
7118 

In press; (d) E. M. Evleth and Q. Feler, Chem. Phys. Lett,, 22, 499 
(1973). 

(4) (a) F. McCapra, Pure Appl. Chem., 24, 611 (1970); (b) N. J, Turro, P. 
Lechtken, N. E. Schore, Q. Schuster, H.-C. Stelnmetzer, and A. Yekta, 
Ace Chem. Res., 7, 97 (1974); (c) E. H. White, J. D. Mlano, C. J. Wat-
kins, and E. J. Breaux, Angew. Chem., Int. Sd. Engl., 13, 229 (1974). 

(5) N. J. Turro and P. Lechtken, J. Am. Chem. Soc, 94, 2886 (1972). 
(6) C. S. Foote and T. R. Darling, J. Am. Chem. Soc, 98, 1625 (1974). 
(7) W. H. Richardson, M. B. Yelvlngton, and H. E. O'Neal, J. Am. Chem. 

Soc, 94, 1619(1972). 
(8) (a) H. E. O'Neal and W. H. Richardson, J. Am. Chem. Soc., 92, 6653 

(1970) [corrections, IbId., 93, 1828 (1971)]; (b) W. H. Richardson and U. 
F. Hodge, Tetrahedron Lett., 2271 (1970); (o) W, H. Richardson, F. C. 
Montgomery, and M. B. Yelvlngton, J. Am. Chem. Soc, 94, 9277 
(1972); (d) W. H. Richardson and H. E. O'Neal, IbId., 94, 8665 (1972). 

(9) (a) S. P. McQIynn, P. J, Smith, and Q. Cllento, Photoohem. Photoblol., 
24, 433 (1964); (b) L. Salem and C. Rowland, Angew. Chem., 11, 92 
(1972). 

(10) J. H. Wlerlnga, J. Stratlng, H. Wynberg, and W. Adam, Tetrahedron 
Lett., 169 (1972). 

(11) (a) A. P. Schaap and Q. R. Faler, J. Am. Chem. Soc, 95, 3381 (1973); 
(b) J. Org. Chem., 38, 3061 (1973), (c) For a convenient method (or the 
preparation of the olefin, see J. E. McMurry and M. P. Flemmlng, J. Am. 
Chem. Soc, 96, 4709(1974). 

(12) L. F. Johnson and W. C. Jankowskl, "Carbon-13 NMR Spectra", Wiley, 
New York, N.Y., 1972. 

(13) H. A. Szymanskl and R. E. Erlckson, "Infrared Band Handbook", IFI/Ple-
num, New York, N.Y., 1970. 

(14) N. J. Turro and P. Lechtken, Pure Appl. Chem., 33, 363 (1973). 
(15) (a) T. Wilson and A. P. Schaap, J. Am. Chem. Soc, 93, 4126 (1971); (b) 

V. A. Belakov and R. F. Vassllev, Photoohem. Photoblol., 11, 179 
(1970). 

(16) N. J. Turro, P. Lechtken, Q. Schuster, J. Orell, H.-C. Stelnmetzer, and 
W. Adam, J. Am. Chem. Soc, 96, 1627 (1974). 

(17) J. C. Dalton and N. J. Turro, unpublished results. 
(18) J. C, Dalton, P, A. Wrlede, and N. J. Turro, J. Am. Chem. Soc, 92, 1318 

(1970). 
(19) Tetramethyldloxetane activation energy •> 27 kcal/mol; trlmethyldloxe-

tane activation energy = 25 kcal/mol; for other dloxetanes, see ref 6 
and 7. 

(20) H.-C. Stelnmetzer, A. Yekta, and N. J, Turro, J. Am. Chem. Soc, 96, 
282(1974). 

(21) N. J. Turro and P. Lechtken, Pure Appl. Chem., 33, 363 (1973). 
(22) N. J. Turro and P. Lechtken, J. Am. Chem. Soc, 95, 264 (1973). 
(23) Q. O. Schenck and R. Stelnmetz, Bull. Soc ChIm. BeIg., 71, 781 (1962). 
(24) J. C. Dalton, unpublished results. 
(25) The lifetime of triplet adamantanone In fluid solution at room tempera

ture Is estimated to be ca. 0.1 nsec. 

