benzyl 4-(para-substituted-phenoxy)-2-oxobutanoates (10 mmol) 
were dissolved in 50 mL of ethyl acetate and hydrogenolyzed over 
Pd/C at  2.75 atm for 4 h. Solvent was removed by flash evaporation 
following filtration of the reaction solution through Celite. The resi- 
dues 1-4 were crystallized from CC14 and recrystallized from hex- 
anehenzene (7:3) to give the corresponding acids. 

1 (p-H): 59% yield; mp 83-85 "C; NMR 3.5 (t ,  2 H) ,  4.49 (t, 2 H),  
6.92-7.75 (m, 5 H), -8.4 (s, 1 H). 

Anal. Calcd for CIoH1004: C, 61.85; H,  5.19; 0, 32.96. Found: C, 
61.84; H,  5.17; 0, 33.05. 

2 (p-CH3): 45% yield; mp 96-98 "C; NMR 2.30 (s, 3 H), 3.39 (t, 2 H), 
4.34 (t, 2 H), 6.98 (q, 4 H),  8.4 (s, 1 H).  
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Figure 1.  Plot of the pseudo-first-order rate constant, kobsd, vs. the 
total concentration of morpholine (M) for reactions of 4-p-cresoxy- 
2-oxobutanoic acid (2) with that amine: 0, pH 8.0; 0 ,  pH 8.26; 0, pH 
8.63; W ,  pH 8.93; A ,  pH !9.26. 
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Figure 2. Eadie-Hofstee type plot of the pseudo-first-order rate 
constant, kobad, vs. kobsd/[Morpholine]total for reactions of 4-phe- 
noxy-2-oxobutanoic acid (1) with that amine at pH 8.92. 

Anal. Calcd for CllH1204: C, 63.44; H, 5.82; 0, 30.74. Found: C, 
63.52; H, 5.73; 0,30.59. 

3 H). 4.27 (t. 2 H), 6.76 (U, 4 H) ,  -8.4 (s, 1 HI. 
3 (p-CH30): 40% yield; mp 99-102 "C; NMR 3.23 (t,  2 H), 3.71 (s, 

Anal. Calcd for C11H1.?05: C, 58.92; H, 5.41; 0, 35.68. Found: C, 

4 (p-Cl): 68% yield; mp 102-104 "C; NMR 3.36 (t, 2 H), 4.28 (t, 2 

Anal. Calcd for C10H&104: C, 52.53; H, 3.98; 0, 27.99. Found: C, 

58.77; H, 5.47; 0, 35.67. 

H) ,  6.66-7.38 (q, 4 H) ,  -8.4 (s, 1 H). 

52.49; H, 4.35; 0, 28.63. 

Results 
4-(Para-substituted-phenoxy)-2-oxobutanoic acids 1-4 

undergo general-base-catalyzed @-elimination to give para- 
substituted phenols and 2-oxobutenoic acid (eq 1) in aqueous 
solutions of amine buffers. Spontaneous elimination a t  pH 7 
was found to be negligible. Plots of the pseudo-first-order rate 
constants, hobs& vs. concentration of amine bases were curved, 
showing a complex dependence of kobsd on the total concen- 
tration of amine base, [B],. The plots appeared to be biphasic, 
with an initial line of large slope at  low [B], which changed to 
a line of smaller slope at high [B],. A family of these plots ob- 
tained using 4-(p-cresoxy)-2-oxobutanoic acid (2) as the 
substrate and morpholine as the amine catalyst is shown in 
Figure l.23 A similar change in slope with change in base or 

.z  .4 .6 

(')I( 

Figure 3. Plot of the pseudo-first-order rate constant, kobsd, divided 
by the molar concentration of total morpholine vs. the fraction of the 
base form of morpholine for reactions of 4-p-cresoxy-2-oxobutanoic 
acid (2) with 0.01 M morpholine. 

acid concentration has been seen for several different reac- 
t i o n ~ ; ~ ~ - ~ ~  including the elimination of water from 9-hy- 
droxy-10-methy1-2-cis-deca1one. The biphasic curve is in- 
dicative of the presence of an intermediate in the reaction, and 
the change in slope signifies a change in the rate-determining 
step of the reaction.25 

The pseudo-first-order rate constants of the reactions were 
measured up to a total base concentration of 1.0 M, at  which 
concentration the final limiting slope has not been reached 
and can not be easily determined and verified. I t  was impor- 
tant to determine whether the final slope had a value of 0 or 
more. If the final slope were 0, the shape of the kobsd vs. [B], 
plot would be similar to that observed by Fedor and Glave5 
in their study of the elimination of phenols from 4-(para- 
substituted-phenoxy)-2-butanones and could be described 
by eq 2, the pseudo-first-order rate equation for a simple ElcB 
process (Scheme I). A nonzero final slope implies more than 
one intermediate and/or more than one pathway for decom- 
position of the intermediate to product, as shown for elimi- 
nation from 9-hydro~y-lO-methyl-2-cis-decalone.~ Two cri- 
teria were used to show that the final slopes were greater than 
0. First, an Eadie-Hofstee type plot of kobsd vs. kobsd/[Blt will 
give a straight line according to eq 3, where frA is the fraction 
of free acid, for a biphasic curve with a final slope of 0. I t  was 
found that for elimination from 1 to 4 the Eadie-Hofstee plots 
were curved as shown typically in Figure 2. Second, a com- 
puter fit of the data obtained for reactions of 1-4 run a t  any 
constant pH to a curve described by eq 4 could be made. This 
equation describes the biphasic curves of Figure 1. The pa- 
rameters p, q, and r are combinations of constants. The initial 
limiting slope, when values of [B], are very small such that 
p[B]t >> q[Blt2, is equal t o p  and the final limiting slope, when 
values of [B], are large such that r[B], >> 1, is equal to qlr. Also, 
plots (not shown) of kobsd/[B]t vs. [B], (eq 5 )  are hyperbolic 
with finite, nonzero limits.44 

