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!+:IS uashed four  t imes w i t h  water. dr ied over K2CO3, filtered, and 
conccntratcd at room temperature t o  a yellowish-green o i l .  On 
standing overnight i n  air, the oi l  formed crystals. These he re  filtered 
UUI and uashed uith 11-hexane. Fur ther  concentrat ion of the mother  
l iquor  yielded addit ional crystals. The  combined cr ls ta l l ine material 
N;IS  rccrystnl l izcd f rom dry ether, a f ford ing 0.55 g (0.002 mol, 25%), 
mp 86.5-88.0 OC (sealed capi l lary) .  IR: 3075, 3050, and  3015 
(=C-H), 2970, and 2920 (saturated C-H), 2250 (saturated 
C-D), 1603 (C=C), 1385 and 1369 (C(CH3)2). N M R :  d 7.37 
(aromat ic  mul t ip le t  I O O ) ,  1.53 (singlet 52), ind icat ing 98% (CD3)2. 
U V :  max  a t  368.0 nm ( e  43.82). 
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Abstract: T h e  acid-catalyzed hydrolyses o f  R>C=C=CHOAc proceed b y  two  mechanisms depending upon the degree o f  sub- 
st i tu t ion a t  C-3. T h e  monomethy l  derivative exhibits ac id i ty  dependence, act ivat ion parameters, and a solvent isotope effect, 
k r ~ ~ o l k u ~ o  = 0.87. characterist ic o f  no rma l  ester hydrolysis, whi le  the d imethy l  derivative exhibits behavior characterist ic o f  
a slow proton transfer mechanism w i t h  k H z o / k D 2 0  = 1.46. A study o f  CY- and  /3-secondary isotope effects in the hydrolysis o f  
the d ime thy l  derivative strongly supports this conclusion. For  this compound, k H / k , , . ~  = 1 .OO and  kH/k$.d6 = 1.08. 

The elegant work of Uoyce and Pollacki.* has demon- 
strated that the acid-catalyzed hydrolysis of enol acetates such 
as ring-substituted tu-acetoxy styrenes, isopropenyl acetate, 
and vinyl acetate may proceed by two different pathways. At 
low acidities or when strongly electron-withdrawing substit- 
uents are present, a "normal" ester hydrolysis pathway is fol- 
lowed. Thus in 6% H2S04. vinyl acetate and tu-acetoxy-p-ni- 
trostyrene show solvent isotope effects, k ~ ~ ~ / k n ~ ~ ,  of 0.73 and 
0.75, respectively. These effects strongly imply an equilibrium 
proton transfer mechanism is involved. I n  contrast, a t  higher 
acidities, each of these compounds shows a marked change in 
behavior with solvent isotope effects, kt{,o/kr,,o, being 2.69 

0002-7863/80/ 1502-0267SOl .00/0 

(59% H2S04) for vinyl acetate and 3.25 (69% H2S04) for 
0-acetoxy-p-nitrostyrene. These data imply a change in 
mechanism at  higher acidity to one which involves slow proton 
transfer to carbon. Strong support for this conclusion was 
provided by a study of substituent effects in the a-acetoxy 
styrenes where p = - 1.9 at  Ho = -2.6. Interestingly cy-ace- 
toxy-p-methoxystyrene exhibits behavior suggestive of rate- 
limiting proton transfer a t  both low and high acidities. For this 
compound kH20/kD20 = 2.50. More recent work by Tidwell 
et aL3 and Loudon et al.4 supports the earlier findings of Noyce 
and Pollack and further demonstrates the fine balance between 
the two mechanisms proposed. 

C 1980 A m e r i c a n  C h e m i c a l  S o c i c t l  
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Table I .  Pseudo-First-Order Rates of Acid-Catalyzed Hydrolysis 
of 1 and 2 in Aqueous H2S04 

com- wt % 1 O4kobsd, 
pound T ,  OC H2S04" Hob S-1 

1 24.64 f 0.01 0.264 
0.462 
0.851 
0.960 
2.17 
3.01 

0.477c 
1.15' 
1.45' 
1.96' 
2.78c 

44.10 f .02 0.033 
0.048 
0.104 
0.264 
0.539 
0.710 

2 24.69 f 0.01 2.14 
2.97 
4.95 
7.00 
9.98 

1 .66c 
1 . 8 j C  
4.99c 
6.17C 
7.32' 
8.88' 

