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Abe&&-When 1,3cyclohexadiene 1 and cyclopentadiene 12 are treated with neutral or alkaline per- 
manganate, two sets of products are formed in each case. One set of products is formed by normal hydroxy- 
lation, and consists of the respective DL-cis-1,Zcycloalkenediols 3 or 14, and the corresponding ~~-(1,2/3,4)- 
cycloalkane-1,2,3,4-tetrols, 64 and 11. The other set of products is formed by abnormal hydroxylation, 
and consists chiefly of the all-&-oL-l,Zanhydro-1,2,3,4 tetrols 2 and 13, and the ~~-(1,2,3/4)-cyclo- 
alkane-1,2,3,4_tetrols 4a and 15. Small amounts of the DL-(l,2,4/3)-cycloalkane-1,2,3,4_tetrols 5 and 16 
are also formed. The abnormal pathway predominates in the cyclopentanoid series, but substantial 
amounts of both sets of products are always formed. The ratios of (1,2,3/4)-tetrol to (1,2,4/3)-tetrol obtained 
by the hydroxylation procedure are approximately the same as the ratios of these compounds formed by 
hydrolysis of the anhydrotetrols in dilute acid. It is proposed (1) that the anhydrotetrols or reactive inter- 
mediates related to them are intermediates in the abnormal tetrahydroxylation; and (2) that the ci.s- 
cycloalkenediols are intermediates in the normal but not the abnormal hydroxylation, nor in the formation 
of the anhydrotetrols. By treatment with NaNJ and subsequent acetylation, the anhydrotetrol2 has been 
converted into ~~-(1,2,3/4)-1,2,3-tri-O-acetyl4azidccyclohexane-1,2,3-triol 22b; catalytic reduction of 
22b followed by acetylation gives ~~-(l,2,3/4)4acetamido-1.2,3-tri-O-acetylcyclohexane-1,2,3-triol 23b. 
Treatment of2 with HBr produces a DL-bromocyclohexanetriol 20 or 21, whose structure and configuration 
have not yet been established. 

HYDROXYLATION of alkenes and cycloalkenes by permanganate has generally been 
considered to give only cis glycols, although ar-ketoalcohols may also be obtained 
when the reaction mixture is insufficiently alkaline.2 A single exception to this rule 
was known: Zelinskii et al.3 reported that lJ-cyclohexadiene 1 was convereted 
into a tetrol by oxidation with permanganate, and nearly 2Oyears later Postemak 
and Friedli4 proved that the product was ~L-(1~3/4)-cyclohexanetetrol4a 

More recently, we observedSP that cyclopentadiene 12 was converted into the corres- 
ponding (1,2,3/4) tetrol15, and also that both trans-1,2- and trans-1,3cyclopentenediols 
could be converted into 15. On the assumption that the formation of IS from 12 
involved the intermediate formation of a diol such as 10, we attempted to identify 
such a substance in the hydroxylation mixture. Instead, we found that the only other 
major product present was the all-& epoxydiol, ~~-1,&~nhydro-(l,&3,4/@cyc10- 

pentanetetrol 13. When the epoxide group of 13 was opened by dilute aqueous 
sulfuric acid,‘* the tetrol product obtained consisted chiefly of IS (9s-990/,) with a 
small amount of the isomeric tetrol 16. This finding supported the idea that 13 

l Supported in part by U.S. Public Health !Servia Grants AM47719 and GM-13971, and by National 
Institutes of Health Training Grant 2Tl-GM-35-08. Part of this work was presented at the 149th National 
Meeting of the American Chemical Society, Detroit, Michigan, April 1965, Abstracts p. 19c. 

t For part XIV see reference (1). 
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might be an intermediate, rather than the product of a side reaction, in the formation 
of IS from 12 The present communication describes the results of a reinvestigation 
of the hydroxylation of the conjugated dienes 1 and l2 by neutral and alkaline per- 
manganate. The production of tetrols with the (1,2,3/4) configuration is confirmed. 
The tetrol mixture also contains small amounts of the isomeric (1,2,4/3) tetrols 5 and 
16 and the (Q/3,4) tetrols 6a and Il. In addition, the hydroxylated products include 
varying amounts of the cis-l,2-cycloalkenediols 3 and 14 and the corresponding 
1,kpoxydiols 2 and 13. It is proposed that the products are formed from two com- 
peting reactions: normal hydroxylation gives the cycloalkenediols and the (1,2/3,4) 
tetrols, while abnormal hydroxylation leads to the other products named. In the 
cyclopentanoid series theabnormal route predominates. No evidence hasbeen obtained 
to support the suggestion made previously6 that the first step in the abnormal 
hydroxylation is a l&addition of permanganate, leading to the nmts-cycloalkenediols 
9 and 10. 

RESULTS 

Products of hydrozcylation of cyclopentadiene 
(a) Abnormal hydroxylation. The principal products formed’ when cyclopentadiene 

is treated with neutral or alkaline permanganate are the tetrol 15 and the anhydro- 
tetrol 13. Analysis by paper chromatography showed that some preparations con- 
tained traces of a substance with the same mobility and color reactions as the cis-diol 
14, but attempts to isolate the diol were unsuccessful. Better separation was achieved’, * 

TABLE 1. TLC ANALY~ OF ~~YDROXYLXI'IEJ PRODUCTS OBTAINED BY 

OXIDAllONOFCYCL.OPENTADIENE 

Cyclopentadiene, dissolved in ethanol or acetone, was oxidized with 
xinc permanganate. The products were separated by partition between 
water and methylene chloride, and the methylene chloride-soluble 
was purified by vacuum distillation. Some of the material was hydrolyzed 
in dilute HsSO,, and after exhaustive extraction with methylene chloride 
the aqueous solution was analyxed. The backing material was Silica 
gel G; the developing solvent was butanone, ghrcial acetic acid, 2% 
boricacid(9: 1: 1 by volume); thedetectingreagentwasapermanganate- 
periodate spray.2s 

substance analyzd R, of components 

Methylene chloridesoluble fraction’ 

