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(10, 100 mg, 0.35 mmol) and triethylsilane (0.28 mL, 1.75 mmol) 
in dry dichloromethane (2 mL) at 0 O C .  The reaction mixture 
was warmed up to room temperature for 20 min and then neu- 
tralized with anhydrous potassium carbonate. The reaction 
mixture was diluted with dichloromethane and washed with water, 
and the aqueous layer was extracted twice with dichloromethane. 
The combined organic layer was washed with brine, dried (Mg- 
SO4), filtered, and concentrated by rotary evaporation to give 90.7 
mg (96%) of product. The spectral analyses were consistent with 
the structure of compound 11. 

Study of Stable Carbocations Derived from 1 and 10. 
Solutions were prepared by adding 40 mg of 1 or 10 into 1 mL 
of a rapidly stirred mixture of CF3C02H:CH3S03H (1:l) at -10 
"C. The yellow solutions were examined by 'H NMR spectros- 
copy. The spectra were the same, regardless of starting material. 
The chemical shifts were determined from Me4Si mixed with 
acetone-d6 (1:l v/v) and sealed in a capillary tube inserted into 
the sample tube; 'H NMR 6 8.20 (2 H, d, J = 8.78 Hz), 7.94 (2 
H, t, J = 7.84 Hz), 7.73 (2 H, d, J = 9.00 Hz), 7.44 (2 H, t, J = 

7.55 Hz), 6.42 (5 H, m), and 4.80 (2 H, s). These spectra were 
consistent with formation of the 9-benzyl-9-xanthyl cation (12). 
Due to  the high instability of the initially formed 9-cyclo- 
heptatrienyl-9-xanthyl cation (2), efforts to obtain its NMR 
spectrum at -78 O C  failed. 
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Supercritical (SC) water is an unusual medium in which fast and specific heterolytic reactions can be conducted 
at temperatures as high as 400 "C. In supercritical water, lactic acid decomposes into gaseous and liquid products 
via three primary reaction pathways. Products of the acid-catalyzed heterolytic decarbonylation pathway are 
carbon monoxide, water, and acetaldehyde. Products of the homolytic, decarboxylation pathway are carbon dioxide, 
hydrogen, and acetaldehyde. Products of the heterolytic, dehydration pathway are acrylic acid and water. The 
intramolecular nucleophilic displacement of the a-hydroxyl by the carbonyl group of lactic acid, producing 
a-propiolactone as an unstable intermediate which subsequently rearranges to become the unsaturated acid, is 
a likely mechanism for acrylic acid formation, although an intramolecular E2 elimination initiated by attack 
of the carbonyl oxygen on a methyl hydrogen cannot be ruled out. Support for the former mechanism comes 
in part from the observed 100% relative yield of acrylic acid from 0-propiolactone in SC water. 

Introduction 
In the vicinity of its critical point (P, = 22 MPa, T, = 

374 "C), water is a fascinating solvent with many unusual 
properties. For example, as the hydrostatic pressure P 
increases from P, to 34.5 MPa, the dielectric constant of 
water' at 375 "C rises from 4 D to over 1 2  D, while its 
density increases from 0.2 to 0.6 g/mL and its ion prod- 
uct2s3 k, exceeds 10-l2. Thus the properties of supercritical 
(SC) water more closely resemble the familiar properties 
of low-temperature aqueous water than those of  team,^^^ 
even at  temperatures as high as 400 "C. Because of its high 
temperature, only trace concentrations M) of acids 
or salts in SC water are required to effect changes in the 
pH and ion strength which can influence the rates and 

mechanisms of many aqueous phase heterolytic chemical 
 reaction^.^^' Similarly, the novel, gross variations in 
solvent dielectric constant and density near the critical 
point can also dramatically influence the reaction chem- 
istry of dissolved species.8 This paper illustrates the 
magnitude of these influences on a reaction of particular 
interest to the biotechnology community: the selective 
formation of acrylic acid from lactic acid in supercritical 
water. 

