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Abstract: This paper describes a novel one-step synthesis of y-lactones by the reaction of manganic and other higher valenc 
metal carboxylates with readily available olefins and carboxylic acids. A free radical mechanism involving the selective gen- 
eration and oxidation of organic free radicals is presented. 

As part of our studies on the oxidation mechanisms of 
metal carboxylates, we have observed' a novel reaction of 
manganic and ceric carboxylates with olefins leading to y- 
butyrolactones in excellent yields. This paper is intended to 
summarize our work on the development of this simple one- 
step synthesis of y-lactones from olefins and to  establish the 
free radical mechanism for formation of these lactones. 

Results 
Lactone Synthesis. The lactone synthesis involves the 

preparation of y-butyrolactones from readily available ole- 
fins and carboxylic acids in a simple one-step process. The  
general reaction which is depicted below consists of the ad- 
dition of a carboxylic acid having an a-hydrogen atom 
across the double bond of an  olefin in the presence of stoi- 
chiometric amounts (2 equivjmol of lactone) of various 
metal oxidants. Higher valent metal salts of manganese, 
cerium, and vanadium have been used successfully in the 

I 

-C-R, 
%-,' -( + CH- 

M+ = hh(III), Ce(IV), V(V) 

lactone synthesis. Most of our studies, however, have uti- 
lized manganese compounds because of their ready avail- 
ability and high solubility. 

Synthetic Procedure for the Preparation of Lactones. 
Manganic acetate dihydrate was used to synthesize the lac- 
tones shown in Table I. However, the most convenient labo- 
ratory preparation of y-lactones involved the in situ forma- 
tion of manganic acetate by the reaction of potassium per- 
manganate on manganous acetate. 

KhInO, + 4Mn(OAc),~4H,O + 8HOAc -+ 

~ M ~ ( O A C ) ~  + 20H,O + KOAc 

This procedure permits the one-step preparation of y-lac- 
tones from such readily available reagents as KMn04 ,  
,Mn(OAc)2, an  olefin, and a carboxylic acid. 

Nature of the Olefin. Examples of y-butyrolactones 
formed from a variety of olefins a re  shown in Table I. The  
yields of lactone obtained were based on the metal oxidant 
used, and no attempt was made to maximize the yield for 
each olefin. Yields based on olefin consumed were generally 
higher, as evidenced by the relative absence of significant 
side products. High yields of lactones were obtained from 
both internal and terminal olefins, although the terminal 
olefins appeared approximately five times more reactive 

under competitive conditions (Table 111). In all cases exam- 
ined, the structure of the lactones obtained from terminal 
olefins was as  shown in Table I, with the oxygen of the  car- 
boxylic acid bonded to the more substituted 2 position of 
the olefin. 

Isomeric internal olefins such as  cis- and trans-oc- 
tene-4 gave similar inixtures of isomeric lactones in a 5: l  
ratio, whereas cyclooctene and trans- stilbene produced 
only one lactone isomer each. A single, presumably trans, 
lactone was obtained from both cis- and trans- P-methyl- 
styrene. In all these reactions, no significant isomerization 
of the unreacted olefins was observed during the course of 
the reaction. 

Lactones have also been obtained from dienes, both non- 
conjugated, such as  hexadiene-l,5 and octadiene- 1,7 and 
conjugated diolefins, such as butadiene and isoprene. In the 
case of isoprene, addition occurred a t  both double bonds, 
but the predominant product with both acetic acid and cy- 
anoacetic acid involved addition to the more substituted ole- 
finic bond. 

Preference for terminal attack in polyunsaturated olefins 
was suggested by the high yield of lactone obtained from 4- 
decyn-1-ene; the hydrogenated form of this lactone was re- 
ported to be a mammalian pheromone isolated from the 
male tarsal organ in black-tailed deer.3 

Nature of the Carboxylic Acid. While acetic acid was 
used most frequently in the lactone synthesis, other acids 
have also been successfully utilized for the preparation of 
y-lactones having the appropriate substituents in the a posi- 
tion. Thus, propionic acid gave high yields of a-methyl 
butyrolactones, cyanoacetic acid readily formed a-cyano- 
lactones, isobutyric acid gave a-gem- dimethyl butyrolac- 
tones (albeit in low yields), and succinic acid led to a-car- 
boxymethylene butyrolactones. These experiments indicate 
the generality of the lactone synthesis and suggest the possi- 
bility of preparation of a large variety of a-substituted y- 
butyrolactones by the proper choice of the carboxylic acid 
component. 

