
56 

47% overall) of the distilled ynone: b p  115-118 (2 mm); LR (neat) 1,1,3,3-tetramethylbutyl isocyanide, 14542-93-9; tert-butyllithium, 
2200, 1660 cm-'; 'H NMR (CC14) 6 1.2 (s, 9), 7.2-7.8 (m, 5); [lit.22 594-19-4; iodobenzene, 591-50-4; o-bromotoluene, 95-46-5; o-bromo- 
bp 81-82 (1.5 mm)]. anisole, 578-57-4; 1-bromonaphthalene, 90-11-9; (E,E)-2,2-di- 

methylnon-4-en-3ylidne)amino]-2,4,4-trimethylpen~e, 79722-76-2; 
Registry No. 1, 79722-70-6; 2a, 79722-71-7; 2c, 79722-72-8; 2d, (E)-1-iodo-1-hexene, 16644-98-7; (E)-2,2-dimethylnon-4-en-3-one, 

79722-73-9; 2e, 79722-74-0; 3a, 938-16-9; 3b, 1009-14-9; 3c, 2041-37-4; 79722-77-3; bromophenylacetylene, 932-87-6; 4,4-dimethyl-1- 
3d, 22526-24-5; 3e, 25540-73-2; 4, 79722-75-1; 10, 49633-73-0; phenyl-l-pentyn-3-one, 32398-67-7. 
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Permanganate Ion Oxidations. 14. Kinetics and Mechanism of the 
Oxidation of Aliphatic Aldehydes in Acid 
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The kinetics and mechanism of the permanganate ion oxidation of 2,2-dimethylpropanal (pivalaldehyde, 4) 
and other aliphatic aldehydes over the p H  range 2.80-6.86 have been investigated. The oxidation, which shows 
general-acid catalysis, is first order in [aldehyde] and first order in [MnOL]. The mechanism of the Mn(VI1) 
oxidation of aliphatic aldehydes is compared with t h a t  proposed for Cr(V1). 

Although the permanganate ion  oxidation^^-^ of phe- 
nylmethanal ( 1),+15 2-furaldehyde (2),16J7 and trifluoro- 
ethanal ( 3 P Z o  have received some study, there are no 

1 2 3 

systematic mechanistic studies of the oxidation of aliphatic 
aldehydes.21-26 This spectrophotometric stopped-flow 

(1) Part 1 3  Freeman, F.; Fuselier, C. 0.; Armstead, C. R.; Dalton, C. 
E.; Davidson, P. A.; Karchefski, E. M.; Krochman, D. E.; Johnson, M. N.; 
Jones, N. K. J. Am. Chem. SOC. 1981,103, 1154. 

(2) Presented in part at  the 1975 Pacific Conference on Chemistry and 
Spectroscopy, Oct 28, 1975, North Hollywood, CA. 

(3) Department of Chemistry, University of California, Irvine, CA 
92717. 

(4) Freeman, F. Rev. React. Species Chem. React. 1976, 1, 179. 
(5) Lee, D. G. "The Oxidation of Organic Compounds by Per- 

manganate Ion and Hexavalent Chromium"; Open Court: La Salle, IL, 
1980. 

(6) Stewart, R. In "Oxidation in Organic Chemistry"; Wiberg, K. B., 
Ed.; Academic Press: New York, 1965; Part A, p 30. 

(7) Rocek, J. In "The Chemistry of the Carbonyl Group"; Patai, S., 
Ed.; Interscience: New York, 1966; p 478. 

(8) Benson, D. "Mechanisms of Oxidation by Metal Ions"; Elsevier: 
New York, 1976, p 193. 