Anhydrotetrol13 
Cyclopentenedioll4 

O-52-056 (major) 
@67-Q69 (minor) 
054 
069 

Hydrolyxate of methylene chloride fraction 

Tetrol 15 
Tetrol16 

@17+19 (major) 
027-030 (minor) 
018 
030 

a Products from five separate experirmmts and the reference sub 
stances were analyzed on the same plak 
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by TLC,* and all preparations were then found to contain two minor components 
with I$ corresponding to diol 14 and tetrol 16. The amount of 16 was small; by 
comparison with known amounts of authentic material it was estimated to represent 
about 1 to 5% of the mixture of tetrols. When the anhydrotetrol l3 was hydrolyzed 
and the hydrolyzate chromatographed, the chromatogram resembled chromato- 
grams of the mixture’of tetrols obtained from the direct hydroxylation of 12 No 
evidence was obtained by TLC that there was also a third tetrol component, although 
such evidence was obtained much later by VPC analysis (see below). Results of typical 
thin-layer analyses are shown in Table 1. Since epoxide-opening generally occurs with 
inversion of one of the asymmetric carbon atoms of the oxirane ring, hydrolysis of 
13 should give rise only to tetrols 15 and 16. In view of the occurrence of l3, 15 and 
16 as the principal products of the hydroxylation reaction, it is reasonable to assume 
either that a single reactive intermediate, formed when 12 reacts with permanganate, 
can be converted to these three products, or that 13 is formed tirst and is an obligatory 
intermediate in the formation of the tetrols (see Discussion). 

The presence of the diol14 in the mixture raised the question whether the sequence 
12 + 14 + 13 + 15 might be involved Authentic diol 14 was therefore treated under 
the conditions used for the hydroxylation of the diene l2 In several experiments 
the product was an intractable tar. In one case TLC evidence was obtained for the 
formation of a minute amount of tetrol, which was not identical with Is. The reason 
for the occurrence of the diol and the proof of its structure are described below. 

(b) Normal hydroxylation. After most of the experiments described in this paper were 
complete, the products of the hydroxylation reaction were reinvestigated by VPC 
(Table 2). In addition to the products listed, another compound was observed, 
whose retention time suggested that it was a tetrol The availabilitys”* * of the authentic 
tetrol 11 made the identification easy. The diol 14 and tetrol lla are the expected 
products of partial and complete hydroxylation of 12, and they are therefore referred 
to as the normal products. Most likely they are formed by a mechanism identical 
with that proposed’ for the hydroxylation of simple alkenes. Diol 14 or a reactive 
species related to it is probably the substrate for a second normal hydroxylation, 
leading to 11. Table 2 shows that the abnormal pathway is favored. Indeed, in some 
experiments the yield of tetrols has been almost negligible, and the amount of 14 so 
small that the distillate of the methylene chloride-soluble fraction (see Experimental) 
gave correct elemental analysis for pure 13. In a few cases, in which the abnormal 
product was mainly tetrol 15, the methylene chloride-soluble fraction was chiefly 
diol. One of these products was used to establish the identity of diol 14. This was 
accomplished by catalytic reduction of the diol to a product which then gave a bis-p- 
nitrobenzoate Ud, identical with that obtained from authentic cis-1,2-cyclopentane- 
diol25 (see Chart 2). 

Products of hydroxylation of 1,3-cyclohexadiene 
(a) Abnormal hydroxylation. The similarity of the configuration of the tetrolJe4 

obtained from cyclohexadiene 1 to that obtained from 1% suggested that the related 
dio13 and anhydrotetrol 2 should also be formed. These substances have now been 
identified in the mixture of products obtained when 1 is oxidized with unbuffered 

* The following abbreviations are used: DSS, 2,2-dimethyl-2-silaptane-5-sulfonate: nmr, nuclear 

magnetic resonance ; ppm, parts per million ; RT, retention time ; TLC, thin-lay= chromatography ; TMS, 
tetramethylsilane; WC, gas-liquid chromatography; W, width at half height. 
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TALU 2. vpc ANALYSIS OF ‘t’Hl3 PRODUcrS OF HYDROXYIA’IION OF CYCUIPBNTALMENB AND 1,%CYCfD- 

HEXADmNe 

The material to be analyzed was dissolved in pyridine and treated with chlorotrimethylsilane. The solution 
was injticd on a columnof6% SE30 on ABS 90/100, 6 feet x l/8 inch; oven temperature 150” (see 
text and Experimental for details). 

Substance or mixture BT % Substance or mixture BT % 

Experiment 1 
A. Authentic Cyclopentanoid 

Compounds 
Tetrol 11 
Tetrol 16 
Tetrol 15 

B. Hydrolyzatd of 
anhydrotetrol 13 

C. Water layer of a hydroxy- 
lation mixtureYxb 

mill 

102 
12.0 
12.4 
10.2 OGO3 
126 >99.9 
10-l 80 
124 20 

Experiment 2 
A. Authentic Compounds 

Diol 14 
Anhydrotetroll3 
Tetrol 11 
Tetrol 15 

B. Crude Hydroxylation 
product’ from Cyclo- 

pentadiene 

1.6 
4.0 

109 
13.4 
1.7 18.2 
3.9 575 

10.7 5.5 
13.4 18.8 

Experiment 3 
A. Authentic Cyclohexanoid 

Compounds 
Tetrol6a 
Tetrol41 
Tetrol 5 

B. Water Iaye? of a 
hydroxylation mixture 

C. Hydrolyzate of 
anhydrotetrol 2 

13.6 
194 
21.2 

13.7 
19-O 
21.3 

18 
79,6 

-2’ 

13.6 trace 
189 >99 
21.1 <1 

Experiment 4 
A. Authentic Compounds 

Diol3 
Anhydrotetrol2 
Tetrol 6a 
Tetrol4a 
T&o15 

B. Crude Hydroxylation 
product from Cyclohexadiene 

2.1 
4.5 

11.2 
15.7 
17,6 
2.2 
4.6 

11.2 
1 5.Sd 

53.9 
39.5 
20 
4,6 

a It was impossible to distinguish the presence of small amounts of tetrol 16 in a large amount of 15, 
under the conditions of the experiment. Peaks assigned as 15 in experiments 1B and 2B may actually 
contain some 16. 

b The water layer is obtained as follows : when reaction was complete, the mixture was freed of precipitate, 
the solution concentratai to remove acetone; and then extracted exhaustively with methylene chloride. 

