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until colorless. The resulting solutions were worked up as in the 
iron(II1) experiments. 

Dependence of Isomers Ratio in the Oxidation of 1,2, and 
Fe(II1). Two stock solutions were made: (a) lg (563 mg, 2.24 
m o l ) ,  l-odene (518 mg, 6.62 mmol), and biphenyl (293 mg) in 
MeCN (10 mL); (b) Fe(C104)8-9H@ (23 mmol) in MeCN (31 mL). 
Solution a, acetonitrile, and solution b were mixed together under 
N1 in the following proportions, respectively: (1) 1.5, 1.44, and 
0.45; (2) 1.5, 0.53, and 1.37; (3) 1.5, 0.1, and 1.8; (4) 1.5, 0, and 
2.22. The resulting solutions were stirred at  20 OC for 1-24 h, 
stopped at  different times, worked up as before, and analyzed 
by GC for the determination of the conversion, yield, and isomers 
ratio. The results are plotted in Figure 1 as ratios of ortholpara 
isomers against lg conversion. From these data the following 
slopeadcorrelation coefficient) were obtained: (1) 0.57 (0.9991), 
(2) 0.42 (0.9993), (3) 0.28 (0.9989), (4) 0.23 (0,9996). A linear 
correlation with a slope of -1.1 (r = 0.9988) of these data against 
Fe(II1) concentration can be deduced. 

Dependence of Isomers Ratio in the Oxidation of 1,2, and 
Mn(OAc)* A stock solution was made from compound lg (500 
mg, 1.99 mmol) and l-octene (447 mg, 3.98 mmol) in AcOH (5 
mL). Mn(OAc)S dihydrate (95% purity) was weighed in four 
twenecked flasks (117 mg, 218 mg, 326 mg, 429 mg, respectively); 
acetic acid (3 mL) was added, and the mixtures were flushed with 
Nz for 5 min. The stock solution (1 mL) was added at  20 OC to 
the resulting mixtures, each h k  was introduced in a thermcetated 
bath at  70 OC, and the reactions were followed by withdrawing 
at different time samples, which were worked up and analyzed 
as before. The results are reported in Figure 2 as dependence 
of R,, against the substrate conversion. The following slopes 
(correlhion coefficient) were obtained, respectively 0.41 (0.9988), 
0.31 (0.9992), 0.19 (0.9996), 0.02 (0.9991). A linear correlation of 
these data against Mn(II1) concentration can be deduced with 
a slope of -1.4 ( r  = 0.9992). 

Dependence of Isomers Ratio in the Oxidation of 1,2, and 
CAN. Two stock solutions were made: (a) compound lg (613 
mg, 2.04 mmol), 1-octene (463 mg, 4.13 mmol) and biphenyl (286 
mg) in MeOH (5 mL); (b) Ce(NH4)2(NOS)4 (2.886 g, 5.26 mmol) 
in MeOH (31 mL). Solutions a, methanol, and solution b were 
mixed together under N2 in the following proportions, respectively 
(1) 0.9, 2.1, and 0.70; (2) 0.9,1.40, and 1.40; (3) 0.9,0.7, and 2.1; 
(4) 0.9,O and 2.8. The resulting solutions were stirred at  20 "C 
for 1-6 h, stopped at  different times, and worked up as before. 
The results are reported in Figure 3 as dependence of Rolp against 
the substrate conversion. The following slopes (correlation 
coefficient) were obtained: (1) 0.05 (0.9986), 0.04 (0.9992), 0.05 
(0.9984), 0.05 (0.9992). 
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The results obtained from a study of the oxidation of mandelic acid and cyclobutanol by permanganate in 
1.0 M KOH are beet accommodated by a mechanism in which the initial reaction is the addition of a manganeae-oxo 
bond to the a-C-H bond of the alcohol, followed by homolytic cleavage of the resulting Mn-C bond to give 
free-radical intermediates. A comparison with other high-valent transition-metal oxidants suggests that it is 
possible to systematically classify the way in which these reagents react with alcohols on the basis of the initial 
reaction (C-H or O-H addition) and the cleavage mode of the metal-oxygen or metal-carbon bond (homolytic 
or heterolytic). The approach provides a framework for understanding these reactions that is less chaotic than 
the current situation where distinctive mechanisms have been proposed for each individual oxidant. 