(9) Wiberg, K. B.; Freeman, F., unpublished data. 
(10) Wiberg, K. B.; Stewart, R. J. Am. Chem. SOC. 1955, 77, 1786. 
(11) Tompkins, F. C. Trans. Faraday SOC. 1943, 39, 280. 
(12) Tronov, B. V. Zh. Russ. Fiz.-Khim. 0-ua. 1927, 59, 1155. 
(13) Manjrekar, S. K.; Soman, S. V. Indian J. Chem. 1974, 12, 307. 
(14) Cullis, C. F.; Ladbury, J. W. J.  Chem. SOC. 1955, 32, 1407. 
(15) Speroni, G.; Barchielli, G. Gazz. Chim. Ital. 1941, 41, 765. 
(16) Freeman, F.; Brant, J. B.; Hester, N. B.; Kamego, A. A.; Kasner, 

M. L.; McLaughlin, T. G.; Paull, E. W. J. Org. Chem. 1970, 35, 982. 
(17) Freeman, F.; Kamego, A. A., unpublished data. 
(18) Stewart, R.; Mocek, M. M. Can. J. Chem. 1963, 41, 1160. 
(19) Kurz, J. L. J .  Am. SOC. 1963, 85, 987. 
(20) Kurz, J. L. J.  Am. Chem. SOC. 1964, 86, 2229. 
(21) Freeman, F.; Boettinger, P.; Lin, D. K.; Moody, P. C., unpublished 

data. 

kinetic study was undertaken in order to determine the 
mechanisms of the permanganate ion oxidation of aliphatic 
aldehydes in acid (eq 1 ) 2 2 3 2 3  and in neutral solution (eq 
5RCHO + 2Mn04- + 6H+ - 

5RC02H + 2Mn2+ + 3Hz0 (1) 
2).loJ1 It is of importance to determine whether oxidation 
involves general or specific acid catalysis, the free carbonyl 
group, and/or the aldehyde hydrate.7J0J1J6 I t  is also of 
interest to compare and contrast the mechanisms for the 
permanganate ion oxidation of aliphatic aldehydes with 
those proposed for chromium(V1)  mechanism^.^^-^^ 

In order to eliminate the possibility of enolization, we 
chose the oxidation of 2,2-dimethylpropanal (trimethyl- 
acetaldehyde, pivaldehyde, 4) to 2,2-dimethylpropanoic 
acid (pivalic acid, 5 )  for detailed study. 
3(CH3),CCH0 + 2Mn04- - 

5 6 

4 
(CH3),CC02H + 2(CH3),CC02- + 2MnO2 + H20 (2) 

Experimental Section 
Boiling and melting points are  uncorrected and pH determi- 

nations were made on a Corning Digital 110 expanded scale p H  
meter. IR spectra were obtained on a Perkin-Elmer 283 spec- 
trometer, and NMR spectra were obtained on a Varian EM-360 
60-MHz spectrometer or a Bruker WH-90 FT NMR spectrometer. 

Reagents. All solutions were prepared immediately before use. 
Deionized water was purified by distillation from potassium 

(22) Banerji, K. K. J. Indian Chem. SOC. 1972, 49, 5. 
(23) Banerji, K. K. Z. Naturforsch., E: Anorg. Chem., Org. Chem. 

1972. 27b. 172. 
~ (24) ~ b ~ ~ t a ,  J.; ~utschin ,  A. z. m y s .  Chem. (Leipzig) 1930,150,381. 

(25) Bugaenko, L. T.; Romantsev, M. F. Zh. Obshch. Khim. 1963,33, 

(26) Seijoo, M. An. Assoc. Quim. Argent. 1923, 11, 15; Chem. Abstr. 

(27) Goswami, C.; Banjeri, K. K. Bull. SOC. Chem. Jpn.  1970,43, 2643. 
(28) Kemp, T. J.; Waters, W. A. Proc. R. SOC. London, Ser. A 1963, 

(29) Rocek, J. Tetrahedron Lett. 1959, 1. 
(30) Chatterji, A. C.; Antony, V. Z. Phys. Chem. 1959, 210, 103. 
(31) Rocek, 3.; Ng, C.4.  J .  Org. Chem. 1973, 38, 3348. 
(32) Wiberg, K. B.; Szeimies, G. J. Am. Chem. SOC. 1974, 96, 1889. 
(33) Wiberg, K. B.; Richardson, W. H. J .  Am. Chem. SOC. 1962, 84, 

1707; Chem. Abstr. 1963,59, 10798. 

1924,18, 3517. 