We take the above results to show that the curves exem- 
plified by those of Figure 1 are indeed biphasic and that the 
final slopes have values greater than 0. Table I lists values of 
p ,  q, and r for the second-order plots of eq 4 for reactions of 
1-4 with amines of this study. These parameters were ob- 
tained by computer fits of the data to eq 5 .  
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Table I. Kinetics -- Data According to Equation 4 for Reactions of 1-4 in Aqueous Solutions of Amine Buffers0 

- 

Fraction of 
free base Final 

Amine Substrate Registry no. pH (f r B  1 P 4 r slope 

Morpholine 1 (€3) 

4 ((21) 

Imidazole 1 (H) 

Imidazole 3 (CH:jO) 
Diethanolamine 1 (H'I 

Dimethylamino- 3 (CIH30) 
ethanol 

64114-05-2 7.99 
8.26 
8.62 
8.93 
9.26 

8.26 
8.62 
8.93 
9.25 

8.29 
8.62 
8.93 
9.26 

8.26 
8.62 
8.93 
9.26 
6.50 
6.86 
7.05 
7.26 
7.70 
7.05 
8.17 
8.67 
8.82 
9.33 
9.49 
8.81 

64114-04-1 8.00 

64114-03-0 8.05 

64114-02-9 8.01 

9.12 
9.38 
9.76 

10.02 

0.190 
0.304 
0.500 
0.671 
0.814 
0.193 
0.304 
0.500 
0.671 
0.810 
0.212 
0.319 
0.500 
0.671 
0.814 
0.197 
0.304 
0.500 
0.671 
0.814 
0.220 
0.392 
0.500 
0.619 
0.817 
0.500 
0.183 
0.415 
0.500 
0.764 
0.824 
0.186 

0.319 
0.460 
0.670 
0.788 

2.72 
3.98 
7.20 

15.0 
12.4 
2.84 
4.53 
7.30 

15.3 
11.3 
2.08 
3.25 
6.60 
9.26 

3.59 
4.47 
7.90 

12.6 

11.2 
13.9 
0.137 
0.169 
0.218 
0.308 
0.346 
0.151 
1.48 
4.15 
4.27 
9.09 
8.65 

10.21 

19.4 
30.6 
44.7 
51.8 

3.33 
1.75 
3.77 
7.02 
4.03 
4.92 
5.52 
5.48 
6.35 
5.50 
0.912 
0.583 
1.51 
2.61 
0.709 
5.67 
5.74 
2.68 
9.55 

0.130 
0.0209 
0.219 
0.0628 
0.0443 
0.0503 
6.33 

8.15 
3.15 
0.801 
5.02 

8.70 
6.31 

11.5 

12.0 

9.88 0.737 
5.90 0.296 
5.5 0.687 
8.05 0.872 
3.59 1.12 

13.5 0.366 
12.7 0.433 
9.40 0.582 

12.0 0.529 
4.61 1.19 
4.56 0.200 
3.38 0.172 
4.06 0.373 
4.03 0.648 
2.62 0.271 
6.78 0.836 
3.86 1.49 
2.18 1.23 
3.41 2.80 
2.65 4.36 

16.13 0.00804 
3.71 0.00563 
6.10 0.0359 
4.69 0.0184 
2.26 0.0196 
4.44 0.0113 
9.9 0.639 

10.25 1.1; 
5.65 1.44 
3.86 0.818 
1.26 0.636 
5.68 0.884 

5.46 1.60 
4.41 1.43 

6.15 X 2.45 2.52 X 
3.36 X 1.93 1.74 x 10-8 

SEC 

7.17 x 10-3 
2.75 x lo-* 
4.20 X 
5.33 x 10-2 
7.79 x 10-2 
1.02 x 10-2 
2.28 x 
2.24 x lo-* 
7.89 x 
1.3 X lo-' 

1.63 x 
2.06 x 
4.35 x 10-2 
3.18 x 
4.37 x 10-2 
5.07 x 
3.06 x 
7.30 x 
1.04 x 10-1 
6.29 x 
7.29 x 10-4 
2.93 x lo-* 
2.71 x 10-3 
2.12 x 10-3 
3.39 x 10-3 
1.66 x 
1.91 x 10-2 
4.25 x 
4.33 x 10-2 
1.55 x 10-1 
1.31 x lo-' 
2.49 X loo 

1.63 X loo 
2.32 X loo 
1.69 X loo 
2.04 X loc 

a The concentration range of base is 0.01-1.0 M; 15 kobsd values/pH; 30 "C and p 1.0 M (KCl). The final slope values are erratic 
because of the somewhat erratic values of kobsd obtained from the spectrophotometric assay when the absorbance change between 
1-4 and the products is small. A single point on the kobsd vs. [B] plot can make a great deal of difference in the parameter values given 
by the curve-fitting program. Thus, the final slope values are variable, but there are sufficient points to assure that the reported effects, 
e.g., positive final slopes (Figure 11, p (kl) - 0 and p (k4)  > p ( k s ) ,  are real. The values of the parameters p ,  q ,  and r were those for 
which the sum of the squares of the differences between observed and predicted kobsd values were minimized as defined by 9, where 
$J = XnL=l[y, - 4,12 and Y, is kobsd (experimental) and 4, is kobsd (predicted). The standard error of estimate, SE, is (9 / (N  - K)) l I2 ,  
where N is the number of kobsd values and K is the number of constants (4) to be determined; as run, the equation used was kobsd = 
(ax + b x 2 ) / ( c x  + d ) ,  and p = ald,  q = bld ,  and r = c/d.  