’ In this case the relative amount of ’ was determined by comparison with a serie-s of known mixtures 
ofSand4r 

’ Small amounts of tetrol5 would not have bum detected, and may be present in the peak assigned as 4r 
In another experiment under slightly different conditions the four compounds indicated were present in the 
ratio 52 : 28 : 6 : 14, showing the same distribution baween normal and abnormal hydroxylation 

potassium permanganate, potassium permanganatapotassium carbonate, or buffered 
permanganate. The work-up of the products is facilitated when the solution obtained 
contains no salt; consequently most of the studies were carried out with zinc per- 
mangate. However similar results were obtained when potassium permanganate- 
magnesium sulfate mixtures were used. As in the study of cyclopentanoid compounds, 
the hydroxylated products were usually separated by partition between water and 
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methylene chloride. Table 3 shows the analysis by TLC* of typical products. The 
substance with R, 0*63+68 was presumed to be dio13, and that with R, 046-053 
was presumed to be the epoxydiol2 TLC analysis of the aqueous solution remaining 
after extraction with the organic solvent always indicated the presence of only one 
substance, of R, O-2=28. Evaporation of water gave tetrol 4a, m.p. 154*S-155.5” 

TABLE 3. TLC ANALYSS OF HYDROXYL.4~ PRODUCFS OBTNNEW BY 

OXlDAIlON OF CYCLOHZXADIEtd 

1.3~Cyclohexadiene, dissolved in acetone, was oxidized with neutral 
or alkaline. permanganate. In some cases the products were separated 
by partition between water and mcthylene chloride, and the methylene 
chloride-soluble material puriiied by vacuum distillation. In one case 
rranr-3-cyctohexene-1,2diol was oxidized with OsO,-AgCIOX. In 
another case the metbylene c~o~de-soluble material was treated with 
mchloroperoxybenzuic acid. Analysis WBS qrriai out as described 
in Table 1. 

Substance analyzed 

A. Mixed oxidation product 
B. “Aqueous” layer of A 
C. Methylene chloride-soluble material of A 
D. Acid Hydrolyzate of C 
E. OsO,-AgC103 oxidation productb (tetrol5) 
F. Peracid oxidation product 
G. Authentic tetrol4a 

R, of components 

@29,051,067 
Q29 
@SO, 066 
@26,@64 
029 
@24,0+-I 
0.23-029 

a Values are taken from separate but comparable thin-layer analyses, 
b In this experiment tetrol4a was used as a reference compound on 

the same thin-layer plate and had R, = @29. 

(lit? M-155”). Acetylation of the latter gave a tetraacetate, m.p. 1125-113*5”, whose 
nmr spectrum9 showed the presence of one axial and three equatorial acetoxyl groups. 
This compound is ~~-(1~3/4)-tet~u-O-ucetylcyclohexane-l~3,4_tetroI 4h. As in the 
cyclopentanoid series, evidence for the tetrol6a, produced by normal hydroxylation 
was obtained later (see below). Spectroscopic analysis of the methylene chloride- 
soluble material showed the presence of the appropriate functional groups. IR spectra 
of dilute solutions of the material in carbon disulfide showed bands characteristic of: 
free (>3600 cm-‘), and intramol~ul~iy bonded OH groups (3500, 3560 cm-‘); 
oletinic C-C stretching (1690 cm-‘); oxiranes*lo (840 cm-‘) and vinylic C-H 
bending (730 cm- ‘) modes, The nmr spectra has signals at 6 36-3.75 and 6 5.7-59, 
characteristic of oxirane O-C-H and vinylic protons, respectively. Under hydrolytic 
conditions (lOO’, 0.02 N H,SO,, 1 hr) the material of R, 046-0~53 disappeared and 
corresponding amounts of tetrol 40 were isolated from the hydrolyzate (Table 3). 
The precursor of the tetrol must have contained a vicinal c& glycol function, and must 
therefore be either the ckanhydrotetrol2 or the diastereoisomer 17 with the (Q/3,4) 

l The R, valuer varied for two reasons: no attempt was made to control the temperature at which the 
chromatography was performed; and solvent in a chromatographic tank was used several timt%, thus 
changes in composition occurred, due to loss of the more volatile components. 
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configuration. Proof of structure was carried out in the following way : the methyleoe 
chloride-soluble material was treated” with NaN, to produce an azidotriol. The 
latter compound was acetylated to give a triacetate which proved to be ~~-(1,2,3/4)- 
1,2,3-tri-O-acet~l44-azidocyclohexane-l~,3-~~~ 2% The structure-proof of 224~ 
was facilitated by the availability l2 of two of the isomeric tetraacetyl “conduramines” 
~!MJ and 27b; catalytic reduction of 22b and subsequent acetylation gave a tetraacetyl 
derivative identical with ~-(1,2,3/4)4acetamido- 12,3-tri-0-acetylcyclohexane- 1,2,3- 
23b, which in turn has been prepared by reduction of “tetraacetyl conduramine 
C-4” l9b. The isomeric substance ~~-(1~,4/3)-4-acetamido-1,2,3-ai-O-acety~cyc~~ 
hexane-1,2,3-trio1 26b was similarly produced from “tetraacetyl conduramine F-4” 
27b, and was easily distinguished, by IR spectroscopy and m.p. from 23b. The con- 
figuration of 22 proves that in the parent compound all three oxygen atoms are cis 
to one another, and are attached to adjacent C atoms; thus the parent compound is 
proved to be DL~13,3,4/0)-lo-anhydrocycIohexane- 1,2,3&tetroI 2 It is seen that in 
this case, as in the case of the analogous cyclopentanoid compound 13, the epoxide 
opens preferentially at the position farther from a hydroxyl group.‘** 

The anhydrotetro12 reacts with aqueous HBr to give a bromotriol, which may be 
either DL-(1,2,3/4)-4-bromocycIohexane-1,2,3-trioI 21 or Dr_-(1,2,5/6)-6-bromocy& 
hexune-1,2,5-@ioZ 28. These alternatives appeared to be distinguishable by titration 
with periodate. In the former case two molar equivalents, and in the latter one molar 
equivalent of periodate should be consumed. Actually 1.4 molar equivalents were 
consumed, so the analysis is inconclusive. 

