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A detai led s tudy  o f  t h e  h y d r a t i o n  o f  homologs o f  3-buten-2-one is  reported. R a t e  constants f o r  t h e  h y d r a t i o n  
a n d  dehydra t ion  reactions have been separated a n d  act ivat ion parameters, precise solvent isotope effects, a n d  
ac id i ty  dependences have been measured over a w ide  range o f  acidi ty,  1-10 M perchlor ic acid. These mechanistic 
cr i ter ia are discussed in view o f  o ther  o le f in  hydrat ions.  

Hydration of olefins in aqueous acidic media has been 
studied extensively and the reaction mechanisms for sever- 
a1 classes of olefins have been e~tabl ished. l -~ For simple al- 
iphatic olefins, dienes, and substituted styrenes, the mech- 
anism of hydration has been shown to involve rate-deter- 
mining proton transfer from hydronium ion to  olefinic car- 
bon, followed by addition of water to the carbonium ion 

These reactions are characterized by solvent isotope ef- 
fects, h(HoO)lh(DzO), of 1.4-5 and entropies of activation 
of -5 to 0 eu. 3-Buten-2-one and its homologs are a special 
class of olefins having a carbonyl group conjugated with a 

Scheme I 

H20 slou + I 
I 1  

/ >c=c\ + H30t - -c-c-H + H4 + - 
OH 
I I  
I I  

thus (Scheme I). -C--C-H + H,O+ 

double bond. Hydration of some a,@-unsaturated ketones 
has been reported p r e v i o ~ s l y . ~ - ~  The compounds studied 
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do not appear to hydrate by the type of mechanism accept- 
ed for hydration of aliphatic olefins, dienes, and styrenes. 

The alkoxy-substituted a,@-unsaturated ketone 4-me- 
thoxy-3-buten-2-one undergoes a vinyl ether hydrolysis 
which proceeds via a 1,4 addition of water to the conjugat- 
ed system followed by loss of methanol6 (Scheme 11). This 
reaction proceeds faster in deuterio solvent and exhibits an 
entropy of activation of -26 eu. I t  is significant that the 
rate-controlling step in this hydrolysis is attack by water on 
the conjugate acid of 4-methoxy-3-buten-2-one. 

Scheme I1 

0 
I1 + 

CH,OCH=CHCCH, + H30 4 

[ A iH ] slou 

[ yH 1 
CHdOCH=CH=-CCH, + H,O 4 

several 

steps 
CH30CHCH=CCH:, - products 

-CH,OH 

P-Aryl-P-hydroxy ketones are dehydrated reversibly by 
two mechanisms, the reverse of Scheme I and Scheme III.7 
Reactions occurring via Scheme I11 are characterized by en- 
tropies of activation of -20 eu and a nonlinear dependence 
of log h on -Ha. Substitution of carbonium ion stabilizing 
groups on the carbon (3 to the carbonyl favor reaction via 
Scheme I. 

Scheme I11 

OH 0 OH +OH 
I II + I I1 

ArCHCH,CCH, + H30 ArCHCH2CCH3 C HLO 

11 slow 

+OH2 OH OH OH 
I I I I 

XrCHCH=CCH, + H,O ==F ArCHCH=CCH, + H,O+ 

OH 0 
it 

I1 + I  

h i 1  
XrCH=CH=CCH, + H,O ArCH-CHCCH, + H,O* 

These facts, taken in conjunction with the considerable 
discussion surrounding the mechanism of hydration of sim- 
ple aliphatic alkenes us. substituted styrenes, demonstrate 
the importance of precisely elucidating the mechanism of 
hydration of simple aliphatic a,P-unsaturated ketones us. 
aryl-substituted a,@-unsaturated ketones. In view of 
the conclusions regarding hydrolysis of 4-methoxy-3- 
buten-2-one, it is critical to establish not only whether a 1,2 
or 1,4 addition of water occurs, but also whether attack by 
water or proton transfer from hydronium ion to carbon is 
rate controlling. 

Hydration of 4-methyl-3-penten-2-one has been reported 
recently8,’ but the results thus far are consistent with sev- 
eral  interpretation^.^ Consequently, a complete detailed 
study of the hydration of homologs of 3-buten-2-one is now 
reported. Rate constants for the hydration and dehydra- 
tion reactions have been separated and acidity dependen- 
ces, activation parameters, and precise solvent isotope ef- 
fects have been measured over a wide range of acidity, 1-10 
A4 perchloric acid. These mechanistic criteria are particu- 
larly useful when considered in light of results from other 
olefin hydrations. 