Introduction tetraoxide? perruthenate,'O ruthenate," and ferrate12 have 
all proven to be useful oxidants for specific alcohols. Transition-metal oxides have been widely used for the 

conversion of alcohols into carbonvl comDounds. Per- 
manganate,' manganate(VI),* chiomic acid? chloro- 
chromate,' chromyl chloride? molybdenum(V1) complex- -' tetroxide,8 osmium 

(6) Iehii, Y.; Yamawaki, K.; Yoahida, T.; Ura, T.; Ogawa, M. J.  Org. 

(7) Freeman, F. In Organic Syntheses by Oxidation with Metal Com- 
pounde; Mije, W. J., de Jonge, C. R. H. I., Ede.; Plenum: New York, 1- 

Chem. 1987,52,1868. 
vanadium,7 

(1) Stewart, R. In Oxidation in Organic Chemistry, Part A; Wiberg, 
K. B., Ed.; Academic Press: New York, 1965; p 47. Lee, D. G. In Oxi- 
dation in Organic Chemistry, Part D Trahanowky, W. S., Ed.; Academic 
Press: New York, 1982; p 193. 

(2) . h d t ,  D. Manganese Compounds aa Oxidizing Agents in Organic 
Chemistry; Open Court: La Salle, 1981; p 175. 

(3) Wiberg, K. B. In Oxidation in Organic Chemistry, Part A; Wiberg, 
K. B., Ed.; Academic Press: New York, 1965; p 142. 

(4) Piancatelli, C.; Scettri, A.; DAuria, M. Synthesis 1982, 245. 
Banerji, K. K. Bull. Chem. Soc. Jpn. 1978,51,2732. Someswara Rao, C.; 
Deshmukh, A. A.; Thakor, M. R.; S r i n i v m ,  P. S. Ind. J .  Chem. 1986, 
258, 324. 

(5) Mosher, W. A.; Celeste, J. R. Revue de Chimie 1962, 7, 1085. 
Sharpless, K. B.; Akashi, K. J .  Am. Chem. SOC. 1976,97,5927. 

Chapter 1. 
(8) Lee, D. G. In Oxidation in Organic Chemistry, Part B Traha- 

novaky, W. S., Ed., Academic Preae: New York, 1973; p 197. 
(9) Singh, H. K. In Organic Syntheses by Oxidation with Metal 

Compounds; Mijs, W. J., de Jonge, C. R. H. I., US.; Plenum: New York, 
Chapter 12. 

1) Criffith, W. P.; Ley, S. V.; Whitcombe, G. P.; White, A. D. J. 
1966; 

(I( 
Chem. SOC., Chem. Commun. 1987, 1625. 

(11) Coats, R. M.; Senter, P. D.; Baker, W. R. J.  Org. Chem. 1982,47, 
3597. Corey, E. J.; Danheiser, R. L.; Chandrawkaran, 5.; Keck, G. E.; 
Gopelan, B.; Lamen, S. D.; Siret, P.; Grm, J. L. J.  Am. Chem. Soc. 1978, 
100, 8034. 

(12) Tsuda, Y.; Nakejima, S. Chem. Lett. 1978,1397. William, D. H.; 
Riley, J. T. Imrg. Chrm. Acta 1974,8,177. Audette, R. J.; Quail, J. W.; 
Smith, P. J. J .  Chem. Soc., Chem. Commun. 1972, 38. 
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aldehydes with chlorotrimethylsilane and potassium cyanide in 
refluxing acetonitrile to give the corresponding trimethylsilyl 
ethers.20 Hydrolysis in refluxing aqueous HC1 then gave the 
substituted mandelic acids in yields of about 90%. Mandelic 
acid-a-d was prepared starting from benzaldehyde-a-d that had 
been obtained from Merck, Sharp and Dohme Canada Limited. 
All substituted mandelic acids exhibited consistent NMR and IR 
spectra and had sharp melting points that were in agreement with 
literature values. 

Reaction Products. When the reaction was monitored 
spectrophotometrically (Figure 1) it  was apparent from the 
spectrum of the product that permanganate had been reduced 
to manganate(V1) under these conditions. 