Directive Effects in Free Radical Oxidation by Fe(III). 
Reductive Decarboxylation of Peroxy Acids1 

John T. Groves* and Michael Van Der Puy 

Contribution from the Department of Chemistry, The University of Michigan, 
Ann Arbor, Michigan 48104. Received March 17, 1975 

Abstract: Treatment of peroxycyclohexanecarboxylic acid with ferrous perchlorate in acetonitrile has been found to afford a 
25% yield of cyclohexanol. Similar treatment of cis- or ;ro«j-3-hydroxyperoxycyclohexanecarboxylic acid yields largely cis-
1,3-cyclohexanediol, revealing a directive effect for free radical oxidation by iron(III) analogous to that observed for the ste-
reospecific cis-1,3 hydroxylation of cyclohexanol by ferrous ion-hydrogen peroxide. Preference for cis diol formation is also 
observed for cis-4-hydroxyperoxycyclohexanecarboxylic acid, but the cis- and trans-1,2 isomers give a cis/trans diol ratio 
near unity. Analysis of the stereoisomeric mixture of 1,2-cyclohexanediols from the reaction of cyclohexene with ferrous ion-
hydrogen peroxide leads to the conclusion that, in acetonitrile, the predominant mode of olefin hydroxylation does not pro
ceed via addition of hydroxyl radical to the double bond. 

Transition metal ions are known to catalyze the decom
position of peroxides by reductive cleavage of the peroxy 
linkage.2 Thus, reductive decomposition of peroxy esters3 

leads predominantly to metal carboalkoxides and alkoxy 
radicals. Similarly, the reaction of diacyl peroxides with cu
prous ion is known to afford carboalkoxy radicals.4 Much 
less is known of the fate of peroxy acids upon reductive de
composition by variable valence metals.5 The observed for
mation of carbon dioxide upon treatment of peracetic acid 
with ferrous ion in acetic acid is not definitive since sub
stantial amounts of the decarboxylation results from reac
tions of the solvent. These results have been interpreted as 
the consequence of competing modes of one-electron cleav
age of the peroxy bond leading either to acyloxy radicals or 
hydroxyl radicals.6 

We have been interested in site-specific aliphatic hydrox
ylation mediated by metal-peroxide species both from the 
view of developing new stereospecific remote functionaliza-
tion procedures and elaborating possible parallels between 
iron-peroxide chemistry in solution and intermediates in
volved in aliphatic hydroxylation by mixed function oxi
dases. Toward these ends we reported7 recently the cis-1,3 
hydroxylation of cyclohexanol with net retention at the oxi
dized carbon together with the proposal that this process 
proceeds by directed oxidation by a bound iron species, for
mally equivalent to a ferryl ion, and leading to discreet rad-
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ical and carbonium ion intermediates (Scheme I). An im
portant consequence of this conclusion is that aliphatic hy
droxylation with retention of configuration, common among 
the steroid hydroxylases,8 need not necessarily require an 
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"oxene insertion" mechanism. Indeed, it is our view that a 
stepwise process through well precedented intermediates is 
a preferable route. 

A requisite consequence of this mechanism is that prop
erly substituted carbon free radicals, generated indepen
dently in the presence of iron(III), should reflect the same 
strong substituent-derived directive effects. Accordingly, 
3-hydroxycyclohexyl radicals (1) are expected to be oxi
dized by ferric ion to give m-l,3-cyclohexanediol (2). The 
possible reductive decarboxylation of 3-hydroxyperoxycy-
clohexanecarboxylic acid (3) as a route to 1 independent of 
hydrogen peroxide has prompted us to study the reaction of 
the family of isomeric hydroxyperoxycyclohexanecarboxylic 
acids with ferrous ion. We report herein the first evidence of 
stereoselective peroxy acid reductive decarboxylation.9 

Results and Discussion 

Peroxycyclohexanecarboxylic Acid. The treatment of 
peroxycyclohexanecarboxylic acid (3) with ferrous perchlo-
rate in acetonitrile at 0° afforded a 25% yield of cyclohexa
nol and a 75% yield of cyclohexanecarboxylic acid. Signifi
cantly, no cyclohexanone or other oxidation products were 
observed. Taken together, these results indicate decomposi
tion of the peroxy acid via a carboalkoxy radical (Scheme 
II) and subsequent decarboxylation. 
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Reductive cleavage in the opposite sense, producing ei
ther a hydroxyl radical or a kinetically equivalent ferryl ion 
(FeO 2 +) , 1 0 could conceivably lead to cyclohexyl radicals by 
subsequent hydrogen abstraction from either cyclohexane
carboxylic acid or peroxycyclohexanecarboxylic acid 
(Scheme III). These possibilities can be ruled out with some 
confidence, however, on several bases: (1) the cyclohexanol 
produced is not oxidized further under the reaction condi
tions; (2) treatment of cyclohexanecarboxylic acid with fer
rous perchlorate-hydrogen peroxide in acetonitrile pro
duced no detectable cyclohexanol or cyclohexanone;'' and 
(3) all reactions were carried out by slow addition of peroxy 
acid to the reaction medium and, accordingly, ambient con
centrations of unreacted peroxy acid were always low. Thus 
the reactive intermediates formed from the ferrous ion in
duced decomposition of peroxycyclohexanecarboxylic acid 
are distinct from those derived from ferrous ion-hydrogen 
peroxide in acetonitrile, and the major one-electron reduc
tive path for peroxy acid decomposition is to form carboal
koxy radicals and not hydroxyl radicals. 