Experimental Section 
Materials and Kinetic Method. All substrates were obtained 

from Aldrich Chemical Co. and were molecularly distilled just 
prior to each kinetic run. The kinetic method employed was that  
described previous1y.l Deuterioperchloric acid solutions were 
made from deuterium oxide (99.8% DzO, Stohler Isotope Chemi- 
cals) and concentrated deuterioperchloric acid, as described pre- 
viously.’ 

Product Analysis. It was suspected that  acetone was being 
formed from 4-rnethyl-3-penten-2-one in perchloric acid solutions 
greater than 8 M. Consequently, 1.0 g (0.01 mol) of 4-methyl-3- 
penten-2-one was dissolved in 5 ml of ethanol and this solution 
was added slowly to 1 1. of 10 M perchloric acid accompanied by 
vigorous stirring. After about 10 half-lives of reaction time (100 hr 
a t  25O), 300 mg (0.0015 mol) of 2,4-dinitrophenylhydrazine was 
added to a 100-ml aliquot of the 10 M acid-ketone solution. Back- 
titration with 2 N NaOH to about 80% neutralization yielded yel- 
low-orange crystals which were recrystallized from ethanol-water 
and dried under vacuum. The yield of bright yellow dinitrophen- 
ylhydrazone was 195 mg (SO%),  mp 123-125O (lit.lo mp 1 2 6 O ) .  Pmr 
spectra of this dinitrophenylhydrazone and authenic acetone dini- 
trophenylhydrazone were superimposable. 

Results 
The reactions investigated are reversible and at equilib- 

rium the product concentration is greater than the reactant 
concentration. 

4-hydroxy-2-alkanone / 
R? 

3-alken-2-one 

1, R, = R2 = H 

3. R1 = R2 = CH, 
2. Ri = H; R2 = CH 

Observed Rate Constants, h&d. Pseudo-first-order 
rate constants were determined in the traditional way1 and 
are tabulated in Table I. In order to measure the solvent 
isotope effect, h&sd was determined in DC104-&0 solu- 
tions. However, since the reaction is overall reversible, ex- 
change of hydrogen for deuterium occurred on the sub. 
strate. To ensure that hohsd(D20) was measured prior to ex- 
change becoming important, a computer program was de- 
velopedll similar to the iterative type provided by 
Wiberg.12 The pseudo-first-order rate constants in Table I1 
are those calculated by computer and are true constants 
over a t  least 2 half-lives of reaction. 

Equilibrium Ratios, [4-Hydroxy-Z-alkanone]/[3- 
Alken-%one]. Since the reactant, 3-alken-%one, i s  the 
only specie absorbing significantly a t  the wavelengths used, 
calculation of the equilibrium ratio (eq 2) is considerably 
simplified (data in Table 111). 

[4-hydroxy-2-alkanone] & - A, 
( 2 )  - __- - 

[3-alken-2-one] A e  

[4-hydroxy-2-alkanone] = molarity of the 

[3-alken-2-one] = molarity of the reactant a t  

A ,  = absorbance at  time zero ( i e . ,  upon mixing) 

A,  = absorbance at  equilibrium ( i , e . ,  at  time “infinity”) 

The value of A ,  was not directly measurable in DC104- 
D20 solutions (owing to exchange of hydrogen for deuteri- 
um on the substrate); consequently, the value of A, calcu- 
lated by the iterative computer program (see previous sec- 
tion) was used to calculate the equilibrium ratios in Table 
IV. 

product a t  equilibrium 

equilibrium 
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Table I 
Values of hobsd in Aqueous HC104" 

7-- lo4 kobsd----- 
3-Buten- 3-Penten- 4-Methyl-3- 

- HAb %onec Z-oned penten-Z-onee MIICl04  

4.03 
6.28 
8.26 
9.30 
9.96 
11.10 

2.57 

9.30 

2.57 
6.28 
8.26 
9.30 
9.96 

1.05 
2.57 
4.03 
6.28 
7.48 
8.26 
9.30 
9.96 

2.57 
6.28 
9.96 

1.64 
2.42 
3.24 
3.59 
3.83 
4.20 

1.09 

3.59 

1.09 
2.42 
3.24 
3.59 
3.83 

0.31 
1.09 
1.64 
2.42 
2.92 
3.24 
3.59 
3 .e3 

1.09 
2.42 
3.83 

15 O 

5.87 
15.4 
32.3 
42.9 
46.9 
36.1 

20° 

4.91 

25" 

97.6 

30' 

12.5 

114 
147 

40' 

9.72 
27.8 
55 .O 
144 

284 

50" 

2.89 

2.85 
6.95 
12.5 
21.7 
31 .O  
30.5 

15.5 

4.54 
14 .0 

0.187, 

3.90 
10.3 
19.1 
31.8 
26.6f 
0.96f 
0.702, 
0.666f 

22.2 
61.1 
1.54, 

a Means of replicate determinations; average deviations 
from mean values were < 12%. b Reference 14. Followed 
a t  210 nm. d Followed a t  226 nm. e Followed at 243 nm. 