In an attempt to identify the organic product, mandelic acid 
(3.75 g, 0.025 mol) was added to a 100 mL of 1.0 M KOH solution 
and stirred in an ice-water bath for about 15 min. Then a portion 
of fiiely ground potassium permanganate (8.3 g, 0.053 mol) was 
added over a period of 15 min. The mixture was stirred for 0.5 
h during which time the temperature was held below 0 OC. On 
completion of the reaction, sodium sulfite (29 g, 0.224 mol) was 
introduced and concentrated HCl was carefully added until all 
of the oxidant had been reduced to colorless manganese(I1). 
Extraction with 4 X 50 mL portions of ether, followed by drying 
of the combined extracts over anhydrous MgSO, for a few minutea, 
and evaporation of the ether gave an oily residue that solidified 
on cooling in a refrigerator (1.80 g, 50%). IR (Nujol): 31W3300 
(vs), 2922.1 (vs), 2854 (a), 1738.9 (m), 1659.6 (a), 1593 (m), 1452.4 
(8). Proton NMR (DMSO-dB): 7.41 (m, 2 H), 7.74 (m, 1 H), 7.90 
(m, 2 H). After recrystallization from carbon tetrachloride ita 
melting point was 6648 OC. The reported melting point of the 
expected product, benzoylformic acid, is 66 OC.*' 

The products of the reactions of Mn0,- and MnOt- with 
cyclobutanol were determined as follows: 

Cyclobutanol(l.0 g, 13.6 mmol) in 100 mL of 6.0 M KOH was 
allowed to react with aqueous sodium manganate(V1) (0.155 M, 
200 mL) in an ice water bath. After 5 min sodium sulfite (10 g, 
79.3 "01) was introduced and concd HCl was carefully added 
until the solution was colorless. The solution was saturated with 
NaC1, made slightly basic, and extracted with 5 X 100 mL portions 
of ether. The etheral extracts were dried over anhydrous mag- 
nesium sulfate and evaporated to give a liquid product that was 
identified as cyclobutanone from its GLC retention time (12% 
carbowax on 20 M column) and magnetic resonance spectra. 'H 
NMR (200 MHz, CDC13): 1.94 (m, 2 H), 3.04 (t, 4 H). '9c NMR 
(200 MHz, CHC13) 9.6,47.6,209.2. The yield was 85% with 7% 
starting material recovered. 

Cyclobutanol(O.98 g, 13.5 mmol in 100 mL of 1.0 M KOH) was 
allowed to react for 2-3 min with aqueous potassium per- 
manganate (5.00 g, 31.6 mmol in 100 mL of water) under magnetic 
stirring and in an ice-water bath. An excess of sodium sulfide 
(34 g, 0.27 mol) was then introduced and concentrated HCl 
carefully added until all higher oxidation states of manganese had 
been reduced to colorless manganese(I1). The solution was sat- 
urated with sodium chloride, made slightly basic, and extracted 
with 2 X 100 mL portions of ether. The etheral extract was dried 
over anhydrous magnesium sulfate for a few minutes and evap- 
orated to give a liquid product (0.08 g, 8.5% ) that was determined 
to be cyclobutanone as described above. 

The residual aqueous solution was acidified to pH 2 and ex- 
tracted with 4 X 100 mL portions of ether. The combined extracts 
were dried over anhydrous magnesium sulfate for a few minutes 
and concentrated by rotary evaporation to give a white solid 
product. I t  was identified as malonic acid (8.0 g, 57%). Mp: 
134-136 OC (lit.= mp 134.8 OC). 'H NMR (200 MHz, CD3COCD& 

Stoichiometry. Solutions (1.0 mL) containing various con- 
centrations of mandelate ion in 2.0 M KOH were mixed with 
aqueous solutions (1.0 mL) containing constant concentrations 

3.45 (8). 13C NMR (200 MHz, CDSCOCDS): 168.6, 206.9. 

0.8 L 

X ( n m )  
Figure 1. Successive scans obtained at intervals of 50 s during 
the oxidation of mandelic acid (1.80 X lo4 M) by permanganate 
(3.02 X lo4 M) in 1.0 M KOH at 25.0 f 0.1 OC. 