Nature of the Metal Oxidant. Higher valent metal salts of 
manganese, cerium, and vanadium have been used' success- 
fully in the lactone synthesis. Of the metal ions, the salts of 
manganese have been most extensively used due to their 
ready availability and high solubility. The manganese re- 
agent most frequently used was manganic acetate dihyd- 
rate, Mn(OAc)3 - 2H20,  which was readily prepared by 
permanganate oxidation of manganous acetate2 and could 
be stored for extended periods of time. Other manganic 
salts used in the lactone synthesis include anhydrous man- 
ganic acetate made from manganous nitrate and acetic an- 
hydride, activated MnOz freshly prepared, and now avail- 
able commercially, and Mn2O3 formed by air oxidation of 
manganous ion in basic solution. For preparative purposes, 
it was found convenient to  use manganic acetate generated 
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Table I. Lactones Obtained from the Reaction of Manganic Acetate with Olefins 
R J  R ,  "g;: 0 

Lactone" Olefin Acid 

C,Hi3CH=CHz CHSCOOH RI = C6H13 
CeHoCH=CH2 CH3COOH Ri = CsHi 
CeHjC(CHs)=CHj CHsCOOH R1 = CsHi; RP = CHj 
(CHs)zC=CHz CH3COOH Ri, Rz = CH3 
(CH3)3CCH=CH2 CHSCOOH R1 = (CHs)3C 
C3H7CH=CHCSH, (trans) CHSCOOH R1, Rn = CaH7' 
C6H bCH=CHC sH 5 (trans) CH3COOH Ri, Ra CfiH;>d 
CsHjCH=CHCHS (trans) CHSCOOH R1 = C6Hoi Ra = CH3d 
Cyclooctene R1, R3 = -(CH2)6- 
CsHjCH=CHCOOCH3 CHsCOOH R1 = CsHi; Ra = COOCH3 
Hexadiene- 1,5 CH3COOH R1 = CH?=CH(CHr)z- 
Octadiene-1.7 CH3COOH R1 = CHz=CH(CHz)a- 
Butadiene CH3COOH R1 = CHp=CH- 

CH3COOH 
C H ~ ( C H , ) ~ C E Z C C H ~ ~ I = C H ~  CHsCOOH R1 = CH3(CHz)aCzCCH2 
CeHbCH=CHz CH3CH2COOH Ri = C6Hs; Ri = CH3 
CsH bCH=CHz CNCHzCOOH R1 = C6Hj; Ri = CN 
CsHISCH=CHz CNCHKOOH R1 = CfiHa; Rs = CN 
CeHjC( CHz)=CHs CNCHzCOOH 

CNCHiCOOH 
CNCH2COOH R1 = CsH5; Ra = CH3; R; = CN CsH jCH=CHCH 3 

Isoprene CNCHZCOOH 

C ~ H I ~ C H = C H ~  CHzCOOH RI CsH13; R j  = CHKOOH 

R1 = CH2=C(CH3)- + (R1 = CHz-CH-; R, = CHS) Isoprene 

R1 = C ~ H J :  Rz = CH3; R:, = CN 
Ri. Rq = C3H7; R j  = CN 

(R1 = CHz=C(CH,)-; R; = CN) + (Ri = CHz=CH-: 

Octene-4 

RP = CH3; Rs = CN) 

I 
CHzCOOH 

Yield. :ih 
71 
60 
71 
3c 
48 
44 
16 
79 
62 
45 
24 
26 
3 0 

13 -+ 37 
50 
50 
11 
6C 
43 
49 
51 

5 + 39 

25 

- 

a Where not soecified R's = H. Yield based on manganic acetate dihydrate used. e Two isomers in the ratio 5 : 1 were obtained. Only 
one isomer (preskably trans) was obtained. 