A corollary conclusion is that the formation of cyclohex
anecarboxylic acid, the major reduction product, is not the 
result of competing paths of peroxy bond cleavage either. 
Since high concentrations of ferrous ion are present during 
the addition of peroxy acid, the most reasonable explana
tion for acid formation is reduction of the carboalkoxy radi
cal by ferrous ion prior to decarboxylation. A closely relat
ed alternative is hydrogen abstraction from the solvent fol
lowed by the anticipated12 reduction of the incipient cya-
nomethyl radical by ferrous ion (Scheme IV). 
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The formation of carboalkoxy radicals by reductive 
cleavage of the peroxy bond contrasts markedly with the be
havior of peroxy esters which decompose to give alkoxy rad
icals.3 The sources of this difference are under continued 
study. 

c/s- and frans-3-Hydroxyperoxvcyclohexanecarboxylic 
Acid (4 and 5). Pure «'s-3-hydroxyperoxycyclohexanecar-
boxylic acid (4) and rrans-3-hydroxyperoxycyclohexane-
carboxylic acid (5) were prepared by the treatment of the 
corresponding carboxylic acids with 70% hydrogen peroxide 
in methanesulfonic acid. The ferrous ion induced reductive 
decarboxylation of 4 and 5 in acetonitrile afforded nearly 
identical mixtures (83:17 and 85:15, respectively) of cis-
and /ra«5-l,3-cyclohexanediol (Table I). 

These results are in accord with the formation of a com
mon intermediate from the ferrous ion induced decomposi
tion of 4 and 5. If, as seems likely, the initial steps of the re
action of 4 and 5 with ferrous ion parallel the reductive de
composition of peroxycyclohexanecarboxylic acid (Scheme 
II), the formation of the same 3-hydroxycyclohexyl radical 
(10) is expected from both stereoisomers. This radical must 
then undergo stereoselective oxidation to give the observed 
preference for <r;s-l,3-cyclohexanediol (Scheme V). 

Stereoselective reduction of 10 to give cis diol is required 
if Scheme I is an accurate description of the aliphatic hy-
droxylation mechanism observed with ferrous ion hydrogen 
peroxide.7 Thus, the results reported here confirm this re
quirement and support hydrogen abstraction to give 10 as 
the initial step. 
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Table I. Decomposition of 
Hydroxyperoxycyclohexanecarboxylic Acids 

Table II 

Compd0 Conditions* % cis diol % trans diol 
Starting material Reaction conditions 

1,2-Cyclohex-
anediol 
cis:trans 

A) 
B) 
C) 
D) 
E) 
F) 
G) 
H) 

4 
4 
4 
4 
5 
6 
8 
9 

80" 
Fe2+ 

50% CH3CN-H2O1Fe2+ 

Fe,2+ O2 

Fe2+ 
Fe2+ 
Fe2+ 
Fe2+ 

50.0C 
82.8C 
57.7 
85.5 
85.2 
72.0 
54.5 
47.2 

50.0 
17.2 
42.3 
14.5 
14.8 
28.0 
45.5 
52.8 

(a) 
(b) 
(C) 

(d) 
(e) 
(f) 