Followed a t  278 nm. 

Table  I1 
Values of hobEd in DCIOrDaO Solut ion at  40" Q 

7 10' kobsd 7 

4-Methyl-3- 
1MDCl04 3-Buten-%oneh 3-Penten-2-one' penten-2-oned 

Table  I11 
Equil ibr ium Measurements ,  

[4-Hydroxy-2-alkanone]/ [3-Alken-2-onea ] 
[4-hydroxy-4- 

methyl-2- 
[4-hydroxy-2- [4-hydroxy-2- pentanone]/ 
butanone]/ pentanonel/ [4-methyl-3- 

Mxclor [3-buten-2-oneIb [3-penten-2-onele penten-2-oneId 

15 O 

4.03 22.7 
6.28 20.4 

20 

2.57 22.2 

30" 

2.57 19 . o  3.90 9.02 
6.28 4.08 

40" 

1.05 3.35 8.49 
2.57 13 .O 3.14 6.75 
4.03 2.46 5.21 
6.28 1.96 3.92 
7.48 1.06 1.36 
8.26 0.912 

50" 

2.57 
6.28 

2.67 5.15 
2.52 

a Means of replicate determinations; average deviations 
from mean values were < 12%. b Measured a t  210 nm. 

Measured at 226 nm. Measured a t  243 nm. 

Table  1V 
Equil ibr ium Measurements  in DC10a-D20 

Solutions at  40" 

[4-hydroxy-4- 
methyl-2- 

i4-hydroxy-2- [4-hydroxy-2- pentanone]/ 
hutanone]/ pentanonel/ [4-methyl-3- 

MDCIO~ [3-buten-2-oneIb [3-penten-2-oneIc penten-2-oneld 

1.05 6.55 1.67 2.92 
4.70 3.91 0.96 2.07 
9.39 3.258 

Means of replicate determinations; average deviations 
from mean values were <f5%. bMeasured a t  210 nm. 

Measured at 226 nm. Measured at 243 nm. e Measured 
a t  30' rather than 40'. 

1.05 4.71 0.979 1.33 
4.70 28.9 6.88 8.51 
9.39 63.8 0.537 

a Means of replicate determinations; average deviation 
from mean value were <&2%. *Followed at 210 nm. 

Followed a t  226 nm. d Followed a t  243 nm. e Measured a t  
30' rather than 40'. 

Separat ion of hhyd a n d  hdehyd. These rate constants 
were calculated from h&sd and the equilibrium ratios using 
the following re1ation~hips.l~ 

L., = h h r d  + h d e h y d  (3 )  

(4)  

h h v d ,  the rate constant for the forward reaction in eq 1 

hdehyd, the  rate constant for the reverse reaction in eq 1 

Figure 1 shows the acidity dependence of hhyd. HA14 is 
used as the measure of medium acidity, since it has been 
shown that a,P-unsaturated ketones behave as Hammett 

[4-hydroxy-2-alkanone] hhid -~ - 
[3-alken-2-one] hdehyd 

bases when the extent of protonation is measured using 
H ~ ,  15J6  

At 1 5 O ,  the equilibrium ratio for the hydration of 3- 
buten-2-one is sufficiently large (>20) so as to make calcu- 
lation of hhyd from hobsd unnecessary (Le., hobsd essentially 
equals hhyd); consequently the rate constants plotted for 3- 
buten-2-one are kobsd. Two of these, a t  HA = -0.31 and 
-1.09, are extrapolated from studies a t  higher temperatures 
(Table I). 