Although these oxidation reactions are all quite similar, 
somewhat different mechanisms have been proposed for 
each reagent. For example, it has been firmly established 
that chromic acid reacts with alcohols by formation of 
chromate esters that subsequently undergo oxidative de- 
compo~ition. '~ Alternatively, i t  has been suggested tha t  
the reactions of ruthenium tetroxide," and certain ru- 
thenium(1V) complexes16 with alcohols involve hydride 
transfers, while hydrogen atom transfers have been im- 
plicated in permanganate' and perruthenateI6 oxidations. 
In several instances i t  has also been noted that oxidation 
appears to be preceded by complex f o r m a t i ~ n . ~ ~ ~ J ~ J ~  

Despite this apparent diversity, it seems reasonable to 
expect that there should be certain features of the  mech- 
anism for all oxidants tha t  are universally applicable. In  
particular, i t  would be surprising if the  initial interaction 
between alcohols and all high-valent transition-metal ox- 
ides would not be very similar. 

In this paper the results of a kinetic study of the  oxi- 
dation of mandelic acid by permanganate in 1.0 M KOH 
are presented and a new mechanism based partly on ex- 
perimental results and partly on previously published 
molecular orbital calculations18 is proposed. The appli- 
cability of this mechanism to the reactions of other high- 
valent transition-metal oxides with alcohols is also con- 
sidered. 

Experimental Section 
Materials. Potassium permanganate and potassium hydroxide 

were obtained from Fisher Scientific. Potassium manganate(V1) 
was obtained from the Carus Chemical Co. Mandelic acid was 
obtained from the Aldrich Chemical Co. and recrystallized from 
benzene before use. Mp: 119-120 OC (lit.lg mp 121.3 "C). The 
mandelic acids were prepared by reacting substituted benz- 

(13) Rocek, J.; Weatheimer, F. H.; Eachenmoeer, A.; Moldovanyi, L.; 
Schreiber, J. Helu. Chim. Acta 1962,45, 2554. Stewart, R. Oxidation 
Mechanirmr; Benjamin: New York, 1% p 37. Wiberg, K. B.; Schafer, 
H. J.  Am. Chem. SOC. 1%7,89,455. 

(14) Lee, D. G.; van den Engh, M. Can. J .  Chem. 1972, 50, 2000. 
(15) Roecker, L.; Meyer, J. T. J.  Am. Chem. SOC. 1987,109,746. 
(16) Green, G.; Griffith, W. P.; Hollinehead, D. M.; Ley, S. V.; 

(17) Dwivedi, R. K.; Narayan, H.; Behari, K. J.  Inorg. Nucl. Chem. 

(18) Rappe, A. K.; Goddard, W. A. 111. J.  Am. Chem. SOC. 1982,104, 

(19) Weast, R. C.; Aatle, M. J.; Beyer, W. H. CRC Handbook o/ 
Chemistry and Physics, 66th ed.; CRC Prees: Boca Raton, FL, 1986, p 
c-344. 

Schroder, M. J.  Chem. SOC., Perkin Trans. 1984,881. 

1981, 43, 2893. 

3287. 

(20) Rasmuseen, J. K.; Heilmann, S. M. Synthesb 1978,219. Colvin, 
E. Silicon in Organic Synthesis; Butterworh London, 1981; p 296-303. 

(21) Weast, R. C.; Aetle, M. J.; Beyer, W. H. CRC Handbook of 
Chemistry and Phy8iC8,66th ed.; CRC Prese: Boca Raton, FL, 1988, p 

(22) Rappoport, 2. Handbook of Tables for Organic Compound 
Identification, 3rd ed.; CRC Prees: Boca Raton, FL, 1979; p 200. 

(2-292. 
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Figure 2. Determination of the stoichiometry for the oxidation 
of mandelic acid by permanganate in 1.0 M KOH solutions. 
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Figure 3. Dependence of the pseudo-first-order rate constants 
on the concentration of mandelate ion in 1.00 M KOH. [MnOd-] 
= 2.98 x lo-' M. T = 25.0 f 0.1 "C. Slope = 1.00 f 0.01. r = 
0.999. 

of permanganate and held in the dark for 5 h. The amount of 
unreacted permanganate waa then determined and plotted against 
the amount of mandelate ion present as in Figure 2. 