Lactic (2-hydroxypropanoic) acid is a commerical fine 
chemical used primarily by the food, medical, and cosmetic 
industries. A wide array of biomass, including corn, whey, 
and sugarcane bagasse can be used as fermentation 
feedstocks in the manufacture of lactic acid. Lactic acid 
also appears as a byproduct of many industrial carbohy- 
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drate refining processes, such as the alkaline degradation 
of sugar. In a recent review, Lipinsky and Sinclairg dis- 
cussed the inherent advantages of lactic acid as a chemical 
feedstock. Bearing a carboxyl and a hydroxyl group, lactic 
acid exhibits reaction properties that are characteristic of 
both functionalities.lOJ1 However, because of its proximity 
to the carboxyl group, the selective dehydration of the 
a-hydroxyl is difficult. A U.S. patent? describes an ex- 
perimental procedure for the conversion of lactic acid to 
acrylic acid, which involved slowly dropping an aqueous 
solution of lacitc acid into a heated tube packed with a 
mixture of Na2S04 and CaSO,. Although a 68% yield of 
acrylic acid was claimed, no further development of the 
process has occurred since the patent publication in 1956. 
Subsequent reports of the conversion of lactic acid to 
acrylic acid were confined to the foreign patent literature, 
using processes similar to the one described in ref 12. 

In addition to the problems associated with the com- 
peting activity of its two major functional groups, other 
difficulties must be overcome to maximize the conversion 
of lactic acid to acrylic acid. Lactic acid can undergo 
self-polymerization, forming a variety of esters. The free 
acid and the lactate anion react differently, leading to a 
shift of chemical pathways as a function of acid dissocia- 
tion. Finally, undesirable secondary reactions must be 
restrained to prevent loss of acrylic acid. In view of these 
complexities, our approach to illuminating the reaction 
chemistry is (1) to identify all chemical pathways com- 
posing the reaction network of lactic acid in SC water, (2) 
to study the effects of various reaction parameters on the 
individual pathways, and (3) to understand their respective 
mechanisms. 

Experimental Section 
The operation of the supercritical flow reactor (SCFR) em- 

ployed in this research has been described in detail in earlier 
publi~ations.~~~J~ In the present work, the liquid products were 
analyzed by reverse-phase HPLC (Alltech 25 cm X 4.6 mm 10 
p C-18 column with a mobile phase of pH 2 H3P04 in water at 
2 mL/min, employing a Waters 6000A solvent delivery system 
and a RI detector). Gaseous products were analyzed by GC 
(Hewlett-Packard Model 5840 GC equipped with FID and TCD, 
and a 6 f t  X 1/8 in. SS column packed with 100-120 mesh Supelco 
Carbosieve S-11, using a 20 mL/min flow of 8.5% H2 in He, with 
a temperature program of 6 min at 50 "C followed by a 30 "C/min 
rise to 220 "C). The identification of species by GC and HPLC 
retention times was confirmed by GC-MS (Hewlett-Packard 
Model 5790 GC/5970 MSD, equipped with J & W FSOT DB1701 
30 m X 0.25 mm X 0.25 pm capillary column). 

DL-LaCtiC acid was obtained (from Sigma Chemical Company) 
in the form of an 85% syrup. Our initial inquiry into the vendor's 
literature led us to believe that the reagent contained 85% free 
acid, with the balance made up of lactic anhydride, lactic acid 
lactate, or other low molecular weight oligomers. Freshly prepared 
dilute solutions of this syrup of known concentrations (by weight 
of syrup) were found to give inconsistent responses when analyzed 
by HPLC. However, after heating the dilute aqueous solutions 
at 85 "C overnight, a process by which oligomers are hydrolyzed 
into free acid, a constant response factor (concentration of lactic 
acid/peak area) was obtained. Comparison of the ratio of reaponse 
factors obtained from the untreated and treated standard solutions 
indicated an increase in lactic acid concentration of about 30%. 
In both cases, only one peak eluted from the HPLC column. Later, 
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Figure 1. Effect of acid and base concentration on the conversion 
and liquid product yields from reactions of lactic acid in super- 
critical water. Experiments conducted at 385 "C, 5000 psi, -30 
s with an initial concentration of 0.1 M at NTP. 
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Table I. Selected Results of Lactic Acid Experiments in Supercritical Water 
reaction conditions 