274, 480. 
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Figure 2. Typical pseudo-first-order plot of the permanganate 
ion oxidation of 2,2-dimethylpropanal (4). 

permanganate in an all-glass apparatus. Reagent grade KH2P04, 
Na2HP04, HC1, and KC1 were used to prepare the appropriate 
buffer solutions. Standard KOH or HC1 solutions were added 
to some phosphate buffers in order to adjust the pH, and reagent 
grade KC1 was used to maintain ionic strength. Potassium 
permanganate stock solutions were prepared from Acculute 
standard volumetric concentrates. The stock solution was stored 
under nitrogen in the dark, and the absorbancy index was checked 
before each experiment. 

Propanal (6),% butanal (7),% pentanal (8),% 2-methylpropanal 
(9),36 2-methylbutanal ( 3-methylbutanal (1 1),37 2,2-di- 
methylpropanal (4),% trichloroethanal(12),3s phenylmethanal ( 1),38 
and phenylethanal(13),% were fractionally distilled immediately 
before use. 

Pivalaldehyde (4) was stored as the sodium bisulfite addition 
compound. In order to regenerate the free aldehyde (4) from this 
complex, we used the following procedure:a 16.0 g (0.15 mol) of 
Na2C03 was dissolved in 100 mL of water, and the solution was 
placed in a separatory funnel. The bisulfite complex (19.0 g, 0.10 
mol) was added to this solution, and the mixture was shaken until 
the complex was completely dissolved. The aqueous phase was 
discarded and the free aldehyde 4 was obtained in 98-99% purity 
with a yield of 7580%. The aldehyde (4) was dissolved in diethyl 
ether, dried over N@04, and fiitered, and the fiitrate was distilled 
at 77-78 O C  (lit. bp 79-80 OC41) after careful removal of the diethyl 
ether. 

Results 
Kinetic Method. The rate of disappearance of per- 

manganate ion was monitored spectrometrically at 510 and 

I pH  - 4 2 0  / I 

Table I. Kinetic Data for the Permanganate Ion 
Oxidation of 2,2-Dimethylpropanal (4) 

104- 
103[41, [MnO4-1, 10’kp, M-I kobsd, s-l 

PH M M S-  

4.20 2.94 4.00 1.59 5.41 
4.20 4.60 4.00 2.57 5.59 
4.30 5.98 4.00 3.37 5.64 
4.20 8.92 4.00 5.18 5.80 
4.20 5.98 2.00 3.55 5.94 
4.30 5.98 6.00 3.37 5.64 
4.20 5.98 8.00 3.35 5.60 
4.10 5.98 2.00 3.09 5.17 
6.70 5.98 4.00 2.40 4.06 

5.98 6.00 1.90 3.17 6.70 
6.70 5.98 8.00 2.18 3.65 
6.70 5.98 4.00 2.11 3.52 
6.80 4.00 4.00 1.14 2.85 
6.80 5.98 4.00 1.90 3.17 
6.80 8.00 4.00 2.67 3.34 
6.80 10.1 4.00 3.22 3.18 
6.80 12.0 4.00 3.95 3.30 

a Temperature 25.0 ‘C, p = 0.30, h = 524 nm, KH,P04- 
Na,HP04 buffer system. 
stant. Second-order rate constant = k,j/[4]. 5% 
KH,P04 solution, p = 0.30. 

Pseudo-first-order rate con. 

::v,, , , , , I  
0 
0 10 2 0  30 40 50 6 0  7 0  80 9 0  I00 110 120 

[RCHO] x I 0 3  M 

Figure 3. Effect of 2,2-dimethylpropanal (4) concentration on 
the pseudo-first-order rate constants for the permanganate ion 
oxidation at pH 4.20 and 6.80 at 25.0 O C .  

524 nm in a specially designed stopped-flow reactor in a 
Beckman DU s p e c t r ~ p h o t o m e t e r . ~ ~ * ~ ~  The kinetics were 
studied under pseudo-first-order conditions, and the 
pseudo-firsborder rate constants (k,) were calculated from 
the slopes of the plots of -log (A, - A,) vs. time, where A, 
and A, were the absorbances at 510 or 524 nm of the 
reaction mixture at time t and at infinity, respectively 
(Figures 1 and 2) by using the computer program L S K I N ~ . ~  
All rate constants are the average of at least three ex- 
periments. 