(b) Normal hydroxylation. The principal component of the methylene chloride- 
soluble fraction, and one of the two major products of hydroxylation of diene 1 
is a substance whose R, (O-63+68) suggests that it is a diol. When the crude material 
is treated with meta-chloroperoxybenzoic acid, the substance of Rf 0*63-O@ dis- 
appears, and is replaced by tetrol 4a and anhydrotetrol 2 The presumed diol must 
therefore be unsaturated, and its structure must be 3. The isomeric cU-cyclohexene- 
1,Zdiol would not be a suitable precursor for the products actually obtained on treat- 
ment with the peroxyacid. Since catalytic hydrogenation of the crude product 
converted it into cis-1,2-cyclohexanediol 184 the structure of 3 is proved. 

When the products of hydroxylation of 1 were reexamined by WC, the normal 
tetrol product 6a was found to be formed (Table 2). The two cyclic dienes are thus 
seen to behave similarly under conditions of hydroxylation by permanganate. 
Experiment 4 in Table 2 shows that the normal route may predominate in the cyclo- 
hexanoid series. This experiment is not entirely typical, since so little tetrol product 
was formed. However, the major product, the diol, is formed by normal hydroxylation. 
This is different quantitatively from the cyclopentanoid series, in which the major 
product was either tetrol15 or anhydrotetroll3, both formed by abnormal hydroxy- 
lation. Qualitatively, however, both 1,3dienes give the same result. 

0-lsopropylidene derivatiws. One sample of tetro15 was prepared by a new pro- 
cedure, in which dio13 was converted successively into 7 and 8 (Chart 1) and the latter 
hydrolyzed to produce 5. The IR and NMR spectra of these compounds were ex- 
amined (see below) and the hydrolysis of the isopropylidene epoxydio18 was investi- 
gated. In an earlier study’ we found that partial hydrolysis of the cyclopentanoid 
analogue of 8 gave rise to the analogue of 17, and no isopropylidene tetrol was detected. 
This indicated that the epoxide was hydrolyzed less readily than the 0-isoprogylidene 
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group. In the present study a series of replicate solutions of 8 in 4 x 10e4 N H2S04 
was heated at 100” for varying lengths of time, and the hydrolyzate analyzed by TLC. 
Compounds 2 3 and 5 were used as the standards, since neither 17 nor the 1,2-O- 
isopropylidene derivative of5 is known. TLC plates of the partial hydrolyzates showed 
two spots, one corresponding to tetro15 and the other having a mobility equal to 
that of 3. This suggests, but by no means proves, that in this case the epoxide is hydro- 
lyzed more easily than the 0-isopropylidene group. 

Spectroscopic studies 
(a) Injiared. The IR spectra of all the cyclopentanoid epoxides we have studiedsb* ‘* lo 

have bands at 3010-3040 cm- ’ ascribed to an oxirane C-H stretching vibration,13 
and a medium-to-strong, sharp band at 835-850 cm-’ ascribed to an unspecified 
oxirane vibrational mode. Epoxydiot 2 has a band at 3005 cm-’ and the O-iso- 
propylidene epoxydiol 8 has a band at 2990 cm- ‘. These findings agree with the 
spectral measurements of Henbest et 01.‘~ on closely related compounds. In the 800- 
850 cm-’ region, the spectrum of 2 has a band at 840 cm- ’ ; that of 8 has a strong 
band at 800 cm-’ and an additional weak band at 850 cm- ‘. It is uncertain which, 
if either, of these represents the band normally found at 840 cm- ‘. 

The isopropylidene derivatives we have studiedsb all show a strong doublet, 
ascribed to the gemdimethyl function, at 1365-1380 cm-‘, Av z 10 cm- ‘. The 
spectrum of 8 shows this doublet at 1365 and 1375 cm-‘, but that of 7 has a triplet 
at 1360,1365 and 1370 cm- ‘, instead of the usual doublet. Presumably, the appearance 
of an additional band is due to the fact that 7 can exist in two, nonequivalent, half- 
chair conformation, and to the presence of significant amounts of both forms in the 
solution. 

In the O-H stretching region., the spectrum of 3 has bands 3603 and 3564 cm- ‘, 
ascribed to one free and one intramolecularly H-bonded OH group. The spectrum 
of 2 has bands at 3557 and 3500 cm - ‘, due to two intramolecularly H-bonded groups, 
and no free OH. The values of Av are difficult to assess for reasons described else- 
wheresb* lo but are probably about 60 and 110 cm- ‘, indicating that the H-bonds are 
very strong In this respect 2 closely resemblessb* lo its cyclopentanoid analogue 13. 

(b) Nuclear mugnetic resonance. The NMR spectra were consistent with the pro- 
posed structures. Only first-order analyses are reported here. 

Diol3. (D,O) CHI : two multiplets at 6 1.76 (2), width 27 Hz and 6 2.11 (2) width 
22 Hz OCH : 6 3.85 (1) multiplet of at least 7 lines; 6 4.14 (1) multiplet of at least 6 
lines. The olefinic protons give a pattern centered at 6 5.83 (2) which resembles the 
AB portion of an ABX,Y, spectrum, width 36 Hz 

Epoxydiol2. (D,O) CH, : two well defined multiplets showing geminal and several 
vicinal couplings at 6 1.53 (2) and b 2.08 (2). Oxirane CH : narrow triplet at 6 3.43 (2). 
OCH : well-defined multiplets at 6 3.70 (1) and 6 413 (1). 