Plots of log hhyd us. -HA (Figure 1) for 3-buten-2- 
one, 3-penten-2-one, and 4-methyl-3-penten-2-one are lin- 
ear through HA = -1.64 (4.03 M HC104) with slopes of 0.58, 
0.48, and 0.51, respectively. Though the significance of 
these slopes is discussed later, it  is interesting to note that 
similar plots us. -Ho are nonlinear even in this moderate 
acid concentration range. The curvature in Figure 1 a t  
greater acid concentrations is due to protonation of the 
substrate (discussion to follow and ref 16). 

lation of solvent isotope effects given in Table V required 
interpolation of h h y d ( H 2 0 )  in 4.70 M HC104 at  40" from 

Solvent Isotope Effects, hhyd(H20) /hhyd(&0) .  Calcu- 
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Table V 
Solvent Isotope Effects for the Hydration o f  

3-Alken-2-one at 40" 

I 2 3 4 
-HA 

Figure 1. Acidity dependence of the hydration of 3-buten-2-one 
(u --, 0.58), 3-penten-2-one (0 . . . , 0.481, and 4-methyl-3-pen- 
ten-2-one (A - - - - , 0.51). The number in parentheses gives the 
slope of the straight line established by the first three points. Data 
for 3-buten-2-one are at 15'; other data are at 40°. 

data reported in Tables I and 111. The ratio hhyd(HSO)/ 
hhyd(D20)  thus represents the rate of hydration of a 3- 
alken-2-one in HC104-HzO soiution divided by the 
rate of hydration of a 3-alken-%one in a DC104-Dl0 solu- 
tion of equal molarity. 

Activation Parameters. Enthalpy and entropy of acti- 
vation were calculated in the usual fashion1 for the hydra- 
tion of 3-alken-2-ones ( i . e . ,  data in Table VI is based on 
hhyd values). 

Discussion 

The mechanism by which hydration of simple aliphatic 
a,@-unsaturated ketones proceeds is given in Scheme IV. 

Scheme IV 

0 OH 
RlR2C=CR3CCH3 I1 + H,O+ === l [  R,R2C-;-5CR3===CCH A I ]  + H,O 

Jb 

[ P" P" ] HqO [ 
R R,CCR3=CCH3 + H30+ 7 

3 

OH 0 [ g"+;;"] j I II 
R,R&CHRBCCHj + HZO +=+ RIR2CCHRjCCHj + H,Ot 

-_-- Khsd(HrO)/khy~(D:O)------- 

Muid 3-Buten-2-one 3-Penten-&one penten-2-one 
4-Methyl-3- 

1 .05  2 .38  3 .56  3 . 5 1  
4.70 3.46 3 .12  3 . 3 1  
9.39 3 .OBa 1 . 2 8  

a At 30'. 

Below about 6 M perchloric acid, equilibrium 1 lies far to 
the left and step 4 is rate controlling, as shown by (a) the 
very large solvent isotope effect (Table V), (b) the very 
large negative entropy of activation (Table VI), and (c) the 
fact that 3-buten-%one hydrates three times faster than 4- 
methyl-3-penten-2-one (Table I). The primary solvent iso- 
tope effect indicates that proton transfer to carbon is rate 
controlling. The large negative entropy is consistent with 
incorporation of a molecule of water into the transition 
state in addition to the hydronium ion. The somewhat 
greater reactivity of 3-buten-2-one over 4-methyl-3-pen- 
ten-2-one demonstrates that  reaction cannot occur via 
Scheme I ( e .g . ,  isobutene hydrates 103-104 times faster than 
propene).17 

Above 6 M perchloric acid, some of the substrates are 
present increasingly as the conjugate acid ( i e . ,  equilibrium 
1 lies to the right). The kinetic expression differs signifi- 
cantly from that of the reaction in dilute acid. Allowing S = 
substrate and SH+ = protonated substrate 

Thus as long as the substrate is present as S (equilibrium 
1 lies to the left), h&sd will increase with increasing acidity 
according to the term A H ~ o + A H ~ o  (fs/ftr+) above. However, 
when the substrate is present as SH+ (equilibrium 1 lies to 
the right), hobsd will decrease with increasing acidity ac- 
cording to the term (AH,o)~  ( f s ~ + / f ~ ~ ~ ) .  This becomes of 
great significance when the kinetic expressions for dehy- 
dration are examined ( i . e . ,  the reverse of Scheme IV). No 
matter whether the a$-unsaturated ketone is present as S 
or SH', hobsd for dehydration increases with increasing 
acidity according to the term A H ~ O +  ( f ~ o ~ / f t * + ) ,  where 
ROH denotes the P-hydroxy ketone product of Scheme IV. 
Consequently as the acidity increases beyond 6 M HC104, a 
marked decrease in equilibrium constant (Table 111) indi- 
cates that the substrate S is becoming increasingly SH+ by 
equilibrium 1 shifting to the right. For 4-methyl-3-penten- 
2-one this occurs a t  about 6 M HC104; for 3-penten-2-one it 
occurs a t  ca. 7 M HC104. A forthcoming paper will dis- 
cuss the basicities of these ketones in detaii.le The only 
matter of consequence to Scheme IV is that as protonation 
of the a,@-unsaturated ketone becomes significant, the rate 
of hydration will decrease with increasing acidity a n d  the 
equilibrium constant will decrease,  favoring the cu,@-unsat- 
urated ketone over the P-hydroxy ketone. The curves in 
Figure 1 are in quantitative agreement with the reported 
pKb of a,@-unsaturated ketones in aqueous perchloric acid; 
i . e . ,  the maxima in Figure 1 coincide with those expected 
based on pKb datal6 and the preceding discussion. 