1 1 . 2 1 c  

44.10 k 0.02 0.264 
0.539 
0.940 
2.15 
2.99 

1.40 
1.16 
0.89 
0.84 
0.49 
0.34 

1.21 
0.84 
0.72 
0.58 
0.40 

2.21 
2.06 
1.70 
1.40 
1.08 
0.95 

0.50 
0.36 
0.095 

-0.10 
-0.35 

0.68 
0.63 
0.06 

-0.08 
-0.18 
-0.3 1 
-0.45 

1.40 
I .08 
0.850 
0.39 
0.35 

0.284 
0.497 
0.940 f 0.005 
0.994 
2.39 
3.54 

0.309 
0.745 
0.937 
1.29 
1.93 

0.209 
0.3 12  
0.560 
1.39 
2.40 
3.71 

0.454 
0.601 
0.964 
1.41 
2.29 

0.350 
0.415 
1.03 
1.43 
1.84 
2.60 
3.35 

0.270 
0.484 
0.769 
1.96 
2.38 

~ ~~~~ 

a 5% (v / \ )  ethanol. DO for DzS04 solutions, assumes H o  = DO 
at  same molarit). W t  % DzS04. 

We wish to report that the acid-catalyzed hydrolysis of al- 
lenyl acetates, 1 and 2, also appears to occur by the two 
mechanisms proposed above and that minor structural changes 
elicit a marked mechanistic change. 

l, R, = R, = H; & = CH, 
2a. Ri = R, = CH3; R, = H 
Zb, R, = R, = CH,; RJ = D 
2c, R, = R2 = CDd R3 = H 

Experimental Section 
Allenyl acetates 1 and 2 were prepared by the Ag+-catalyzed re- 

arrangement of the corresponding propargyl acetates as described 
ear1ier.j Each sample was purified by preparative GLC immediately 
prior to use (0.5 in.  X 10 ft SE-30, 100 "C). Spectrophotometric rate 
constants were measured by using a Gilford Model 240 UV-vis 
spectrophotometer interfaced with a Chronolog 32001 digital clock 
and Wang Model 600 advanced programmable calculator allowing 
the acquisition of 200 points per run .  Cell temperature control of 
f O . O 1  OC was afforded by a PRT-sensed proportional temperature 
controller system. Temperature measurement was accomplished with 
a Hewlett-Packard quartz thermometer. 

M stock solution of the ester was prepared in distilled A 1 .O X 

Table 11. Summary of Acidity Dependence Data from Table 1: log 
kobsd  = mHo + log ko 

com- 
pound conditions -m log ko r 

1 25 OC, 0.26-3.01% H2S04 1.031 -3.1 10 0.9994 
25 OC, 0.48-2.78% D2S04 0.977 -3.320 0.9996 
44 OC, 0.03-0.71% H2SO4 0.970 -2.539 0.9967 

2 25 O C ,  2.14-9.98% H2SO4 0.829 -3.932 0.9999 
25 OC, 1.66-1 1.21% D2S04 0.851 -3.870 0.9986 
44 OC, 0.26-2.99% H2S04 0.889 -3.342 0.9984 

Table 111. C Y -  and B-Secondary Isotooe Effects a t  25.0 O C  

comDounds Hn k H / k n a  

2a/2b 0.89 1 .OO f 0.009b 

2a/2c 1.40 1.07 f 0.005' 
1.16 1.09 f 0.008' 
0.89 1.07 f 0.01 ' 

Per a - D  or per P-d6 as indicated. Average of paired duplicate 
runs. Average of paired triplicate runs. 

Table IF'. Hydrolysis of 2a in Formic Acid- Sodium Formate 
Buffer a t  44. I O  OC 

M vco2n/ M x o 2 -  PH 1 Ojk, s-l 

0.288/0.144 3.39 3.03 
0.230/0.115 3.38 2.42 
0.173/0.086 3.37 1.73 
0.1 15/0.0576 3.38 1.15 

95% ethanol. In  a typical kinetic run, 1 .O mL of the stock solution was 
diluted to 25 mL with aqueous sulfuric acid resulting in a final con- 
centration of 4 X M in ester. The appearance of product ab- 
sorbance at  253 nm was observed as  described above. I n  all other re- 
spects, kinetic runs were carried out and rate constants calculated as 
described earlier.6 