Cyclohexanol 
Cyclohexanol 
Cyclohexene 
Cyclohexene oxide 

8 
9 

Fe 2 + -H 2O 2 -CH ,CN 
Cu2 +-H2O2-CH3CN 
Fe2 +-H2O2-CH3CN 
HClO4-CH3CN 
Fe2+-CH3CN 
Fe2+-CH3CN 

1:1 
1:16 
1:10 
1:10 
54.5:45.5 
47.2:52.8 

a4, ci's-3-Hydroxy peroxy acid; 5, f/-a«s-3-Hydroxy peroxy acid; 
6, cw-4-hydroxy; 8, cis-2-hydroxy; 9, trans-2-hydroxy. * Except for 
a, all are at 0° and contain HClO4; B, E, F, G, H in CH3CN under 
N2; C under N2. cAverage of two runs, ±3%. No diols were present 
in any of the runs which represented interconversion of isomers; 
e.g., no 1,4- or 1,2-diols were found in the decompositions of 4 or 
5. 
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The stereospecificity for diol formation upon decomposi
tion of 4 has been found to be a sensitive function of the me
dium. Thus, the preference for <?;'.?-1,3-cycIohexanediol for
mation is substantially reduced in 1:1 acetonitrile-water 
and is completely lost upon thermal13 decomposition of 4 in 
the absence of metal ions. The effect of added water ob
served here also parallels the behavior of 3-hydroxycyclo-
hexyl radicals derived from cyclohexanol by hydrogen ab
straction and can be regarded most simply as providing a 
competing, nondirected nucleophile (H2O) from the sol
vent. Attack by water on the intermediate carbonium ion 13 
may then occur from either side giving a stereoisomeric 
mixture. Alternatively, water may compete with the alcohol 
as a ligand on iron leading to nondirected radical oxidation 
by ferric ion. It is interesting that, even in 50% water, the 
efficiency with which ferric ions oxidize these secondary 
radicals remains high. Aquo iron(III) is known to oxidize 
radicals only slowly,12a leading instead to dimeric products. 
Careful scrutiny of reaction mixtures has not revealed any 
dimeric products (e.g., dihydroxydicyclohexyl). Apparently 
acetonitrile plays a crucial role in accelerating the rate of 
radical oxidation by iron(III).14 The extent of this accelera
tion is punctuated by the insensitivity of the product diol 
ratio to added oxygen. Ordinarily oxygen is an extremely 
efficient radical trap,15 and it is unlikely such a radical re
combination process would lead similarly to predominant 
formation of m-l,3-cyclohexanediol. Accordingly, ferric 
ion in acetonitrile must oxidize secondary carbon radicals 
faster than trapping by oxygen. This very rapid time scale 

puts severe limitations on the events which transpire be
tween intermediates 11 and 13. Since ligand substitution 
rates for iron are known to be rather slow (~103),1 6 it seems 
likely that the iron(III) produced by reduction of the start
ing peroxy acid is still in the solvent cage when radical oxi
dation occurs. 

The extremely rapid rate of carbon radical oxidation by 
cupric ion has been attributed by Kochi14 to rate-limiting 
formation of a copper alkyl. It is consistent with the argu
ments and results presented here that the accelerating ef
fect of acetonitrile in promoting radical oxidation by ferric 
ion results from a change in mechanisms for radical oxida
tion from an outer sphere electron transfer process to an 
inner sphere process made possible by changes in the solva
tion state of the metal. Ligation of iron by the neighboring 
hydroxyl group in 10 is by itself insufficient to explain facile 
radical oxidation by ferric ion in acetonitrile since no such 
effect is possible in the observed oxidation of cyclohexyl 
radicals (Scheme II). 

The lifetime of 13 must also be very short since no alkyl-
ation of solvent or 1,2-hydride shifts are observed. Indeed, 
careful scrutiny of product mixtures from all the peroxy 
acids studied did not reveal any rearranged diols. The ob
served integrity of the diol substitution patterns thus con
trast with results obtained for cyclohexyl tosylate solvolyses 
which lead to significant rearrangement.17 

The ferrous ion induced decomposition of cw-4-hydroxy-
peroxycyclohexanecarboxylic acid gave a 72:28 mixture of 
cis- and ?/•#«.$-1,4-cyclohexanediol. Significantly, the pref
erence here is for the less stable of the two isomers. We 
conclude, therefore, that the directed nature of the radical 
oxidation process persists over a span of four carbon atoms 
even though such a process requires a boat-like transition 
state. 