3,4_lsopropylidene epoxydiof 8. (CDCI,) CH,: 6 1.37 (3), S 144 (3). CH,: 6 1.72 (2) 
multiplet at least 20 Hz wide; 6 1.98 (2) poorly resolved multiplet, at least 20 Hz wide. 
Oxirane CH : 6 2.98 (l), doublet of triplets. The doubling is due to .I,? = 3.7 Hz; 
the tripling is ascribed to Jzj = 2.2 Hz, and virtual coupling’4 of H, and H,(J,, 
= 0), giving line-separations within the triplet of 1.1 Hz. 6 3.57 (l), broad envelope, 
w, = 8 Hz. Dioxolane OCH: 6 4.43 (2), narrow band with two small satellite peaks. 
Maximum width = 9 Hz 
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lsopropylidene dial 7. (CDCl,) CH, : 6 1.38 (3), 6 1.43 (3). CH, : 6 190 (4), multiplet, 
width 27 Hz. OCH : 6 4.37 (2) multiplet, width 27 Hz. The olefinic protons give a multi- 
plet at 6 5.85, width 35 Hz, which could be the AB portion of an ABX,Y, system. 

(Q/3,4)-Terraace@ deriuatiue 6h. (CDCl,) All signals except those of the acetyl 
groups are unresolved multiplets. OAc: 6 2.01 (a), 6 2Q8 (6). CH,: 6 189 (4). OCH : 
6 5.28 (2), 6 5.43 (2). The acetyl signals have the chemical shifts expected’ from the 
symmetry of the compound, whose two preferred conformations aeea # eaae must 
be almost identical in conformational energy content. 

(1,2,3/r))-Tetruucetyl derivative 4b. (CDCI,). The acetyl resonances were found at 
6 20 (6), 6 203 (3) and 6 2.14 (3), consistent’ with the proposed structure and the 
preferred conformation ea e e. 

Tri-0-acetylazidotrioi 22 (CDCl,). The acetyl resonances were found at 6 2Ql (3), 
6 2a (3) and 6 (2.17) indicating the presence of one axial and two equatorial acetoxyl 
groups? 

Tri-0-acetyIacetamidoftiol23b. (CDCl,). Acetyl resonances were found at 6 1.92 (3), 
6 2M) (6) and S 2.17 (3), characteristic of an equatorial acetamido, two equatorial and 
one axial acetoxyl groups.’ 

DISCUSSION 

The dihydroxylation of oletins almost certainly proceeds’ via cyclic esters of Mn (V). 
Such esters have not been isolated, but r80-tracer experiments’ So strongly favor such 
a mechanism, which is analogous to the known formation of cyclic osmate esters from 
olefins and 0~0,. In a kinetic study, Wiberg and Geerlsb found evidence that the 
first step, addition of permanganate to the double bond, was pH-independent, and 
that the Mn (V) species is then oxidized by MnO,-. That part of the tetrahydroxyla- 
tion which leads to the (1,2/3,4) tetrols 6a and 11, can be visualized as occurring by two 
two successive normal additions, and the cis-cycloalkenediols 3 and 14 or reactive 
intermediates related to them could represent the first step of the reaction. The other 
cis,cis-isomers, i.e. the (1,2,3,4/O) tetrols, might conceivably be formed also, but 
numerous examples from this and other laboratories** 16-1* show that steric hindrance 
causes the second addition to occur anti to the frrst one. On the other hand neither the 
(1,2,3/4) and (1,2,4/4) tetrols nor the epoxydiols can be considered to have arisen by 
two successive dihydroxylations, and a sequential or concerted mechanism must be 
invoked. Although the free diols 3 and 4 cannot be involved, a reactive intermediate 
like 28 could be common to both pathways as described below. Other examples of 
epoxidation of cycloalkenes by permanganate are known,2c, l9 although the reaction 
conditions were quite different; e.g. a steroidal 11, 12-alkene, treated with KMnO, 
in an acidic medium (95%~Soo/, acetic acid) gave an epoxide rather than a glycol. In 
view of the markedly different oxyanions of manganese which predominate in acidic, 
neutral and alkaline media,2*20 the last example can hardly be considered analogous 
to the present case. 

As noted above, the nature and proportions of the products formed from the dienes 
suggest that the epoxydiol or an intermediate related to it must be on the direct route 
to the tetrols. In order for a diene to be converted into an epoxydiol by permanganate, 
the lattel must behave as a bifunctional or mixed-functional reagent.?’ An “oxenoid” 
species2’ might be involved. The reaction probably goes in two steps, similarly to 
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the two-step reaction lSb referred to above in connection with the oxidation of mono- 
oletins. A mono- or diesterified oxymanganese species would somehow donate an 
atom of oxygen to the nearby double bond, in a manner analogous to the epoxidation 
of allylic alcohols by pertungstic acid,22 or a dimeric or complex species (e.g. see 
Ladbury and Cullis,2o p. 409) might be involved. The reactions of the various oxy- 
anions of manganese are insufficiently understood to permit a definitive mechanism 
to be written at this time.20*23 A purely speculative representation of some of the 
possibilities is indicated in Chart 3. A reactive intermediate resembling 31 or 32 
would satisfy the requirement that both tetrol and epoxydiol arise from the same 
path : the oxygen-mangane~ bonds may rupture before the oxirane ring is attacked, 
in which case 13 is obtained, whereas attack on the oxiratle ring before the oxygen- 
manganese bonds are broken gives W. If a species resembling 32 were involved, the 
manganese would be reduced in one step from VII to III or from VI to II depending 
on whether MnO,- or MnO,’ is the attacking species. The MnO, which forms 
would then arise from reaction of Mn (II) or Mn (III) cations with one or another of 
the oxyanions.20 In connection with Chart 3, it should be noted that although an 
intermediate like 30 could explain the reaction, such peroxy compounds may actually 
be destroyed by reaction with oxyanions. 