Order of Reaction. The order of reaction with respect 
to the concentration of 4 was obtained by measuring the 
rate of decrase of a constant concentration of per- 
manganate ion at constant pH values (pH 4.20 or 6.80) in 
the presence of varying concentrations of 4 (Table I).45 
Plots of k, (pseudo-first-order rate constant) vs. concen- 
tration of 4 gave straight lines that go through the origin 
at both pH values, indicating the rate of oxidation to have 

(34) Aldrich Chemical Co. 
(35) Matheson Coleman & Bell. 
(36) Pflatz & Bauer, Inc. 
(37) Chemical Samples Co. 
(38) Eaatman Chemicals. 
(39) Mallinckrodt. 
(40) Griffiths, D. W.; Aldrich Chemical Co., private communication. 
(41) Corey, E. J.; Cane, D. E. J. Org. Chem. 1969, 34, 3053. 

(42) Wiberg, K. B.; Geer, R. D. J. Am. Chem. SOC. 1965, 87, 5202. 
(43) Freeman, F.; Yeramyan, A.; Young, F. J. Org. Chem. 1969, 34, 

(44) DeTar, D. F. “Computer Programs for Chemistry”; DeTar, D. F., 

(45) The limited solubility of 4 restricts the extent to which the range 

2438. 

Ed.; W. A. Benjamin: New York, 1968; Vol. 1, Chapter 6. 

of ita concentration can be varied. 
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Table 11. Effect of pH on the Permanganate Ion 
Oxidation of 2,2-Dimethylpropanal (4)  a 

Freeman, Lin, and Moore 

~ ~ ~~~ 

103[4], lo 'hp ,  hobrd, lO( l0g  
M-1 s - l  

PH M S- kobsd 

6.7 4.00 1.18 2.95 4.60 
5.6 5.98 2.34 3.91 5.92 
4.6 5.98 3.1 2 5.22 7.18 
4.3 5.98 3.37 5.64 7.51 
2.8 5.98 5.14 8.60 9.34 

a Temperature 25.0 'C, h = 524 nm, IJ = 0.3, phosphate 
buffers with added KOH or HCl. 
rate constant. 

Pseudo-first-order 
Second-order rate constant = kb/I4]. 

a first-order dependence on the concentration of pival- 
aldehyde (4, Figure 3). At constant aldehyde (4) con- 
centration and constant pH (pH 4.20, 6.70, 6.80), the 
pseudo-first-order rate constant (k,) is not altered ap- 
preciably with increasing permanganate ion concentration, 
which indicates a first-order dependence on the concen- 
tration of permanganate ion. Figure 3 also implies a 
first-order dependence on [Mn04-]. 

Effect of pH. The way in which acid influences the rate 
of oxidation is shown in the plot of log kob against pH 
(Table 11, Figure 4). In order to test for the occurrence 
of general-acid catalysis, we determined the rate of oxi- 
dation as a function of buffer concentration at constant 
ionic strength in order to minimize salt effects (Table 111). 
The ratio [KH2P04]/ [Na2HP04] was held constant in 
order to maintain a constant pH. Plots of the second-order 
rate constant (how) against buffer concentration (Figure 
5 and 6) are linear with slopes (catalytic rate constants) 
of 8.50 at pH 5.9 and 5.77 at pH 5.7 and intercepts (rate 
constants for H30+ acting as the general acid) of 3.12 and 
2.40 at p = 0.3 and 1.0, respectively. 

The above kinetic data suggest that the permanganate 
ion oxidation of 4 in weakly acid media is overall third 
order (eq 3) with the possibility of some contribution from 

(3) 

the neutral reaction (eq 4 where ko is the observed rate 
constant for the neutral oxidation reaction) near pH 7.16 

rate = kobsd [4] [Mn04-l [H30+] 

rate = ko [4][Mn04-] (4) 

Thermodynamic Parameters. The permanganate ion 
oxidation of 4 at 15 and 25 "C at pH 4.20 gives E,  = 9.0 
kcal mol-', AH* = 8.4 kcal mol-', AS* = -26.6 eu, AG* = 
16.2 kcal mol-l, and A = 2.7 X lo7 M-l s-l, 

Substituent Effects. Table IV shows the effects of 
substituents on the permanganate ion oxidation of a series 
of aliphatic aldehydes. The aldehyde hydrate equilibrium 
constants4657 (Khrd, eq 5) are also included in Table Iv. 