cis- and fraii.s-2-Hydroxyperoxycyclohexanecarboxylk 
Acid. In striking contrast to the 3 and 4 isomers, the reduc
tion of cis- and rraw.s-2-hydroxyperoxycyclohexanecarbox-
ylic acid (8 and 9) does not exhibit marked stereoselectivi
ties. Instead there is observed a near 1:1 mixture with a 
small but significant retention of configuration. Models in
dicate that octahedral iron complexed to a 2-hydroxycyclo-
hexyl radical should be able to approach the radical or sub
sequent carbonium ion from either side with equal ease. In
terestingly, this 1:1 ratio of isomers is similar to that ob
tained from the fraction of 1,2-diol derived from the F e 2 + / 
H2O2 hydroxylation of cyclohexanol under otherwise simi
lar conditions.7 In contrast, the C u 2 + / H 2 0 2 hydroxylation 
of cyclohexanol, the Fe 2 + /H 2 02 oxidation of cyclohexene, 
and acid catalyzed ring-opening of cyclohexene oxide all af
ford predominantly ?ra/j5-l,2-cyclohexanediol (Table II). 
The preference for trans diol formation from cyclohexene 
oxide is well studied and is attributable to nucleophilic dis
placement on a protonated epoxide intermediate. It is 
tempting to ascribe a common intermediate, the protonated 
epoxide (17), to each of the routes that favors trans-1,2-
cyclohexanediol. 

This assumption leads to revealing secondary conclu
sions. The contrasting stereochemical results of the iron and 
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copper catalyzed hydroxylation of cyclohexanol seem to re
quire a divergent fate of the incipient 2-hydroxycyclohexyl 
radical (14) in the two cases (Scheme VI). 

Fe" 
HO"'"' ^ O H HO 

H2O2 OH Fe"' r i + 

15 

OH ^ " HO. 

XO;,H 1 4 H ^ i / C u 

Fe" Cuii f^^fi 

8, 9 16 

+ OH 
OH ,OH 

17 

The observed facile oxidation of even primary carbon 
radicals by cupric ion l4 seems to indicate that discrete car-
bonium ions are not necessarily formed in those processes. 
In this light, oxidative substitution of the alkyl copper 
species 16 to afford the protonated epoxide 17, a formal Ii-
gand insertion process,18 would seem to be an attractive 
route to trans diol. 

In contrast we view the oxidation of 14 by ferric ion as 
proceeding to 15 irrespective of the exact mode of electron 
transfer. Nucleophilic attack by iron-bound water can in 
this case approach either side of the molecule to give the ob
served 1:1 mixture of cis and trans diols. The distinct 
amount of retention observed contrasts sharply with the 
complete convergence of results observed for cis- and trans-
3-hydroxycyclohexanecarboxylicacid. 

Another important conclusion from these results is that 
the Fenton's reagent oxidation of cyclohexene cannot in
volve addition of hydroxyl radical to the double bond to af
ford 14, as has generally been proposed.19 As was reported 
above, ferric ion oxidation of 14 generated either by hydro
gen abstraction or reductive decarboxylation produces near
ly a 1:1 ratio of cis and trans diol. The observed strong pref
erence for trans diol formation upon Fe2+/H2C>2 oxidation 
of cyclohexene requires another path. One explanation con
sistent with our proposal for the formation of an iron(IV) 
species from iron(II)-hydrogen peroxide in acetonitrile is 
that 17 is produced directly by a two-electron oxidation of 
cyclohexene by ferryl ion. 

T J + Fe,v=0 —* Fe" + C Ĵ OH — C J^ 
\ ^ ^ " "'OH 

O' 
18 

Alternatively, olefin hydroxylation by Fenton's reagent 
may in this case involve electron transfer from the ir bond to 
the metal forming a radical cation (18).22 Such details of 
the mechanism of peroxy compound decomposition in non
aqueous environments remain to be more fully elaborated. 

Experimental Section 

Peroxycyclohexanecarboxylic Acid. The peroxy acid was pre
pared by the method of Swern:20 ir (neat) 3260, 2915, 2840, 1745, 
1450, 1070, 975 cm-1. Recrystallization of the product was not at
tempted, and titration with thiosulfate of the iodine produced by 
the reaction with KI gave an apparent mol wt of 167.6 (calcd, 
144.17). Decomposition by ferrous perchlorate, as described below, 
gave approximately 0.026 g (25%) cyclohexanol from 0.140 g of 
the crude peroxy acid. 

cis-3-HydroxycyclohexanecarboxyIic Acid. 3-Hydroxybenzoic 
acid (8.62 g, 0.0625 mol) (recrystallized from H2O) was hydroge-
nated in 50 ml of ethanol with 1 g of 5% Rh on alumina (Engel
hard) at 45 psi. After 20 hr, the catalyst was removed by filtration 
through a Celite pad and the solvent removed under vacuum. The 
product (5.0 g, 55.6% theory), after recrystallization from 
CHCl3-CH2Cl2, is mainly the cis isomer:21 mp 130-131°; NMR 
(D2O) h 3.55 (broad s, 1 H), 2.80-0.80 (9 H). 