The data of Table I show that the initial and final slopes 
increase with the increasing fraction of free amine ( f r B )  (cf. 
Figure l), which suggests that  general base and not general 
acid catalysis is present in the limiting cases. For each base, 
a plot of kobsd/[BIt vs. f r g  obtained for different pH values was 
drawn using the kobsd values a t  0.01 M [B],. That value was 
chosen because it was assumed that a t  low base concentrations 
the value of k&sd lies on or near to the initial slope. One of 
these plots is shown in Figure 3. All plots were linear and had 
either 0 or small negative intercepts, indicating that the initial 
slope indeed reflects general-base- and not general-acid-cat- 
alyzed processes; the presence of general-acid-catalyzed 
processes would require positive intercepts in the graphs. 
Since only general-base catalysis was observed, the equation 
of the initial line (Figure 1, eq 4) would have the form of eq 6, 
and any proposed mechanism for the reactions of 1-4 must 
have a steady-state equation which reduces to eq 6 at  very low 
base concentrations. Similar plots were not made for final 
slopes because the values of kobsd obtained at  the highest [Bit 
used (1.0 M) were not on the final slope. 

kobsd (initial) = k l f r ~ [ B ] ~  

For hydroxide ion catalysis of elimination, a plot of kobsd 
vs. U O H  for reactions of 4-phenoxy-2-oxobutanoic acid (1) was 
linear over the limited range of hydroxide activities over which 
the reaction rates could be monitored (Figure 4).  The small 
intercept in the plot is statistically insignificant. The sec- 
ond-order rate constant for hydroxide ion catalysis was ob- 
tained from the slope of the line and is provided in Table I1 
together with those constants for the reactions of 2-4 with one 
hydroxide ion concentration. Hydroxide ion catalysis was not 
an important contribution to the elimination reactions of 1-4 
in catalytic amine buffer solutions. Values of kobsd - ~ O H ~ O H  
N kobsd for reactions in amine buffer solutions, except for 
values of k&sd obtained for the lowest base concentration, 0.01 
M, a t  the highest pH of a set; in these cases, the value of 
k o H a O H  was approximately 15% of kobsd. Also, a computer fit 
of the data to eq 4, with the ~ O H U O H  term appended, invari- 
ably gave values of this latter term which were negligible in 
comparison with the values of the other parameters. Hy- 
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'OH 

Figure 4. Plot of the pseudo-first-order rate constant, kobsd, vs. the 
hydroxide activity, K,/aH, for reactions of 4-phenoxy-2-oxobutanoic 
acid (1 )  with hydroxide ion. 

Table 11. Rate Data for Hydroxide Ion Catalyzed 
Elimination Reactions of 1-4 

ComDd a n n  x 10" min-1 min-' No. of runs 
kobsdr kOH, M-' 

1 (HI 4.68-51.3 4.6-41.2 934 7 
2 (CH3) 4.37 3.72 f 0.41 851 4 
3 (CH30) 4.37 4.12 f 0.21 945 6 
4 (C1) 4.37 4.28 f 0.35 980 5 

droxide ion catalysis was therefore ignored in the data when 
amine catalysts were used, and any error in this approximation 
is slight and does not affect mechanistic conclusions. 

Rate constants for elimination reactions of 4-(p-anisoxy)- 
2-oxobutanoic acid (3) in dimethylaminoethanol buffers were 
obtained at  five pH values. At pH values below the pKa (9.45), 
plots of kobsd vs. [Bit were typically biphasic with a positive 
final slope. However, when pH exceeded pK,, the final slopes 
of the plots were 3 0 ,  as determined by computer fit of the 
data to the NLIN program, and the data therefore fit eq 2. At 
the two higher pH values, the Eadie-Hofstee type plots were 
found to be linear (Figure 5), as required by the fit of the data 
to eq 2. 

Rate constants were obtained for reactions of 4-(p-chloro- 
phenoxy)-2-oxobutanoic acid (4) with morpholine in D20 a t  
pD 9.01. The reactions generally gave good linear pseudo- 
first-order plots at very low concentrations of amine (0.01-0.02 
M), but at  higher amine concentrations the initial slope 
changed to a smaller final slope (plots not shown). Similar 
biphasic plots have been observed with other elimination re- 
actions when D 2 0  is the ~ o l v e n t . ~ , ~  The curved plots can be 
explained by assuming rapid, reversible formation of a carb- 
anion intermediate, followed by slower decomposition of the 
intermediate to products. For such a reaction, a-hydrogen 
exchange would be faster than elimination, so that a t  the be- 
ginning of the reaction only @,a-diprotio substrate is present, 
but as the reaction proceeds the concentration of the a-deu- 
terio substrate builds until, toward the end of the reaction, 
only cup-dideuterio substrate is the reactant. The curvature 
in the first-order plot is the result of faster elimination from 
the more acidic a,a-diprotio substrate than from the a,@- 
dideuterio substrate in D20; the rate of product formation 
thus decreases as the reaction progresses. At low concentra- 
tions of general base, as stated above, kobsd = k ~ f r ~ [ B ] t  and 
carbanion formation I S  rate determining (Scheme I), so that 

kebfi/&) 

Figure 5. Eadie-Hofstee type plot of the pseudo-first-order rate 
constant, kobsd, vs. ko~~~/[d~methylaminoethano~]~o~~ for reactions 
of 4-p-anisoxy-2-oxobutanoic acid (3) with that amine at pH 9.76. 

Table 111. Deuterium Solvent Kinetic Isotope Effects for 
Reactions of 4 with Morpholine" 

kobsd, kobsd, kobsd 
min-l min-l (DPO)/kobsd 

[Morpholinelt, M ( D 2 O )  (HzO) (H2O) 
0.08 0.655 0.429 1.53 
0.1 0.743 0.514 1.45 
0.2 1.12 0.866 1.30 
0.3 1.32 1.15 1.15 
0.4 1.90 1.41 1.35 
0.5 2.92 1.64 1.78 
0.6 3.30 1.87 1.77 
0.7 5.40 2.08 2.60 
0.8 6.23 2.29 2.72 
0.9 6.32 2.50 2.53 
1 .o 6.36 2.70 2.35 

pD 9.01 was obtained by adding 0.4 to the pH meter reading 
Calculated for morpholine-catalyzed reactions at pH at 30 "C. 