K,, = [>C=O][H,Ol/[>C(OH),I (5) 

041 1 1 I I 
2 0  3 0  4 0  5 0  6 0  7 0  

P H  

Figure 4. Effect of pH on the permanganate ion oxidation of 
2,2-dimethylpropanal (4) in phosphate buffers at 25.0 "C. 

2 0  
00 010 0 2 0  0 3 0  0 4 0  

[KH*  PO.] M 

Figure 5. Rate constants vs. buffer concentrations for 2,2-di- 
methylpropanal (4) at pH 5.90, w = 0.3, and 25.0 O C .  

I I I 

I 1 , 1 
0 0 05  0 10 0 15 

[K H2 POI] M 

4 

I 

J 
0 2 0  

Figure 6. Rate constants vs. buffer concentrations for the 
permanganate ion oxidation of 2,2-dimethylpropanal (4) at pH 
= 5.70, p = 1.0, and 25.0 "C. 

Table 111. Effects of Buffer Concentration on the Rate of Permanganate Ion Oxidation of 2,P-Dimethylpropanal ( 4 ) a  

kobsd, M-1 s - l  
ionic [KH,PO, I ,  [Na, HPO, I ,  lO*k?, 

PH strength ( p )  M M S- 

5.90 0.3  0.05 0.01 25 2.12 3.54 
5.90 0.3 0.10 0.025 2.37 3.97 
5.90 0.3 0.15 0.0375 2.61 4.39 
5.70 1 .o 0.10 0.025 1.80 3.00 
5.70 1.0 0.20 0.05 2.12 3.53d 
5.70 1.0 0.40 0.10 2.84 4.73d 

a Temperature 25.OoC, h = 524 nm, [MnO,-] = 4.0 x 
Second-order rate constant = k+/[4]. [4] = 6.00 x 

M, [4] = 5.98 x M. Pseudo-first order rate constant. 
M, h = 510 nm. 
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Table IV. Effect of  Subst i tuents  o n  the Permanganate 
Ion  Oxidation of Aliphatic Aldehydes a 
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Scheme I a 

'0-H B II 
RCH t H,O+ t RCH t R-LOH t H,O 

I 
H 

1 4 b  

1 4 a  

1 4  -! Mn04- & RCOMn03 TH 
I 
H 

15 

r n  B 
R-C-0-MnO3 &- RCOH + MnO; t HA 

I-f 
AJ 

15 
3Mn0; + H,O - 2Mn0, + Mn04- t 20H- 

u = k[15][A-] ,  u = kKEIRCHO] [MnO,-] [H+l  [ A I ,  and 
u = kKEKHAIRCHO][MnO,-][HA], where KE denotes t h e  
equilibrium constant  for  t h e  formation of the  permanga- 
nate  ester 15 and  K H A  is the  acid dissociation constant  of 
any acid present. 

manganate ester of the aldehyde hydrate (15) is in equi- 
librium with both the protonated aldehyde (14) and the 
hydrate. Thus, in principle, the manganese ester may arise 
from addition of permanganate ion to 14 or via an acid- 
catalyzed esterification reaction of permanganate ion with 
the hydrate. However, the relatively low reactivity of 12, 
which is essentially 100% hydrated, suggests that per- 
manganate ion attacks the carbonyl atom of the protonated 
aldehyde (14). 

Figures 5 and 6, which show that the rates of oxidation 
increase linearly with increasing buffer concentration, are 
consistent with the general-acid-catalyzed part of the 
mechanism depicted in Scheme I. 

Other investigators have observed primary kinetic deu- 
terium isotope effects for the permanganate ion oxidation 
of l , 6 s 9  2,I6J7 3,18 and ethanalSn The primary isotope effects 
clearly indicate that carbon-hydrogen bond breakage oc- 
curs in the rate-determining step (Scheme I). However, 
it is not clear whether the slow step involves hydride ion 
transfer or hydrogen atom abstraction. Moreover, oxygen 
transfer from oxidant to l6lg or to 216J7 has been observed. 
Thus, the kinetic data in this study are in accord with 
previous studies of the permanganate ion oxidation of 
aldehydes and with chromium(V1) oxidations of aliphatic 
aldehydes. 