CJS-3-Hydroxyperoxycyclohexanecarboxylic Acid. The synthesis 
of this material was modeled after the procedure of Swern.20 Pure 
m-3-hydroxycyclohexanecarboxylic acid, prepared above (2.49 
g), was dissolved in 7.5 ml of CH3SO3H with ice-bath cooling. 
Three milliliters of 70% H2O2 was added dropwise at such a rate 
as to maintain the temperature near 5°. After stirring at ice-bath 
temperature for 2 hr, the mixture was slowly added to 15-20 ml of 
crushed ice. The aqueous mixture was then extracted with five 
80-ml portions of cold ether, which were combined and washed 
with 10 ml of saturated ammonium sulfate. After drying (MgSO4) 
and removing the solvent, the crude oil was placed under vacuum 
(0.2-0.1 mm) for 1 hr. Crystals (1.73 g) formed upon standing at 
room temperature. The iodine produced by reaction of the peroxy 
acid with an acidic solution of KI was titrated with standard thio
sulfate to determine the content of active oxygen and was within 
5% of the calculated value: ir (neat film) 1740 cm"1 (C=O); 
NMR (CD3CN) S 3.55 (s, 1 H), 1.0-2.65 (11 H). 

cis- and frans-3-Hydroxyperoxycyclohexanecarboxylic Acids. 
3-Hydroxybenzoic acid was hydrogenated as above and, after re
moving solvent and catalyst, the crude product was esterified with 
methanol and a small amount of/J-toluenesulfonic acid. An aque
ous work-up gave a mixture of methyl esters which was purified by 
distillation. The first fraction, bp 28° (0.2 mm), was methyl cyclo-
hexanecarboxylate, while the second fraction (4.7 g), bp 70-80° 
(0.1 mm), a clear colorless liquid, consisted of a 50:50 mixture of 
cis- and rran.s-methyl-3-hydroxycyclohexanecarboxylate: glc re
tention time (10 ft DEGS, 80-160° at 6°/min); trans 29.3 min, cis 
32 min; mixture ir (CCl4) 3630, 3460, 2940. 2865, 1740, 1454, 
1438, 1375, 1200, 1165, 1060 cm"1; trans NMR (CDCI3), & 4.3-
3.8 (broad s, 1 H), 3.66 (s, 3 H), 3.1-2.5 (broad, 1-2 H), 2.1-1.3 
(~9 H); cis NMR 8 3.66 (s, 3 H), 3.70-3.25 (broad s), 2.65 (2, 1 
H), 2.60-1.0 (9 H). Preparation of the corresponding peroxy acids 
was as described above using the mixture of methyl esters. 

Thermolysis of cis-3-Hydroxyperoxycyclohexanecarboxylic 
Acid. The peroxy acid described above (0.156 g) was dissolved in 
50 ml of benzene and brought to reflux under nitrogen. After 2 
days, the solution gave a negative Kl test for peroxy acid, and the 
product mixture was acetylated (pyridine-acetic anhydride) and 
analyzed by GLC (3% OV-225, 120°) after a standard aqueous 
work-up. 

Decomposition of cis-3-Hydroxyperoxycyclohexanecarboxylic 
Acid with Ferrous Ion. A solution of 0.507 g of Fe(CI04)2-6 H2O 
and 0.25 ml of HClO4 (70%) in 50 ml of CH3CN was cooled to 0° 
under a nitrogen atmosphere. A solution of the peroxy acid 
(0.1759 g) in 10 ml OfCH3CN was added to the former with rapid 
stirring over a period of 40 min. After neutralizing wth strong 
NaOH, K2CO3 was added until saturation. The mixture was then 
filtered, and the filtrate was concentrated, acetylated, and ana
lyzed as below. For the decomposition in the presence of oxygen, 
dry air was passed through the ferrous perchlorate solution for 15 
min before the addition of the peroxy acid and also throughout the 
addition period. 

c/s-4-Hydroxyperoxycyciohexanecarboxylic Acid. Synthesis of 
this material from the corresponding hydroxy acid (contaminated 
with lactone) as well as the decomposition with ferrous ion was as 
described for the 3-hydroxyperoxy acid. Infrared analysis of the 
decomposition products showed that none of the 1,3 isomer was 
present. 
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CiS- and frans-2-Hydroxycyclohexanecarboxylic Acids. The 
preparation of these isomers, from ethyl-2-oxocyclohexanecarbox-
ylate, followed the procedure described by Kilpatrick and Morse.21 