8.46. 

in this case a-hydrogen exchange would not be observed and 
first-order plots would be linear, as was observed. The shapes 
of the pseudo-first-order plots offered strong qualitative ev- 
idence for the formation of a carbanion intermediate and for 
an ElcB mechanism. Quantitative data that was obtained was 
also in agreement with an ElcB mechanism. The kobsd value 
obtained at [B], = 0.01 M was 0.0677 min-l @BIB], = 0.00409 

The kobsd value calculated from the data of Table I for 
the reaction of 4 with morpholine in water was 0.0652 min-1 
( f r ~ [ B ] t  = 0.00409 M). At  this low [B], value, the deuterium 
solvent isotope effect reflects a-proton abstraction and 
k(DzO)/k(HzO) = 1.04, close to the value of 1.07 found by 
More O'Farrell and Slae4 for a-proton abstraction in the 
elimination of methanol from 9-fluorenylmethanol. 

When the pseudo-first-order plots were curved, at high [B],, 
the final limiting slopes of the plots were taken to represent 
the elimination from a,a-dideuterio substrate in DzO. The 
rate constants were estimated by graphical determination of 
the limiting straight lines a t  long periods of time from plots 
of In (OD, - OD,) vs. time. The deuterium solvent isotope 
effect was calculated using the calculated k&sd values for 
elimination from a,oc-diprotio-4 in H20 a t  pH 8.46 using 
morpholine as the base (same concentration of the base form 
of morpholine for each rate constant comparison), so that the 
estimated isotope effect represents the ratio of elimination 
of a,a-dideuterio-4 in D20 to a,a-diprotio-4 in HzO. The 
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Table IV. Rate Constants and Rate Constant Ratios for Reactions of 1-4 with Amines According to Equation 7" 

Compd ____ Amine k M-1 min-' kzlk3,  M-' k3r\lk3,M-' 

1 (HI Morpholine 15.9 13.8 1.30 
2 ((333) Morpholine 16.2 21.1 1.78 
3 (CH@) Morpholine 12.5 8.47 0.489 

1 (HI Imidazole 0.482 12.6 0.945 
3 (CH30) Imidazole 0.301 8.72 0.608 

4 (C1) Morpholine 16.5 6.25 2.34 

1 (H) Diethanolamine 9.79 10.3 3.43 
3 (CH3O) Dimethylaminoethanol 62.9 7.17 0.<548 

a Average of five values, except for the reactions of 3 with imidazole (1 value) and with dimethylaminoethanol ( 5  values of k l  and 
3 values of kz/k3 and k:+*/k3) (pH 8.8,9.12, and 9.38). 

Scheme I1 

products k,, k3* ,  BH, (1-4)- k,, B 1-4 - 
-h,,H 

isotope effects obtained in this manner are approximate since 
there is no way of telling if the limiting condition of complete 
exchange was ever reached. These data are listed in Table 111. 
The data show that at  most concentrations of morpholine the 
solvent isotope effect was approximately 1.4-1.7, although the 
values were higher at higher [B],. Taken as a group, these 
isotope effects are closer to those reported for ElcB mecha- 
nisms than for concerted E2 processes; ElcB-type elimination 
of methanol from P-methoxy ketones from P-phenoxyethyl- 
dimethylsulfonium iodide gave solvent isotope effect values 
of 1.15-1.332 and 1.52,:13 respectively, and E2-type elimination 
should give a solvent isotope effect of less than 

Discussion 
The kinetics results obtained for the general-base-catalyzed 

elimination of para-substituted phenols from 1-4 indicate the 
operation of a ElcB mechanism. The curvilinear kobsd vs. [B], 
plots (Figure 1) are strong evidence for an intermediate in this 
reaction, and the carbanionic nature of that intermediate is 
supported by the deuterium solvent isotope data. The curvi- 
linear plots for the reactions of 4 with morpholine in D20 
strongly indicate that a-hydrogen exchange is faster than 
elimination at  high base concentrations, and the magnitude 
of the isotope effects is consistent with an ElcB mechanism. 
A possible mechanism for this reaction is outlined in Scheme 
11, which is a variant of'the simple ElcB mechanism of Scheme 
I. 

In order to accommodate the final nonzero slope (Figure 
1, Table I), a general-acid-catalyzed pathway for carbanion 
decomposition is postulated to occur simultaneously with the 
uncatalyzed pathway to products. The steady-state equation 
for Scheme I1 is eq 7. A t  the limits of low and high amine 
concentration, the equation reduces to two linear equations, 
eq 6 at  low amine concentrations and eq 8 a t  high amine con- 
centrations. The constant k l  and the rate constant ratios k2/k3 
and k3*lkg were calculated from eq 6 ,7  and 8 and the data of 
Table I and are provided in Table IV. Hammett p' values, 
obtained for the reactions of 1-4 with morpholine, may be 
computed from these data, and we have used p' as a guide to 
the reaction mechanism.34 