- 

Table 11. Lactone Yields Obtained with Various Metal Oxidants 

Lactone 
Acid yield, %" Oxidant Olefin 

M ~ ( O A C ) ~  .2H20 
M ~ ( O A C ) ~  (anhydrous) 
MnOn (activated) 
Mnz03  
M ~ ( O A C ) ~  (in situ) 
C ~ ( O A C ) ~  
Ce(NH&(NOds 
NHaV03 

Octene-1 
Octene- 1 
Octene-1 
Octene- 1 
Decene-1 
Styrene 
Octene- 1 
a- Met h ylstyrene 

HOAc 
HOAc 
HOAc 
HOAc 
HOAc 
HOAc 
HOAc 
HOAc 

74 
65 

46-67 
61 
67 
70 
48 
67 

Vpc yield based on oxidant used, assuming 2 equiv of oxidant 
per mole of lactone. 

in situ from potassium permanganate and manganous ace- 
tate tetrahydrate or dihydrate. Under all these conditions, 
lactone yields of 60-70% based on oxidant used were ob- 
tained from terminal olefins. 

The  ceric(1V) salts used in the lactone synthesis included 
ceric acetate, Ce(OAc)d, prepared by ozonolysis of cerous 
a ~ e t a t e , ~  and the commercially available ceric ammonium 
nitrate, Ce(NH4)2(N03)6, in the presence of potassium ac- 
etate. 

The  vanadium(V) salt used in the lactone synthesis was 
ammonium metavanadate, NH4V03,  in the presence of 
added potassium acetate and acetic anhydride. 

A summary of the lactone yields obtained with the vari- 
ous metal oxidants is shown in Table 11. 

Effect of Reaction Variables. The lactone synthesis is 
generally conducted in the temperature range of 120- I SOo 
either in a refluxing system or in sealed tubes. Increasing 
the reaction temperature dramatically decreased the reac- 

tion time, from several hours a t  120° to less than 10 min a t  
180°, but had little effect on the yield of lactone obtained. 

The presence of less than 1% water in the reaction mix- 
ture did not seriously interfere with the lactone synthesis. 
Larger amounts of water, however, tended to  increase thc 
reaction times and decrease the lactone yields. The  addition 
of 6% water increased the reaction time fourfold, while the 
lactone yield was cut in half. The  addition of acid anhyd- 
rides to  control the water content was found to be quite sat- 
isfactory, especially for the in  si tu preparations of mangan- 
ic ion. 

Studies on the  reaction of manganic acetate with octene- 
1 showed little effect on the lactone yield obtained (61- 
64%) when the manganic ion and olefin concentrations were 
varied by factors of 4 or 5. 

In the lactone synthesis, it was found advantageous to 
add 10-30% potassium acetate or other carboxylate salt to 
the reaction mixture. The  addition of acetate ion shortened 
the  reaction time by raising the reflux temperature of the 
reaction mixture and decreased the formation of side prod- 
ucts resulting in higher lactone yields. This effect of sup- 
pressing side reactions was especially important whcn high 
concentrations of a conjugated olefin such as  styrene were 
used. For example, the yield of y-phenylbutyrolactone pre- 
pared via C ~ ( O A C ) ~  increased from 13 to 70% upon the ad- 
dition of 10% KOAc. Similar improvements were observed 
in the reactions of substituted styrenes with manganic ace- 
tate.  

Discussion 
Mechanism. Previous studies on the thermal decomposi- 

tion of manganic and ceric acetate'.*s6 have demonstrated 
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Scheme I 

C-C-R, 
\ 

R1 

R2 *CH,COOH + c=c - I R'\ ,R' 

R.2 ' 'R, 
0 

pn'+ 

the intermediacy of free carboxymethyl radicals. T h i s  has. 
led us to propose the free radical mechanism for the lactone 
synthesis presented in Scheme I .  