In several experiments. only about one-half of the theoretical amount of perman- 
ganate was added, with either of the dienes. In all cases the distribution of products 
resembled that obtained with larger amounts of oxidant. This finding suggests strongly 
that the formation of epoxydiols occurs either by a concerted mechanism, or that if it 
occurs by a stepwise mechanism, the second step is fast. This is in harmony with the 
proposal that a free cycloalkenediol is not an intermediate in the reaction. It is con- 
ceivable that free cycloalkenediol forms a hydrogen-bonded complex with perman- 
ganate, analogous to that formed between allylic alcohols and peroxycarboxylic 
acids.24 The apparent rapidity of formation of the epoxydiols seems to be opposed to 
this suggestion. 

Two further analogies must be mentioned: (a) cyclic esters have been proposed as 
intermediates in the oxidation of cis-glycols by chromic acid ;25 such esters resemble 
the intermediate proposed for hydroxylation of alkenes by permanganate; (b) oxi- 
dation of certain terpenoid 1,5-dienes does not produce tetrols, but instead26 high 
yields of 2,5-bus-hydroxymethyltetrahydrofurans are obtained; the authors have 
proposed mechanisms which resemble those indicated in Chart 3. 

An additional factor which must be considered in the writing of a mechanism for 
the reactions described, is the presence in some of the intermediates (e.g. 28,30) of an 
allylic ester. Such esters may behave differently from ordinarly alkyl esters.27 The 
question of whether or not alkyl-oxygen cleavage occurs will also have to be investi- 
gated. 

EXPERIMENTAL 

Microanalyses were performed by Galbraith Laboratories, Knoxville, Tennessee. IR spectra were 
measured with a Perkin-Elmer 237B spectrophotometer. Tbe samples were examined as Nujol mulls 
(solids) or thin films or as dilute solns in CSI or chlorinated hydrocarbons. NMR spectra were recorded in 
CDCl, or D20, with a Varian Associates A-60 NMR Spectrometer, with TMS or DSS as internal reference. 
Values are reported on the &scale in ppm. M.p’s were detezmined on a Kofler Micro hot stage, and are 
corrected. &p’s are uncorrected. 
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TLC was carried out with silica gel G as backing and tbc developing solvent was butanone-Gary acetic 
acid-2% boric acid (9: 1: 1 by volume). The detecting reagent was a permanganato-periodate spray.z8 

GLC was carried out with a Victorten Gas C~o~t~p4 under the foflowing conditions: stainless 
steel column 6 ft x 4 in (O.D.), pecked with 6% Silicone SE 30 on ABS 90/100 mesh; oven temp 150”; 
injection temp 2%“; Same ionization detector temp 2SO”. Tbe sample, 10 mg, was dissolved in 1 ml aohyd 
pyridine, and O-2 ml bexametby~disil~~ and O-1 ml t~c~ylchlorosil~ were addedz9 and allowed to 
react at least 5 min ; samples of 04+5 pf were injected on tbe column. Chart speed 1 in per min ; per cent 
of each cpd was measured by tracing the curve on paper and weighing the cut-out pieces Control samples 
were run for each expt. 

~ydroxy~~n o~cyc~o~at~~~. Cyclopentadienc 12 was prepared from the dimer by beating the latter 
and fractionating tbe vapor in a SO cm Vigreux column. The receiver was kept in ice and the distillate was 
used the day it was prepared. fn a typical expt 20 g of 12 were dissolved in 1200 ml of acetone, chilled in dry 
ice-alcohol between - 20” and - 30”. The oxidant was one of the following: (a) 50 g of Zn(MnO,),~6H,O* 
in 500 mf H,O; (b) W5 g KMnD, and 4.7 g K&O, in I liter of water; (c) 54-S g KMnO, and 48 g 
M~O~*7H~O in 1 liter of water. Tbe sobs of oxidant was filtered over glass wool and added dropwise to the 
solo of 12, witb vigorous stirring Time for addn varied between 3 and 5 hr. Ocassionally the mixt was 
stored overnight at - 10”. Tbe mixt was ~nt~ug~ in an lnt~ation~ Centrifuge, modd PR-2; the ppt 
resuspended in Mo-800 ml of 700~ acetone and recentrif. Tbe supt soln and washings were combined and 
coot at reduced pressure in a rotary evaporator to 30%# ml. This soln was then extracted with CH,Cl, 
under continuous reflux, for 2 to 3 days. Tbe organic sobr was cvap and dist in vat, b.p. 74IT”, 0.3 torr; 
yield was usually 65-75 g, but once Il.6 g were obtained. The aqueous phase was deionized, if necessary, 
by passage over columns of Duolite A4 OH- and Dowex-SO H+ resins, and evap to dryness, giving 35- 
5.2 g of crude tetrol.’ 

Proofoftthe production ojcis-2cyciopeateae- l&diof. In one product, obtained by treatment with KMnO,- 
&SO,, the material of R, @6?-@69 was tbe major component, and tbe epoxydiol was the minor com- 
ponent; 2.2 g of this mixture was dissolved in 150 ml of 95% F&OH, 200 mg of PtOs were added and H, 
bubbled through the soln with contin. stirring for 2 hr. After fibrn, solven was evap. Tbe yellow oily residue 
was dissolved in 200 ml of @O2 N H,SOI and the soln heated at 100” for 1 hr to hydrolyze the epoxydiol. 
After neut with BaCOs and filtrn, tbe soln was extr for 4 days with CHJ&. Evap left an oily product which 
was dissolved in 20 ml dry pyridine and treated with 4 g p-Not-B&L Tbe ester was purified as usnals and 
recryst four times from EtGH; m.p. 117-118”. (Found: C, 5711; H, 4.16. C19H,60sN2 requires: C, 5700; 
H, 403%). Tbe identity of this subst as di-O-pni~obenzoyCcis-cyc~opentane-l,2-diol%ld was established 
by comparing it with an autbeotic sample prepared as described below. 