The dependence of k l  and k2lk3 on electronic effects of para 
substituents in 1-4 is also consistent with the ElcB mecha- 
nism of Scheme 11. The rate constant k l  is quite insensitive 
to electronic effects of para substituents (p' 0.085), as antici- 
pated for carbanion formation a t  a site remote from the sub- 

stituents. As for k2/k3,:it would be anticipated that the ratio 
would decrease with increasing 0' value; the rate of protona- 
tion of carbanions.*( 1-4)- to re-form 1-4 should decrease 
slightly while k 3 should increase appreciably with an increase 
in u', Indeed, the predicted decrease in k2/k3 was observed (p' 
-0.8). The mechanism of Scheme I1 also features general acid 
catalysis for the breakdown of carbanion to products, as was 
proposed for the dehydration of 9-hydroxy-10-methyl-2-cis- 
decalone.6 However, such catalysis should be much less im- 
portant for 1-4 than for the 2-decalone because phenols- 
phenoxide ions are much better leaving groups than water- 
hydroxide ions. For elimination from 4-(para-substituted- 
pheno~y)-2-butanones,~ there is no evidence to support the 
existence of a general acid pathway from carbanions to 
products, and based on the concept35 that general acid-base 
catalysis will occur where most needed and in a manner such 
that unstable species are not produced, general acid catalysis 
for the breakdown of 1-4 carbanions would not be expected. 
Also, experimental evidence disfavors this feature of mecha- 
nism. The ratio kaAlkg (Table IV) should decrease with an 
increase in the electron-withdrawing power of para substit- 
uents. However, the ratio increases (p' 0.5). These consider- 
ations suggest that an alternative mechanism for the reactions 
of 1-4 would be more appropriate. 

Scheme I11 (not shown) is Scheme I with an additional 
pathway from 1-4 to products, which is a concerted general- 
base-catalyzed pathway (k4[B]). Scheme I11 gives a steady- 
state equation which has the same form as eq 4, namely eq 9. 
The scheme involves the simultaneous occurrence of ElcB- 
and E2-type reactions as proposed by More O ' F ~ r e l l ~ ~  for the 
elimination of methanol from 9-fluorenylmethanol. On the- 
oretical grounds and on the basis of the deuterium solvent 
isotope effect results, we disfavor the mechanism of Scheme 
111. As J e n c k ~ ~ ~  has pointed out, the primary reason for a 
concerted mechanism such as an E2 mechanism lies in the 
avoidance of highly unstable intermediates that would be 
required for a stepwise mechanism. If such an unstable in- 
termediate were present in the elimination of 1-4 it would be 
much more likely to decompose than to exchange an a-hy- 
drogen for deuterium. The results of this study indicate that 
exchange can be faster than elimination. Also, we call atten- 
tion to the result that at  pH 9.76 and 10.02 elimination from 
2 catalyzed by dimethylaminoethanol can be adequately de- 
scribed by the mechanism of Scheme I. This is equivalent to 
saying that there is a loss of the E2 pathway as the pH is raised 
within the same buffer series, and there is no reason why this 
should happen. However, to the extent that the experimental 
result may be artifactual (vide infra), this argument against 
Scheme I11 is less compelling. 

An alternative mechanism which we favor is that of Scheme 
IV which features a rapid equilibrium between carbanions and 
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Table V. Calculated Rate Constants for the Mechanism of Scheme IV 

Compd PKSH kz, M-1 min-l k3, min-1 k*/K,,, min-l 6’ 

1 (HI 13.20 6.11 x 105 
2 (CH3) 13.21 6.30 x 105 
3 (CH30) 13.25 5.37 x 105 
4 (C1) 13.09 4.93 x 105 

Scheme IV 

1-4 (1-4)- k3 
k, BH 

enols, as postulated by Hupe et ala6 for the dehydration of 
9-hydroxy-10-methyl-2-cis-decalone; spontaneous decom- 
position of carbanions and general-base-catalyzed decom- 
position of enols gives products. The steady-state equation 
for Scheme IV is given by eq 10. In eq 10, the initial slope is 
still k1 (Table IV), the ratio k2/kg is the same as that calcu- 
lated from eq 9 of Scheme I11 (Table IV), and the ratio 
k&,/K,, is mathematically equivalent to the rate constant 
k3* of Scheme 111. However, in contrast to the predicted de- 
pendence of the ratio kgA/kg in Scheme I11 on the Hammett 
U’ values, the ratio kfia/k3Ken of Scheme IV should increase 
with an increase in the electron-withdrawing properties of 
para substituents, as is the case. We computed p’ values for 
k2, kg, and k4/K,, based on the calculated values of these 
constants. Although the computed values are likely incorrect 
because they are based on the ionization constants (KsH) of 
1-4, which must be estimated, their relative values are likely 
correct since they are based on experimental values, and the 
p’ values should be correct as well. From the relationship kl/kz 
= KsH/K~; the assumption that KSH (1-4) /Ks~ (4-aryloxy- 
2-butanones) = KsH(pyruvic acid)/Ksa(acetone) = 
keno~i,,t,o,(pyruvic acid)/ken0~,,,tlon(acetone), and the data of 
Table IV, the necessary constants may be calculated. Schel- 
lenberger and Hubner38 have measured the ratio of rate con- 
stants for the general-base-catalyzed enolization of pyruvate 
and acetone; its value is 17.5. The values of KSH for 1-4 were 
therefore assumed to be 17.5 times greater than those esti- 
mated for 4-arylo~y-2-butanones.~ Table V gives the values 
of the constants from which p’ (k2) = -0.09, p’ (kg)  = 0.3, and 
p’ (k4/Ken) = 0.8 may be computed. 

Although the correlation coefficients of the regressions are 
not very good ( r  = 0.62-0.981, the resultant p’ appear to be 
reasonable for the mechanism of Scheme IV. We assume that 
p’(h,/K,,) essentially reflects electronic effects on the k4 step. 
An interesting aspect of this exercise is the result that elimi- 
nation from enols via k 4  is more sensitive to electronic effects 
than is elimination from enolates via k3. This would be true 
if the extent of C-0 bond breaking in the transition state for 
elimination from enols was greater than that for elimination 
from enolates. Noting that 1-4 exist as carboxylate anions in 
morpholine buffer solutions, we believe that the enolate di- 
anion would be a high-energy intermediate, and elimination 
from it would involve an early transition state. On the other 
hand, the enol could be well stabilized via ion-reinforced hy- 
drogen bonding, and elimination from it could well involve a 
later transition state. Here it is well to point out that elimi- 
nation from enols of 4-aryloxy-2-butanones appears not to be 
kinetically important, which may reflect the lessened stability 
of these enols relative to those of 1-4. Also, p’ (kg)  for 4-aryl- 
oxy-2-butanones should be greater than pf (kJ  for 1-4, and 
this is the case. 