C 

M OC psi s cat.' % CHO COOH COOH COOH COCH3 COS CO Hz CH4 CpH4 % 

init 
conc, temp, pres, time, conv, CH3- CpH3- CZH5- CH3- CH3- bd ,  

absolute product yields, mol ?& 

1 0.1 
2 0.1 
3 0.1 
4 0.1 
5 0.1 
6 0.1 
7 0.1 
8 0.1 
9 0.1 

10 0.1 
11 0.1 
12 0.1 
13 0.1 

5 0.1 
14 0.1 

15 0.1 
16 0.1 
17 0.1 
5 0.1 

18 0.1 

19 0.1 
20 0.05 
2 1  0.1 
22 0.2 

23 0.1 
24 0.1 
25 0.1 
7 0.1 

26 0.1 
27 0.1 
28 0.1 
29 0.1 

385 
385 
385 
385 
385 
385 
385 
385 
385 
385 
385 
385 
385 

385 
385 

350 
365 
375 
385 
400 

385 
385 
385 
385 

500 
385 
385 
385 
350 
350 
350 
325 

5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 
5000 

5000 
5000 

5000 
5000 
5000 
5000 
5000 

5000 
5000 
5000 
5000 

5000 
3675 
4226 
5000 
3000 
4000 
5000 
5000 

33 
32 
33 
28 
28 
28 
31 
28 
32 
32 
32 
30 
32 

28 
60 

31 
31 
30 
28 
31 

32 
32 
31 
31 

26 
32 
32 
31 
61 
60 
56 

195 

0.1 M A 
10 mM A 
2 m M A  
l m M A  
nil 
l m M B  
2 m M B  
9 m M B  
10 mM B 
20 mM B 
40 mM B 
60 mM B 
81 mM B 

nil 
nil 

nil 
nil 
nil 
nil 
nil 

2 m M B  
2 m M B  
2 m M B  
2 m M B  

2 m M B  
2 m M B  
2 m M B  
2 m M B  
2 m M B  
2 m M B  
2 m M B  
2 m M B  

100 
100 
74 
57 
41 
43 
42 
43 
36 
37 
32 
36 
23 

41 
72 

12 
21 
27 
41 
59 

61 
49 
39 
38 

91 
84 
57 
42 
20 
18 
20 
15 

Effect of pH 
94 0.0 0.0 7.7 
90 2.9 0.0 
52 8.6 5.6 

15 11 14 
15 10 13 
19 13 8.3 5.9 
14 8.7 13 
13 9.3 5.4 
13 8.0 7.9 
11 6.4 5.2 3.6 
14 5.3 6.3 5.5 
8.7 2.8 3.5 3.9 

Effect of Residence Time 

32 8.8 8.8 

15 11 14 
30 18 13 

Effect of Temperature 
2.7 3.6 1.9 
8.4 7.7 3.7 
9.8 8.5 4.9 

15 11 14 
21 12 15 

Effect of Concentration 
26 14 9.2 
18 11 7.2 4.9 
15 14 5.9 3.7 
17 14 5.4 1.6 

Effect of Solvent Density 
31 0.0 27 24 
23 1.7 26 18 
24 10 13 5.8 
19 13 8.3 5.9 
7.3 6.7 3.8 
5.8 7.0 2.6 1 .o 
6.1 8.6 3.3 1.3 
6.7 6.7 4.2 1.1 

0.6 

0.3 
0.5 
0.3 

1.4 
1.4 
0.7 
0.6 

0.1 
0.1 
0.8 

8.7 93 0.3 
14 89 4.5 
13 57 5.5 
13 36 4.9 
11 7.5 5.2 
15 9.5 7.2 
18 9.8 13 
20 7.6 14 
15 8.3 12 
15 7.7 7.7 
16 7.7 15 
19 4.0 19 
13 3.4 22 

11 7.5 5.2 
25 22 14 

6.9 8.9 4.0 
9.9 8.2 3.3 

11 7.5 5.2 
20 18 10 

31 7.3 44 
21 11 19 
13 12 10 
10 13 6.6 

68 15 95 
40 10 42 
26 12 22 
18 9.8 13 
8.1 3.9 4.9 
7.8 3.8 3.8 
6.3 4.6 3.5 
6.0 2.8 4.7 

0.0 
1.6 
0.9 
0.7 
0.4 
0.5 
0.4 
0.6 
0.3 
0.3 
0.3 
0.2 
0.2 

0.4 
0.6 

0.2 
0.2 
0.4 
0.5 

0.8 
0.5 
0.5 
0.3 

10 
0.8 
0.7 
0.4 
0.3 
0.2 
0.3 
0.1 

0.0 
0.0 
0.3 
0.7 
0.3 
0.6 
0.7 
2.2 
1.0 
0.6 
0.6 
0.3 
0.2 

0.3 
2.8 

0.3 
0.3 
0.3 
0.8 

0.4 
0.9 
0.7 
0.7 

0.5 
0.0 
0.5 
0.7 
0.5 
0.2 
0.2 
0.3 

102 
98 
99 
99 

100 
99 

106 
98 
96 
96 
99 
97 
97 

100 
96 

96 
102 
99 

100 
95 

95 
102 
102 

108 
89 
99 

106 
100 
100 
101 
102 

OCatalyst: A = HzS04, B = NaOH. 