Complete separation of the trans isomer was not affected, but the 
cis isomer was obtained essentially pure (~95% cis, 5% trans). 
Preparation of the corresponding peroxy acids was accomplished 
as described above using the methyl esters, which were readily sep
arated by GLC (5 ft 20% DEGS, 80-160° at 4°/min; retention 
time c/^-methyl ester, 11.9 min; trans-methyl ester, 14.1 min). Iso
lation of the hydroxy acids from the decomposition (as above) of 
the peroxy acids indicated that stereochemical integrity is main
tained under the conditions employed. Analysis of the decomposi
tion products was by GLC (10 ft 20% DEGS, 80-160° at 6°/min). 

Analysis of Cyclohexanediols. Iron salts were precipitated from 
the crude reaction mixture by the addition of concentrated sodium 
hydroxide. Two phases were present at this time. Potassium car
bonate was added until the lower aqueous phase was saturated, re
sulting in a thick sludge. The acetonitrile layer was filtered 
through Whatman No. 3 filter paper, and the sludge was washed 
several times with CH3CN. The combined acetonitrile portions 
were clear and were dried over K.2C03-Na2S04. GLC analysis for 
cyclohexanol and cyclohexanone was reliable at this point, and a 
quantitative analysis of the alcohol and ketone was performed on 
this dilute solution. For analysis of the diol products, the above di
lute solution was concentrated under vacuum and filtered again if 
necessary. The concentrated solution was then acetylated, using 
approximately 8 mol equiv of a 5:1 acetic anhydride-pyridine mix
ture for each mole of starting material used in the reaction. The 
mixture was refluxed 1 hr before pouring onto ice and water and 
subsequently removing pyridine and acetic acid by an aqueous 
work-up which involved extraction with three portions of ether, fol
lowed by washing the combined ether extracts with dilute HCl, di
lute bicarbonate, and saturated NaCl. 

The amounts of cyclohexanol and cyclohexanone were deter
mined by GLC analysis on a 10 ft 20% DEGS column at 100°, 
adding 1-phenylethanol as the internal standard after the reaction 
mixture was neutralized with NaOH. For the cyclohexyl diace-
tates, the conditions were 80-160° at 6°/min on the same column, 
retention times: cis-1,2 (24 min), trans-1,2 (25.6 min), trans-1,3 
(29.5), trans-1,4 (32), cis-1,3 and cis-1,4 (34.3). The yields of diols 
were determined prior to acetylation on an OV-225 at 100°. 

Separation and Identification of Isomeric Cyclohexanediace-
tates. A mixture of cis- and /ra/u-l,4-cyclohexanediol was acety
lated (2 g of diol, 10 ml of acetic anhydride, and 10 ml of pyridine 
were refluxed 0.5 hr) and the mixture poured into 75 ml ice-water 
after cooling to room temperature. The solid was filtered and re-
crystallized from ethanol-water (mp 96-100°, lit. mp cis 41°, 
trans 102-103°) to give largely the trans isomer. Both isomers 
were obtained in roughly equal amounts by extraction of the aque
ous solution with ether and subsequent work-up. The 1,2-cyclohex-
anediacetates were prepared as the 1,4 isomers. Authentic trans-
1,2-cyclohexanediol was obtained from commercial sources. After 
acetylation of cis- and 7/wi.s-l,3-cyclohexanediol, distillation gave 
a clear, colorless liquid, bp 130-134° (15 mm) (mixture of iso
mers, about 60:40). Repeated recrystallization of a mixture of err
and fra«.5-l,3-cyclohexanediols with ethyl acetate gave crystals, 

mp 82-83° (about 95% one isomer by GLC; lit. cis 86°, trans 
117°). Acetylation of this material allowed the assignments of the 
GLC peaks to be completed. 

Acknowledgment. Financial support of this research by 
the donors of the Petroleum Research Fund, administered 
by the American Chemical Society, and The University of 
Michigan is gratefully acknowledged. 

References and Notes 

(1) Abstracted in part from the Ph.D. thesis of M. Van Der Puy, University of 
Michigan, 1975. 

(2) For extensive reviews of peroxide-metal ion chemistry, see: D. Swern, 
Ed., "Organic Peroxides", Vol. 2, Wiley-lnterscience, New York, N.Y., 
1971. Chapters II, III, and VIH. 