Freshly dist cyclopentene, b.p. 44” (11% g) was diss in 300 mf Me&O, and kept at - 10” to -20” while 
a solo of 24 g Zn(MoOJ2*6H20 in 750 ml of Hz0 was added, over 14 hr. and stirred for an add1 j. Mn& 
was reduced by a stream of SO1 gas, and the white ppt remaining was filtered off. The filtrate was cone and 
the product was extracted witb CH#& The ~clo~n~~ol was dist in vat, and a portion converted 
into the 0-isopropybdent derivative, proving the presence of a vicinaf cis-gfycol. Another portion was 
converted loto the &~-p~tro~n~ate as described, and recryst twice from EtUH. ap. llS-fi6.5”; 
m.m.p. with the analytical sample 114-I 16”. 

Hydroxylatian of I.3cyclohexadiene w&h per~~~fe. Freshly dist cydohexadiene 1 (b.p. 78”) 12.3 g, 
was diss in 1 liter of Me&O and the sobs kept at - 10” to - 20” during addn of42.6 g ~(MnO~)**6H~G 
in 500 ml Hz0 (3f hr). Tbe work-up was carried out exactly as described for cyclopentadiene. The HsO 
layer obtained after ext with CH&l, was evap, leaving 2-4 g of solid wbicb was recryst twice fron EtOH ; 
mp. 1545-1555” (reported* for tetrol2a, 154155”). The identity of this subst as a ~ciohexaoetetro~ was 
establisbed by its conversion into a tetracetate (see below). Anal by TLC showed one component, R, O-29, 
Tbe CHsCl, soln was evap, and the oi~yr~iduedist in vat: 6 ml distillate, b.p. 92-939 @3 torr. Anal by TLC 
showed two components, R, 047 and 0.63. 

DL-( 1,23/4)-1,2,3,~terr-O-ocelylcyclohexJ 4h. Tetrol4a (250 mg, l-69 mmole) was diss in 24 ml 
dry pyridine, and AC@ I.5 ml added. Tbe soln was left overnight at room temp in a stoppered tube. Excess 
reagents were evap, and the solid recryst from EtOH; 363 mg, 1.18 mmole; m.p. 1125-113~5”. (Found: 
C, 53.37; H, 6.32. CI~HIOOB requires: C, 5316; H. 637%). 

Form&on offetrol4a@rtt diof and e~xyd~~ 
A. From epoxydiol2a. CH,Cl,-sol material (360 mg) obtained by bydroxylation of 1 was diss in 25 ml 

* Obtajn~ from Cams Chemical Co., Inc., Lasalle, Itiinois 
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002 N HzS04, the soln was heated at loo” for 1 hr. The acid was ncut with BaCO,, and atier lilt the soln 
was cxtr for 24 hr with CH,Cl,. TLC anal of the extract showed only the component of R, 066. The H,O 
soln contained a major component of R, @24 and a trace of material of R, 068. Evap left a solid mp. 
152%154*5”, not depressed on admixture with authentic tctrol4a 

From dial 3r A sample of CH,Cl,-sol material was shown by TLC to consist chiefly of the faster-moving 
component; 500 mg were diss in 26 ml 75% AcOH and a soln of l-2 g m-Cl-peroxy BzOH in 20 ml CHCI, 
added. The soln was left in the dark 3 days. Solvents were evap and H,O (20 ml) added. The ins01 material, 
presumably m-Cl-BzOH, was filt off and the filtrate extracted once with E&O, and then extracted contin- 
uously with CH,CI,. Evap of the equeous phase gave a solid which was tryst ona from EtOH; m.p. 
148-151”. not depressed on admixture with authentic 4a. The organic phase contained only the component 
of R, O-50; an nmr spectrum (D,O) agreed with that described under RESULTS. Hydrolysis of part of this 
product gave a nearly-quantitative yield of tetrol4r 

Proof of identity of the dial 3. CH,Cl,-sol material was obtained by treatment of 1 with ZnMnO,; 
826 mg were dissolved in 100 ml 80”/, EtOH, 200 mg PtOl were added, and H2 bubbled through with 
stirring 3 hr; after fib the solvent was evap, the oily residue was diss in 50 ml O-02 N H,SO, and the soln 
heated at loo” for 1 hr, cooled, neut with BaCOJ and extracted with CH,CI, for 2 days. Evap of solvent 
gave 306 mg of tryst product m.p. 81-91”; recryst from toluene, m.p. 95-98”; m.m.p. with authentic cis- 
cyclohexane-1.2~diol (see below) 95-98”. 

In one sample of CH,Cl,-sol material kept for 3 yr all the epoxydiol had bum converted into tetrol. Re- 
extm with CH,Cl, and dist gave a produd b.p. 73-77’ (@3-W to@, whose nmr spectrum (see RESULTS) was 
correct for an unsymmetrical cyclohexenediol. (Found: C, 62.89; H, 8.78. &.H,,O, requires: C, 63.13; 
H, 8.83%). 

cis-Cyclohexane-1,2-dial was prep from cyclohexene b.p. 81’ ; 21 ml of cyclohexene in 300 ml Me,CO 
was treated with a soln of 25 g KMnO, in 750 ml Hz0 under the usual conditions. MnO, was dec with 
SO3, the soln coned and the diol obtained by continuous extraction with Et,0 for 24 hr; the product was 
recryst twicefromEtOAc,m.p.975-99°(lit. a9 9!&lW). Som was benzoylated as usual,5 recryst from EtOH ; 
m.p. 62GW (lit. ” 71.5”). (Found: C, 7381; H, 6-04. Calc for C2,,H2001: C. 74Q5; H, 621%). The cyclo- 
hexanediol obtained by reduction was benzoylated in the same way; ap. 68-70”; m.ap. with authentic 
sampk 69-71”. Probably the products represented polymorphic crystalline forms. 