The essence of the lactone synthesis lies in the selective 
formation and the selective oxidation of organic free radi- 
cals by metal oxidants. The  thermal decompositirxy of man- 
ganic(III), ceric(IV), and vanadium(V) carboi;ylates, un- 
like that of the corresponding salts of lead(lV), .proceeds via 
the selective and direct generation of carboxy methyl radi- 
cals. Our studies on the decomposition of higher valent 
metal carboxylates in solution have indicated, the existence 
of two distinct modes of decomposition: (1) a carboxyalkyl 
radical pathway which predominates in the 'ihermal decom- 
position of manganic, ceric, and vanadiurry salts, in which 
the carboxyalkyl radical is formed directly. and ( 2 )  a decar- 
boxylative pathway characteristic of learl carboxylates in 
which the higher valent metal carboxylate. decomposes to a n  
alkyl radical and carbon dioxide. In this latter mechanism, 
the carboxyalkyl radical is then only fo1:med indirectly and 
nonselectively in a subsequent reactiori which involves at-  
tack of the alkyl radical on the acid sollient. 

(1) Carboxyalkyl radical pathway (Mn' ", G4+, V") 

0 
I I  

M(O-C-CHR,R,) -----t R1R$-COOH 

(2) Decarboxylative pathway (Pb"'.) 

0 
II 

M(O-C-CHR,Rl) --* COj + 'CHRIR2 

*CHR,R2 + RIRzCHCOOH - RIRLC--€OOH + R,R,CHI 

The  unique mode of thermo1y:;is of manganic, ceric, and va- 
nadium carboxylates accounts for the high yields of lac- 
tones obtained and the  absence of products derived from 
alkyl radical attack on the oLefin. The  absence of significant 
amounts of C02 or metha'ne from the thermolysis of .man- 
ganic acetate in the preserice of an  olefin further supports 
the formation of carboxymethyl radicals directly without 
the intermediacy of free acetoxyl or methyl radicals. 

In this lactone synthesiis, the absence of any significant 
polymer formation can tJe attributed to the selective oxida- 
tion of organic free radicals by metal ions. The  initially 
formed carboxymethyl radical is only difficultly oxidized by 
the metal ion, owing t.o the electron-withdrawing carboxyl 
group in the CY positio,n,8 whereas the radical formed by ad- 
dition of the carboxyl methyl radical to the olefin is relative- 
ly rapidly oxidized ti2 the carbonium ion, which then cycli- 

zes to the lactone. This rapid oxidation of the adduct radi- 
c a l  is responsible for the  absence of significant polymeriza- 
t ion during the course of the reaction. 

The  lactone synthesis depends therefore on five basic 
mechanistic requirements: ( 1) the selective direct genera- 
tion of carboxyalkyl radicals; (2) the difficult oxidation of 
the initially formed carboxyalkyl radical; (3) the rapid and 
selective addition of this radical to thc olefin; (4) the fast 
oxidation of the resulting adduct radical to the carbonium 
ion; and ( 5 )  the rapid cyclization of the carbonium ion to 
the lactone. 

The  decreased lactone yields obtained in several instances 
can be directly attributed to problems related to one or 
more of the mechanistic requirements, as exemplified by 
the following observations. In the preparation of the octene- 
1 lactone using manganic acetate, the addition of cupric ac- 
etate drastically reduced the yield of lactone obtained. 
Since cupric ion is known to be an  extremely effective oxi- 
dant  of free  radical^,^^^^ the low yield can be attributed to 
oxidation of the carboxymethyl radical before it could add 
to the olefin. Similarly, the low yields of lactones obtained 
from isobutyric acid may in part be due to the greater ease 
of oxidation of the tertiary dimethylcarboxymethyl radical 
by the metal oxidant. The  higher lactone yield obtained 
from octene- 1 relative to octene-4 is in large part due to the 
faster rate of carboxymethyl radical addition to the termi- 
nal olefin. 

An expected minor side product of the lactone synthesis 
is the allylic acetate produced by the abstraction of an allyl- 
ic hydrogen atom by the carboxyalkyl radical. The high 
yields of y-lactones produced relative to the allylic acetates, 
-3O:l for b-methylstyrene and -5O:I for octene-I, how- 
ever, clearly demonstrate the great selectivity of the car- 
boxymethyl radical toward addition to the olefin over allylic 
hydrogen abstraction. 