Table 11. Results of Acrylic Acid Experiments in Supercritical Water 
reactant pres, psi temp, "C time, s conv, % absolute product yield, mol % 

0.05 M acrylic acid 5000 385 
385 

Identification of the Reaction Network. To identify 
the various pathways in the reaction network, a series of 
experiments designed to study the effects of pH will first 
be described. These experiments were conducted a t  385 
"C, 34.5 MPa, with an initial lactic acid concentration of 
0.1 M and a residence time of approximately 30 s. The 
conversions and relative product yields are plotted as a 
function of catalyst concentration in Figures 1 and 2. 
Values of [H+] and [OH-] are measured at  NTP and will 
be different at the reaction conditions. As will be discussed 
in a later paragraph, propionic acid is the product of a 
secondary reaction of acrylic acid. Its yield is therefore 
combined with acrylic acid for the present discussion of 
the primary reaction pathways. 

In the presence of the strong acid catalyst H2S04, lactic 
acid exists primarily in its free acid form, and the lactate 
anion concentration is very low. The reaction is fast and 
specific, producing only acetaldehyde and CO (see Figures 
1 and 2; exp 1, Table I) in equal proportions. These 
products indicate the first reaction pathway (pathway I) 
for the free acid. 

As the pH of the reactant solution increases, the overall 
rate of conversion decreases (see Figure 1). This is ac- 
companied by a major shift in the product distribution. 

0.05 M acrylic acid + 0.1 M formic acid 5000 
157 51 29% COS, 11% Hz, 26% CzH4 
124 96 72% CPH,COOH, 3% CzH4,8% CH4 

Figure 2 shows the rise in the relative yields of COB and 
H2 a t  the expense of CO, indicating the increased impor- 
tance of decarboxylation in a basic medium. Decarbox- 
ylation represents the second reaction pathway (11). 

Referring again to Figure 1, a rapid rise in the formation 
of acrylic and propionic acid is observed when the acid 
catalyst is removed. The formation of these acids reaches 
a maximum with a small amount of base catalyst but de- 
clines with further increases in base concentration. These 
results constitute the first observation of the direct deh- 
ydration of lactic acid to acrylic acid in a homogeneous 
aqueous environment. This is the third and final primary 
reaction pathway (111) which consumes lactic acid. 

To verify that propionic acid is produced by the hy- 
drogenation of acrylic acid, two experiments (see Table 11) 
were conducted. In the absence of free hydrogen, acrylic 
acid reacts solely via decarboxylation, producing COz and 
CzH4. In the presence of formic acid, which we have found 
to decompose immediately at this temperature to hydrogen 
and carbon dioxide, acrylic acid reacts rapidly to give a 
high yield of propionic acid. These two reactions account 
for the destruction of acrylic acid formed by pathway 111. 

Finally, acetaldehyde was introduced into the reactor 
under similar conditions, and the primary products were 
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Figure 3. Reaction network governing lactic acid decomposition in near- and supercritical water. 
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Figure 4. Effect of acid and base concentrations on the prod- 
uctivity of various chemical pathways. Experiments conducted 
at 385 "C, 5000 psi, -30 s with an initial lactic acid concentration 
of 0.1 M at NTP. 

acetic acid and H2 in roughly equal molar proportions. 
Crotonaldehyde, a well-known aldol condensation product 
from a~etaldehyde,'~ was also observed, together with a 
small amount of CH4. This experiment led to the con- 
clusion that acetic acid and CHI, as well as a portion of 
the H2, are all products of secondary reactions involving 
acetaldehyde. 

The reaction network governing lactic acid decompo- 
sition in supercritical water, consisting of three primary 
pathways and multiple secondary reactions, is summarized 
in Figure 3. 

Effects of Reaction Parameters. An examination of 
the network displayed in Figure 3 reveals that the extent 
of reaction along each individual pathway can be tracked 
by the absolute yield of one or a combination of products. 
The yield of CO is uniquely identified with pathway I, and 
the s u m  of acrylic acid, propionic acid, and C2H4 indicates 
the extent of reaction along pathway 111. Although C02 
is a product of both pathway I1 and the secondary reaction 
of acrylic acid, the contribution from the latter should be 
equal to the yield of C2H4, which is always insignificant 
compared to the total yield of C02. Hence, the yield of 
C02 is a good indication of the extent of pathway 11. 
Finally, the yields of propionic acid, acetic acid, and 
ethylene track the extent of the various secondary reac- 
tions. 