Kinetic Method. Standardized solutions of permanganate and 
mandelate ion, each in 1.0 M KOH, were thermoetated for 15 min 
in a water bath. Aliquota (1.0 mL) of each solution were then 
mixed in a 1.0-cm cuvette located in the thermostated cell com- 
partment of an HP 845QA spectrophotometer, and the reaction 
was monitored by following the decrease in absorbance at 546 nm. 

Results 
When an excess of mandelate ion is present, plots of In 

(A - At.) vs time are linear with high correlation coefficients, 
thus confirming that the reaction is first-order in oxidant. 
The pseudo-first-order rate constants so obtained are di- 
rectly dependent on the concentration of mandelate ion 
(Figure 31, thereby showing that the rate of reaction is also 
first order in reductant. 

The products and stoichiometry studies (which indicate 
an oxidant/reductant ratio of 2/11 demonstrate that the 

I .o I 
4 - z I p 3 - F  

0.4 t H' 

- 0.2 0 0.2 0 .4  

U 
Figure 4. Hammett plot for the oxidation of substituted 
mandelate ions by permanganate in 1.0 M KOH solutiom at 25.0 
OC. 

Table I. Reaction Rate Constants for the Oxidation of 
Substituted Mandelate Ion6 by Permanganate in 1.0 M 

KOH Solutionsa 
substrate k,b (M-l 8-l) substrate kpb (M-' 9-l) 

4-Me0 3.67 f 0.03 3-Me0 4.02 * 0.03 
4-Me 4.04 * 0.03 4-Br 5.94 * 0.10 
3-Me 3.06 0.08 4 4 1  6.54 * 0.07 

3-F 6.87 f 0.17 H 2.55 0.03 
4-F 4.09 f 0.03 341 8.35 * 0.43 

a [Subatrate] 5 8.8 X 1O-a M, [MnO,-] = 3.98 X lo-' M; [KOH] = 
0.1 "C. bAverage of three or more 1.0 M temperature = 25.0 

experiments. 

reaction under consideration may be summarized as in eq 
1. 

PhCHOHC02- + 2Mn04- - PhCOC0,- + 2HMn04- 
(1) 

A primary kinetic isotope effect ( k ~ / k ~  = 3.90 f 0.05) 
was observed when the rate of oxidation of mandelate-a-d 
was compared with unlabeled mandelate in 1.0 M KOH 
at 25 OC. 

Discussion 
The observation that the oxidation of cyclobutanol 

produces primarily acyclic products is good evidence that 
the reaction intermediates are free radicals.*% This 
conclusion is also consistent with the scattered, slightly 
concave Hammett plot (Figure 4) obtained from a study 
of the effect of substituents on the rate of reaction (Table 
I),B 

The primary deuterium isotope effect indicates that the 
a-C-H bond is substantially stretched and poseibly broken 
in the transition staten and the large negative entropy of 
activation values (-AS = 25-35 eu)% are consistent with 
a bimolecular reaction in which the transition state is well 

(23) Rocek, J.: Radkowsky. A. E. J. Am. Chem. SOC. 1968,90,2988: - .  
1973,95, 7123. . 

(24) Meyer, K.; Rocek, J. d. Am. Chem. SOC. 1972,94,1209. 
(25) h k ,  J.; Aylward, D. E.  J. Am. Chem. SOC. 1976, 97, 6462. 
(26) Exner, 0. In Advonces in Linear Free Energy Relotwmhipa; 

Chapman, N. B., Shorter, J., a.; Plenum: New York, 1972; p 20. 
(27) Westheimer, F. H. Chem. Reo. 1961,61,266. 
(28) Barter, R. M.; Littler, J. S.  J.  Chem. SOC. B 1967, 206. 
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organized and possibly highly solvated. 
Molecular orbital calculations, reported by Rappe and 

Goddad,'* indicate that transition-metal oxides react with 
alcohols by addition of a metal oxo double bond to a C-H 
or an 0-H bond. Assuming that the a-C-H bond would 
be more reactive, these two possibilities can be illustrated 
by the reactions in Scheme I, where M represents a high- 
valent transition metal. 