(3) (a) J. K. Kochi, Tetrahedron, 18, 483 (1962); (b) J. K. Kochi, J. Am. 
Chem. Soc, 84, 774, 3271 (1962); (c) J. K. Kochi and H. E. Mains, J. 
Org. Chem., 30, 1862 (1965); (d) C. Walling and P. J. Wagner, J. Am. 
Chem. Soc, 86, 3368 (1964); (e) C. Walling, Pure Appl. Chem., 15, 69 
(1967); (f) P. D. Bartlett and R. Hiatt, J. Am. Chem. Soc, 80, 1398 
(1958). 

(4) R. Hiatt, ref 1,p799ff. 
(5) (a) M. H. Shchennikova, E. A. Kuz'mina, O. D. Gernet, and L. P. Savino-

va, Kinet. Katal., 467 (1968); (b) C. E. H. Bawn and J. B. Williamson, 
Trans. Faraday Soc, 47, 735 (1951); (c) E. Koubek and J. O. Edwards, 
J. Inorg. Nucl. Chem., 25, 1401 (1963); (d) D. D. Tanner and S. A. 
Osman, J. Am. Chem. Soc, 90, 6572 (1968); (e) L. Dayliotti and E. 
Hayon, J. Phys. Chem., 71, 2511 (1967). 

(6) J. Kochi in "Free Radicals", I. I, Wiley-lnterscience, New York, N.Y1, 
1973, p 640. 

(7) John T. Groves and M. Van Der Puy, J. Am. Chem. Soc, 96, 5274 
(1974). 

(8) G. S. Fonken and R. A. Johnson, "Chemical Oxidations with Microorga
nisms", Marcel Dekker, New York, N.Y., 1972. 

(9) Although the cyclohexane ring undergoes formal oxidation in this pro
cess, in analogy to oxidative decarboxylation of a carboxylic acid, we 
refer to this process as reductive decarboxylation to emphasize the ini
tiatory reductive cleavage of the peroxy linkage by ferrous ion. 

(10) (a) W. C. Bray and M. H. Gorin, J. Am. Chem. Soc, 54, 2124 (1932); (b) 
I. M. Kolthoff and A. I. Medalia, ibid., 71, 3777, 3784 (1949); (c) A. E. 
Cahill and H. Taube, ibid., 74, 2312 (1952); (d) D. L. Ingles, Aust. J. 
Chem., 26, 1621 (1973). 

(11) G. A. McClusky, unpublished results. 
(12) (a) C. Walling and S. Kato, J. Am. Chem. Soc, 93, 4275 (1971); (b) C. 

Walling and G. El-Taliawi, ibid., 95, 844 (1973). 
(13) (a) T. M. Luong and D. Lefort, Bull. Soc Chim. Fr., 827 (1962); (b) E. 

Koubek, M. L. Hagett, C. J. Battaylia, K. M. Ibne-Rasa, H. Y. Pyun, and J. 
O. Edwards, J. Am. Chem. Soc, 85, 2263 (1963). 

(14) For a comprehensive review of free radical oxidation by metal ions, 
see, ref 6, Chapter 11, and references therein. 

(15) C. Walling, "Free Radicals in Solution", Wiley, New York, N.Y., 1957, p 
169. 

(16) F. Basoio and R. G. Pearson, "Mechanisms of Inorganic Reactions", 
2nd ed, Wiley, New York, N.Y., 1967, p 152. 

(17) (a) J. B. Lambert, G. J. Putz, and C. E. Mixan, J. Am. Chem. Soc, 94, 
5132 (1972); (b) J. E. Nordlander and T. J. McCrary, Jr., ibid., 74, 5133 
(1972). 

(18) A similar suggestion, insertion of a neighboring ligand, has been pro
posed by C. Walling, G. M. El-Taliawi, and R. A. Johnson, J. Am. Chem. 
Soc, 96, 133(1974). 

(19) See, for example, ref 6, p 630. None of the results reported here are in
consistent with hydroxyl radical as the stoichiometrically important oxi
dant in aqueous solutions. 

(20) D. Swern, Anal. Chem., 41, 412 (1969). 
(21) M. Kilpatrick and J. G. Morse, J. Am. Chem. Soc, 75, 1846 (1953). 
(22) H. J. M. Bartelink, H. K. Ostendorf, B. C. Roest, and H. A. J. Schepers, 

Chem. Commun., 879 (1971). 

Journal of the American Chemical Society / 97:24 / November 26, 1975 