Pure epxydio12.5.33 g of crude CH,Cl,-sol material from hydroxylation of 1 was diss in 370 ml CHCI,, 
in an amber bottle, and 16 g of m-Cl-peroxy BzOH added. After 2 days the soln was evap to dryness, H,O 
added and the ppt filtered; the filtrate was neut with BaC03 and filtered again. The soln was extracted with 
CH,CI, for 3 days. the CH,Cl,-sol material dist; b.p. 78” (O-25 torr). The product tryst in the receiver, 
m.p. 384”. (Found : C. 55.5 ; H. 7.83. C6HI OOa requires: C 55.37; H, 775%). 

Structure proofofepoxydiol2 
A. Triacetyl azidotriol 22b. CH,CI,-sol material from treatment of 1 with ZnMnO, (1.1 g) was diss in 

15 ml of 2-methoxyethanol. A soln of 202 mg NH&I and 434 mg NaN, in 4 ml H,O was added, the soln 
heated under rcflux for 3 hr, and the solvent evap. To the residue were added 10 ml pyridine and 8 ml Ac,O 
and left overnight. The reagents were evap and the residue chromatographed on a column of A1,Oa 
(Merck acid-washed alumina), eluted with CHCI,. Those eluate fractions with a strong absorption at 
2120 cm-’ (N,-stretching of an azido group) were combined. Evap gave @25 g of oil which tryst after 
standing for a week ; m.p. 75-82”. Two recryst from hot EtOH gave 112 mg, m.p. 84-855”. (Found : C, 
48.20; H, 5.76; N, 1390. C,,H,,O,N, requires: C, 48.16; H, 5.73, N, 14ao/,). 

B. Triocetyl acetomidotriols 23b and 26b. ‘Tctraacctykonduramine C-4” 19h, 40 mg, was diss in 10 ml 
MeOH sat with NH, plus 10 ml of MeOH and left overnight. Solvent and acetamide were removed in-vat 
and the residue was diss in 20 ml of WA EtOH. Pt02 (50 m& was added and H, bubblal through for 3 hr. 
After tiltm solvent was evap and the residue was acetylated (5 ml pyridine, 1 ml Ac,O, 3 days). The reagents 
were cvap and the residue was diss in 2 ml Et20. Cryst occurred in 3 days at 5”; 23h, needles 30 mg, m.p. 
156157”. 

“Tetraccetykonduramine F-4” 27b was treated in the same way, giving 30 mg of 26h, m.p. 144-145”. 
Triacetylazidotriol Uh, 49 mg, was diss in 20 ml 50”/, EtOH, 50 mg of PtOl was added and Hz bubbled 

through for 1 hr; 01 ml of 2 N HCI was added and hydrogenation continued for 1 hr. After iiltm and 
evap the residue was acctylated (2 ml pyridine, 1 ml ActO, 2 days) Afta evap d the reagents the product 
was chromatographed on alumina with chloroform Eluted fractions were assayed by infrared, and 
were combined according to the presenoe in the spectra of absorption due to N-H stretching and bending 
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modes. Solvent was evap and the product was recryst from Et,O; mp. 154-158”, not depressed by admixture 
with authentic 23h 

Unidentyied bromocyclopenronetl. CH2Cl,-sol material from oxidation of l(10 g) was dissolved in 
25 ml N HBr. The soln was heated for 15 min at 100”. Water and HBr were evap and the dark brown syrup 
tryst at room temp in a few days. Recryst twice from EtOAc, mp. 162-164”; an anal sample melted at 166 
165”.(Found: C, 34.27; H, 5.33;Br, 3764. CIH,,BrOJ requircs:C, 34.14;H. 5.25; Br, 37.86%). Inaspectro- 
photometric pcriodate tiration 3o the ratio: pmolcs periodate consumed/pmok of substrate was: 11 hr : 

@73; 21 br: @95; 26 hr: 091; 31 hr: 1.16; 44 hr: 1.43; 53 hr: 1.43. 
0-isopropylidenecyclohexenediol 7. Diol 3, 6.4 g. was diss in 120 ml 2.2~dimethoxypropane, 3 drops 

cone H2S04 added and soln stirred 1 day. Cone NHIOH was added to pH 6, and solvents were evap. The 
remaining liquid was diss in Et,O; the soln was washed with H,O, dried with Na,SO, and dist; b.p. 
87-89” (33 torr). (Found: C, 6993; H, 9.10. C,H,,O, requires: C, 70.10; H, 9.15%). 

04sopropylidenecyclohexunepaxydiol8. A CHCI, soln of peroxybenzoic acid3’ containing 91 mg/ml 
(Na,S,O, titration) was prepared; 2.0 g of 7 were diss in 30 ml d the soln, and kept at 5” for 5 days. The 
soln was washed 4 times with 60 ml portions of 5% Na,CO, and twice with H,O, dried with Na,SO, and 
dist. b.p. 106107” (36 torr). The product soliditied at ice temp; m.p. 30-32”. (Found: C, 63.73; H, 8.42. 
C,H ,&I, requires : C, 63.5 1; H, 8.29%). 

DL-(~,~,~/~)-C~C~O~?X~Z~I&~TO~ 5. This tetrol was usually prepared by treatment of trans-1,2-cyclohexene- 
dio14 with 0~0,. m.p. 142” (lit.’ 142”). Alternatively it was prep by hydrol of the isopropylidene epoxydiol 
8 (@8 g) in 002 N H,SO, (430 ml), for 2 hr at loo”. m.p. 139-1@5”, not depressed on admixture with 
authentic tetrol. 

~~-(1,2/3,4)-Cyclohexuneretrol6a and tetroocetyltetrol6b. The tetrol6a was prep by treatment’ of diol3 
with 0~0,. Recryst from EtOH, m.p. 209-211” (lit’ 216”). The tetraacetyl cpd 6b was prep by acetylating 
the tetrol in the usual way. M.p. ofcrude product 104-l IO”. The NMR spectrum (see RESULTS) was correct 
for the expected structure. 
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