Only very low lactone yields were obtained from olefins 
such as  diethyl maleate and methyl acrylate, and this can 
be attributed to the difficult oxidation of the adduct radical 
due to the presence of electron-withdrawing functions in the 
CY position. 

The incomplete oxidation of the adduct radical is also re- 
sponsible for the formation of small amounts of saturated 
acids, such as  decanoic acid from octene-1, as by-products 
of the lactone synthesis. Apparently under our normal reac- 
tion conditions, hydrogen abstraction by the secondary 
alkyl radical competes only slightly with oxidation by the 
metal oxidant." 

Ct,H,,COOH 
H abstraction \ 

And finally, an illustration of a problem associated with 
the last requirement, rapid cyclization of the carbonium ion 
to the lactone, can be found in the case of heptadiene- 1.6 

0 
II 

OCCH I 
" ~ ' C H ~ C O O H  
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Table 111. Relative Reactivity of Various Olefins toward 
Carboxymethyl Radical Addition at  130" 

&-Methylstyrene 27 
1,l-Diphenylethylene 19 
Styrene 12 
2-Methylheptene-1 2.4 p-Methylstyrene 1 .26 
trans-p-Methylstyrene 2 .1  p-Bromostyrene 1 .04 
trans-Stilbene 1 . 3  m-Bromostyrene 1.01 

Octene- I 1 . o a  
Cyclooctene 0.78 
cis-Stil bene 0.36 
cis-Octene-4 0.21 
tram-Octene-4 0.20 

cis+ Methylstyrene 1 .0  Styrene 1.006 

a Octene-1 arbitrarily chosen as standard. 6 Styrene arbitrarily 
chosen as standard. 

which gave a considerably reduced yield of lactone. In  this 
case, a major side product derived from internal addition of 
the carbonium ion to the remote double bond was isolated. 

The Addition of Carboxymethyl Radicals to Olefins. The 
relative rate of addition of the carboxymethyl radical to 
various olefins was determined by applying a competitive 
technique and measuring the relative ratio of the lactones 
produced (Table 111). In general, the reactivity of various 
olefins towards the addition of the carboxymethyl radical is 
governed by the stability of the radical intermediate as well 
as by steric considerations and is similar to what has been 
observed with other carbon radicals. The greater reactivity 
of the trans isomers of P-methylstyrene (kt,,,,/kcis = 2.1) 
and stilbene (ktrans/kcis = 3.6) is comparable with the ad- 
dition behavior of the methyl radical.12 The absence of any 
significant polar effect in the addition reaction of carboxy- 
methyl radicals was indicated by the comparable reactivity 
of variously substituted styrenes. 
. On the Direct Formation of Carboxyalkyl Radicals by 

Manganese(II1). The direct formation of carboxyalkyl radi- 
cals from carboxylic acids by manganese(II1) most proba- 
bly involves initial enolization of the carboxylic acid fol- 
lowed by electron transfer from either the enol or the eno- 
late anion. This is indicated by the fact that highly enoliza- 
ble carboxylic acids such as cyanoacetic acid react much 
more rapidly with manganese(II1) than do simple alkyl car- 
boxylic acids. In addition, other highly enolizable com- 
pounds, such as ketones, aldehydes, and dialkyl malonates, 
react very rapidly even at  room temperature with manganic 
acetate in acetic acid. In the reaction of ketones with man- 
ganic acetate, the rate of reaction was found to be indepen- 
dent of the manganic ion concentration, first order in ke- 
tone concentration, and accelerated by acetate ions. The 
importance of base-catalyzed enolization in these reactions 
was further demonstrated by the relative rates of disappear- 
ance of para-substituted benzyl phenyl ketones, where elec- 
tron-withdrawing groups increased the reaction rate with 
manganic acetate.I0 The preference for formation of the 
least substituted cu-keto radical from unsymmetrical ke- 
tones'* is further support for the intermediacy of an enolate 
anion. 