Addition to an 0-H bond results in the formation of an 
ester; addition to a C-H bond gives an organometallic 
compound. Experimental distinction between these two 
possibilities can be made by comparing the rates of oxi- 
dation of alcohols and ethers. Although ethers contain an 
activated a-C-H bond, they obviously cannot react by 0-H 
addition. Therefore, oxidants such as chromic acid that 
react by way of ester formation do not oxidize ethers as 
rapidly as alcohols,29 whereas oxidants such as ruthenium 
tetraoxide that attack C-H bonds react at approximately 
equal rates with both alcohols and etherSam 

Because alcohols and ethers are both readily oxidized 
by permanganate,m it is most probable that the reaction 
involves C-H addition. Homolytic cleavage of the Mn-C 
bond (eq 2) would then result in the formation of free 

R OH 

E + F-4- L 
I 

c*- 0 
II 

c02- 0 

08 1 
I 
I 

PhC* + m O 4 '  

coz- 
radicals as demanded by the results reported above. 
Subsequent oxidation of the free radicals would give the 
observed product, benzoylformic acid, as in eq 3. 

PhCOHC02- + Mn04- - PhCOC02- + HMn04- (3) 

Similarly, the reaction of permanganate with cyclo- 
butanol would produce a cyclic, strained free radical that 
would undergo ring opening to give noncyclic free radicals 
(Scheme 11) in accordance with the experimentally ob- 
served products. The small amount of cyclobutanone 
obtained (8.5%) is likely due to oxidation by manga- 
nate(VI), which has been shown to convert cyclobutanol 
to the corresponding ketone in high yields. 

In summary, it is apparent that C-H addition is involved 
because permanganate reacts readily with both alcohols 
and ethers, and it is likely that the intermediate organo- 
metallic compound breaks down homolytically because 

fat 

(29) Brownell, R.; Leo, A.; Chang, Y. W.; Wwtheimer, F. H. J.  Am. 

(30) Lee, D. C.; Van den Engh, M. Can. J. Chem. 1972, 50, 3129. 
Chem. SOC. lW, 82,406. 

I 

acyclic products are obtained from the oxidation of cy- 
clobutanol. Heterolytic cleavage of the Mn-C bond would 
have produced a carbocation that would react by proton 
loss to give cyclobutanone. 

Other oxidants are known that react rapidly with both 
alcohols and ethers, but without formation of free radicals. 
For example, although ruthenium tetraoxide reacts with 
2-propanol and THF at approximately equal rates,g0 it 
oxidizes cyclobutanol to cyclobutanone in quantitative 
yields:' thereby suggesting that cleavage of the Ru-C bond 
must occur heterolyt idp to produce a cation that readily 
loses a proton to form the ketone as in eq 4. The overall 

0-E OH 

C+ + RuO4 
I I 

G 
( 4 )  

0 4  

do + E3& rf. + ERu04- 

consequence of this reaction is transfer of a hydride ion 
as opposed to the hydrogen atom transfer that occurs with 
permanganate. 

This mechanism is also consistent with the reactions of 
high-valent transition-metal oxides with carbon-carbon 
double bonds where it has been shown that the initial 
reaction involves 2 + 2 addition to a metal oxo bond as 
in eq 5.33 

It is also very probable that the oxidation of hydro- 
carbons is initiated by addition of an M-0 bond to a 
reactive C-H bond as in eq 6.'8J' 
R3CH + Mn04- - R3C-Mn04H- - R3C* + HMn04- 

(6) 

(31) Lee, D. G.; Spitmr, U. A.; Cleland, J.; Olson, M. E. Can. J. Chem. 
1976,54, 2124. 

(32) A referee hae pointed out that formation of a ketone from either 
an organometallic intermediate (as in eq 4) or an eater (as in eq 7) could 
occur by @-hydrogen abstraction rather than heterolytic cleavage ae 
suggested throughout thin paper. 