Effects of [H+] and [OH-]. The data from Figures 1 
and 2 is replotted in Figure 4 in terms of productivity, 

(14) Wade, L. G. Organic Chemistry; Prentice-Hall: Englewocd Cliffs, 
NJ, 1987; p 1116. 

350 360 370 380 390 400 
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Figure 5. Effect of temperature on the productivity of various 
reaction pathways. Experiments conducted at 5000 psi, -30 s 
with an initial lactic acid concentration of 0.1 M (at NTP) and 
no catalyst. 
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Figure 6. Effect of initial lactic acid concentration on the 
productivity of various chemical pathways. Experiments con- 
ducted at 385 OC, 5OOO psi, -30 s with 2 mM NaOH in the original 
reactant solution. 

which we define to be the sum of the absolute yields of 
products associated with a pathway. Increasing [H+] 
rapidly increases the rate of pathway I, but decreases the 
yield of reaction 111. Increasing [OH-] also lowers the yield 
of reaction 111. The effects of [H+] and [OH+] on the 
productivity of reaction I1 are small. 

Effects of Temperature and Initial Concentration. 
Figure 5 shows that increasing temperature increases the 
rate of all reactions, but does not significantly favor any 
particular pathway. Increasing the initial concentration 
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Table 111. Effect of Salt Addition on Lactic Acid Reactions in Water 
reaction conditions productivity,” mol 7’0 

lactic acid NaCl pres, temp, time, conv, decarbonylation decarboxylation dehydration 
conc, M conc, M psi O C  8 % b a t h  I) ba th  11) bath  111) 

0.1 Ob 5000 350 58 20 6 5 12 
0.1 1 5000 350 60 47 22 10 23 

Producitivity = sum of absolute yields of products associated with a pathway. 2 mM NaOH catalyst added. 

0 
0 00 0 20 0 40 0 60  0 80 1 0 0  

S o l v e n t  Dens i ty  ( g / c c  a t  RTP)  

r( I 

Figure 7. Effect of solvent density on the relative product yields 
associated with the dehydration pathway. 

(see Figure 6) inhibits the decarboxylation pathway, 
slightly increases the rate of decarbonylation, but does not 
significantly affect the dehydration pathway. Thus 
pathway I11 follows an apparent first-order rate law. 

Effects of Pressure/Solvent Density. Le Chatelier’s 
Principle suggests that increasing pressure should pref- 
erentially favor the formation of acrylic acid via pathway 
I11 (which produces two product molecules from one 
molecule of lactic acid) over pathways I and I1 (which 
generate three molecules each). But if the yields are 
controlled by kinetic effects, the influence of pressure may 
be more subtle. For example, increasing pressure dra- 
matically increases solvent density near the solvent’s 
critical point. Associated with a change in solvent density 
are changes in other physical properties, such as solvent 
polarity and dielectric constant, both of which play an 
important role in ionic chemistry. The s u m  of the relative 
yields of acrylic and propionic acid is plotted against 
solvent density in Figure 7. This graph is composed of 
four sets of data from experiments of varying pressures at 
four different constant temperatures. Together, they re- 
veal a coherent trend as a function of solvent density. 
Clearly, increasing solvent density favors pathway 111. 

A comparison of the absolute product yields at different 
pressures (but constant temperature and residence time) 
provides further insights into the effect of pressure. Figure 
8 shows that increasing pressure (solvent density) inhibits 
pathway I1 and has no effect on pathway I. While the rate 
of reaction 111 does not change appreciably, pressure is also 
effective in inhibiting the secondary hydrogenation of 
acrylic acid to propionic acid. 

Effects of Ionic Strength. Table I11 shows the effect 
of conducting the reaction in a 1 M NaCl solution. In- 
creasing ionic strength increases the rates of all reaction 
pathways . 

Reaction Mechanisms 
Pathway I. The acid-catalyzed mechanism of pathway 

I was investigated using 13C-labeled lactate 
(CH3CHOH13COO-). Unlabeled and labeled sodium lac- 
tate were mixed in 1.251 M ratio to provide 100 mL of 0.05 
M lactate solution. Subsequently, 0.04 M of H2S04 was 
added to the solution to convert at least a portion of the 

a 
0 1  
3500 4000 4500 5000 

P r e s s u r e  (PSI)  

Figure 8. Effect of pressure on the productivity of various 
chemical pathways and yields of dehydration products. Exper- 
iments conducted at 385 “C, -30 s with an initial lactic acid 
concentration of 2 mM NaOH at NTP. 