Results 
Excellent pseudo-first-order rate constants with random 

residual plots were obtained to >95% reaction. Infinity ab- 
sorbances indicated that the hydrolysis proceeded to >98% 
completion before decomposition of the product acroleins 
became important. Values of the acidity functions Ho and DO 
are available for this medium.' Table I presents the LSKIN 
I-calculated rate data obtained in this study. Table I1 sum- 
marizes the acidity dependence data and Table 111 the a- and 
&secondary isotope effects obtained from paired runs of iso- 
topically substituted compounds. The activation parameters 
calculated from these data a t  Ho = 0.0 at 25 O C  for 1 are AH* 
= 14.4 kcal/mol and AS* = -36.2 eu and for 2a at Ho = 0.80 
a t  25 OC AH* = 15.7 kcal/mol and AS* = -31.3 eu. The 
solvent isotope effects are calculated to be k H Z o / k D 2 0  = 0.87 
a t  Ho = 0.0 for 1 and k H 2 / k D 2 0  = 1.41 a t  Ho = 0.80 for 2a. 
Table IV summarizes the effect of changing buffer concen- 
trations on the rate of hydrolysis of 2a. These data yield 
k H C O 2 H  = 11.0 X lo-! s-l M-l from the least-squares 
line.8 

Discussion 
The acid-catalyzed hydrolyses of 1 and 2 yield the corre- 

sponding a,@-unsaturated aldehydes 3 and 4 nearly quanti- 

l, R - H  
2, R=CH, 

3, R = H  
4, R = CH, 
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Scheme 1 
pa thway  A: normal  ester hydrolysis  

PH 
/oc-cH,l 

‘H 
R,C=C=CHOAc + H , O + e  $C=C=C 

5 

+ H1O 

PH 
I 

OH,’ 
/ O r C H J  

5 + H1O - R,$=C=C 

H 
\ 

5 R,C=CHCH=O + CHFOOH + H,O+ 

pa thway  B: 

/OAC 
R,C=C=CHOAc + H,Ot - R,C=C-+C I ‘H 

H 
6 

6 + H,O - R,C=CHCHO + CHFOOH + H,Q+ 

tatively as evidenced by the UV spectrum of the infinity kinetic 
solutions. Two reasonable mechanisms may be proposed as 
shown in Scheme I .  Two alternative mechanisms may be re- 
jected as ~ n r e a s o n a b l e . ~  These are (1) direct solvolysis of 1 or 
2 to an allenyl cation and (2) protonation at  a terminal, rather 
than central, carbon atom of the allene moiety. In the first 
instance the allenyl cation derived from solvolysis of an allenyl 
acetate would be expected to yield substantial amounts of 
propargyl alcohols as products.13 None are  observed. Addi- 
tionally the rate of solvolysis of 2a can be estimated from the 
rate of solvolysis of (CH3)2C=C=CHBr to be a t  least I O 6  
times slower than the observed rate of h y d r o l y s i ~ . ~ ~ , ’ ~  

Protonation at  a terminal carbon would lead to vinyl cations 
7 or 8, neither of which is expected to be particularly stable in 

7 8 

contrast to the allylic cations proposed as intermediates in 
pathway B nor would they be expected to yield the observed 
products. 

The pseudo-first-order behavior, the acidity dependence, 
and the large negative entropy of activation are  all consistent 
with the two pathways proposed. The acid-catalyzed hydrolysis 
of ethoxypropadiene which is reported by Drenth et al. to 
proceed by an A S E ~  mechanism shows a similar acidity de- 
pendence and activation parameters.I6 An examination of the 
solvent isotope effects suggests that 1 and 2 follow different 
pathways in the hydrolysis reaction. The inverse solvent isotope 
effect, kHzO/kD20 = 0.87, observed in hydrolysis of 1 is con- 
sistent with an equilibrium proton transfer step as depicted in 
pathway A. The magnitude of the effect is comparable to that 
observed in a wide variety of normal ester hydrolyses such as 
that for vinyl acetate,2 kH2/kD20 = 0.73, ethyl formate,17 

a-acetoxystyrene,‘ kH20/kD20 = 0.83. 
I n  contrast, the solvent isotope effect observed in the hy- 

drolysis of 2a is consistent with an A s ~ 2  mechanism, Le., 
kHzO/kD20 = 1.46. This suggests that rate-limiting proton 
transfer (pathway B) has become important in the hydrolysis 

kH20/kD20 = 0.73 methyl acetate,” kH20/kD20 = 0.60, or 

of this compound. Additional evidence supporting this con- 
clusion may be gained from a consideration of the relative rates 
of hydrolysis of 1 and 2, kz , /k l  = 5.37 .  In the solvolysis of allyl 
halides 9 and 10 the addition of a methyl group results in a 