(33) Sharpleae, K. B.; Teranishi, A. Y.; Backvall, J. E. J. Am. Chem. 
Soc. 1977,sS, 3120. Neumann, R, Abu-Gnim, C. J, Am. Chem. Soc. 1990, 
112, 6026. Jorgenlren, K. A.; Schiott, B. Chem. Rev. 1990, 90, 1489. 
(34) Brauman, J. I,; Pandell, A. J. J. Am. Chem. SOC. 1970,92,329. 
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Oxidants that react with alcohols by 0-H addition can 
also be classified from an analysis of the producta obtained 
when cyclobutanol is In terms of the pro- 
posed mechanism, formation of acyclic products corre- 
sponds to a homolytic cleavage of the metal-oxygen bond 
while production of cyclobutanone results from heterolytic 
cleavage.= For example, chromic acid, which reacts slowly 
with etherss and gives a good yield of cyclobutanone, can 
be considered to react with alcohols as in eq 7-the overall 
result being hydride transfer.3s 

08 
I ,OH 

R2CBOE + 82CrO4 + R Z C H - O - C ! ~ ,  
II OH 

(7) 

+ + i 
R2-8 C- R 2 C e O  + 83CrO4' 
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+ 
R2CO + 8* 

Alternatively, pentavalent vanadium, which reacts about 
lo4 times more rapidly with alcohols than ethersU and 
yields only acyclic products from the oxidation of cyclo- 
butanol,u appears to be an example of an oxidant that 
reacts by 0-H addition to form an ester,37 which subse- 
quently decomposes by homolytic cleavage of the V-0 
bond as in eq 8. 

R2CEOE + V%+ 4 R2CE+V%E+ 
(8 )  I 

RzCEO- + HV%+ 

The free radical so formed may undergo further oxida- 
tion to a carbonyl or rearrange with C-C bond cleavage 
to give more stable p r o d u ~ t s . ~ ~ * ~  

Similarly it can be shown that the reactions of osmium 
tetraoxide? ruthenate,= and manganate(V1)'O can also be 
understood in terms of this mechanism. 

The mechanism followed by a particular oxidant would 
be dependent on a number of factors, chief among them 
the relative strengths of the metal-oxygen and metal- 
carbon bonds. Because of the lack of reliable bond dis- 
sociation energies," it is difficult to predict which reactions 
will involve C-H and which 0-H addition. However, the 
experimental tests described above appear to be satisfac- 
tory in several cases: for others more evidence is required 

(35) It has also been 
in a cyclic mechanism: 

that hydride transfer could occur 

(36) Lee, D. C.; Stewart, R. J .  Org. Chem. 1967,32,2868. 
(37) Aylward, D. E. The Mechanism of the Vanadium(V) Oxidation 

of Cyclobutanol, Thesis, University of Illinois at Chicago, 1972. 
(38) Jones, J. R.; Waters, W. A. J.  Chem. SOC. 1960,2772. 
(39) Lee, D. C.; Congeon, L. N. Can. J .  Chem. 1990,68,1774. 
(40) Chen, T. The Oxidation of Alkenes, Alcohols and Sulfides by 

Manganates, Thesis, The University of Regina, 1990. 
(41) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. C. Prin- 

ciples and Applications of Organotransition Metal Chemistry; Univer- 
sity Science Books: Mill Valley, CA, 1987; p 239. 
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to make a definitive classification. 

Summary 
The results obtained from a study of the oxidation of 

cyclobutanol and substituted mandelic acids by per- 
manganate have been explained in terms of a mechanism 
that involves initial addition of a carbon-hydrogen bond 
to a manganese oxo double bond. The resulting orgono- 
metallic compound then decomposes by homolytic cleavage 
of the manganese-carbon bond to give manganate(V1) and 
a free radical. A concave Hammett plot and the formation 
of acyclic products from the oxidation of cyclobutanol 
support the intermediacy of free radicals. 

The assumption that alcohols react with all high-valent 
transition-metal oxides by addition of either C-H or 0-H 
bonds to metal-oxo double bonds, as predicted by mo- 
lecular orbital calculations,18 provides the basis for a 
unified mechanism that is generally applicable to reactions 
of this type. It is consistent with the observation that most 
of these reactions are known to proceed by way of inter- 
mediate complexess~g~12~17~~~4z~* and with the way in which 
transition-metal oxides are known to react with carbon- 
carbon double bondsea 

The addition reactions are followed by either homolytic 
or heterolytic cleavage32 of the metal-oxygen or metal- 
carbon bonds and the reactions between alcohols and 
transition-metal oxides can therefore be classified as be- 
longing to one of four categories as summaried in Scheme 
111. 
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