k obsd = ( k  1 [B] + (k 1k‘XJk &en) [B] [BH] )/( (k2/k3 
+ k4Ka/k3Ken)[BH] + 1) (10) 

4.42 x 104 2.39 x 1013 0 
2-98 x 104 2.21 x 1013 -0.16 
6.34 x 104 1.29 x 1013 -0.23 
7.88 x 104 7.68 X lOI3  0.6 

Further support for the mechanism of Scheme IV may be 
found in a literature analogy for general base catalysis of 
proton transfer from enol OH. Hegarty and Jenckss9 recently 
examined the product term, k~g[ac id]  [base], for the enoliza- 
tion of acetone, and they concluded that the most likely in- 
volvement of the acid-base pair is in concerted proton 
transfer. The reverse ketonization reaction then involves 
concerted proton transfer from enol OH to a general base and 
from general acid to an enolic carbon. If this conclusion is 
correct, then postulated enols of this study could well employ 
general base catalysis of proton transfer from enol OH and 
achieve a stable configuration (products) by transferring 
electrons to the leaving aryloxide ion rather than to a general 
acid. On theoretical grounds, the incursion of general base 
catalysis in the k4  step could be predictable on the basis that 
conversion of the enol to products involves a pK change of 
greater than 15, with formation of the unstable keto-proton- 
ated 2-oxobutenoic acid; proton transfer during elimination 
would avoid formation of this unstable p r o d u ~ t . 3 ~ , ~ ~  

For reactions of 3 in dimethylaminoethanol, the change in 
the limiting slope at  high amine concentrations to approxi- 
mately 0 (Table I) at  pH 9.76 and 10.02 remains questionable; 
in terms of the mechanism of Scheme IV, it is as if the 124 step 
has diminished to the point of undetectibility. We attempted 
to address the question by examining the consistency of the 
data by computing various rate constants or rate constant 
ratios of equation 10 using that equation, eq 4, and the data 
of Table I. For the five pH values, k 1 = 62.9 f 5.1 M-l min-’. 
For pH 8.81,9.12, and 9.38, kz/kg = 6.64,7.39, and 7.78 M-I, 
and the value of kdKa/kgKen is -7% of the term (k2lk3 + 
k4K,/kgKen). If the k4-containing term is ignored and k2/k3 
is calculated for pH 9.76 and 10.02, the values are 7.66 and 9.13 
M-l, not significantly different from those values obtained 
for lower pH’s. All five values of the set give k2/k3 = 7.68 f 
0.97 M-l. The k l  and k2/k3 values may be compared with 
those of 4-anisyloxy-2-butanone, which are 5.49 M-l min-l 
and 7.8 M-’ min-’, respectively.6 The data thus seem to be 
consistent, and we may conclude that the apparent loss of the 
k4  term is the result of general-base-catalyzed conversion of 
enol to products becoming noncompetitive with spontaneous 
conversion of enolate to product as pH is raised. At high 
concentrations of dimethylaminoethanol buffer (-1 M), the 
q[B]t2 term constitutes -30 (pH 8.81) to 10% (pH 10.02) of the 
numerator term of eq 4; the k&a/k&en part of the r[B]t term 
remains at  -7% of this denominator term over the pH range 
of the experiments. Arithmetically, the k4-containing terms 
become increasingly difficult to detect as pH increases. 

I t  appears to us that, of the three possible schemes pre- 
sented, Scheme IV is the most reasonable on experimental and 
theoretical grounds, For the mechanism of Scheme IV, the 
general-acid-catalyzed formation of enol directly from 1 to 4 
might be expected, since this is a known reaction.35 However, 
the plots of kOb,d/[Blt vs. f r g  (Figure 3) imply that the for- 
mation of an intermediate (s) is not general acid catalyzed to 
any great extent. In this regard, previous studies of the enol- 
ization of a-keto acids have shown that enolization is pre- 
dominantly general base catalyzed; both Schellenberger and 
Hiib11er3~ and Hegazi and Meany41 found that enolization of 
pyruvic acid is not acid catalyzed to any great extent. Analo- 
gously, general acid catalysis for enolization of 1-4 would not 
necessarily be expected, and the mechanism of Scheme IV 
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remains r e a ~ o n a b l e . ~ ~  
Finally it is interedng to speculate on the reason why 1-4 

undergo elimination by a mechanism that is more complex 
than the mechanism of elimination of 4-aryloxy-2-butanones 
(Scheme I).6,43 It  might be reasonable for 1-4 to undergo 
elimination via an enol intermediate, while the corresponding 
ketones would not undergo such an elimination if the enol 
form of 1-4 would be more stable relative to the keto form 
than would the enol form of 4-aryloxy-2-butanones. A more 
stable taut0me.r would mean that it would be more energeti- 
cally favorable for enolate anions to react to form enol rather 
than collapse back to keto tautomers in the initial steps before 
product is formed. A quantitative measure of the relative 
stabilities of the various tautomers is the keto-enol tauto- 
merism equilibrium constant. The constants have not been 
measured for 1-4 or for the corresponding 4-aryloxy-2-buta- 
nones, but equilibrium constants for analogous compounds 
can give some insight into the stability of the enols. The 
equilibrium constant for enolization of acetone, calculated 
from the data of Schwarzenbach and Wittwer,42 is 2.5 X 
From the data of Schellenberger and Hubner,38 the equilib- 
rium constant for enolization of 2-oxobutanoic acid is 6.6 X 
lop3. The lo3 difference in equilibrium constants is a signif- 
icant indicator that formation of enol from enolate would be 
more likely for 1-4 than for 4-aryloxy-2-butanones. 

Acknowledgment. We wish to thank Mr. William Hen- 
dricks for his assistance in obtaining the primary kinetic data. 
This work was supported in part by a grant from the U S .  
Public Health Service. 