H 3 c - ( H  - H P  ...-(: 
___) 

0 OH 

Figure 9. The probable mechanism for acid-catalyzed decar- 
bonylation. 

lactate to lactic acid. The experiment was conducted at 
385 “C, 5000 psi, and 32-s residence time. Analysis of 
products by GC-MS revealed the formation of I3CO, 
whereas no labeled carbon was found on acetaldehyde. 
These results point to the elimination of the carboxylic OH 
and subsequent loss of the carbonyl group as CO. Figure 
9 suggests the probable mechanism for this pathway. 
a-Hydroxy acids are k n o ~ n l ~  to lose carbon monoxide in 
the presence of strong acids like H2S04, and the acyl cation 
is the likely intermediate. This decarbonylation mecha- 
nism is further supported by the increase in the rate of the 
reaction by the addition of salt, which helps to stabilize 
the charged transition state. 

Pathway 11. In addition to the 13C0, W02 was also 
found in the product mixture of the labeling experiment 
described above, thus confirming the formation of C02 via 
decarboxylation of the carboxyl group of lactic acid. 
However, a “simple” decarboxylation mechanism is unable 
to account for the formation of hydrogen in this pathway. 
Instead, simple decarboxylation predicts the formation of 
ethanol, which (though reported as a decarboxylation 
product in the literature”) was never detected under our 
operating conditions. Decarboxylation of @-hydroxy acids 
is well known. It is a common side reaction in the Perkin 

(15) March, J. Advanced Organic Chemistry; Wiley-Interscience: New 
York, 1985. 



Formation of Acrylic Acid from Lactic Acid J. Org. Chem., Vol. 54, No. 19, 1989 4601 

Table IV. Effect of Reactant Ionization on Acrylic Acid Formation 
productivity” of 

pres, psi temp, O C  time, s conv, % pathway 111, % reactant 
0.1 M lactic acid 5000 385 28 41 25 
0.12 M lactate + 50 mM HzS04 5000 385 30 24 8.4 
0.12 M lactate + 20 mM HzS04 5000 385 30 16 4.8 
0.12 M lactate + 10 mM HzS04 5000 385 31 11 3.6 
0.12 M lactate 5000 385 30 7.6 1.4 

Productivity = sum of absolute yields of products associated with a pathway. 

HO: t i  

H - ‘.O 
Figure 10. Elimination mechanism for dehydration of lactic acid 
in supercritical water. 

reaction,16 for instance. However, this loss of COz from 
an a-hydroxy acid poses a more difficult mechanistic 
question. Lead tetraacetate induced decarboxylations are 
known,16 and the products are the corresponding aldehydes 
or ketones. Our results point to a free-radical mechanism 
in the decarboxylation pathway. For instance, parameters 
which change the ionic characteristics of the reaction 
environment, such as [H+], [OH-], and salt addition, have 
only a slight effect (relative to the effects on pathways I 
and 111) on the rate of decarboxylation. However, in- 
creasing pressure effectively inhibits this pathway, in ac- 
cord with the expectation that increasing solvent density 
inhibits free-radical reactions via the cage effect. The 
appearance of acetic acid, acetone, and CHI as free-radical 
byproducts further supports this conclusion (see the fol- 
lowing discussion on secondary pathways). 

Pathway 111. Acrylic acid appears a t  first to be the 
product of a simple acid-catalyzed dehydration. However, 
the experimental data indicate that this pathway is cata- 
lyzed by neither acid nor base, as might have been ex- 
pected. Instead, acids and bases inhibit the reaction. The 
highest acrylic acid yield is achieved in a close to neutral 
condition. This result, combined with the observed 
first-order rate law, suggests a purely intramolecular re- 
action. 