I . ~~ 

/OH Mn" /OH 

'OH ' +'OH 
CH2=C - CH2--C 

Experimental Section 
The commercially available organic and inorganic compounds 

were purchased in the purest quality obtainable and used without 
further purification. Manganic acetate dihydrate and anhydrous 
manganic acetate were prepared by the method described in an 
earlier publication. 

Activated manganese dioxide was prepared by simultaneously 
adding an aqueous solution of MnS04 - H20 (166.5 g) and a 40% 
solution of NaOH (234 ml) to a hot stirring solution of KMn04 
(192 g) in 1200 ml of water. The solid obtained upon filtration was 
soluble in glacial acetic acid. 

Ceric acetate was prepared by ozonolysis of cerous a ~ e t a t e . ~  
Lactone Synthesis by the Reaction of Manganic Acetate with 

Olt\fins. In  a typical experiment, a 0.1 M solution of the olefin in 
glacial acetic acid was refluxed under nitrogen with 2 mol equiv of 
Mn(OAc)3 2H20, in the presence of, added potassium acetate 
(300 g/l.), until the brown manganic color disappeared. The reac- 
tion r.vixture was diluted with water and extracted several times 
with ei  her. In larger runs, it was advisable to remove most of the 
acetic ;i,cid on the rotary evaporator prior to extraction. The ether 
extracts were then dried and evaporated down. The residue was 
then analyzed by vapor phase chromatography. Vpc yields were 
obtained h y  adding an internal standard such as phenyl benzoate 
and analyzing on a 12-ft, 10% Silicone SE-30 column in an F&M 
Model 810 gas chromatograph with dual thermal conductivity de- 
tectors. Peak areas were obtained on a Varian Aerograph Model 
475 automatic integrator and were corrected for differences in re- 
sponse for tht: various compounds involved. 

Isolation 01' the pure y-lactones was generally achieved by distil- 
lation, and str:i'ctural identification was provided by infrared (5.6- 
fi peak charactnristic of y-lactones) and nmr spectroscopy, elemen- 
tal analysis, and, occasionally, mass spectroscopy. 

Lactones Prepiwed from Other Acids. For the preparation of lac- 
tones derived from acids other than acetic acid, acetic acid was re- 
placed by the desii-ed acid, and KOAc was replaced by the salt of 
the corresponding ncid. For example, 2.1 g of styrene and 11.6 g of 
Mn(OAc), . 2H20 were refluxed under nitrogen in 200 ml of pro- 
pionic acid containiiig 20 g of potassium propionate. In less than 1 
hr, a 50% yield of a- methyl-y-phenylbutyrolactone was obtained. 
The formula CiiHlZ'02 was indicated by analysis and the com- 
pound exhibited a lactone carbonyl infrared band at 5.58 p. The 
nmr spectrum containt:d a methyl doublet at 6 0.88 ( J  = 6 Hz) 
which was spin decouplcd by irradiation at 6 2.25. 

Replacement of all t h z  acetic acid was not required for very re- 
active acids such as cyai;oacetic acid. In this case, 0.4 mol of cy- 
anoacetic acid dissolved ii? 1 I .  of acetic acid containing 10% KOAc 
reacted with 0.1 mol of M.rt (OAc)3 2HzO and 0.2 mol of olefin at 
50°. After 1 hr, most of the acetic acid was removed on the rotary 
evaporator, and the residue was extracted several times with ether 
and water. The ether layers were washed with aqueous sodium car- 
bonate, dried over anhydrcw magnesium sulfate, filtered, and 
stripped. The yields of cu-c)r,ano-y-butyrolactones obtained were 
generally in the 40-60% range based on oxidant consumed. 

Mixtures of acids were a h 3  used in the case of succinic acid. 
Thus, 700 g of succinic acid antd 300 g of acetic acid were refluxed 
with 14 g of monosodium succir\ate, 40 g of KOAc, 15 g of octene- 
I ,  and 54 g of Mn(OAc), 2H.0. When the reaction was com- 
pleted, the mixture was diluted with water and extracted with 
ether. The reaction product, obtained in 25% yield, was recrystal- 
lized from petroleum ether and melted at 76-76.5'. 