Registry No.--Bemy 1 diethoxyacetate, 64114-01-8; diethoxyacetic 
acid, 20461-86-3: benzyl chloride, 100-44-7; 2-carbobenzoxy-1,3-di- 
thiane, 64114-00.7; 1,3-propanedithiol, 109-80-8; p-bromophenetole, 
589-10-6; p-methyl-6-bromophenetole, 18800-34-5; p-methoxy-P- 
bromophenetole, 22921-76-2; p-chloro-P-bromophenetole, 2033-76-3; 
2-(/3-phenoxy)ethyl-2-carbobenzoxy-1,3-dithiane, 64113-99-1; 2- 
(B-p-cresoxy)ethyl-2-carbobenzoxy-1,3-dithiane, 64113-98-0 2 - ( P -  
p-anisoxy)ethyl-2-carbobenzoxy-1,3-dithiane, 64113-97-9; 2-(P-p- 
chlorophenoxy)ei.hyl-2-carbobenzoxy-l,3-dithiane, 641 13-95-7; benzyl 
4-phenoxy-2-oxc~-butanoate, 64113-96-8; benzyl 4-(p-cresoxy)-2- 
oxobutanoate, €4113-9i-6; benzyl 4-(p-anisoxy)-2-oxobutanoate, 
64113-93-5; benzyl 4-(p-chlorophenoxy)-2-oxobutanoate, 64113- 
92-4. 

References and  Notes 
(1) W. H. Saunders and A .  F. Cockeriii, "Elimination Reactions", Wiley-in- 

(2) L. R. Fedor, J Am. Chem. SOC., 91, 913 (1969). 
(3) R. C. Cavestri and L. H. Fedor. J. Am. Chem. SOC., 92, 4610 (1970). 
(4) R. A. More O'Farrell and S. Slae. J. Chem. SOC. B, 260 (1970). 
(5) L. R. Fedor and W. R. Glave, J. Am. Chem. SOC., 93, 985 (1971). 
(6) D. J. Hupe, M. C. R. Kendaii, G. T. Sinner, and T. A. Spencer, J. Am. Chem. 

(7) H. P. Meloche and J. F). Giusker, Science, 181, 350 (1973). 
(8) B. F. Tack, P. ,J. Chapman, and S. Dagley, J. Biol. Chem., 246, 6444 

(9) H. Nishihara and E. E. Dekker, J. Bioi. Chem., 247, 5079 (1972). 

terscience New York, N.Y., 1973. 

SOC., 95, 2260 (1973;) 

(1972). 

(IO) G. W. Kosicki and F. W. Westheimer, Biochemistry, 7, 4303 (1968). 
(1 1) D. Portsmouth, A. C. !3oolmiller, and R. H. Abeles, J. Biol. Chem., 247, 

(12) R. Jeffcoat, H. Hassall, and S. Dagley, Biochem. J., 977 (1968). 
(13) K.  Bloch, Enzymes. 3rdEd.. 5, 441 (1971). 
(14) R. R. Rando, Science, 185, 320 (1974). 
(15) R. R. Rando, Biochem. Pharmacoi., 24, 1153 (1975). 
(16) R. H. Abeles and A. L. Maycock, Acc. Chem. Res., 9, 313 (1976). 
(17) K. Samochoka and J. Kowaiczyk, Radiochem. Radioanal. Lett., 4, 131 

(18) L. Lang, Ed., "Absorption Spectra in the Ultraviolet and Visible Region", 
Vol. 2, Academic Press, New York, N.Y., 1961, p 144. 

(19) R. B. Moffett, "Organic Synthesis", Collect. Vol. IV, Wiley, New York, N.Y., 
1963, p 427. 

(20) E. J. Eliel and A .  A. Hartman, J. Org. Chem., 37, 505 (1972). 
(21) R. Adams and A .  F. Thal, "Organic Synthesis", Collect. Vol. I, Wiley, New 

2751 (1972). 

(1970). 

York. N.Y., 1956, p 436. 
E. J. Corey and B. W. Erickson. J. Org. Chem., 36, 3553 (1971). 
For a listing of pseudo-first-order rate constants see J. M. Hilbert, Ph.D. 
Thesis, State University of New York at Buffalo, 1976. 
E. S. Hand and W. P. Jencks, J. Am. Chem. Soc., 84, 3505 (1962). 
W. P. Jencks and M. Gilchrist, J. Am. Chem. SOC., 86, 5616 (1964). 
T .  C. Bruice and L. R. Fedor, J. Am. Chem. SOC., 86, 4886 (1964). 
W. P. Jencks and K. Saiversen, J. Am. Chem. Soc., 93, 1419 (1971). 
R. Hirschfield and G. L. Schmir, J. Am. Chem. SOC., 95, 8032 (1973). 
R. M. Pollack and T. C. Dumsha, J. Am. Chem. SOC., 97,377 (1975). 
The Eadie-Hofstee equation was used in preference to the more commonly 
used Lineweaver-Burke equation because the Eadie-Hofstee plot was 
found to give a better statistical weighting of the points; J. E. Dowd and D. 
S. Riggs, J. Biol. Chem., 240, 863 (1965). 
The pK(D2O) of morpholine, determined by the method ot fractional neu- 
tralization, is 9.17 (30 'C) and the pK(H,O) of morpholine is 8.62. 
L. R. Fedor, J. Am. Chem. SOC., 89, 908 (1967). 
J. Crosby and C. J. M. Stirling, J. Chem. SOC. 8, 679 (1970). 
u' values were computed from the ionization constants of para-substituted 
phenols and were used to obtain p' values; A. Albert and E. P. Seargent, 
"Ionization Constants of Acids and Bases", Wiley, New York, N.Y., 1962, 
n 130. 