The first intramolecular reaction mechanism we con- 
sidered involved an internal attack on a P-hydrogen by a 
basic group, together with the loss of the a-OH group via 
an E2 elimination mechanism. The carbonyl group is the 
obvious candidate for the attacking base (see Figure 10). 
However, if the basicity of the carbonyl group is the key 
in this intramolecular elimination, one would expect the 
rate of dehydration to increase when the reactant is lactate 
anion, which is much more basic. But our data indicate 
the contrary. As shown in Table IV, the absolute yield 
from pathway I11 was substantially reduced when the 
starting material was lactate ion and increased somewhat 
with the addition of an acid catalyst, which partially 
converted the lactate to free acid. This behavior is the 
same as observed when base is added to the free-acid 
reactant. The most probable mechanistic explanation for 
this behavior involves hydrogen bonding between the 
carboxyl hydrogen and the oxygen of the a-hydroxyl group. 
The carboxyl proton may be transferred to the departing 
hydroxyl during the elimination, thereby making it a better 
leaving group. I t  is worthwhile to note that this hydro- 
gen-bonding aspect of the mechanism can include a solvent 
water molecule (or several) as a bridge which is hydrogen 
bonded to both the departing hydroxyl group and the 

carboxyl hydrogen. The rapid structural diffusion of 
H904+ complexes by the fast formation and dissociation 
of hydrogen bonds has been used to explain the unusually 
high mobility of protons in water at high temperatures and 
pressures.16 Thus the low yield of acrylic acid from lactate 
ion probably reflects the inability of the anion to donate 
a proton to the leaving hydroxyl group during elimination. 

The arguments for the critical role played by the acidic 
proton in the dehydratio mechanism are in accord with the 
results of another experiment which showed that elimi- 
nation of the a-hydroxyl does not occur in the absence of 
the carboxylic hydroxyl. This experiment was conducted 
in water at 34.5 MPa, 385 OC, with 3-hydroxy-2-butanone 
as substrate (no catalyst). If the carboxylic hydroxyl group 
plays no role in the dehydration reaction, then methyl vinyl 
ketone should appear as the dehydration product. On the 
other hand, if the carboxyl hydroxyl is needed for dehy- 
dration, no methyl vinyl ketone should appear. The major 
product detected in this experiment was 2,3-butanedione; 
no methyl vinyl ketone was found. 

A related experiment involving 0.1 M lactic acid in D20 
a t  34.5 MPa and 385 O C  for 32 s suggests the relative ease 
by whicb the proton is transferred to the leaving hydroxyl 
group. In this experiment, the acrylic acid yield did not 
change relative to the reference experiment in HzO. 
Moreover, only minor reductions in the yields of all other 
major products were observed. If the transfer of the proton 
were not facile, the substitution of D for H in the carboxyl 
group would have reduced the yield of acrylic acid as an 
artifact of the kinetic isotope effect. The absence of a 
detectable kinetic isotope effect is consistent with findings 
(mentioned earlier in this paper) concerning the high 
mobility of protons in supercritical water.‘6 Note that the 
facile transfer of protons during a concerted reaction differs 
from dissociation of lactic acid into lactate anion and H30+. 
As already described, specific acid catalysis by H30+ leads 
to enhanced yields of CO and acetaldehyde. Apparently, 
in supercritical water protons can be transferred without 
the formation of an H30+ intermediate species. 

An alternative intramolecular reaction mechanism in- 
volves nucleophilic displacement of the hydrogen-bonded 
a-hydroxyl by the carbonyl group, resulting in the for- 
mation of an intermediate a-lactone and the loss of a water 
molecule (see Figure 11). Although a-lactones are very 
unstable and have never been isolated, they have been 
postulated as reaction  intermediate^.^' On the other hand, 
P- and y-lactones are stable. Their formations from cor- 
responding hydroxy acids15 as well as their reactions to 
yield unsaturated a c i d P  have been reported. 

If the displacement mechanism outlined in Figure 11 is 
in fact responsible for the formation of acrylic acid, high 
yields of unsaturated acids from lactones are to be ex- 
pected. Since a-propiolactone cannot be obtained, we 

(16) Franck, E. U.; Hartman, D.; Hensel, F. J. Phys. Chem. 1968, 72, 
200. 

(17) Sykes, P. A Guidebook to Mechanism in Organic Chemistry; 
John Wiley & Sons: New York, 1986; p 95. 

(18) Bailey, W. J.; Bird, C. N. J. Org. Chem. 1977, 42, 3895. 
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Figure 11.  The likely mechanism for formation of acrylic acid from lactic acid in supercritical water. 