Registry No. 1, 100-52-7; 4,630-19-3; 6, 123-38-6; 7,123-72-8; 8, 
110-62-3; 9, 78-84-2; IO, 96-17-3; 11, 590-86-3; 12, 75-87-6; 13, 122- 
78-1; permanganate ion, 14333-13-2. 

b kobsd, M-1 s - l  

PH PH 
aldehyde 4.20 6.86 KhydC 

C,H,CHO (1) 0.28 
(CH,),CCHO (4 )  

CH,CH,CH,CHO ( 7 )  2.07 1.12 2.1 

5.94 2.85 4.1 
1.35 0.78 1.4 CH,CH,CHO (6) 

CH3(CH2)3CH0 (8) 1.92 
(CH,),CHCHO (9) 3.01 1.75 2.3 
CH,CH,CH(CH,)CHO (10)  4.28 2.55 2.3d 
CH,CH(CH,)CH,CHO (11)  2.65 

C,H,CH,CHO (13)  0.51 
C1,CCHO ( 1 2 )  very slow 3.6 x 10-5 

a Phosphate buffers ,  temperature  25.0 'C, A = 524 nm,  
= 0.3. 
The hydrat ion equilibrium c o n ~ t a n t . , ~ - ~ '  Reference 

54. 

The second-order rate constants (kom) are calculated by 
using the total amount of aldehyde weighed for the ex- 
periment. 

By use of kObsd values from Table IV and E,  and u* 
values from ref 58, the following values of p*, 8, and h were 
obtained by a multiple regression analysis (eq 6):69 at pH 

log kobsd = p * C U *  + PEE, + h (6) 
= 4.20, p* = -0.37, ,6 = 0.37, h = -0.17, r (correlation 
coefficient) = 0.983; a t  pH = 6.86, p* = -1.1, /3 = 0.22, h 
= -0.15, r = 0.945. 

Discussion 

Second-order rate constant  = kq/[RCHO].  

The above kinetic data are consistent with the oxidation 
mechanism shown in Scheme I. Although not shown in 
the scheme, it is recognized that the acid-catalyzed hy- 
dration of aldehydes is occurring and that the per- 

(46) Williams, I. H.; Spangler, D.; Femec, D. A.; Maggiora, G .  M.; 

(47) Williams, I. H.; Maggiora, G. M.; Schowen, R. L. J. Am. Chem. 
Schowen, R. L. J. Am. Chem. SOC. 1980,102,6619. 

_- 
S O ~ .  1980, 102, 7831. 

(48) Gruen. L. C.: McTirme. P. T. J. Chem. SOC. 1963.5217. 
(49) Greenzaid, P.; Luz,-A.;'Samuel, D. J. Am. Chem.'Soc. 1967,89, 

(50) Le Henaff, P. Bull. SOC. Chim. Fr. 1968,4687. 
(51) Greenzaid, P.; Rappoport, Z.; Samuel, D. Trans. Faraday SOC. 

(52) Aromatic aldehydes are not hydrated to any appreciab)e extent 

(53) Greenzaid, P. J. Org. Chem. 1973, 38, 3164. 
(54) Ahrens, M.-L.; Maass, G. Angew. Chem., Int. Ed. Engl. 1971,10, 

(55) Green, L. R.; Hine, J. J. Org. Chem. 1973, 38, 2801. 
(56) Green, L. R.; Hine, J. J. Org. Chem. 1974, 39, 3896. 
(57) Bover, W. J.; Auman, P. J. Chem. SOC., Perkin Trans. 2 1973,786. 
(58) Taft, R. W., Jr. In "Steric Effects in Organic Chemistry"; New- 

man, M. s., Ed.; Wiley: New York, 1956; Chapter 13. 
(59) Charton, M. J. Org. Chem. 1966, 31, 3745. 

749. 

1967,63, 2131. 

in neutral aqueous s ~ l u t i o n s . ~ ~ ~ ~ '  
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