Lactone Synthesis via the in Situ Preparation of Manganic Ace- 
tate. In  a typical experiment, 212 g (0.84 mol) of manganous ace- 
tate tetrahydrate was dissolved in 1200 ml of glacial acetic acid by 
raising the temperature to 90°. At this temperature, 32 g (0.2 mol) 
of KMn04 was added with stirring. C\lhen the exothermic reaction 
had subsided and temperature had ag6l.h dropped to 90°, 300 ml of 
acetic anhydride was added followed h y  500 g of sodium acetate. 
Eighty-four grams (0.6 mol) of decene.1 was added, and the reac- 
tion mixture was refluxed (-1 30) until the brown manganic color 
had disappeared (approximately 1 hr). Extraction and distillation 
yielded 66.4 g of the pure lactone, y - ~ i -  octylbutyrolactone, bp 
1 0 6 O  (1  .0 mm), which represented a 67% j~ield based on KMn04. 

I n  an alternate procedure, 1 I O  g of mani:anous diacetate dihyd- 
rate was dissolved in a solution containing '700 ml of glacial acetic 
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acid, 7 5  g of potassium acetate, and 75 g of acetic anhydride. The 
mixture was heated to 95' at which point 19 g of KMnO4 were 
added, The resulting manganic acetate solution was then used for 
the preparation of various lactones. 

Relative Reactivity of Various Olefins. Competitive Procedure. In 
a typical experiment, 20 ml of an acetic acid solution, 0.2 A4 in 
each of the two olefins under study and 1 M in potassium acetate, 
was mixed with 20 ml of a 0.1 A4 solution of Mn(OAc)3 * 2H20 in 
acetic acid, also 1 M in KOAc. The reaction mixture was placed in 
a tube. flushed with nitrogen, and sealed. The reactions were run in 
a constant-temperature bath maintained at 130 f l o  for a period 
of 1-2 hr, by which time the brown manganic color had disap- 
peared. 

When the reaction was over, the tube was cooled, and the reac- 
tion mixture was diluted with 200 ml of ether. The ether solution 
was extracted twice with ice-water and three more times with cold 
saturated sodium bicarbonate solution. The ether extract was then 
dried over sodium sulfate, and after filtration the ether was re- 
moved on a rotary evaporator. The resulting reaction residue was 
then analyzed by vapor phase chromatography. 

The relative amounts of the two lactones formed were deter- 
mined from the areas of the corresponding vpc peaks, corrected for 
differences in response for the two compounds. All reactions were 
run i n  duplicate and analyzed twice each by vpc. 
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liams and Mr. D. G. Jones as  well as  the skillful technical 

References and Notes 
(1) E. I. Heiba, R. M. Dessau, and W. J. Koehl, Jr., J. Amer. Chem. Soc.. 

90, 5905 (1968); E. I. Heiba and R. M. Dessau, bid., 93, 995 (1971); 
see also J. B. Bush. Jr., and H. Finkbeiner, ibid., 90, 5903 (1968). 

(2) 0. T. Christiansen. 2. Anorg. Allg. Chem., 27, 325 (1901). 
(3) R. G. Brownlee, R. M. Silverstein, D. Mulier-Schwarze, and A. G. Singer, 

Nature (London), 221, 284 (1969). 
(4) N. Hay and J. K. Kochi, J. Inorg. Nucl. Chem., 30, 884 (1968). 
(5) E. I. Heiba, R. M. Dessau, and W. J. Koehl, Jr., J. Amer. Chem. SOC., 

91, 138 (1969). 
(6) R. E. VAn der Ploeg, R.  W. DeKorte, and E. C. Kooyman, J. Catal., I O ,  

52 (1968). 
(7) E. I. Heiba, R. M. Dessau, and W. J. Koehl, Jr., J. Amer. Chem. Soc., 

90, 2706 (1968). 
(8) J. K. Kochi and D. M. Mog, J. Amer. Chem. Soc., 87, 522 (1965): 
(9) J. K. Kochi and R. V. Subramanian, J. Amer. Chem. SOC., 87, 4855 

(1965). 
(IO) E. I .  Heiba and R. M. Dessau, J. Amer. Chem. SOC., 93, 524 (1971). 
(1 1) The formation of saturated, unsaturated, and ester acids was recently 

reported by M. Okano, [Chem, Ind. (London), 432 (1972); Chem. Len., 
165 (1973)] in the reactions of manganic acetate with olefins. All these 
products are expected on the basis of the known chemistry of these ad- 
duct radicals (we have previously observed similar products in the man- 
ganic oxidation of ketones with however, under our condffions 
(low or no anhydride concentrations) these products are only of minor 
significance. 