CH 
‘c=CH-cHgi / 

R 
9, R - H  

10, R = CHI 

1585-fold increase in rate.19,20 It may be argued therefore that 
since 1 exhibits reactivity apparently higher than expected a 
change of mechanism from A S & ?  (compound 2) to normal 
ester hydrolysis is occurring. A similar situation obtains in the 
hydrolysis of vinyl acetate and isopropenyl acetate where 
k lsopropenyl /kv iny~ varies from 1.07 a t  low acidities to 17.8 at  
moderate acidities. Noyce and Pollack interpreted this change 
to indicate that the methyl-substituted compound, isopropenyl 
acetate, hydrolyzes by a normal acid-catalyzed ester hydrolysis 
mechanism at  low acidity and by a slow proton transfer 
mechanism a t  higher acidity while vinyl acetate exhibited 
uniform behavior consistent with normal ester hydrolysis. The 
solvent isotope effect for isopropenyl acetate varied from 
kH20/kD20 = 1.06 a t  low acidity to 3.20 a t  high acidity. I n  
comparison kH20/kD20 = 3.05 in the hydrolysis of ethoxy- 
propadiene. I 6  

Examination of the cy- and 0-secondary isotope effects 
(Table 111) lends further strong support to our conclusions. As 
expected kH/k,.D is unity owing to a lack of rehybridization 
at  C-1 in either mechanism. Similar results are observed in the 
solvolysis of 11 and 12 where the deuterium substitution in- 
dicated does not observably affect the rate of solvolysis.21s22 

CD>=CHC(CH3)2Cl D-CGC-C(CH~)~CI  
11 12 

It does provide additional support against the two mechanisms 
previously rejected since each requires rehybridization a t  C- 1. 
Similarly, secondary deuterium isotope effects associated with 
a number of polar electrophilic additions to styrene are found 
to be 0.97- 1 .00.23124 

The /?-secondary isotope effect, kzJk2 ,  = 1.08 f 0.01, 
strongly implies the development of positive charge a t  C-3 as 
suggested by pathway B. Some rotation about the C- 1, C-2 
bond must occur if even partial overlap of the developing va- 
cant p-orbital with the allylic x-bond needed for stabilization 
is to  be achieved. The degree of positive charge developed a t  
C-3 and thus the magnitude of kH/kp-D3 depends upon three 
factors. First the cation 13 may be modestly stabilized by the 

+ 
/OAC 

+c\ 
- R&=CH- 

/OAC 

‘H 
R&=CH-C 

13 

+ PAC - R,C-CH=C 
‘H 

a oxygen of the acetate group, thus reducing demand for x 
stabilization.3 Secondly, kH/kp-CD3 depends upon the extent 
of proton transfer at the transition state. We did not extend our 
general acid catalysis work to obtain a Brqnsted CY for this re- 
action. The hydrolysis of 2a does, however, demonstrate gen- 
eral acid catalysis as expected. 

Finally the extent of rotation about the C-1, C-2 bond de- 
termines the degree of interaction of the allylic @-bond with 
the developing vacant p orbital. Thus, reduced hyperconju- 
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gative demand due to the (Y oxygen, a small degree of proton 
transfer a t  the transition state and only partial rotation each 
may act to reduce the magnitude of the P-secondary isotope 
effect. The observed effectlP-CD3 of 1.04 is lower than that 
observed in the solvolysis of allylic halides, as  14, where 
k i i /k s . cD,  = 1 . I  3.25 

CD3CH=CHCH(CI)CH3 
14 

This implies substantial reduction of hyperconjugative demand 
a t  C-3 owing to a combination of the three factors described. 
Such lowering of hyperconjugative demand with attendant 
reduction of P-isotope effects is not unusual. Shiner et al.26 
demonstrated such an effect on the solvolysis of the tertiary 
halides, 15-17, 

H-C=C-C( CD3)2CI C H3-C=C-C( CD3)2CI 
15 16 

17 

where solvolytic reactivity increases markedly but the P-d3 
effects drop off from 1.35 to 1.29 to 1.14 along the series 15 -, 
16 -+ 17. A reduced P-d3 effect, k H / k p d ,  = 1.06. is observed2' 
in the hydrolysis of ketals where an a oxygen reduces hyper- 
conjugative demand from the a-CH3. 

Thus we conclude that the acidity dependence, including the 
observation of general acid catalysis for 2a, solvent isotope 
effects, a- and P-secondary deuterium isotope effects, and the 
activation parameters, strongly support a mechanism of hy- 
drolysis of 2 which involves rate-limiting proton transfer 
(pathway B).28 We further conclude therefore that hydrolysis 
of 1 occurs by a normal ester hydrolysis mechanism (pathway 
A). 

: -CrC--C(CD3)2CI 
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