(35) h. P.-Jencks, "Catalysis in Chemistry and Enzymology", McGraw-Hill, New 

(36) R. A. More O'Farrell, J. Chem. SOC. 6, 274 (1970). 
(37) W. P. Jencks, Chem. Rev., 72, 705 (1972). 
(38) A. Schellenberger and G. Hiibner, Chem. Ber., 98, 1938 (1965). 
(39) A. F. Hegarty and W. P. Jencks, J. Am. Chem. Soc., 97, 7188 (1975). 
(40) W. P. Jencks, Acc. Chem. Res., 9, 425 (1976). 
(41) M. Hegazi and J. E. Meany, J. fhys. Chem., 76, 3121 (1972). 
(42) H. G. Schwarzenbach and C. Wittwer, Helv. Chim. Acta, 30, 669 

(1947). 
(43) In a previous study, where rate saturation kinetics were reported for the 

elimination reactions of 4-aryloxy-2-butanones in aqueous dimethylami- 
noethanoi (DMAE), amine concentrations generally did not exceed 0.2 M, 
so that the question of saturation may not have been adequately addressed, 
In subsequent work (L.F.), saturation kinetics were reexamined in aqueous 
dimethylaminoethanol (0.15-3.0 M, f rB = 0.67, ionic strength 1.0 M (KCI)), 
and the following results were obtained (k&@ - koHaoH (min-l), [DMAEIt 
(M)): 0.346, 0.15; 0.554, 0.3; 0.804, 0.6; 0.965.0.9; 1.044, 1.2; 1.076, 1.5; 
1.078,1.8:1.115,2.1;1.078,2.4:1.105,2.7;1.030,3.0.Fromthesedata, 
kl (Scheme I) = 4.7 M-l min-' and k2/k3 (Scheme I) = 5.96 M-l, which 
both compare well with the reported values of 4.44 f 0.44 M-' min-' and 
6.45 f 1.97 M-' for reactions of 4-phenoxy-2-butanone with dimethyla- 
minoethanol. 

(44) We examined some solvent and salt effects to test i f  the nonzero final 
slopes (Figure 1) are due to such effects. For reactions of 4-pcresoxy- 
2-oxobutanoic acid (2) in 0.05 M morpholine buffer, pH 8.13, the kobsd 
(min-l) and total salt, morpholine hydrochloride and potassium chloride, 
concentrations(M)areasfollows:0.130, 0.1; 0.121, 0.2;0.121.0.3;0.127, 
0.5; 0.139, 0.7; 0.127, 0.9. Thus, kobsd is little affected by changes in KCI 
concentration in the range 0.1-0.9 M. Replacement of KCI with tetra- 
methylammonium chloride (TMAC) slightly decreased kobSd for elimination 
in 0.05 M morpholine, pH 8 . 2 2 , ~  1.0 M (KCI + TMAC). kobsd, [TMAC] are: 
0.123, 0; 0.121, 0.1: 0.115, 0.2; 0.109, 0.4; 0.101, 0.6; 0.101, 0.8. The 
use of 1,Cdioxane as a cosoivent had either no effect on k&sd or else 
caused a decrease in its value. For reactions of 2 with 0.05 M morpholine 
in aqueous dioxane, pH 8.16 and p 1 M (KCI), kobsd (min-') and dioxane 
concentrations(M)areasfoliows: 0.121, 0; 0.119, 0.1: 0.111, 0.2; 0.103, 
0.4: 0.109, 0.6; 0.130, 0.8. For 0.25 M morphoiine, pH 8.16, the values 
are as shown: 0.313, 0; 0.330, 0.1; 0.280, 0.2; 0.285, 0.3; 0.272. 0.4; 
0.253, 0.5. For 1 M morpholine, pH 8.90, the values are the following: 2.22, 
0; 1.92, 0.2; 1.73, 0.4; 1.64, 0.6: 1.49, 0.8; 1.39, 1.0. For 0.2 M morpholine, 
pH 8.90, the values are as follows: 1.08, 0; 1.01, 0.2; 0.979, 0.4; 0.829, 
0.8; 0.748, 1.2; 0.576, 1.6. 

(45) We believe that elimination from 1-4 via imminium ions may play at most 
a very minor role in the chemistry of this study: (1) No intermediates were 
detected spectroscopically using 1 in morpholine buffers. (2) Rate constants 
have values in accord with predictions based on the results of elimination 
from 4-(para-sub~tituted-phenoxy)-2-butanones.~ (3) The kinetics of 
elimination of phenol from 1 catalyzed by Kethyimorpholine are similar 
to those of this study. Data were not reported for the runs done at two pH 
values because amine solutions became yellow on standing. (4) The ki- 
netics of elimination from 1 catalyzed by trifluoroethylamine (J.M.H., PhD. 
Thesis) are different from those reported here, and they resemble those 
reported by Hupe et a1.46.47 for covalent catalysis of elimination from 9- 
acetoxy-IO-methyl-cis-decal-2-one. (5) The kinetics of elimination from 
1 catalyzed by ethanolamine (J.M.H., Ph.D. Thesis) resemble those of 1-4 
of this study, but the pH dependence of the rate constants is not that pre- 
dicted by eq IO; e.g.. kl has an apparent acidity dependence. In regard to 
this last point, isomerization of 17-hydroxy-19-nor-17oc-pregn-4-en-20- 
yn-3-one to the conjugated steroid is markedly catalyzed by aminoethanol 
while it is sluggishly transformed by tertiary amine, and the kinetics of the 
aminoethanol reaction resemble those of 1 in aminoethanol buffer solutions 
(S. Perera and L. Fedor. unpublished results). 

(46) D. J. Hupe, M. C. R. Kendall, and T. A. Spencer, J. Am. Chem. Soc., 94, 
1254 (1972). 

(47) D. J. Hupe, M. C. R. Kendall, andT. A. Spencer, J. Am. Chem. SOC., 95, 
2271 (1973). 

York, N.Y., 1969, Chapter 3. 