(12) F. Carrock and M. Szwarc, J. Amer. Chem. SOC.. 81, 4138 (1959). 
(13) E. i. Heiba and R. M. Dessau, J. Amer. Chem. Soc., 94, 2888 (1972). 

Thermodynamics of Acid-Base Equilibria. V. 1-4 Ionization 
of Thiophenol. An Ion Size Effect 

Charles L. Liotta,* Edward M. Perdue, and Harry P. Hopkins, Jr.* 
Contribution from the School of Chemistry, Georgia Institute of Technology, Atlanta, 
Georgia 30332, and the Department of Chemistry, Georgia State University, Atlanta, Georgia 
30303. Received April 24, I974 

Abstract: The thermodynamic parameters A@, Afi' ,  AS', and A p  have been determined for the ionization of thiophenol 
in aqueous solution at 2 5 O .  These values have been combined with the literature values for the ionization of phenol in aque- 
ous solution at 2 5 O ,  and the thermodynamic parameters for the proton transfer reaction, PhSH + PhO- + PhS- + PhOH, 
( I ) ,  have been calculated. The gas-phase thermodynamic parameters AG" I (g), AH" I (g), and So I (8) have been estimat- 
ed for eq 1 and compared with the corresponding solution parameters. The results are analyzed in terms of current solution 
theories. The volume change for eq 1 can be adequately accounted for in terms of van der Waals volumes and the calculated 
electrostriction of the solvent by the anions. The entropy change for eq 1 could not be completely accounted for by any cur- 
rent theory. 

Enthalpies, entropies, and volumes of ionization5a pro- 
vide useful information concerning solute-solvent interac- 
tions. Numerous investigators have extensively studied the 
thermodynamics of ionization of phenol and substituted 
phenols, as  summarized by Larson and H e ~ l e r . ~ "  The  data 
indicate that the variation of the pK,'s of substituted phe- 
nols is almost completely due to changes in the entropy of 
ionization. In contrast, very few reliable da ta  a re  available 
on the  sulfur analog of phenol, thiophenol. The  pK, of thio- 
phenol has been investigated by several researchers6.' and is 
reported to be approximately 6.5. These results show that 
thiophenol is considerably more acidic than phenol (pK, = 
9.97). The  relative acidities a re  clearly demonstrated in the  
proton transfer reaction shown in eq 1 for which the  aque- 

PBSH + PhO- PhS- + PhOH (1) 
ous Gibbs free energy of proton transfer [AGO (aq)] is cal- 
culated to be -4.75 kcal/mol. 

In this study, the thermodynamic parameters AGO, 
A H o ,  Go, and A P  have been determined for the ioniza- 
tion of thiophenol in aqueous solution. The  values have been 
combined with the literature values for the ionization of 
phenol in aqueous solution a t  25' to yield the thermody- 
namic parameters for eq 1. In addition, the gas-phase ther- 
modynamic parameters AGO I (g), AHo I (g), and ASo I (g) 
have been estimated by a combination of semiempirical 
( C N D 0 / 2 )  results and statistical thermodynamic methods. 
The  thermodynamic functions for the proton transfer reac- 
tion a re  analyzed in terms of current theories in order to ap- 
proach a better understanding of solute-solvent interac- 
tion$ involved in organic acid-base equilibria. 

Experimental Section 
The pK, of thiophenol was determined spectrophotometrically 

at the absorbance maximum of the thiophenoxide anion (37,950 
cm-I). The extinction coefficients of thiophenol ( C P ~ S H  560) and 
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