The reaction of 4-methyl-3-penten-2-one in acidities 
greater than 8 M HClO4 is suprising. As previously dis- 
cussed, the equilibrium constant is changing since hdehyd is 
becoming greater than hhyd and consequently in acidities 
much greater than 8 M there is no a p p a r e n t  hydration 
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Table VI 
Activation Parameters for the Hydration of 3-Alken-2-ones in Aqueous Perchloric Acida 

Compd M H C ~ O ~  AH*, kcal/molh AS*, eub 

3-Buten-2-one 2.57 15.2 f 0.4  -21.7 f 1 . 4  
3-Buten-2-one 8 .26  14 .9  f: 0.7  -18.2 & 2 . 3  
3-Buten-2-one 9.30 13.6 =!= 0 . 2  -22 .0  f 0 . 6  
3-Penten-2-one 2.57 15.7 f 0 . 4  - 2 2 . 8  f 1 . 4  
4-Methyl-3-penten-2-one 2.57 14 .8  f 0 .0  -25.0 f 0 . 1  

-26.3 f 2.2  
4-Methyl-3-penten-2-one 9 .96  20 .1  =t 1.8 -13.7 f 5 . 9  
4-Methyl-3-penten-2-one 6.28 13 .7  f: 0 . 7  

a Calculated at 40 O. b Enthalpy, entropy, and standard deviations were calculated using least-squares method, carried out 
on a CDC 3300 computer. 

since the equilibrium constant strongly favors a,@-unsatu- 
rated ketone. However, a slow reaction incurs a t  about this 
acidity which results in total destruction of a,p-unsatu- 
rated ketone. This reaction is characterized by irre- 
versibility (for practical purposes), small solvent isotope ef- 
fect [k (H20)/k(D20) = 1.31, a very slight inverse acidity 
dependence [d(log k)/d(-HA) = -0.11, a negative en- 
tropy (-13 eu) significantly more positive than that 
for hydration (-25 eu), and acetone being the product 
(isolated as dinitrophenylhydrazone). These data all sup- 
port the incursion of a retro aldol condensation as outlined 
below. 

II 
CH,CCH,-CCH, + H,O+ 

I I 
I CH_$CH~--CCH, i I - - _  

It 
CH,CCH, + HLC=CCH, SCH,CCH, + H,O+ 

Recalling that a t  these acidities the reactant state is pro- 
tonated a,@-unsaturated ketone (>go% SH+) and merging 
the above scheme with Scheme IV we have 

Tabulated values of A H ~ O  in HC104 solutionsls give d(1og 
AH,o)/d(-Ha) = -1.0 in the region of acidity studied here. 
Consequently, for d(1og k) /d(  - H A )  to equal -0.1 requires 
fSH+/f t r+ to increase significantly, compensating largely for 
the change in AH~O. This is very significant, since it demon- 
strates that in rather concentrated perchloric acid solution, 
activity coefficient ratios of similarly structured ions 
charge drastically with acid molarity (in this case, about as 
much as the activity of water changes). This is yet another 
example of the failure of the premise of the Zucker-Ham- 
mett hypothesis; previous reports have been in more dilute 
 solution^.^^ It is also significant that  this system is not a 
very sensitive one to changes in acidity. This is clear since 
protonation of a,@-unsaturated ketones follows H A ,  not 
NO, and d(-HA)/dA4Hc10 < d(-Ho)/dHc1o by about a 
factor of 3 in this region of acidity.14J6 

Although not studied because of the slowness of reaction, 
3-penten-2-one exhibits behavior similar to 4-methyl-3- 
penten-%one in 10-11 M HClOI. That is, acid-catalyzed 
retro aldol condensation appears to be characteristic of 
a,p-unsaturated ketones. 
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