Table V. Results of Model Compound Studies 
pres, temp, time, absolute product yields, 

0.125 M 5000 385 32 4% 8-hydroxybutyric acid 
reactant psi O C  s mol % 

8-butyro- 5% 2-butenoic acid 
lactone 81% COz, propene 

0.125 M 5000 385 32 4.5% @-hydroxybutyric acid 
8-hydroxy- 7% 2-butenoic acid 
butyric 70% COz, propene 
acid 

conducted a series of experiments using as reactants y-, 
P-, and a-hydroxybutyric acids (obtained by adding H#04 
to the commercially available hydroxybutyric acid sodium 
salt in a acid/salt molar ratio of 45)  and their associated 
lactones. y-Butyrolactone forms rapidly at room condi- 
tions from the y-acid, giving a stable mixture of lactone 
and hydroxybutyric acid in a 2:l ratio. Both components 
were found to be stable after 30 s at 385 "C and 34.5 m a .  
In a companion experiment employing identical reaction 
conditions with y-butyrolactone as the starting material, 
100% of the lactone was recovered. Next, two experiments 
employing P-hydroxybutric acid and /3-butyrolactone as 
reactants were conducted. The results are shown in Table 
V. Since 2-butenoic acid is very unstable and reacts 
rapidly to form propene and C02 (this was verified by yet 
another experiment involving 2-butenoic acid as reactant, 
showing rapid conversion to propene and C02), the prop- 
ene yield should be added to that of the 2-butenoic acid 
to measure the total formation of the unsaturated acid. 
The following conclusions can be drawn from these two 
experiments. First, the &lactone is not very stable: it 
either opens to form the hydroxy acid or collapses to form 
the unsaturated acid. In fact, an analysis of the original 
reactant solution (of @-lactone in water) indicated a 50:50 
mixture of P-lactone and @-hydroxybutyric acid. Second, 
under the same experimental conditions, a higher yield of 
dehydration products (2-butenoic acid and propene) is 
obtained from the lactone than from the acid. These 
findings are consistent with the assertion that the lactone 
is an unstable intermediate in the dehydration of the hy- 
droxy acid to the unsaturated acid. The product yields 
from an experiment involving a-hydroxybutyric were sim- 
ilar to those obtained from the p isomer. 

Finally, an experiment using /3-propiolactone was con- 
ducted under similar conditions. A 88% conversion of the 
lactone was observed, with a 74% absolute yield of acrylic 
acid and a 14% yield of C2H4 (which is a secondary product 
of acrylic acid decarboxylation). This extremely (nominal 
100%) selective formation of acrylic acid from the lactone 
provides further support for the notion that strained lac- 
tones may be intermediates along the dehydration path- 
way. 

Secondary Pathways. The most simple and satis- 
factory explanation for the formation of acetic acid is the 
hydrolysis of ketene formed from acetaldehyde through 
the acetyl radical. Other products of this chain reaction 

include H2, CHI, and acetone as observed. Propionic acid 
is also a likely product of the free-radical hydrogenation 
of acrylic acid. The inhibition of its formation by increased 
solvent density (via the cage effect) supports this conclu- 
sion. 

Conclusions 
1. Three major reaction pathways compete to consume 

lactic acid in supercritical water. 
2. Carbon monoxide, water, and acetaldehyde are 

products of the acid catalyzed, heterolytic, decarbonylation 
pathway. 

3. Carbon dioxide, hydrogen, and acetaldehyde are 
products of the homolytic, decarboxylation pathway. 

4. Acrylic acid and water are products of the dehydra- 
tion pathway. 

5. The mechanism for acrylic acid formation from lactic 
acid probably involves the intramolecular, nucleophilic 
displacement of the a-hydroxyl by the carbonyl group, 
producing a-propiolactone as an unstable intermediate. In 
SC water this lactone quickly collapses to form the un- 
saturated acid. 

6. In SC water, /3-propiolactone very quickly and se- 
lectively decomposes to acrylic acid, thereby supporting 
the posited nucleophilic displacement mechanism for 
acrylic acid formation from lactic acid. 

7. In SC water, the &lactone of hydroxybutyric acid also 
offer higher yields of 2-butenoic acid than the corre- 
sponding P-hydroxybutyric acid. Again, this finding sup- 
ports the nucleophilic displacement mechanism. 

8. Despite the lactone results, we cannot rule out a 
mechanism involving an E2 elimination initiated by attack 
of the carbonyl oxygen on a methyl hydrogen. 

9. Any method for effecting the isomerization of a-hy- 
droxypropanoic acid to p-hydroxypropanoic acid will en- 
able lactic acid to become a major potential feedstock for 
the production of acrylic acid. 
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